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Preface

Justus Freiherr (Baron) von Liebig (12 May 1803–18 April 1873) was a renowned German chemist

who made significant contributions to inorganic, organic, and agricultural chemistry. Liebig’s work

at the University of Giessen in Germany led to the development of modern teaching methods based

on experimental laboratory-oriented work.

Liebig’s contributions to inorganic chemistry are primarily seen in his work on plant nutrition

and the development of modern fertilizers. He recognized that plants absorb essential inorganic

nutrients in the form of salts. Liebig developed modern methods for the analysis of inorganic

substances. He also popularized an earlier invention for condensing vapors, which came to be known

as the Liebig condenser. In modern usage, it is still essential in many chemical laboratories.

Liebig made significant contributions to organic chemistry and is considered one of the founders

of organic chemistry. Along with Friedrich Wöhler and Auguste Laurent, he pioneered the radical

theory in the 1830s. Liebig’s Kaliapparat simplified the determination of the carbon and the hydrogen

content of organic compounds through combustion analysis. Thus, his work laid the foundation

for the systematic analysis of organic substances, contributing significantly to the identification of

numerous organic compounds. Liebig and Wöhler jointly realized that cyanic acid (HOCN) and

fulminic acid (HCNO) represented two different compounds that had the same composition. This

concept, later termed “isomerism”, was a groundbreaking discovery in chemistry.

Liebig is often referred to as the “father of the fertilizer industry”, as he realized that nitrogen

and trace minerals (containing phosphorus and potassium) are essential plant nutrients. His work

laid the foundation for the systematic use of fertilizers in agriculture. Liebig formulated the law

of the minimum, which described how plant growth relied on the scarcest nutrient resource, rather

than the total amount of resources available. This concept revolutionized the understanding of plant

nutrition and has had a profound impact on agricultural practices, helping to improve crop yields

and preventing food shortages. Liebig developed a manufacturing process for beef extracts, thereby

contributing to food chemistry. A company, called Liebig Extract of Meat Company, introduced the

Oxo brand beef bouillon cube. This contributed to the development of nutrient-rich food products,

which nowadays would be called convenience food.

Liebig’s reputation both as scientist and as teacher attracted many talented students; notable

among them are August Kekulé, August Wilhelm von Hofmann, Adolphe Wurz and John Stenhouse.

A Special Issue of Chemistry was dedicated in 2023 to commemorate 150 Years of Justus von

Liebig’s Legacy. We thank the authors who contributed to this Special Issue, now collected in this

Special Issue reprint.

Christoph Janiak, Sascha Rohn, and Georg Manolikakes

Editors
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Editorial

Justus von Liebig
Siegfried Schindler

Institute of Inorganic and Analytical Chemistry, Justus Liebig University, 35392 Gießen, Germany;
siegfried.schindler@anorg.chemie.uni-giessen.de

Abstract: This is a short overview of the life and achievements of Justus von Liebig. Clearly, this
can only be an incomplete and somewhat personal view of the author, who has been a professor of
inorganic chemistry at Justus Liebig University since 2002. Having already been interested in the
work of Liebig for many years, and with a strong connection to the Liebig Museum in Giessen, the
author hopes to provide some useful information about this great chemist, one of the founders of
modern chemistry. The reader should find many interesting, probably new, facts about Liebig’s major
impact on chemistry, agriculture, nutrition, and pharmacology.

Keywords: Justus Liebig; history of chemistry; begin of modern chemistry

1. It all Started with a Bang

Justus Liebig was born on 12 May 1803, in Darmstadt (Hesse, Germany). His father
owned a business, what today, most likely, you would call a drugstore, selling/preparing
paints, and different materials, including chemicals. Early on, Justus had to help his father
in the store, which he much preferred to school, where he did not enjoy learning old
languages. Several times he had to fetch books for his father about chemistry from the
library close by, which, from the age of 13, he read from beginning to end. Already at this
early age, Justus wanted to become a chemist. An anecdote demonstrates this, as it was
reported that his teacher and his classmates laughed at him when he gave this as an answer
being asked in school what he would like to do later in life [1]. Justus enjoyed going to
the fair in Darmstadt, where the marketeers (often charlatans/quacksalvers) performed all
kinds of chemical tricks to attract people and to sell their wares, e.g., “universal medicine”
that was declared to heal nearly every disease. To entertain the audience, they performed
small explosions with the silver or mercury salt of fulminic acid (Figure 14). Some readers
might be aware of the mercury salt used in the first season of the TV show Breaking
Bad (not very realistic). There is an old book (published) for children about this time
“Knallsilber—Geschichten aus dem Leben von Justus von Liebigs” (Figure 1a) [2], that
describes how Justus watched at the fair how to create these explosions (Figure 10) and how
he impressed his father, and especially his classmates, by preparing them himself. Most
likely his teachers much less enjoyed this knowledge because all the boys then had easy
access to these explosions. Silver fulminate is so unstable that the only application for this
compound is in the bang snaps that are still sold today (for children!). Mainly they contain
some sand wrapped together in paper with a tiny amount of silver fulminate (Figure 1b),
and they explode when thrown on the floor or against a wall.

Due to his problems in school, Liebig did not finish high school. He left school when
he was 14 and started an apprenticeship training in a pharmacy in Heppenheim (close
to Darmstadt). However, here he also “failed” and left after only a few months. It was
reported that he caused an explosion (or a fire) in the pharmacy when performing chemistry
experiments (Figure 10) and was thrown out for that reason, but it is more likely that he
did not like the work there at all. Back in Darmstadt, he worked again in his father’s shop,
produced bang snaps for sale, and even wrote his first publication about their chemistry in

Chemistry 2023, 5, 1046–1059. https://doi.org/10.3390/chemistry5020071 https://www.mdpi.com/journal/chemistry
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a journal. A chemist, Karl Wilhelm Gottlob Kastner, who became a professor in Bonn, was
impressed and even wrote an introduction to this publication.

Figure 1. (a) The children book “Knallsilber” (Title in English: Silver fulminate—Stories of the life of
Justus von Liebig); (b) Commercially sold bang snaps today kept in sawdust.

Liebig received the chance to join Kastner in Bonn and started studying chemistry
there, despite not having finished high school. He followed Kastner to Erlangen in 1821,
and at only 18 years old (Figure 2), he got into some serious trouble due to some student
activities. Consequently, he had to escape a police investigation and flee back to Darmstadt.
Despite these activities, he obtained a scholarship from the government of the state of Hesse
to go to Paris to proceed with his studies. According to Liebig, France was the country
where chemistry bloomed then, while Germany was left far behind.

Figure 2. Drawing of Liebig as a young student (photograph of a drawing at the Liebig Museum).

2. Paris

From October 1822, Liebig stayed in Paris for 17 months (his original stipend for
6 months was extended several times), and he made the acquaintance of some of the
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most famous chemists of the time, including L. N. Vauquelin, L. J. Thenard, and J. L. Gay-
Lussac [1]. Liebig knew some French and studied it further because, in his opinion, it was
necessary for every educated scientist. He was extremely impressed by the chemistry in
France. He wrote to his very dear friend, the poet August von Platen [3]: “It is a great
shame how greatly the reputation of Germans has declined in physics, chemistry, and the other
natural sciences. There is scarcely a shadow left, and they fight over this shadow like mad dogs.
Contemporary German chemists presume to play at philosophy, thereby losing all their effectiveness....
The French and English proceed in the exact opposite fashion: here science is simply a mechanical
stonework, the quasi-mathematical style of treating it allows no play of the mind whatever; but [this
method] is at the moment very good, it has led recently to the most magnificent discoveries and is
particularly useful for [practical] life”. He admired the lectures by Gay-Lussac and the other
professors, which were accompanied by experiments, and he was inspired to apply this
later in his own teaching. His research focused again on fulminates, the explosives that
had fascinated him as a boy. A short paper on that topic was printed in Annales de chimie
and attracted significant attention. When the paper was presented by Gay-Lussac at the
Académie des Sciences, Alexander von Humboldt was present and highly impressed by
the young Liebig. Therefore, Humboldt recommended Liebig to Grand Duke Ludwig I. for
a professorship at Giessen.

3. Giessen

Liebig was appointed in Giessen in May 1824, two weeks after his 21st birthday, as a
(Ausserordentlicher) professor and became a full (Ordentlicher) professor in 1825; however,
he was not welcomed at Giessen University because he had been put there by the Grand
Duke and had not been chosen by the university/the professors [1]. Chemistry at that
time was also not an established area of study but was regarded, rather, as a support
for pharmacy or medicine. Thus, Liebig started to teach pharmacology, and his institute
initially was pharmaceutical chemistry. Furthermore, when Liebig came to Giessen, there
was already a full chemistry professor, Ludwig Wilhelm Zimmermann. They soon fell into a
competition for students; however, it seemed that students preferred the teaching of Liebig,
which must have been very lively and was combined with experimental demonstrations;
many of these experiments are still presented in our first-semester chemistry lectures. In
Germany, the word for a lecture is “Vorlesung” (a reading) that goes along with a reader
for a lecturer. At that time, it was meant literally because professors mainly read from
their books in a lecture. Liebig was different and thus attracted many students. The full
circumstances are unclear, however, Zimmermann drowned in the river Lahn in 1825
(suicide suspected), and, thus, Liebig became a full professor of chemistry. Looking back,
it is interesting to note that Liebig became a professor at 21 without having finished high
school, with doubts about a proper doctoral dissertation (he received his doctoral title of
Erlangen “in absentia), and having not completed a Habilitation [1]. Pretty amazing!

In Giessen, Liebig received a former guard house of a military barracks where he could
set up his laboratory on the first floor and where he lived on the second floor together with
his family. Over time, and sometimes pushing hard for money, the building was extended,
and he obtained more space for research and teaching. Figure 3 shows the old laboratory
with the stove and the front of the building (the door was opened for releasing toxic fumes).
There was no heating system and no running water. Water for cooling a distillation was
lifted in buckets attached to some tubing. In the newer part of the lab, hoods, quite similar
to those used today, were later installed. The modern part of the laboratory and the way of
running has been copied many times worldwide, e.g., in Russia or France (see below).

3
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Figure 3. The stove of the old laboratory; front view of the Liebig Museum (door leading to the old
laboratory; distillation setup; one of the hoods in the newer laboratory.

4. Students and Researchers in Giessen

The laboratory of Liebig became famous over time and attracted students and re-
searchers from all over the world (Figure 10). Very early on, international exchange played
an important role in the development of chemistry. Unfortunately, at that time, women
could not yet participate. It is interesting to see who studied and/or worked with Liebig.
Aside from the Germans, there were people from Belgium (1), Denmark (2), Great Britain
(88), France (30), the Netherlands (3), Italy (2), Luxembourg (2), Mexico (1), Norway (2),
Austria (11), Russia (21), Switzerland (43), Spain (1), Hungary (4), and United States (17) [4].
Some of the important chemists are shown on a genealogical tree in Figure 4, including
Fresenius, Erlenmeyer, and Strecker, just to mention a few well-known names in chem-
istry. From there, it is obvious how chemistry developed further due to the influence of
Liebig’s laboratory.

4
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Figure 4. Photograph of the genealogical tree at the Liebig Museum. Chemists in Figure 4 (from
bottom to top and from left to right) Nobel prize winners are assigned with a star and the date of
receiving the prize: Trunk: Justus von Liebig; 1. Branch: C. R. Fresenius, H. von Fehling, E. Erlenmeyer,
A. Strecker, M. von Pettenkofer, A. Kekulé, H. Will, A. Sobrero, N. Zinin, J. Volhard, Th. Anderson, A.
W. Hofmann, Ch. A. Wurtz, C. Schmidt; 2. Branch starting from Kekulé: A. von Baeyer* (1905), W.
Körner, A. Ladenburg, Ch. G. Williams, J. Dewar, Th. Zincke, J. H.van’t Hoff* (1901); Branch starting
from Volhard: J. Thiele, D. Vorländer, H. Wieland* (1927), H. Staudinger* (1953), T. Reichstein* (1950),
L. Ruzicka* (1939); Branch starting from Hofmann: W. von Miller, O. Wallach* (1910), R. Zsigmondy*
(1925); Branch starting from Schmidt: W. Ostwald* (1909), S. Arrhenius* (1903), Th. W. Richards*
(1914), W. Nernst* (1920), C. N. Lewis, H. von Euler* (1929), R. Abbeg, L. Ruzicka* (1939), F. Bergius*
(1931), J. Langmuir* (1932), W. F. Giauque* (1949); Branch starting from von Baeyer: R. Willstätter*
(1915), A. von Weinberg, E. Bamberger, H. Rupe, O. Fischer, E. Buchner* (1907), E. Fischer* (1902),
R. Kuhn* (1938), P. Ehrlich* (1908), K. Landsteiner* (1930), P. H. Müller* (1948), A. Harden* (1929),
O. Diels* (1950), O. H. Warburg* (1931), A. Windaus* (1928), K. Alder* (1950), A. Butenandt* (1939);
Branch starting from Zincke: O. Hahn* (1944), H. Fischer* (1930).

A very important chemist from the Liebig laboratory was August Wilhelm von Hof-
mann, who later became president of the Chemical Society in London (now the Royal
Society of Chemistry). After he accepted a position as a professor in Berlin, he was co-
founder of the Deutsche Chemische Gesellschaft and became their president. He is well
known, especially for his research on aniline (Figure 5).

Nikolay Zinin (Figure 5), a Russian chemist who later became the first president of
the Russian Physical and Chemical Society, worked on the so-called benzoin condensation
(discovered by Liebig) in Giessen. He later became a professor at the University of Kazan
(afterward in St. Petersburg). He discovered that nitrobenzene could be reduced to
aniline (general: the Zinin reaction, the reduction of nitro aromates to the corresponding
amines). He played an important role in identifying aniline, which was finally confirmed
by Hofmann [5]. The laboratory in Kazan was built according to the setup of Liebig’s
laboratory in Giessen, and it is now a museum (Museum of Kazan School of Chemistry).
Some original samples of aniline prepared by Zinin are shown in the museum [5].

5
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Figure 5. Memorial (copy; the original is in the Liebig Museum) of August Wilhelm von Hofmann
(Text on the memorial: born in Giessen 8 April 1818; died in Berlin 5 May 1892; “A master and excellent
teacher in chemistry; a successful researcher of aniline and aniline dyes”) in Giessen (Frankfurter
Strasse); a plaster bust of Nikolay Zinin at the museum of Kazan School of Chemistry.

Ascanio Sobrero, a student from Italy, who later became a professor at the University
of Turin, was the discoverer of nitroglycerine in 1847. Alfred Nobel (who early on learned
chemistry from Zinin in St. Petersburg) became familiar with nitroglycerine from Sobrero in
1850 when he was in Paris studying with Théophile-Jules Pelouze at the age of 17! Sobrero
received his Ph.D. 1832 and described his time in Giessen well: “In my last year in Giessen
the number of students was 45. There were students of all nations, some with the goal to become
a teacher, others with an interest in pharmacology, and many who wanted to do something with
pure chemistry. The motivation to learn was very high for all students competing to perform well.
However, there was no envy; all were like members of a large family, living under the same roof with
the guidance of Liebig as a father” (translation by the author) [4].

Friedrich August Kekulé, as Liebig was born in Darmstadt, started studying archi-
tecture in Giessen before switching to chemistry after attending some lectures of Liebig.
In 1852, he finished his Ph.D. and later became a professor at the University of Bonn. The
lecture notes of Kekulé on experimental chemistry have survived and (while hard to read)
give an idea of the content of Liebig’s lectures (Figure 6).

Figure 6. Photographs of the facsimile of the lecture notes of Kekulé.

Adolphe Wurtz spent one year in Liebig’s laboratory after obtaining his Ph.D. in
Strasbourg and was excited about the chemistry developments in Germany. Several French
laboratories were later constructed based on the institute in Giessen. Wurtz became the
first professor of organic chemistry at the Sorbonne in 1875. Wurtz described the work
in Giessen similarly to Sobrero: “What made life in Giessen so pleasant was the inner bond
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that prevailed among the chemists. United by the same scientific interest, suffused with the same
devotion to the teacher, we worked the whole day together and supported each other at every instant
with word and deed” [3]. The book “Nationalizing Science—Adolphe Wurtz and the Battle
for French Chemistry” by Alan J. Rocke is worth reading concerning chemistry at Liebig’s
time [3]. We could learn a lot from history to avoid repeatedly making mistakes.

5. Munich

After 28 years in Giessen, Liebig accepted an offer to move to Munich in 1852. Here, he
obtained a new laboratory and had much fewer teaching duties. In Munich he even was in
contact with the family of the King of Bavaria, who enjoyed attending spectacular chemistry
presentations performed by Liebig. Unfortunately, during one of these lectures an accident
occurred. Liebig was performing an experiment called the “Barking Dog” where NO is
ignited in the presence of CS2 in a long glass tube. The experiment’s name is a consequence
of the sound produced when the flame accelerates through the tube. The experiment was
highly appreciated and should therefore be repeated. Then, a mistake occurred and instead
of NO, oxygen was introduced into the system that caused an explosion when it was ignited.
Despite being injured, Liebig was terrified to see blood on the faces of Queen Therese and
Prince Luitpold. Luckily, none of the injuries were serious and there were no consequences.
When Liebig realized that aging started to cause health problems he did not complain but
instead he wrote to his sister in 1870 [1]: “If one has reached an age of 67 without ever been
seriously sick one should be thankful, thank God for it and be content” (translated by the
author). Liebig died on April 18, 1873; his grave is at the cemetery in Munich (Figure 7).

Figure 7. The grave of Liebig in Munich.

6. Achievements

Only a few examples of the many achievements Liebig accomplished can be presented here.
Aside from trying to understand the basics of chemistry, Liebig was always very

interested in practical applications. For example, in Liebig’s time, mirrors were made
with mercury, a method that seemed to have been developed in Venice (Figure 8) and
their production was dangerous due to the toxic mercury fumes. In Germany, especially
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around Fürth (close to Erlangen) there were several companies producing mirrors based on
mercury. Even today, puddles of mercury are still sometimes found from that time when
digging at construction sites in the areas of former mirror factories. Liebig developed a
method to produce mirrors with silver; however, this business was unsuccessful because
people preferred mercury-based mirrors. In contrast to the silver mirrors, these showed
people much paler, which was preferred at that time. Only after the application of mercury
was prohibited by law did silver mirrors start to be used.

Figure 8. Photograph of a mirror made with mercury at a museum in Venice; timetable of Horsford.

Furthermore, Liebig invented baking powder that could be used in the place of yeast.
However, again, his discovery did not lead to a successful business because people in
Germany still preferred to use yeast. Instead, one of his students, the American Eben
Norton Horsford, reformulated it later and became rich with it in the United States. After
his studies with Liebig, Horsford was appointed as a professor at Harvard (Rumford Chair)
where he was an early supporter of higher education for women. It is more than interesting
to have a look at his timetable while he was studying with Liebig (Figure 8). Practical work
or lectures started at 6 o’clock in the morning!

While Liebig was strongly involved in inorganic chemistry, he and Wöhler are espe-
cially important founders of organic chemistry. They introduced the concept of radicals in
chemistry, which had nothing to do with molecules that we define today as radicals. The
two chemists realized that while some molecule parts could be changed, other parts could
be kept constant, for example, the benzoyl group in benzoic acid, benzaldehyde, etc. This
finally became the extremely useful concept of functional groups. If cyanide is considered
an organic molecule, Liebig also reported the first organocatalysis with the benzoin addition
(often wrongly described as benzoin condensation). From the many organic compounds
that Liebig investigated, only two more related ones should be mentioned here: chloroform
and chloral hydrate. Independently from each other, chloroform was prepared in 1831 for
the first time by the American Samuel Guthrie, the French Eugène Subeiran, and Liebig.
Several years later, it became extremely useful as an anesthetic. Liebig prepared chloral
hydrate around the same time, but its sedative properties were only recognized much later.
Initially, it was wrongly assumed that chloral hydrate decomposes in the body to formic
acid/formate and chloroform, which would cause the hypnotic effect. It is frightening to
note that, according to Wikipedia, in the first 18 months of introducing it commercially in
England, 17 million single doses were sold [6]!

Liebig can also be regarded as a pioneer in food chemistry, nutrition, and biochemistry.
Many experiments were performed in his laboratory to gain better knowledge of these
topics. A significant area of his research was in regard to milk for babies. At the time of
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Liebig, a baby was in trouble if its mother could not provide milk for feeding. In that case,
a nurse had to be found for breastfeeding. Cow milk alone is not suitable for babies. Liebig
discovered a way to treat cow milk to make it suitable for infants and, thus, improved
the chances of life and life generally for many. Furthermore, while in Munich, a friend’s
daughter was very ill with typhus and at the point of dying. Liebig managed to prepare a
special soup for her and, thus, kept her alive.

While working on food, Liebig became aware of a problem in South America. Large
numbers of cows were slaughtered there without using the meat because the primary
interest was in harvesting their skin to produce leather. Without the technologies of today
for freezing meat, it was impossible to keep it from going bad while trying to transport it
over long distances. Liebig worked out a method to extract the meat as a solid paste that
could be kept for a long time without the problem of rotting. He originally thought that
he thus extracted the essence of the meat and that it would be a kind of a “superfood”.
This was not the case because the extract mainly consists of minerals and can be used to
change the taste of your food, like, e.g., Marmite sold in England. However, the extract
called “Liebigs Fleischextrakt” became very popular and is still sold today (Figure 9).

Figure 9. Liebigs Fleischextrakt; a guard book with collector cards inherited from the grandmother of
the author’s wife.

What was quite remarkable was how it was sold. Collector cards on many different
topics were distributed together with each container of the Fleischextrakt and could be
kept in a guard book (Figure 9). Four collector cards are presented in Figure 10. Thousands
of these collector cards in many different languages were created.

Figure 10. Collector cards showing Liebig as a boy at the fair observing a marketer hitting a bang
snap; young Liebig causing a fire in the pharmacy in Heppenheim; the laboratory of Liebig (the
person on the right with the cylinder is Hofmann); and cows in South America.
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Probably the most important research that Liebig completed was related to agriculture.
For many different reasons, hunger had become a big problem for the population in Europe.
The fields were exhausted and plant growth was only partially understood with many
misconceptions. Liebig studied this in detail and realized that fertilizer had to be applied
that provided all nutrients for the plants. He realized that if one important component
was missing, an excess of all other nutrients will not help. He came up with a very good
demonstration for this law of the minimum by showing a barrel that had planks of different
heights (Figure 11). The plank that is the lowest would be the minimum.

Figure 11. The barrel of Liebig shows the law of the minimum. Filling it up with water would
lead to a leak at the plank with potassium (“Kali”). So, to improve the plant’s growth, a potassium
compounda needs to be added. A reprint of the book Agricultur und Physiologie by Liebig.

One can use this law of the minimum for our own nutrition. We could eat very
healthily, however, if one component is too low (or missing), e.g., vitamin C, we still would
be unhealthy and become sick over time. With this knowledge that he acquired over
time (after many experiments and several failures, see below), Liebig finally could supply
different fertilizers that helped to overcome the problem of starvation for many and, thus,
enabled the feeding of many more people. Much of this knowledge was published in a
book by Liebig “Die Chemie in ihrer Anwendung auf Agricultur und Physiologie” (Figure 11).

Finally, Liebig can be regarded as a pioneer in analytical chemistry. He realized
very early on that exact analytical measurements are essential for understanding chemical
reactions. In Giessen, he had a carpenter who made the set of scales for him. A photograph
of the most accurate balance he used is shown in Figure 12. In contrast to today, such
a set of scales took a long time to stabilize and was extremely sensitive to vibration. It
was reported that, once, Liebig was smoking a cigar while waiting because that would be
about the appropriate time for the set of scales to settle. To avoid any kind of vibration,
the measurement result was read by observing the balance through a telescope from the
door (Figure 12).
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Figure 12. The best balance of Liebig with an accuracy of 0.3 mg and a maximum of 100 g; the
telescope used to read the balance.

At the time of Liebig, there were only very few methods to analyze a compound.
Chemists mainly had to rely on elemental analyses. Liebig had learned to perform these
analyses well in Gay-Lussac’s laboratory; however, the method was often inaccurate and
took a lot of time. Therefore, he improved this method by introducing the Kaliapparat,
which allowed a fast and accurate measurement of an organic compound’s carbon and
hydrogen content (Figure 13). The compound was burned, the water absorbed by the cal-
cium chloride and the carbon dioxide by a potassium hydroxide solution in the Kaliapparat
(the construction of the 5 bulbs ensured that all carbon dioxide was absorbed, and the
solution was not pushed out). Afterward, both the tube with the calcium chloride and the
Kaliapparat could be weighed, and it was possible to estimate the amount of carbon and
hydrogen accurately. If the compound contained oxygen, the amount was just calculated
as a difference. Thus, obtaining a molecular formula for glucose with CH2O (“carbon
with water, C × H2O”) was possible, leading to the general name for many sugars being
carbohydrates. The exact measurement of nitrogen was still a big problem and is discussed
in great detail in the book Nationalizing Science, already mentioned above [3].

Figure 13. The Kaliapparat behind the U-tube with calcium chloride (the setup where the sample is
burned is not shown); the author’s membership card with the ACS logo.

This development was extremely important for the advancement of chemistry, now
even allowing students to perform elemental analyses fast and accurately [7]. Before using
the Kaliapparat this was time-consuming, and an expert was needed to perform the analysis
correctly. An American student, Smith, asked Liebig for permission to use the Kaliapparat
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as a logo for the newly founded American Chemical Society. Many chemists in the US do
not know what this symbol means; however, they have been reminded previously in an
article published in the membership magazine of the ACS, C&E news [8]. Furthermore, it
is not an eagle in the logo but a phoenix rising from the fire/ashes, fitting perfectly well
with the idea of elemental analysis (Figure 13).

The result of an elemental analysis also led to a verbal fight between Liebig and Wöhler.
Still working on the explosive silver fulminate, Liebig learned that Wöhler reported the
same molecular formula for a supposedly stable compound. Both accused each other of
not being capable of performing an elemental analysis correctly; however, as it turned out,
they both were correct. With this dispute, they discovered the phenomenon of isomerism.
Readers who have read or watched Harry Potter are fully aware of a so-called anagram
ordering letters differently. Thus, in chemistry, it could make a big difference if the com-
pound is written as HCNO or HOCN. The former is Liebig’s fulminic acid and explosive,
while the latter is cyanic acid, the compound Wöhler investigated (Figure 14). However,
afterwards, Liebig and Wöhler became very good friends.

Figure 14. Isomerism of fulminic acid (top) and cyanic acid (bottom).

7. Failures

Finally, I think it is important to point out that even Liebig, who was an excellent
and outstanding chemist, could make mistakes or fail in his work. This is how we all,
and Liebig was no different, learn and improve our knowledge. For example, he missed
discovering bromine as a new element when he was investigating the mineral waters of
different fountains. He was so close but did not recognize it. Only quite late did he finally
accept being wrong (as discussed above) that the Fleischextrakt was no superfood. While
working on fertilizers he also made many mistakes that he learned to correct over time.
Initially, he believed that plants receive nitrogen from the air and did not add nitrogen-
containing compounds to the fertilizer. Furthermore, he thought fertilizer should be less
soluble to avoid being washed out by rain. Due to these beliefs, there were disastrous
results when his first fertilizers were applied. However, this is science: having an idea,
testing it with experiments, and learning from the results. Liebig was very good at this.
Additionally, Liebig failed to acknowledge the work of Carl Sprengel who recognized the
importance of minerals in fertilizer before Liebig.

8. Conclusions

Liebig was an outstanding chemist/scientist. It is amazing what one person can
achieve during a lifetime. Not only the many discoveries he made and the achievements for
the advancement of chemistry/science, but also the aspects of teaching and the influence
he had on other researchers. He also published a great deal of work in scientific journals
for other chemists, but he also published in newspapers for the general public as well
(Chemische Briefe—Chemistry Letters). It is remarkable that Liebig was already fully aware
of the importance of international exchange, which is still relevant today (Figure 15).
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Figure 15. International chemistry students (from Japan, Italy, Russia, and Kosovo) at the Justus
Liebig University in the lecture room of Liebig 2021.

To really appreciate the accomplishments of Liebig, the reader is invited to visit the
Liebig Museum in Giessen [4]. Furthermore, it is possible to learn more about Liebig
(and the development in chemistry) at the museum (Deutsches Museum) in Munich. The
museum in Giessen has existed since 1920. Currently, reconstruction is taking place due to a
fire in December 2022 (Figure 16). Luckily, it only damaged the lecture room, and rebuilding
it to its original state will be possible. On 29 March, a ceremony awarded the Laboratory of
Justus Liebig with the “Historical Landmarks Award” of the European Chemical Society
(Figure 16). Furthermore, an application process has been started to have it assigned as a
UNESCO world cultural heritage site.

Figure 16. The lecture room at the Liebig Museum after the fire (already cleaned up); Historical
Landmarks Award for the Laboratory of Justus Liebig (Prof. Dr. Angela Agostiano, President-elect of
the European Chemical Society and Prof. Dr. Gerd Hamscher, Chair of the Justus Liebig Society).
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Abstract: A variety of coinage-metal complexes containing perfluorinated carboxylate ligands, to-
gether with their structures and thermal behavior, are reported. The silver(I) salts were accessible
from the direct reaction of Ag2O with the acids in toluene. Their gold(I) phosphine counterparts
formed in high yields by transmetallation using the silver(I) salts. Some structurally unique, mixed-
metal (Au,Ag) complexes formed upon combining solutions of the silver(I) salts with the gold(I)
phosphine carboxylates. The reduction of dinuclear copper(II) compounds containing perfluori-
nated carboxylates with triphenylphosphine resulted in the formation of the corresponding copper(I)
tris(phosphine) complexes. X-ray structures of representative complexes, together with IR- and TGA
data, are reported.

Keywords: silver; gold; copper; perfluorinated carboxylates; molecular structures; TGA

1. Introduction

Silver(I) salts of perfluorocarboxylic acids have been known for decades and are
typically prepared from the sodium salt of the respective acid and AgNO3 in water or
from an aqueous solution of the acid and a basic silver(I) compound such as Ag2O or
Ag2CO3 [1–4]. More recently, a water-free method using AgF in THF or hexane has also
been reported [5]. The molecular structure of silver(I) perfluorobutyrate was determined by
X-ray diffraction as early as 1956 [6]. Although the structure is of poor quality by modern
standards, the atom connectivity could be unambiguously established. The salt exists in
the solid state as a centrosymmetric dimer with a short (2.90 Å) Ag–Ag distance and O,O-
bridging carboxylato ligands. These dinuclear eight-membered rings form a coordination
polymer through additional Ag–O bonds between neighboring dimers (Figure 1, top left).
The structure of silver(I) trifluoroacetate is analogous [7].

In contrast, the silver salt of pentafluorobenzoic acid (crystallized from water) has
a slightly different structure. The carboxylic acid bridges two silver atoms in an alter-
nating fashion, resulting in a chain-type structure (Figure 1, top right) [8]. The 2,4,6-
trifluorobenzoato silver salt, also crystallized from water, forms the eight-membered ring
dimer structure, but the coordination polymer is assembled through hydrogen bonding
between bridging water molecules and not through Ag–O carboxylate bonding (Figure 1,
bottom) [9]. In contrast to most silver(I) salts, silver perfluorocarboxylates are soluble in
a variety of solvents, including water and organic solvents such as CH2Cl2, CHCl3, alco-
hols, acetone, benzene, toluene and diethyl ether. Indeed, Swarts commented on the high
solubility of silver(I) trifluoroacetate in both water and benzene in his pioneering study
of metal trifluoroacetates from 1939 [10]. This report inspired us to attempt a synthesis of
silver(I) perfluorocarboxylates in toluene to avoid the use of water as a solvent. With these
silver salts in hand, we wished to prepare the corresponding gold(I) phosphine complexes
and to examine the possibility of isolating bimetallic Ag/Au-complexes. To complete
our investigation, we also examined the structures and reactions of some copper(II) and
copper(I) complexes of perfluorinated carboxylic acids.
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Figure 1. Schematic illustration of known coordination polymers of silver(I) carboxylates.

2. Materials and Methods

Unless specified otherwise, reactions were carried out under ambient conditions
using HPLC-grade solvents with protection from light for reactions involving Ag and
Au compounds. Chemicals and solvents were commercial products and were used
as received. [AuCl(PPh3)] [11], the gold(I) carboxylates [12], as well as the copper(II)
carboxylates [13–15], were prepared by published methods. NMR spectra were measured
on a Bruker Avance 400 instrument. Spectra were referenced externally to Me4Si (1H), 85%
H3PO4 (31P) and CFCl3 (19F). Copies of the NMR spectra may be found in the supplemen-
tary material. IR spectra were recorded on a Nicolet iS5 spectrometer equipped with an iD5
diamond ATR unit. TGA and DSC measurements were simultaneously carried out using
a Netzsch STA 449 F5 Jupiter instrument. Experiments were conducted in 40 µL alumina
crucibles, which were closed with alumina lids. Samples were heated from 25 to 1100 ◦C
with a heating rate of 5 K/min in a nitrogen atmosphere, applying a constant nitrogen flow
of 25 mL/min during the experiment.

2.1. Preparation of the Silver(I) Carboxylates

To a suspension of Ag2O in toluene, the appropriate perfluorocarboxylic acid was
added. Within a few minutes at ambient temperature, most of the silver oxide was dissolved.
After about 10 min., anhydrous Na2SO4 (ca. 0.5 g) was added to absorb the water. The
mixture was filtered through Celite and the filtrate was subsequently concentrated in
vacuum to a small volume. The addition of pentane precipitated a colourless solid, which
was isolated by filtration and was subsequently dried in air.

2.1.1. [Ag(O2CCF3)(η2-MeC6H5)]n (1)

This was prepared as described above using Ag2O (0.310 g, 1.34 mmol) and triflu-
oroacetic acid (0.20 mL, 2.59 mmol). A total of 0.349 g (0.654 mmol, 49%) product was
isolated. IR (ATR): 1614 νa(OCO), 1449 νs(OCO) cm−1. 19F-NMR (CD3OD): δ = −75.65
(s, CF3). 1H-NMR (CD3OD): δ = 7.09–7.30 (m, 5 H, C6H5), 2.35 (s, 3 H, Me). Colourless,
X-ray-quality crystals formed upon the slow evaporation of a toluene solution in the dark.

2.1.2. [Ag2(O2CCF2CF3)2(η2-MeC6H5)]n (2)

This was prepared as described above using Ag2O (0.330 g, 1.42 mmol) and perfluo-
ropropionic acid (0.29 mL, 2.79 mmol). A total of 0.503 g (0.793 mmol, 56%) product was
isolated. IR (ATR): 1616 νa(OCO), 1416 νs(OCO) cm−1. 19F-NMR (CD2Cl2): δ = −83.36 (t,
J = 1.7 Hz, CF3), −118.43 (q, J = 1.7 Hz, CF2). 1H-NMR (CD2Cl2): δ = 7.30–7.36 (m, 2 H,

16



Chemistry 2023, 5

C6H5), 7.19–7.28 (m, 3 H, C6H5), 2.39 (s, 3 H, Me). X-ray-quality crystals formed by the
slow evaporation of a toluene solution of the compound.

2.1.3. [Ag{O2C(CF2)2CF3}]n (3)

This was prepared as described above using Ag2O (0.270 g, 1.17 mmol) and perflu-
orobutyric acid (0.3 mL, 2.31 mmol). A total of 0.563 g (0.877 mmol, 76%) product was
isolated. IR (ATR): 1607 νa(OCO), 1417 νs(OCO) cm−1. 19F-NMR (CD2Cl2): δ = −80.45 (t,
J = 8.9 Hz, CF3), −115.06 (sext., J = 8.9 Hz, β-CF2), −126.29 (m, α-CF2).

2.1.4. [Ag(O2CC6F5)(MeC6H5)]n (4)

Pentafluorobenzoic acid (0.320 g, 1.51 mmol) was dissolved in toluene (10 mL) with
slight heating, and then Ag2O (0.175 g, 0.755 mmol) was added. The mixture was held at ca.
80 ◦C for 10 min. During this time, most of the solid was dissolved. Workup as described
above afforded 0.392 g (0.537 mmol, 71%) colourless product. IR (ATR): 1654 νa(OCO),
1489 νs(OCO) cm−1. 19F-NMR (CD3OD): δ = −144.04 (dd, J = 7.9, 14.5 Hz, o-F), −159.56 (t,
J = 19.7 Hz, m-F), −165.18 (m, p-F). 1H-NMR (CD3OD): δ = 7.09–7.27 (m, 5 H, C6H5), 2.34 (s,
3 H, Me).

2.1.5. [Ag(O3SCF3)]n (5)

This was prepared as described above using Ag2O (0.363 g, 1.57 mmol) and trifluo-
romethanesulfonic acid (0.30 mL, 3.39 mmol). A total of 0.573 g (2.23 mmol, 66%) product
was isolated. IR (ATR): 1213 νa(SO3), 1017 νs(SO3) cm−1. 19F-NMR (CD3OD): δ = −79.88
(s, CF3).

2.2. Preparation of the Gold(I) Carboxylates

The complexes were prepared based on the procedure reported in the literature [12],
with minor modifications. As an example, the preparation of [(Ph3P)Au(O2CCF3)] is given
in detail. The other mono- and dinuclear derivatives were prepared similarly.

2.2.1. [(Ph3P)Au(O2CCF3)] (1a)

[Ag(O2CCF3)(η2-MeC6H5)]n (0.045 g, 0.202 mmol) in CH2Cl2 (10 mL) was added
to a solution of [AuCl(PPh3)] (0.100 g, 0.202 mmol) in CH2Cl2 (10 mL). Immediately, a
colourless solid (AgCl) precipitated. After stirring the mixture at room temperature for
ca. 1 h, it was passed through Celite and concentrated under reduced pressure. The
addition of pentane precipitated a colourless solid. This was isolated by filtration and
was dried in air. A total of 0.098 g (0.171 mmol, 85%) product was isolated. IR (ATR):
1695 νa(OCO) cm−1. 31P{1H}-NMR (CD2Cl2): δ = 27.36 (s). 19F-NMR (CD2Cl2): δ = −74.32
(s, CF3).

2.2.2. [(Ph3P)Au(O2CCF2CF3)] (2a)

This was prepared as described above using [AuCl(PPh3)] (0.100 g, 0.202 mmol) and
[Ag(O2CCF2F3)(η2-MeC6H5)]n (0.055 g, 0.202 mmol). A total of 0.078 g (0.125 mmol, 62%)
colourless product was isolated. IR (ATR): 1710 νa(OCO) cm−1. 31P{1H}-NMR (CD2Cl2):
δ = 27.28 (s). 19F-NMR (CD2Cl2): δ = −83.32 (t, J = 1.7 Hz, CF3), −119.52 (m, CF2).

2.2.3. [(Ph3P)Au{O2C(CF2)2CF3}] (3a)

This was prepared as described above using [AuCl(PPh3)] (0.100 g, 0.202 mmol)
and [Ag{O2C(CF2)2CF3}]n (0.065 g, 0.202 mmol). A total of 0.088 g (0.131 mmol, 65%)
colourless product was isolated. IR (ATR): 1699 νa(OCO), 1482 νs(OCO) cm−1. 31P{1H}-
NMR (CD2Cl2): δ = 27.24 (s). 19F-NMR (CD2Cl2): δ = −81.08 (t, J = 8.9 Hz, CF3), −116.91
(m, β-CF2), −127.08 (m, α-CF2).
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2.2.4. [(Ph3P)Au(O2CC6F5)}] (4a)

This was prepared as described above using [AuCl(PPh3)] (0.100 g, 0.202 mmol) and
[Ag(O2CC6F5)]n (0.064 g, 0.202 mmol). A total of 0.119 g (0.179 mmol, 89%) colourless product
was isolated. IR (ATR): 1650 νa(OCO) cm−1. 31P{1H}-NMR (CD2Cl2): δ = 27.45 (s). 19F-NMR
(CD2Cl2): δ = −141.34 (dd, J = 8.1, 23.1 Hz, o-F), −155.87 (m, m-F), −163.00 (m, p-F).

2.2.5. [(dppb)(AuO2CCF3)2] (5a)

This was prepared as described above using [Au2Cl2(dppb)] (0.050 g, 0.055 mmol)
and [Ag(O2CCF3)]n (0.024 g, 0.110 mmol). A total of 0.058 g (0.054 mmol, 98%) colourless
product was isolated. IR (ATR): 1686 νa(OCO) cm−1. 31P{1H}-NMR (CD2Cl2): δ = 18.97 (s).
19F-NMR (CD2Cl2): δ = −74.07 (s, CF3).

2.2.6. [(dppb)(AuO2CC6F5)2] (6a)

This was prepared as described above using [Au2Cl2(dppb)] (0.050 g, 0.055 mmol)
and [Ag(O2CC6F5)]n (0.035 g, 0.110 mmol). A total of 0.063 g (0.049 mmol, 91%) colourless
product was isolated. IR (ATR): 1649 νa(OCO) cm−1. 31P{1H}-NMR (CD2Cl2): δ = 19.45 (s).
19F-NMR (CD2Cl2): δ = −141.02 (dd, J = 8.3, 23.1 Hz, o-F), −156.49 (t, J = 20.6 Hz, m-F),
−163.55 (m, p-F).

2.2.7. [(Xantphos)(AuO2CCF2CF3)2] (7a)

This was prepared as described above using [Au2Cl2(Xantphos)] (0.050 g, 0.044 mmol)
and [Ag(O2CCF2CF3)(η2-MeC6H5)]n (0.024 g, 0.088 mmol). A total of 0.044 g (0.034 mmol,
77%) colourless product was isolated. 31P{1H}-NMR (CD2Cl2): δ = 18.01 (s). 19F-NMR
(CD2Cl2): δ = −83.21 (m, CF3), −119.52 (m, CF2).

2.2.8. [(Xantphos){AuO2C(CF2)2CF3}2] (8a)

This was prepared as described above using [Au2Cl2(Xantphos)] (0.050 g, 0.044 mmol)
and [Ag(O2CCF2CF3)(η2-MeC6H5)]n (0.028 g, 0.088 mmol). A total of 0.060 g (0.043 mmol,
98%) colourless product was isolated. 31P{1H}-NMR (CD2Cl2): δ = 18.02 (s). 19F-NMR
(CD2Cl2): δ = −81.07 (t, J = 9.1 Hz, CF3), −117.00 (m, β-CF2), −126.98 (m, α-CF2).

2.3. Preparation of the Bimetallic Silver(I)-Gold(I) Carboxylates
2.3.1. [(CF3CO2)2AgAu(PPh3)]2 (9a)

Solid [Ag(O2CCF3)(η2-MeC6H5)]n (0.016 g, 0.074 mmol) was added to a solution of
[(Ph3P)Au(O2CCF3)] (0.042 g, 0.074 mmol) in CH2Cl2 (10 mL). After stirring the mixture at
room temperature for ca. 2 h, it was concentrated to small volume under reduced pressure.
The addition of pentane precipitated a colourless solid. This was isolated by filtration and
was dried in air. A total of 0.056 g (0.036 mmol, 49%) product was isolated. IR (ATR):
1669, 1639 νa(OCO) cm−1. 31P{1H}-NMR (CD2Cl2): δ = 27.06 (s). 19F-NMR (CD2Cl2):
δ = −73.58 (s, CF3). X-ray-quality crystals formed upon the slow evaporation of a solution
of the compound in CH2Cl2 layered with hexanes.

2.3.2. [(CF3CF2CO2)2AgAu(PPh3)]2 (10a)

This was prepared as described above using [(Ph3P)Au(O2CCF2CF3)] (0.046 g,
0.074 mmol) and [Ag2(O2CCF2CF3)2(η2-MeC6H5)]n (0.047 g, 0.074 mmol). A total of
0.131 g (0.074 mmol, 99%) product was isolated. IR (ATR): 1679, 1644 νa(OCO) cm−1.
31P{1H}-NMR (CD2Cl2): δ = 26.90 (s). 19F-NMR (CD2Cl2): δ = −83.34 (t, J = 1.7 Hz, CF3),
−118.83 (m, CF2).

2.3.3. [{CF3(CF2)2CO2}2AgAu(PPh3)]2 (11a)

This was prepared as described above using [(Ph3P)Au{O2C(CF2)2CF3}] (0.050 g,
0.074 mmol) and [Ag{O2C(CF2)2CF3}]n (0.024 g, 0.074 mmol). A total of 0.041 g (0.021 mmol,
55%) product was isolated. IR (ATR): 1657, 1648 νa(OCO) cm−1. 31P{1H}-NMR (CD2Cl2):
δ = 26.73 (s). 19F-NMR (CD2Cl2): δ = −81.06 (t, J = 8.9 Hz, CF3), −116.29 (m, β-CF2),
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−126.99 (m, α-CF2). X-ray-quality crystals formed upon the slow evaporation of a solution
of the compound in CH2Cl2 layered with hexanes.

2.3.4. [(CF3CO2)2AgAu(dppb)]2 (12a)

This was prepared as described above using [(dppb)(AuO2CCF3)2] (0.038 g, 0.035 mmol)
and [Ag(O2CCF3)]n (0.016 g, 0.070 mmol). A total of 0.043 g (0.029 mmol, 90%) colourless
product was isolated. IR (ATR): 1641 νa(OCO) cm−1. 1H-NMR (CD2Cl2): δ = 7.60–7.43
(m, 22 H, dbbp), 7.29–7.23 (m, 2 H, dppb). 31P{1H}-NMR (CD2Cl2): δ = 18.74 (s). 19F-NMR
(CD2Cl2): δ = −73.55 (s, CF3).

2.3.5. [(C6F5CO2)2AgAu(dppb)]2 (13a)

This was prepared as described above using [(dppb)(AuO2CC6F5)2] (0.036 g, 0.029 mmol)
and [Ag(O2CC6F5)]n (0.019 g, 0.058 mmol). A total of 0.053 g (0.028 mmol, 97%) colourless
product was isolated. IR (ATR): 1597 νa(OCO) cm−1. 1H-NMR (CD2Cl2): δ = 7.63–7.55 (m,
4 H, dppb), 7.38 (t, J = 7.3 Hz, 4 H, p-PPh2), 7.18 (t, J = 7.2 Hz, 4 H, m-PPh2), 7.12–7.09 (m,
8 H, o-PPh2). 31P{1H}-NMR (CD2Cl2): δ = 21.46 (s). 19F-NMR (CD2Cl2): δ = −114.55 (m, o-F),
−151.57 (t, J = 21.2 Hz, m-F), −162.88 (m, p-F).

2.3.6. [{CF3(CF2)2CO2}2AgAu(Xantphos)]2 (14a)

This was prepared as described above using [(Xantphos){AuO2C(CF2)2CF3}2] (0.059 g,
0.042 mmol) and [Ag{O2C(CF2)2CF3}]n (0.027 g, 0.084 mmol). A total of 0.079 g (0.039 mmol, 83%)
colourless product was isolated. IR (ATR): 1649 νa(OCO) cm−1. 1H-NMR (CD2Cl2): δ = 7.73
(dd, J = 7.8, 1.3 Hz, 2 H, Xantphos), 7.45–7.51 (m, 4 H, p-Ph2P), 7.20–7.34 (m, 16 H, m-Ph2P,
o-Ph2P), 7.12 (dd, J = 7.8, 1.6 Hz, 2 H, Xantphos), 6.50 (ddd, J = 13.5, 7.8, 1.5 Hz, 2 H, Xantphos),
1.72 (s, 3 H, Me). 31P{1H}-NMR (CD2Cl2): δ = 17.84 (s). 19F-NMR (CD2Cl2): δ = −81.05 (t,
J = 8.9 Hz, CF3),−116.43 (m, β-CF2),−126.98 (m, α-CF2).

2.4. Preparation of the Perfluorinated Copper Complexes
2.4.1. [Cu2(O2CCF3)4(dioxane)]n (16)

A 1,4-dioxane solution (10 mL) of copper(II) acetate monohydrate (1.00 g, 5.01 mmol)
and trifluoroacetic acid (0.8 mL, 10.38 mmol) was heated to reflux for ca. 2 h. After this time,
the solvent was removed in vacuum, affording a turquoise solid (1.51 g, 90%). IR (ATR):
1689 νa(OCO) cm−1. X-ray-quality turquoise plates were obtained by recrystallisation from
toluene. When basic copper carbonate was used under the same conditions, a blue solution
was obtained, which deposited crystals upon standing. The material was identified as the
trinuclear complex [Cu3(O2CCF3)6(H2O)4(dioxane)2]·(dioxane) (15) by X-ray diffraction.

2.4.2. [Cu(O2CCF3)(PPh3)3] (17)

Ph3P (0.337 g, 1.285 mmol) was added to a solution of [Cu2(O2CCF3)4(dioxane)]n
(0.130 g, 0.195 mmol) in MeOH (10 mL). The mixture was heated to reflux for ca. 2 h, by
which time the colour changed from blue to colourless. Upon standing the solution at
−20 ◦C, colourless crystals were deposited after 24 h. These were isolated by filtration,
washed with Et2O and dried. A total of 0.111 g (0.158 mmol, 38%) colourless crystals
were obtained. IR (ATR): 1674 νa(OCO), 1480 νs(OCO) cm−1. 31P{1H}-NMR (CD2Cl2):
δ = −1.80 (s). 19F-NMR (CD2Cl2): δ = −75.03 (s, CF3). X-ray-quality crystals were picked
out of the MeOH solution before filtration and drying.

2.4.3. [Cu(O2CCF2CF3)(PPh3)3]·MeOH (18)

This was prepared as described above using [Cu2(O2CCF2CF3)4(H2O)2] (0.280 g,
0.343 mmol) and Ph3P (0.660 g, 2.52 mmol). A total of 0.414 g (0.396 mmol, 58%) colourless
crystals were obtained. IR (ATR): 3453 ν(OH), 1685 νa(OCO), 1433 νs(OCO) cm−1. 31P{1H}-
NMR (CD2Cl2): δ = −2.43 (s). 19F-NMR (CD2Cl2): δ = −83.02 (t, J = 1.7 Hz, CF3), −119.86
(q, J = 1.7 Hz, CF2). 1H-NMR (CD2Cl2): δ = 3.45 (s, 3 H, MeOH), 7.20–7.43 (m, 45 H, Ph3P).
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2.4.4. [Cu{O2C(CF2)2CF3}(PPh3)3] (19)

This was prepared as described above using [Cu2{O2C(CF2)2CF3}4] (0.150 g, 0.153 mmol)
and Ph3P (0.281 g, 1.07 mmol). A total of 0.247 g (0.232 mmol, 76%) colourless crystals were
obtained. IR (ATR): 1693 νa(OCO), 1433 νs(OCO) cm−1. 31P{1H}-NMR (CD2Cl2): δ =−2.40 (s).
19F-NMR (CD2Cl2): δ = −81.09 (t, J = 8.9 Hz, CF3), −117.18 (sext., J = 9.0 Hz, β-CF2), −126.94
(m, α-CF2). X-ray-quality crystals were picked out of the MeOH solution before filtration
and drying.

2.4.5. [Cu(O2CC6F5)(PPh3)3] (20)

This was prepared as described above using [Cu2(O2CC6F5)4] (0.190 g, 0.196 mmol)
and Ph3P (0.346 g, 1.319 mmol). A total of 0.247 g (0.233 mmol, 60%) product was isolated.
IR (ATR): 1648 νa(OCO), 1336 νs(OCO) cm−1. 31P{1H}-NMR (CD2Cl2): δ = −1.30 (s). 19F-
NMR (CD2Cl2): δ = −142.61 (q, J = 8.6, 15.0 Hz, o-F), −158.56 (t, J = 20.5 Hz, m-F), −163.80
(m, p-F). X-ray quality-crystals of the MeOH solvate were picked out of the MeOH solution
before filtration and drying.

2.4.6. [Cu(O2CCF2CF3)(PPh3)2] (21)

This was prepared as described above using [Cu2(O2CCF2CF3)4(H2O)2] (0.100 g,
0.128 mmol) and Ph3P (0.168 g, 0.640 mmol). A total of 0.097 g (0.129 mmol, 50%) colour-
less crystals were obtained. IR (ATR): 1675 νa(OCO) cm−1. 31P{1H}-NMR (CD2Cl2):
δ = −1.85 (s). 19F-NMR (CD2Cl2): δ = −83.11 (t, J = 1.6 Hz, CF3), −119.89 (m, CF2).
X-ray-quality crystals of the MeOH solvate were picked out of the MeOH solution be-
fore filtration and drying.

2.5. X-ray Crystallography

Diffraction data were collected at 90 K using a Rigaku Oxford Diffraction Gemini
E Ultra-diffractometer, or at 100 K using either a Bruker AXS Enraf-Nonius KappaCCD
with 0.2 × 2 mm2 focus rotating anode or a Bruker-AXS Kappa Mach3 APEX-II with
Iµs microfocus radiation source using Mo Kα radiation (λ = 0.71073 nm). The dataset
of compound 14a was collected at 100 K at beamline P24 at PETRA III DESY, Hamburg,
Germany, with an energy of 20 keV (λ = 0.619900 Å). Data integration, scaling and empirical
absorption correction were carried out using the program packages XDS (synchrotron
data) [16], CrysAlis Pro [17], DATCOL [18], SADABS [19] or APEX3 [20]. The structures
were solved using SHELXT [21] and refined with SHELXL [22], operated through the
Olex2 interface [23]. The fluorine atoms in one of the CF3-groups in the structure of
[Cu2(O2CCF3)4(dioxane)]n (16) were found to be disordered over two positions. This was
successfully modelled with a 50:50 occupancy, and appropriate restraints (EADP) were
applied. Similarly, in 14a one CF3-group displayed disordering, which was best modelled
with a 75:25 occupancy and EDAP restraints. Important crystallographic and refinement
details are collected in Table 1.
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3. Results and Discussion
3.1. Silver(I) Complexes with Perfluorinated Carboxylato Ligands

The addition of various perfluorocarboxylic acids (CF3COOH, CF3CF2COOH, CF3
(CF2)2COOH and C6F5COOH) to a toluene suspension of Ag2O at room temperature re-
sulted in dissolution of the silver oxide within minutes, accompanied by a slight turbidity
due to the water produced by the reaction. In the case of pentafluorobenzoic acid, slight
heating was required since the acid itself is not very soluble in toluene at room temperature.
Work-up consisted of the addition of anhydrous Na2SO4 (although this is not strictly necessary),
filtration and evaporation. With this simple procedure, high-purity anhydrous silver(I) salts
of trifluoroacetic acid, perfluoropropionic acid, perfluorobutyric acid and pentafluorobenzoic
acid (1–4) were obtained in good yields within a short time as colourless solids (Scheme 1).
This procedure can also be extended to perfluorinated sulfonic acids, as exemplified by the
synthesis of [Ag(O3SCF3)] from triflic acid and Ag2O in toluene.
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Scheme 1. Synthesis of silver(I) perfluorocarboxylates.

The silver carboxylates 1–4 were characterised by 19F-NMR spectroscopy and IR
spectroscopy and, in the case of the trifluoroacetate and perfluoropropionate salts 1 and 2,
by X-ray diffraction (see below). The most characteristic features of the IR spectra of the
complexes are the symmetric- and asymmetric carbonyl stretching frequencies, which were
observed at around 1600 and 1400 cm−1, respectively. These values are similar to those
reported in the literature [24]. The proton NMR spectra of compounds (1), (2) and (4) show
signals corresponding to toluene, which was confirmed to be present in the structures by
X-ray diffraction and/or thermogravimetric analysis (see below). The perfluorobutyrate
salt (3), however, was isolated in toluene-free form, based on NMR spectroscopy and TGA.
The molecular structures of (1) and (2) were confirmed by X-ray diffraction experiments.
The structure of the trifluoroacetate salt (1) consists of a pair of silver atoms that are O,O-
bridged by two trifluoroacetato ligands, resulting in an Ag–Ag distance of 2.8951(4) Å. The
eight-membered ring is considerably bent along the silver–silver axis, with an O–Ag–O
angle of about 137◦. A molecule of toluene is positioned such that it forms a η2-bond to
Ag1 and a η1-bond to Ag2 (Figure 2 top) with two shorter Ag–C distances of 2.488(3) Å and
2.512(3) Å (η2 bonding to Ag1) and one longer one of 2.712(3) Å (η1 bonding to Ag2). These
values are typical for arene–silver interactions, which fall in the range of 2.16–2.92 Å [25].
The silver dimers are connected through additional Ag–O bonds, forming a coordination
polymer (Figure 2 bottom). The toluene-free structure of silver(I) trifluoroacetate has been
reported by two different groups [7,26]. In both cases, the overall motif (a coordination
polymer of dinuclear eight-membered rings) and the Ag–Ag distances are very similar to
that of our toluene adduct. The major difference is the much flatter eight-membered ring
(∠O–Ag–O = 158◦) in the toluene-free structure.
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Figure 2. Asymmetric unit of [Ag2(O2CCF3)2(MeC6H5)]n (1) (top). Ellipsoids show 50% proba-
bility levels. Hydrogen atoms have been omitted for clarity. The image on the bottom shows the
coordination polymer.

The perfluoropropionate analogue (2) (Figure 3) is structurally similar, except that
the eight-membered ring is much flatter, with an O–Ag–O angle of 164◦. In addition, the
toluene shown here is only η2-bound to Ag1, with silver–carbon bond distances of 2.593(2)
Å and 2.735(2) Å; the shortest Ag2–C distance is greater than 3.5 Å. The Ag–Ag distance
within the dinuclear complex is with 2.9333(3) Å, which is also slightly larger than that
observed in (1). Such Ag···Ag interactions, known as argentophilicity, are often observed
in solid-state structures of silver compounds; typically, the distances range from 2.9 to
3.1 Å [27].
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Thermogravimetric analysis of (2) (Figure 4 left) shows loss of the coordinated toluene
occurring at around 100 ◦C, followed by a single decomposition step to metallic silver
commencing at 328 ◦C. In the case of the toluene-free compounds (3) and (4), only a single
decomposition step (onset at 295 ◦C and 224 ◦C respectively) can be observed (Figure 4
centre and right). These observations are consistent with those reported for other silver
perfluorocarboxylates, which also undergo a decomposition to metallic Ag [24,28].
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3.2. Gold(I) Complexes with Perfluorinated Carboxylato Ligands

Silver(I) carboxylates 1–4 were subsequently used to prepare a series of mono- and
dinuclear phosphine-gold(I) perfluorocarboxylates by a metathesis reaction from the corre-
sponding phosphine gold chlorides (Scheme 2).
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Scheme 2. Synthesis of gold(I) perfluorocarboxylates.

The gold(I) compounds were isolated as colourless solids in good yields and were
characterised by various spectroscopic methods. Several of these gold(I) compounds
(1a–4a and 5a) are known compounds, but their molecular structures (see below) are
described here for the first time. The IR spectra of the complexes are similar to previous
reports [12,29,30]. Although not used in this work, it should be mentioned here that the
very first gold(I) phosphine complex with a perfluorinated carboxylato ligand was the
perfluorooctanoato complex [(Ph3P)Au{O2C(CF2)6CF3}] reported by Beck in 1987 [31]. The
molecular structures of the mononuclear complexes 2a and 4a, as well as the dinuclear
species 6a and 7a, are depicted in Figures 5 and 6 respectively.

In each case, the gold atom is linearly coordinated by a phosphorus atom from the
phosphine ligand and an oxygen atom of the monodentate carboxylate group. In the case
of the bis(phosphine) complexes (6a) and (7a), the two gold atoms are forced into close
proximity, resulting in Au···Au distances of 2.9195(4) Å and 2.8938(11) Å, respectively.
These values are slightly shorter than those observed in the trifluoroacetate gold complexes
of dppb and Xantphos [30,32]. In the mononuclear species (2a) and (4a), there are no
intermolecular gold–gold contacts, which are frequently observed in solid-state structures
of phosphine gold(I) complexes [33].
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3.3. Bimetallic Silver/Gold Complexes with Perfluorinated Carboxylato Ligands

The oxygen atom of the carboxylato ligand not bound to gold in the complexes dis-
cussed above could potentially act as a donor atom towards an additional, different, metal
centre. Together with potential metal–metal interactions, this could lead to the formation
of multimetallic supramolecular assemblies. We therefore reacted the phosphine–gold(I)
carboxylates with the silver(I) carboxylates in a 1:1 ratio (Scheme 3) and isolated colourless
solids, whose 31P NMR chemical shifts were different from those of the phosphine gold(I)
carboxylates themselves. The observed signals in the 19F NMR spectra of the products were
very similar to those of the starting materials.

The IR spectra of the compounds featured two CO bands, at different wavenumbers
than those of the individual precursors, suggesting the presence of carboxylate groups in
different chemical environments. The Ph3P complexes 9a and 10a resulted in single crystals
that were suitable for X-ray diffraction, allowing us to unambiguously determine their
molecular structures (Figure 7).
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Figure 7. Molecular structures of [(CF3CO2)2AgAu(PPh3)]2 9a (top) and [{CF3(CF2)2CO2)2AgAu(PPh3)]2

10a (bottom). Ellipsoids show 50% probability levels. Hydrogen atoms have been omitted for clarity and
the phenyl rings of the Ph3P ligands are drawn in wireframe style. Atoms generated by symmetry are
labelled with an asterisk.

The structures were tetranuclear Au2Ag2 complexes containing two distinct bridg-
ing carboxylato ligands. One of them bridges two silver atoms, while the other bridges
a gold- and a silver atom, resulting in Ag–Ag and Au–Ag distances of 2.9688(6) Å and
3.1820(4) Å, respectively. The values fall within the range of aurophilic or argentophilic
interactions [27,33]. The gold atoms show, as expected for Au(I), a linear (∠P–Au–O = 177◦)
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coordination, whilst the silver has three coordinates with a distorted T-shaped geometry.
The structure can be interpreted as two phosphine gold carboxylates acting as Au,O-
chelating ligands towards a silver atom located within a dinuclear, eight-membered-ring
structure. As a result, the Ag–Ag distances are slightly increased compared to those of
the corresponding silver salts discussed above. In addition, the Au–Ag–Ag–Au chain
is bent, with two 117◦ angles at each silver centre. The bite angle (∠O–Ag–Au) of the
chelating ligands is, thus, approximately 65◦. Similar structures have been reported
for the tetranuclear Au2Ag2 complexes [(CF3CF2CO2)2AgAu{(4-Me2NC6H4)PPh2}]2 and
[{CF3(CF2)6CO2}2AgAu(PPh3)]2 [4,34]. The gold–chalcogen chelation of silver atoms has
also been observed in the tetranuclear complex [(CF3CO2)2AgAu(C6F5)(PhSCH2PPh2)]2,
in which the sulfur and gold atoms of a PhSCH2PPh2AuC6F5 unit coordinate with the
silver [35]. Analogous reactions with the dinuclear phosphine-gold(I) carboxylates and the
silver carboxylates also afforded colourless solids, with similar spectroscopic properties to
the products discussed above. In the case of the Xantphos derivative (14a), X-ray-quality
crystals were obtained (Figure 8).
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Figure 8. Molecular structure of [{CF3(CF2)2CO2)2AgAu(Xantphos)]n (14a) (top). Hydrogen atoms
have been omitted for clarity. The Xantphos ligands as well as the CF3(CF2)2 chains are drawn
in wireframe style. The bottom image shows the polymer chain with hydrogen atoms and the
perfluorinated groups omitted.

The basic molecular structure is identical to that discussed above (Au,O-chelating a
silver centre in an eight-membered ring dimer), except that this structure is polymeric
due to the presence of the diphosphine ligand, which bridges two gold atoms (Figure 8
bottom). The Ag–Ag distance [2.9715(9) Å] shown here is very similar to that observed
in the Ph3P complex discussed above, whilst the Ag–Au distance [3.3159 Å] is consid-
erably longer. The Au–Au separation in the Ag,Au-polymer is also slightly larger than
in the gold(I)–carboxylato complex 7a. The structurally related coordination polymer
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[(CF3CO2)2AgAu(binap)]n [binap = 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl] was ad-
ventitiously isolated when solutions of [Au2(O2CCF3)2(binap)] were left to stand in the
presence of excess [AgO2CCF3] [36]. In this compound, there are two unequal Ag–Au bond
lengths of ca. 3.3 and 3.0 Å, the latter of which is similar to that observed in the structure
of 14a.

3.4. Copper Complexes with Perfluorinated Carboxylato Ligands

Copper(II) carboxylates generally exist as dinuclear paddlewheel complexes of the
type [Cu2(O2CR)4(L)2], featuring O,O-bridging carboxylato ligands and short Cu–Cu
distances [37]. In the case of the perfluorocarboxylates, there are a few structurally authen-
ticated examples also showing this arrangement. These include the coordination polymers
[Cu2(O2CC6F5)4(dioxane)]n [38] and [Cu2(O2CCF3)4]n [39], as well as the dinuclear species
[Cu2(O2CCF3)4(L)2] (L = iPrOC2H4OH [40], quinoline [41], MeCN [42], Et2O [43], Bz2O [44],
and tBu2S [45]), [Cu2{O2C(CF2)2CF3}4(THF)2] [40], [Cu2{O2C(CF2)7CF3}4(acetone)2] [46]
and [Cu2(O2CC6F5)4(HO2CC6F5)2] [47].

When reproducing the procedure by Krupoder to prepare [Cu2(O2CCF3)4(dioxane)] [15],
we isolated two different products depending on the copper-precursor used: from the
reaction of basic copper carbonate with trifluoroacetic acid in 1,4-dioxane, we isolated pale
blue crystals upon the slow evaporation of the solution. These crystals turned out to be
the unique trinuclear Cu(II) complex [Cu3(O2CCF3)6(H2O)4(dioxane)2]·(dioxane) shown in
Figure 9.
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clarity. Only one part of the disordered coordinated dioxane molecules is shown. The image on the 

right depicts the intramolecular hydrogen bonds. 

The compound consists of two different copper(II) sites, one octahedral featuring two 

water molecules trans to each other and four equatorial oxygen atoms from the bridging 

trifluoroacetate groups. The other two copper sites are square pyramidal, with a dioxane-

oxygen atom at the tip of the pyramid and four oxygen atoms from water, two bridging 
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Figure 9. Molecular structure of [Cu3(O2CCF3)6(H2O)4(dioxane)2]·(dioxane) (15). Ellipsoids show
30% probability levels. Hydrogen atoms, as well as the dioxane of solvation, have been omitted for
clarity. Only one part of the disordered coordinated dioxane molecules is shown. The image on the
right depicts the intramolecular hydrogen bonds.

The compound consists of two different copper(II) sites, one octahedral featuring two
water molecules trans to each other and four equatorial oxygen atoms from the bridging
trifluoroacetate groups. The other two copper sites are square pyramidal, with a dioxane-
oxygen atom at the tip of the pyramid and four oxygen atoms from water, two bridging
and one O-bound trifluoroacetate at the base. In addition, there are intramolecular H-bonds
between the coordinated water molecules at the octahedral Cu-site and the carbonyl–
oxygen atom of the trifluoroacetate ligands at the square pyramidal copper (Figure 9
right). When trifluoroacetic acid was reacted with copper(II) acetate monohydrate in 1,4-
dioxane, however, a turquoise, water-free material (based on IR spectroscopy) was obtained
after evaporation in vacuum. Recrystallization from toluene afforded fine plates, which
were identified as the Cu(II) coordination polymer [Cu2(O2CCF3)4(dioxane)]n (16) by X-ray
diffraction (Figure 10).
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Figure 10. Molecular structure of the coordination polymer [Cu2(O2CCF3)4(dioxane)]n (16) (top).
Ellipsoids show 50% probability levels. Hydrogen atoms have been omitted for clarity and only one
part of the disordered CF3 groups is shown. The CF3 groups are drawn as capped sticks. Atoms
generated by symmetry are labelled with an asterisk. The image on the bottom shows the zig-zag
shape of the polymer chain.

The structure Is a typical paddlewheel structure with a Cu–Cu distance of 2.6381(5)
Å and bridging 1,4-dioxane molecule. This structural motif is also found in the solid-
state structures of several other copper(II) coordination polymers derived from tBuCOOH,
tBuCH2COOH [48], EtCOOH [49], 2-IC6H4COOH [50], PhCOOH [51] and C6F5COOH [38].
In complex 16, the orientation of the chair-configured dioxane molecules leads to a zig-zag-
shaped coordination polymer (Figure 10 bottom). In all the other published structures, the
dioxane is oriented such that step-shaped polymers are formed.

It is known that copper(II) perfluorocarboxylates react with an excess of Ph3P (2.5 or
3.5 equivalents per Cu), forming the colourless, diamagnetic Cu(I) phosphine complexes
[Cu(O2CRF)(PPh3)2] and [Cu(O2CRF)(PPh3)3], respectively [52]. In most cases, recrystalli-
sation of the tris-complex results in the bis-species, suggesting an equilibrium in solution.
The phosphine acts as both the reducing agent and ligand. It was proposed that in both
the bis- and tris-complexes, the copper is four-coordinate, with either monodentate or
bidentate carboxylate ligands. Experimental data also suggested that when the pKa of the
parent acid is less than 3.5, only tris(triphenylphosphine) complexes can be formed. This,
however, was proven to be incorrect by Edwards and White, who successfully isolated
bis(triphenylphosphine) complexes containing perfluoropropionato, perfluorobutyrato
and pentafluorobenzoato ligands [13]. The tetrahedral coordination geometry, as well
as the presence of a bidentate carboxylato ligand, was confirmed by an X-ray structure
determination of the bis(triphenylphosphine) complex with trifluoroacetate, which was
prepared by an electrochemical synthesis from copper metal, Ph3P and trifluoroacetic
acid in MeCN [53]. Given that the corresponding tris(triphenylphosphine) complexes are
unknown, we attempted their preparation and characterization with modern spectroscopic
methods. The reaction of the copper(II) carboxylates with 3.5 equivalents (per Cu) of
Ph3P in MeOH afforded colourless crystals upon cooling to a reaction mixture to −20 ◦C
(Scheme 4).
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Scheme 4. Synthesis of copper(I) complexes with perfluorinated carboxylates.

The perfluorinated complexes are quite soluble in MeOH even at −20 ◦C, which
explains the low yields obtained in some cases. If the reaction mixtures are evaporated
to dryness, however, the products are contaminated with Ph3PO, which can only be re-
moved with great difficulty and loss of material. In the 31P-NMR spectra of the compounds,
sharp singlets in the range from −1.3 to −2.4 ppm are observed, which are typical for
(triphenylphosphine)copper(I) complexes. The IR spectra display intense bands for the
asymmetric CO stretching frequency between 1648 and 1685 cm−1. These values are dif-
ferent to those observed in their corresponding bis(triphenylphosphine) counterparts [13].
The molecular structures of the trifluoroacetate- (17), perfluorobutyrate- (19) and pentafluo-
robenzoate (20) derivatives were confirmed by X-ray diffraction experiments (Figure 11).
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Figure 11. Molecular structures of [Cu(O2CCF3)(PPh3)3] 17·(left), [Cu{O2C(CF2)2CF3}(PPh3)3]·
19 (centre) and [Cu(O2CC6F5)(PPh3)3]·20 (right). Ellipsoids show 50% probability levels. Hydrogen
atoms have been omitted for clarity. Only one of the two independent molecules is shown and only
the ipso-carbon atoms of the Ph3P ligands are depicted.

In these three compounds, the copper atom has four coordinates, with three phos-
phorus atoms from the Ph3P ligands as well as an oxygen atom from the monodentate
carboxylates in a trigonal pyramidal arrangement. The monodentate coordination of the
carboxylate is confirmed by one short [2.1121(16), 2.1047(12) and 2.1015(14) Å] and one long
(>3 Å) Cu–O distance. There are only three structurally characterized tris(triphenylphosphine)
copper(I) carboxylates containing phthalic acid [54], benzene-1,2-dioxyacetic acid [55] and
ethylphenylmalonic acid [56]. In these compounds, the Cu-coordination mode, as well as the
bond distances, are very similar to those discussed above.

For comparison, the bis(triphenylphosphine) complex with perfluoropropionate was
prepared by the same method (Scheme 4), except that less (2.5 equivalents per Cu) Ph3P
was used. In this case, a colourless solid was also isolated, with a slightly different chemical
shift in its 31P-NMR spectrum and a different CO stretching frequency when compared
to the tris-complex. The observed IR spectrum agrees well with the data reported in the
literature [13]. The molecular structure of 21 was studied by an X-ray diffraction experiment
(Figure 12).
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Figure 12. Molecular structure of [Cu{O2CCF2CF3}(PPh3)2]·(21). Ellipsoids show 50% probability
levels. Hydrogen atoms have been omitted for clarity. Only the ipso-carbon atoms of the Ph3P ligands
are shown.

The complex consists of a three-coordinate copper atom featuring two P-bound Ph3P
ligands as well as a monodentate, O-bound perfluoropropionato ligand in a nearly trigonal
planar geometry. In the literature, such bis(triphenylphosphine) complexes were originally
proposed to be four-coordinate copper(I) complexes with chelating carboxylato ligands [52].
The longer of the two Cu-O distances in the complex [ca. 2.7 Å] is shorter than that in the tris-
species discussed above, but longer than that in [Cu(O2CCF3)(PPh3)2]·(2.5 Å) [53] and the
non-fluorous complexes [Cu(O2CCH2COOH)(PPh3)2]·(2.5 Å) [57] and [Cu{O2CC6H3(3,5-
NO2)2}(PPh3)2]·(2.6 Å) [58]. The results thus clearly indicate that although the coordination
number at copper differs in the bis- and tris-complexes, monodentate coordination of the
carboxylato ligands is observed in both cases.

Thermal analysis of the bis(triphenylphosphine) perfluoropropionato copper(I) com-
plex (Figure 13) shows a gradual decomposition commencing at 244 ◦C. The remaining
mass of 19.1% is consistent with formation of Cu2O and not elemental copper. A similar
decomposition to Cu2O (admixed with Cu and Cu2P2O7) was observed in the related
triphenylphosphite complexes of perfluorinated carboxylic acids [59].
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4. Conclusions

Silver(I) salts of perfluorinated carboxylic (and sulfonic acids) can be readily prepared
from the acids and Ag2O in toluene, avoiding the presence of water. A structural analysis
of several compounds revealed that these silver(I) salts exist as coordination polymers
assembled from dinuclear [Ag2(O2CRF)2] (RF = perfluorinated group) building blocks.
In some cases, toluene is either η2- or η3-bound to the silver. The silver(I) salts can be
used to transmetallate the perfluorocarboxylate-group to a gold(I)-phosphine species.
Several examples with both mono- and bis-phosphines were examined, and their solid-
state structures were determined. The structures of the bis-phosphine complexes feature
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aurophilic interactions. The combination of silver(I) salts and gold(I) phosphine carboxylate
leads to the formation of mixed-metal species containing both Ag and Au. Depending on
the nature of the phosphines, either polymeric structures or discrete tetranuclear Ag2Au2
complexes are observed in the solid state. The reduction in dinuclear paddlewheel-type
copper(II) perfluorocarboxylates with Ph3P leads to the corresponding copper(I) complexes
with either two or three phosphine ligands. In the molecular structures of these compounds,
the coordination mode of the carboxylate ligands is monodentate, resulting in coordination
numbers of three or four at the metal center.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry5020058/s1, Copies of 1H-, 31P- and 19F-NMR spectra of
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Abstract: Simple nucleophilic aliphatic substitution gives access to mono- and diphosphine ligands
with a CpC group in the backbone. The monophosphine ligand coordinates to gold(I) via the
phosphine site, to thallium(I) via the cyclopentadienyl site and to ruthenium(II) via a combination of
both, resulting in an ansa-type structure. Coordination with the cyclopentadiene site is not possible for
the diphosphine ligand. In this case, monodentate coordination to gold(I) and bidentate coordination
to the [PdCl(µ2-Cl)]2, the [Rh(CO)(µ2-Cl)]2, and the Rh(CO)Cl fragment is observed, showing the
variability in coordination modes possible for the long-chain diphosphine ligand. Ligands and
complexes were characterized by means of NMR and IR spectroscopy, elemental analysis and X-ray
structure analysis.

Keywords: cyclopentadienyl ligand; phosphine ligand; rhodium; palladium; gold; thallium

1. Introduction

Both cyclopentadienyl derivatives and phosphines are among the most frequently used
ligands in organometallic chemistry. It is therefore not surprising that Charrier and Mathey
published the first example of a phosphine-functionalized cyclopentadiene as early as 1978.
They obtained it by reacting sodium cyclopentadienide and chloromethyldiphenylphos-
phine [1]. The combination of a cyclopentadiene-derived nucleophile with an electrophile
bearing a phosphine site remains the most important route to phosphine-functionalized
cyclopentadienes. Alternatively, these compounds are accessible by nucleophilic ad-
dition of a phosphide to a fulvene or to a spiro [2.4]hepta-4,6-diene derivative [2–5].
Based on these strategies, a large number of such compounds have become accessible in
recent decades.

When both the cyclopentadienyl and the phosphine site coordinate to one transition
metal center, the resulting compounds exhibit increased stability compared to classical
complexes with unfunctionalized cyclopentadienyl ligands, because the η5→η3→η1 shift
of the cyclopentadienyl ligand is suppressed by the ansa-bridging of the two donors. In
addition, the phosphine donor remains in the immediate vicinity of the metal center after
dissociation, which has a further stabilizing effect.

Among all phosphine functionalized cyclopentadienyl derivatives, ferrocenyl phos-
phines have probably attracted the most attention, in particular due to their use as mono-
or bidentate ligands in transition metal catalyzed reactions [6–16]

Recently, we presented the C2-symmetric and thus chiral cyclopentadiene derivative
(CpC)−1 (1−1) as a ligand for early and late transition metal complexes [17–19]. The cor-
responding cyclopentadiene CpCH (1) is accessible in a few steps with high yield from
dibenzosuberenone. In parallel to the transition metal chemistry of compound 1, we
searched for new derivatives functionalized at its cyclopentadiene core. By reacting the an-
ion (CpC)−1 (1−1) with oxygen, the corresponding ketone is accessible in good yield. With
this η4-coordinating dienone, we were able to synthesize ruthenium and iron compounds
whose structures and reactivities correspond to those of the Shvo and Knölker catalysts,
respectively [20]. Here, we now report on novel phosphine-functionalized derivatives of
1 and their use as ligands in transition metal chemistry.
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2. Materials and Methods

Chemicals were purchased from the following suppliers: ABCR GmbH, Fisher Sci-
entific GmbH, Merck KGaA and Strem Chemicals GmbH. All commercially available
starting materials were used without further purification. Compounds sensitive to air
or moisture were handled and reacted under exclusion of oxygen and water in suitable
Schlenk tubes. The solvents dichloromethane, diethyl ether, n-pentane and toluene were
dried with a MBraun MB-SPS solvent drying system and degassed by passing nitrogen
for 10 min. Acetonitrile and tetrahydrofuran were dried according to standard meth-
ods [21]. Glassware was heated three times with a heat gun under vacuum and refilled
with dry nitrogen before use. When necessary, the purification of compounds was carried
out by column chromatography on the CombiFlash Rf200 instrument from Teledyne Isco
with pre-packed RediSept® columns. NMR spectra were recorded using Avance 400 and
600 devices from Bruker Corporation at a temperature of 293 K (20 ◦C). The resonances
were only partly assignable (numbering according to Scheme 1). Air- or moisture-sensitive
compounds were measured under an atmosphere of nitrogen using an NMR tube with a
Teflon cap from VWR International GmbH. The anhydrous deuterated solvents CD3CN,
C6D6, CDCl3 and CD2Cl2 were dried according to standard methods, re-condensed and
stored under an atmosphere of nitrogen in Schlenk tubes. The evaluation of the NMR
spectra was carried out with the software MestReNova 6.0.2-5475 © of Mestrelab Research.
The infrared spectra were recorded on a Perkin-Elmer FT-ATR-IR 100 spectrometer with an
ATR cell with diamond-coated zinc selenide windows. The IR spectra were processed using
the Perkin-Elmer Spectrum 6.3.5 software from and the OriginLab Corporation software
OriginPro 8G. Elemental analyses were measured out in the Analytical Laboratory of the
Department of Chemistry at the TU Kaiserslautern. Compounds sensitive to air or moisture
were filled in a glove box into tin capsules and sealed under an atmosphere of argon. The
measurement of the elemental analyses was carried with a Vario Micro Cube analyser from
Elementar-Analysetechnik. CpCH (1) was synthesized according to a published proce-
dure [17]. (tht)AuCl, TlOEt, [(η6-C6H6)RuCl2]2, (CH3CN)2PdCl2 and [(CO)2Rh(µ2-Cl)]2
were obtained commercially.
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CpCHBzPPh2 (2): A total of 2.17 mL (3.47 mmol) of n-butyllithium (1.6 M solution in
n-hexane) was slowly added at 0 ◦C to a solution of 1.24 g of CpCH (1) [17] (3.14 mmol) in
10 mL of toluene. The reaction mixture was stirred for 2 h at this temperature and then was
slowly warmed to room temperature. During this time, the precipitation of a colorless solid
was observed, which was dissolved by the addition of 1 mL of tetrahydrofurane. Then,
976 mg (3.14 mmol) of [2-(chloromethyl)phenyl](diphenyl)phosphane [22,23], dissolved in
10 mL of toluene, was slowly added at 0 ◦C. The reaction mixture was stirred for additional
2 h at this temperature. During this time, a color change from orange to dark red was
observed and the reaction mixture was stirred for another 18 h at room temperature. A
total of 15 mL of water was added, and the organic phase was separated, washed three
times with 5 mL of water and dried over MgSO4. The solvent was removed, and the crude
red–brown product was dried under vacuum. Purification was carried out by column
chromatography (MPLC) with a mixture of n-hexane and ethyl acetate (99:1). Compound
2 was obtained slightly contaminated as a light pink solid in the first fraction. As a
minor product (16%), compound 3 can be isolated from the second fraction. Compound
2 was finally purified by precipitation from a saturated dichloromethane solution with
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n-pentane. Yield: 1.23 g (59%) of a colorless solid. Elemental analysis calcd. for C50H37P
(668.82 g/mol): C 89.79, H 5.58; found: C 89.87, H 5.70%. 1H NMR (400 MHz, CDCl3):
δ 7.55 (d, 3JHH = 7.9 Hz, 1H, HAr), 7.34–7.28 (m, 2H, HAr), 7.25–7.05 (m, 15H, HAr), 6.98
(dt, 3JHH = 15.5, 7.2 Hz, 5H, HAr), 6.89–6.84 (m, 1H, HAr), 6.84–6.79 (m, 2H, HAr), 6.76
(t, 3JHH = 6.9 Hz, 2H, HAr), 6.60 (d, 3JHH = 7.1 Hz, 2H, HAr), 4.69 (t, 3JHH = 5.1 Hz, 1H, H1),
4.07 (dt, 2JHH = 16.7, 3JHH = 3.3 Hz, 4JPH = 3.3 Hz, 1H, H7), 3.80 (d, 2JHH = 12.7 Hz, 1H,
H6 or H6′), 3.75–3.63 (m, 3H, H6 or H6′ and H7), 3.33 (d, 3JHH = 12.6 Hz, 1H, H6 or H6′).
13C NMR (101 MHz, CDCl3): δ 147.9, 144.9, 143.9, 143.1, 142.9, 141.6, 141.0, 139.8, 139.6,
136.8 (d, JPC = 7.4 Hz), 136.7 (d, JPC = 7.8 Hz), 136.2, 136.0, 134.2, 134.2, 134.1, 134.0, 133.9,
133.1, 132.9, 132.66, 132.1, 129.2, 128.9, 128.9, 128.8, 128.7, 128.6, 128.0, 128.0, 127.9, 127.4,
127.0, 126.6, 126.5, 126.3, 125.1, 124.8, 55.1 (C1), 42.2 (C6 or C6′), 41.8 (C6 or C6′), 34.6 (d,
3JPC = 24.1 Hz, C7). 31P NMR (162 MHz, CDCl3): δ −15.44 (s). IR (ATR, cm−1):
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142.4, 141.7, 141.5, 141.1, 137.8, 137.7, 137.3, 137.2, 137.0, 134.4 (d, JPC = 20.2 Hz), 133.9 (d,
JPC = 20.1 Hz), 133.3, 133.0, 132.3, 128.9, 128.7, 128.5 (d, JPC = 19.4 Hz), 128.3, 128.1, 127.8,
127.5 (d, JPC = 2.1 Hz), 126.8, 126.6, 126.5, 126.1, 124.7, 65.6 (t, 4JPC = 2.8 Hz, C1), 40.9 (br,
C6), 40.1 (dt, 3JPC = 10.7, 5.7 Hz, C7). 31P NMR (162 MHz, CDCl3): δ −16.22 (s). IR (ATR,
cm−1):
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[CpCHBzPPh2(AuCl)] (4): The reaction was carried out in the absence of light. A total 
of 222 mg (0.33 mmol) of compound 2 and 136 mg (0.42 mmol) of (tetrahydrothio-
phene)gold(I) chloride was stirred for 18 h at room temperature in 15 mL of dichloro-
methane. A total of 30 mL of n-pentane was added to precipitate a colorless solid, which 
was filtered off, washed three times with 15 mL of diethyl ether and three times with 15 
mL of n-pentane, and finally, dried under vacuum. Yield: 298 mg (78%) of a colorless solid. 

= 3053 m, 3023 w, 2999 w, 2927 w, 2905 w, 2867 w, 2843 w, 1586 m, 1480 m, 1461 m,
1434 s, 1264 w, 1157 w, 1120 w, 1092 m, 1065 m, 1026 m, 947 w, 904 m, 754 s, 738 vs, 694 vs,
680 m, 656 m.

[CpCHBzPPh2(AuCl)] (4): The reaction was carried out in the absence of light. A
total of 222 mg (0.33 mmol) of compound 2 and 136 mg (0.42 mmol) of (tetrahydrothio-
phene)gold(I) chloride was stirred for 18 h at room temperature in 15 mL of dichloromethane.
A total of 30 mL of n-pentane was added to precipitate a colorless solid, which was fil-
tered off, washed three times with 15 mL of diethyl ether and three times with 15 mL
of n-pentane, and finally, dried under vacuum. Yield: 298 mg (78%) of a colorless solid.
Prismatic single crystals containing one equivalent of toluene were obtained by slow
diffusion of n-pentane into a saturated toluene solution. Elemental analysis calcd. for
C50H37AuClP (901.22 g/mol): C 66.64, H 4.14, found: C 66.53, H 4.10%. 1H NMR (400 MHz,
CDCl3): δ 7.66–7.57 (m, 3H, HAr), 7.55–7.48 (m, 2 × 3JHH = 8.8 and 7.6 Hz, 1.9 Hz, 3H, HAr),
7.42–7.27 (m, 9H, HAr), 7.25–7.14 (m, 6H, HAr), 7.11–6.92 (m, 6H, HAr), 6.91–6.85 (m, 1H,
HAr), 6.75–6.67 (m, 2H, HAr), 4.65 (t, 3JHH = 4.6 Hz, 1H, H1), 4.51 (dd, 2JHH = 18.3 Hz,
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4.7 Hz, 1H, H7), 4.05 (dd, 2JHH = 18.7 Hz, 3.5 Hz, 1H, H7), 3.86 (d, 2JHH = 12.7 Hz, 1H, H6
or H6′), 3.79 (dd, 2JHH = 12.6 Hz, 7.2 Hz, 2H, H6 or H6′), 3.60 (d, 2JHH = 12.5 Hz, 1H, H6
or H6′). 13C NMR (101 MHz, CDCl3): δ 146.1, 144.2, 143.5, 143.3, 143.2, 142,0 141.6, 140.7,
139.7 (d, JPC = 5.1 Hz), 135.2 (d, JPC = 14.0 Hz), 134.2 (d, JPC = 13.8 Hz), 133.4, 132.4 (d,
JPC = 2.5 Hz), 132.3, 132.2, 132.1 (d, JPC = 1.9 Hz), 132.1, 131.8, 129.6 (d, JPC = 12.0 Hz), 129.3,
129.2, 129.0, 129.0, 128.9, 128.4, 128.1, 128.0, 128.0, 127.9, 127.9, 127.7, 127.7, 127.5, 127.4,
127.0, 126.9, 126.9, 126.8, 126.7, 126.6 (d, JPC = 9.8 Hz), 126.2, 125.0 (d, JPC = 10.0 Hz), 53.8
(C1), 41.9 (C6 or C6′), 41.8 (C6 or C6′), 32.4 (d, JPC = 15.8 Hz, C7). 31P NMR (162 MHz,
CDCl3): δ 24.4. IR (ATR, cm−1):
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was filtered off, washed three times with 15 mL of diethyl ether and three times with 15 
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3054 w, 3014 w, 2980 m, 2886 w, 2831 w, 1589 w, 1480 m,
1436 s, 1351 w, 1250 w, 1185 w, 1158 w, 1121 w, 1099 m, 1039 w, 998 w, 945 w, 908 w, 771 s,
744 vs, 711 s, 691 vs.

[(η5-CpCHBzPPh2)Tl] (5): The reaction was carried out in the absence of light. A
total of 1.33 g (1.99 mmol) of 2 was dissolved in 30 mL o dry benzene. A total of 874 mg
(350 mmol) of thallium(I) ethanolate was added and the mixture was stirred for 30 min at
room temperature. A bright yellow solid precipitated, which was filtered off, washed three
times with 40 mL of benzene and dried under vacuum. Yield 1.44 g (83%) of a bright yellow
microcrystalline solid, which was recrystallized by cooling a hot saturated solution in THF
to room temperature. Elemental analysis calcd. for C50H36PTl (872.18 g/mol): C 68.85, H
4.16; found: C 68.82, H 4.26%. 1H NMR (600 MHz, DMSO-d6): δ 7.58–7.53 (m, 1H, HAr),
7.46–7.38 (m, 6H, HAr), 7.30 (d, 3JHH = 7.2 Hz, 3H, HAr), 7.26 (t, 3JHH = 7.1 Hz, 3H HAr),
7.17 (t, 3JHH = 7.2 Hz, 2H, HAr), 7.15–7.12 (m, 1H, HAr), 7.10–7.05 (m, 2H, HAr), 6.98–6.83
(m, 9H, HAr), 6.78–6.74 (m, 2H, HAr), 6.61 (dd, 2 × 3JHH = 6.9, 4.8 Hz, 1H, HAr), 5.05 (d,
2JHH = 18.4 Hz, 1H, H7), 4.39 (d, 2JHH = 18.4 Hz, 1H, H7), 4.14 (d, 3JHH = 11.6 Hz, 1H, H6 or
H6′), 3.83 (br, 2H, H6 or H6′), 3.74 (d, 3JHH = 10.8 Hz, 1H, H6 or H6′). 13C NMR (151 MHz,
DMSO-d6): δ 148.0, 147.8, 139.8, 139.36, 138.6, 136.4, 136.3, 136.2, 135.6, 134.4, 134.3, 133.6
(d, JPC = 19.7 Hz), 133.4 (d, JPC = 19.5 Hz), 131.8, 130.9, 130.2, 128.9, 128.8, 128.8, 128.8, 128.7,
128.5, 128.2 (d, JPC = 3.9 Hz), 128.0, 127.6, 127.1, 126.9, 126.3, 125.4, 125.1, 124.8, 124.5, 124.4,
124.4, 123.8, 123.8, 123.7, 123.5, 123.0, 122.8, 121.1, 118.7, 115.5 (d, JPC = 3.7 Hz, C1), 43.1 (C6
or C6′), 41.3 (C6 or C6′), 30.1 (d, JPC = 24.3 Hz, C7). 31P NMR (243 MHz, DMSO-d6): δ −15.6.

[(η5-CpCBzPPh2)Ru(NCMe)2]PF6 (6): A total of 579 mg (0.66 mmol) of 5, 150 mg
(0.30 mmol) of [(η6-C6H6)RuCl2]2 and 140 mg (0.76 mmol) of KPF6 were dissolved in 20 mL
of acetonitrile and was stirred for 18 h at room temperature, while the color of the mixture
changed from yellow to orange. The precipitated solid (TlCl, KCl) was filtered off and
the volume of the solution was reduced to about 5 mL by removing the solvent under
vacuum. By the addition of 30 mL of diethyl ether, an orange colored solid precipitated,
which was filtered off, washed three times with 15 mL of diethyl ether and three times with
15 mL of n-pentane, and finally, dried under vacuum. Yield: 530 mg (80%) of an orange
colored solid. Elemental analysis calcd. for C54H42F6N2P2Ru (1036.98 g/mol): C 65.12, H
4.25, N 2.81; found: C 64.89, H 4.48, N 2.74.1H NMR (400 MHz, CD3CN): δ 7.63–7.58 (m,
2H, HAr), 7.52–7.49 (m, 3H, HAr), 7.48–7.42 (m, 3H, HAr), 7.42–7.34 (m, 4H, HAr), 7.31 (d,
3JHH = 7.7 Hz, 1H, HAr), 7.27–7.21 (m, 3H, HAr), 7.19–7.13 (m, 3H, HAr), 7.11–6.99 (m, 6H,
HAr), 6.96–6.91 (m, 1H, HAr), 6.90–6.82 (m, 2H, HAr), 6.63 (td, 3JHH = 7.7, 4JHH = 0.8 Hz,
1H, HAr), 6.17 (d, 3JHH = 7.7 Hz, 1H, HAr), 4.47 (d, 2JHH = 13.1 Hz, 1H, H6 or H6′), 4.38
(dd, 2JHH = 18.0, 4 J PH = 6.8 Hz, 1H, H7), 4.18 (d, 2JHH = 12.8 Hz, 1H, H6 or H6′), 4.12 (d,
2JHH = 17.9 Hz, 1H, H7), 3.78 (t, 2JHH = 13.2 Hz, 2H, H6 or H6′), 1.96 (s, 6H, CH3CN). 13C
NMR (101 MHz, CD3CN): δ = 147.0, 146.8, 144.5, 143.9, 143.7 (d, JPC = 2.5 Hz), 142.1, 135.1
(d, JPC = 3.2 Hz), 134.9, 134.8 (d, JPC = 3.2 Hz), 134.4, 133.8 (d, JPC = 10.1 Hz), 133.2, 132.9 (d,
JPC = 10.7 Hz), 132.6, 132.5 (d, JPC = 17.0 Hz), 132.0 (d, JPC = 1.8 Hz), 131.9 (d, JPC = 1.8 Hz),
131.2, 131.1 (d, JPC = 1.9 Hz), 130.7 (d, JPC = 1.7 Hz), 130.5, 130.3, 130.2, 129.5, 129.4, 129.3,
129.2, 129.1, 128.9, 128.5 (d, JPC = 8.7 Hz), 128.4, 128.3, 128.3, 127.1, 126.5, 126.5, 126.3 (d,
JPC = 9.0 Hz), 126.0, 105.6 (d, JPC = 3.5 Hz, C1), 92.4 (d, JPC = 9.6 Hz, C2-C5), 92.0 (C2-C5),
87.8 (C2-C5), 75.0 (C2-C5), 41.9 (C6 or C6′), 41.0 (C6 or C6′), 30.6 (d, JPC = 5.3 Hz, C7). 31P
NMR (162 MHz, CD3CN): δ 51.7 (s, PPh2), −144.6 (hept., 1JPF = 706.3 Hz, PF6

-). 19F NMR
(376 MHz, CD3CN): δ −72.9 (d, 1JPF = 706.1 Hz, PF6

-). ESI-MS (CD3CN): m/z found (calcd.)
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810.13 (810.19, [C50H36PRu(CH3CN)]+), 769.09 (769.16, [C50H36PRu]+). IR (ATR, cm−1):
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3H, H6 or H6′ and H7), 3.33 (d, 3JHH = 12.6 Hz, 1H, H6 or H6′). 13C NMR (101 MHz, CDCl3): 
δ 147.9, 144.9, 143.9, 143.1, 142.9, 141.6, 141.0, 139.8, 139.6, 136.8 (d, JPC = 7.4 Hz), 136.7 (d, 
JPC = 7.8 Hz), 136.2, 136.0, 134.2, 134.2, 134.1, 134.0, 133.9, 133.1, 132.9, 132.66, 132.1, 129.2, 
128.9, 128.9, 128.8, 128.7, 128.6, 128.0, 128.0, 127.9, 127.4, 127.0, 126.6, 126.5, 126.3, 125.1, 
124.8, 55.1 (C1), 42.2 (C6 or C6′), 41.8 (C6 or C6′), 34.6 (d, 3JPC = 24.1 Hz, C7). 31P NMR (162 
MHz, CDCl3): δ −15.44 (s). IR (ATR, cm−1): ṽ 3059 m, 2962 m, 2921 m, 2872 w, 1584 m, 1485 
m, 1464 m, 1432 s, 1333 m, 1304 m, 1277 m, 1213 m, 1193 m, 1144 m, 1124 m, 1090 m, 1027 
m, 940 m, 779 m, 765 s, 746 vs, 717 s, 697 vs, 674 s. 

CpC(BzPPh2)2 (3): A total of 0.74 mL (1.18 mmol) of n-butyllithium (1.6 M in n-hexane) 
wasadded at 0 °C to a solution of 716 mg (1.07 mmol) of 2 in (10 mL) of toluene. The 
reaction mixture was stirred for 2 h at this temperature and afterwards slowly warmed to 
room temperature. During this time, the precipitation of a colorless solid was observed, 
which was dissolved by the addition of 1 mL of tetrahydrofurane. Then, 333 mg (1.07 
mmol) of [2-(chloromethyl)phenyl](diphenyl)phosphane [22,23] dissolved in 5 mL of tol-
uene wasadded slowly at 0 °C and the reaction mixture was stirred for another 2 h at this 
temperature, whereby its color changed from pink to dark red. After warming to room 
temperature, the mixture was stirred for further 18 h. A total of 5 mL of water was added, 
the organic phase was separated, washed three times with 5 mL of water, and then dried 
over MgSO4. The solvent was removed, and the light pink crude product was dried under 
vacuum. Finally, the crude product was purified by precipitation from a saturated di-
chloromethane solution with n-pentane. Colorless prismatic single crystals were obtained 
by slow diffusion of n-pentane into a saturated toluene solution. Yield: 840 mg (83%) of a 
colorless solid. Elemental analysis calcd. For C69H52P2 (943.12 g/mol): C 87.87, H 5.56; 
found: C 87.86, H 5.9%. 1H NMR (400 MHz, CDCl3): δ 7.81 (d, 3JHH = 7.9 Hz, 2H, HAr), 7.42–
7.30 (m, 18H, HAr), 7.25 (dd, 3JHH = 10.3, 5.5 Hz, 4H, HAr), 7.17 (t, 3 3JHH = 7.4 Hz, 2H, HAr), 
7.09 (dd, 3JHH = 10.6, 4.4 Hz, 4H, HAr), 7.02–6.94 (m, 6H, HAr), 6.90 (t, 3JHH = 7.6 Hz, 2H, HAr), 
6.85 (t, 3JHH = 7.6 Hz, 2H, HAr), 6.71 (dd, 3JHH = 7.3, 3.8 Hz, 2H, HAr), 6.50 (d, 3JHH = 7.7 Hz, 
2H, HAr), 4.33 (dd, 2JHH = 16.1, 4JPH = 8.0 Hz, 2H, H7), 3.84 (d, 2JHH = 16.1 Hz, 2H, H7), 3.39 
(d, 2JHH = 12.5 Hz, 2H, H6), 2.48 (d, 2JHH = 12.4 Hz, 2H, H6). 13 C NMR (101 MHz, CDCl3): δ 
147.6, 145.0, 142.4, 141.7, 141.5, 141.1, 137.8, 137.7, 137.3, 137.2, 137.0, 134.4 (d, JPC = 20.2 
Hz), 133.9 (d, JPC = 20.1 Hz), 133.3, 133.0, 132.3, 128.9, 128.7, 128.5 (d, JPC = 19.4 Hz), 128.3, 
128.1, 127.8, 127.5 (d, JPC = 2.1 Hz), 126.8, 126.6, 126.5, 126.1, 124.7, 65.6 (t, 4JPC = 2.8 Hz, C1), 
40.9 (br, C6), 40.1 (dt, 3JPC = 10.7, 5.7 Hz, C7). 31P NMR (162 MHz, CDCl3): δ −16.22 (s). IR 
(ATR, cm−1): ṽ = 3053 m, 3023 w, 2999 w, 2927 w, 2905 w, 2867 w, 2843 w, 1586 m, 1480 m, 
1461 m, 1434 s, 1264 w, 1157 w, 1120 w, 1092 m, 1065 m, 1026 m, 947 w, 904 m, 754 s, 738 
vs, 694 vs, 680 m, 656 m. 

[CpCHBzPPh2(AuCl)] (4): The reaction was carried out in the absence of light. A total 
of 222 mg (0.33 mmol) of compound 2 and 136 mg (0.42 mmol) of (tetrahydrothio-
phene)gold(I) chloride was stirred for 18 h at room temperature in 15 mL of dichloro-
methane. A total of 30 mL of n-pentane was added to precipitate a colorless solid, which 
was filtered off, washed three times with 15 mL of diethyl ether and three times with 15 
mL of n-pentane, and finally, dried under vacuum. Yield: 298 mg (78%) of a colorless solid. 

3056 w, 3005 w, 2963 w, 1926 w, 2853 w, 2038 vw, 1599 w, 1483 m, 1435 s, 1371 w, 1261 w, 1162 w,
1093 m, 1039 w, 1028 w, 950 w, 919 w, 876 m, 834 vs, 754 s, 747 s, 738 s, 719 m, 696 s, 674 m.

[CpC(BzPPh2(AuCl)2)] (7): The reaction was carried analogous to the synthesis of the
gold(I) complex 4 using 239 mg (0.25 mmol) of the diphosphine derivative 3 and 171 mg
(0.53 mmol) of (tht)AuCl. After stirring the mixture for 18 h at room temperature in 15 mL
of CH2Cl2, the colorless precipitate was filtered of, washed four times with 15 mL of diethyl
ether and then dried under vacuum. Prismatic single crystals containing one equivalent
of toluene were obtained by slow diffusion of n-pentane into a saturated toluene solution.
Yield: 313 mg (83%) of a colorless solid. Due to the poor solubility of compound 7 in all
organic solvents, it was impossible to obtain a 13C NMR spectrum. Elemental analysis
calcd. for C69H52Au2Cl2P2 (1407.94 g/mol): C 58.86, H 3.72; found: C 58.62, H 3.83%. 1H
NMR (400 MHz, CDCl3): δ 7.61–7.56 (m, 3JHH = 7.0 Hz, 2H, HAr), 7.52–7.45 (m, 8H, HAr),
7.40–7.27 (m, 20H, HAr), 7.22–7.17 (m, 3JHH = 9.6, 3.9 Hz, 4H, HAr), 7.08–7.04 (m, 4H, HAr),
6.91–6.83 (m, 4H, HAr), 6.60 (d, 3JHH = 7.6 Hz, 2H, HAr), 4.01 (d, 2JHH = 18.2 Hz, 2H, H7 or
H7′), 3.65 (d, 2JHH = 17.1 Hz, 2H, H7 or H7′), 3.51 (d, 2JHH = 12.6 Hz, 2H, H6 or H6′), 2.89
(d, 2JHH = 12.5 Hz, 2H, H6 or H6′). 31P NMR (162 MHz, CDCl3): δ 24.9. IR (ATR, cm−1):
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crude red–brown product was dried under vacuum. Purification was carried out by col-
umn chromatography (MPLC) with a mixture of n-hexane and ethyl acetate (99:1). Com-
pound 2 was obtained slightly contaminated as a light pink solid in the first fraction. As a 
minor product (16%), compound 3 can be isolated from the second fraction. Compound 2 
was finally purified by precipitation from a saturated dichloromethane solution with n-
pentane. Yield: 1.23 g (59%) of a colorless solid. Elemental analysis calcd. for C50H37P 
(668.82 g/mol): C 89.79, H 5.58; found: C 89.87, H 5.70%. 1H NMR (400 MHz, CDCl3): δ 7.55 
(d, 3JHH = 7.9 Hz, 1H, HAr), 7.34–7.28 (m, 2H, HAr), 7.25–7.05 (m, 15H, HAr), 6.98 (dt, 3JHH = 
15.5, 7.2 Hz, 5H, HAr), 6.89–6.84 (m, 1H, HAr), 6.84–6.79 (m, 2H, HAr), 6.76 (t, 3JHH = 6.9 Hz, 
2H, HAr), 6.60 (d, 3JHH = 7.1 Hz, 2H, HAr), 4.69 (t, 3JHH = 5.1 Hz, 1H, H1), 4.07 (dt, 2JHH = 16.7, 
3JHH = 3.3 Hz, 4JPH = 3.3 Hz, 1H, H7), 3.80 (d, 2JHH = 12.7 Hz, 1H, H6 or H6′), 3.75–3.63 (m, 
3H, H6 or H6′ and H7), 3.33 (d, 3JHH = 12.6 Hz, 1H, H6 or H6′). 13C NMR (101 MHz, CDCl3): 
δ 147.9, 144.9, 143.9, 143.1, 142.9, 141.6, 141.0, 139.8, 139.6, 136.8 (d, JPC = 7.4 Hz), 136.7 (d, 
JPC = 7.8 Hz), 136.2, 136.0, 134.2, 134.2, 134.1, 134.0, 133.9, 133.1, 132.9, 132.66, 132.1, 129.2, 
128.9, 128.9, 128.8, 128.7, 128.6, 128.0, 128.0, 127.9, 127.4, 127.0, 126.6, 126.5, 126.3, 125.1, 
124.8, 55.1 (C1), 42.2 (C6 or C6′), 41.8 (C6 or C6′), 34.6 (d, 3JPC = 24.1 Hz, C7). 31P NMR (162 
MHz, CDCl3): δ −15.44 (s). IR (ATR, cm−1): ṽ 3059 m, 2962 m, 2921 m, 2872 w, 1584 m, 1485 
m, 1464 m, 1432 s, 1333 m, 1304 m, 1277 m, 1213 m, 1193 m, 1144 m, 1124 m, 1090 m, 1027 
m, 940 m, 779 m, 765 s, 746 vs, 717 s, 697 vs, 674 s. 

CpC(BzPPh2)2 (3): A total of 0.74 mL (1.18 mmol) of n-butyllithium (1.6 M in n-hexane) 
wasadded at 0 °C to a solution of 716 mg (1.07 mmol) of 2 in (10 mL) of toluene. The 
reaction mixture was stirred for 2 h at this temperature and afterwards slowly warmed to 
room temperature. During this time, the precipitation of a colorless solid was observed, 
which was dissolved by the addition of 1 mL of tetrahydrofurane. Then, 333 mg (1.07 
mmol) of [2-(chloromethyl)phenyl](diphenyl)phosphane [22,23] dissolved in 5 mL of tol-
uene wasadded slowly at 0 °C and the reaction mixture was stirred for another 2 h at this 
temperature, whereby its color changed from pink to dark red. After warming to room 
temperature, the mixture was stirred for further 18 h. A total of 5 mL of water was added, 
the organic phase was separated, washed three times with 5 mL of water, and then dried 
over MgSO4. The solvent was removed, and the light pink crude product was dried under 
vacuum. Finally, the crude product was purified by precipitation from a saturated di-
chloromethane solution with n-pentane. Colorless prismatic single crystals were obtained 
by slow diffusion of n-pentane into a saturated toluene solution. Yield: 840 mg (83%) of a 
colorless solid. Elemental analysis calcd. For C69H52P2 (943.12 g/mol): C 87.87, H 5.56; 
found: C 87.86, H 5.9%. 1H NMR (400 MHz, CDCl3): δ 7.81 (d, 3JHH = 7.9 Hz, 2H, HAr), 7.42–
7.30 (m, 18H, HAr), 7.25 (dd, 3JHH = 10.3, 5.5 Hz, 4H, HAr), 7.17 (t, 3 3JHH = 7.4 Hz, 2H, HAr), 
7.09 (dd, 3JHH = 10.6, 4.4 Hz, 4H, HAr), 7.02–6.94 (m, 6H, HAr), 6.90 (t, 3JHH = 7.6 Hz, 2H, HAr), 
6.85 (t, 3JHH = 7.6 Hz, 2H, HAr), 6.71 (dd, 3JHH = 7.3, 3.8 Hz, 2H, HAr), 6.50 (d, 3JHH = 7.7 Hz, 
2H, HAr), 4.33 (dd, 2JHH = 16.1, 4JPH = 8.0 Hz, 2H, H7), 3.84 (d, 2JHH = 16.1 Hz, 2H, H7), 3.39 
(d, 2JHH = 12.5 Hz, 2H, H6), 2.48 (d, 2JHH = 12.4 Hz, 2H, H6). 13 C NMR (101 MHz, CDCl3): δ 
147.6, 145.0, 142.4, 141.7, 141.5, 141.1, 137.8, 137.7, 137.3, 137.2, 137.0, 134.4 (d, JPC = 20.2 
Hz), 133.9 (d, JPC = 20.1 Hz), 133.3, 133.0, 132.3, 128.9, 128.7, 128.5 (d, JPC = 19.4 Hz), 128.3, 
128.1, 127.8, 127.5 (d, JPC = 2.1 Hz), 126.8, 126.6, 126.5, 126.1, 124.7, 65.6 (t, 4JPC = 2.8 Hz, C1), 
40.9 (br, C6), 40.1 (dt, 3JPC = 10.7, 5.7 Hz, C7). 31P NMR (162 MHz, CDCl3): δ −16.22 (s). IR 
(ATR, cm−1): ṽ = 3053 m, 3023 w, 2999 w, 2927 w, 2905 w, 2867 w, 2843 w, 1586 m, 1480 m, 
1461 m, 1434 s, 1264 w, 1157 w, 1120 w, 1092 m, 1065 m, 1026 m, 947 w, 904 m, 754 s, 738 
vs, 694 vs, 680 m, 656 m. 

[CpCHBzPPh2(AuCl)] (4): The reaction was carried out in the absence of light. A total 
of 222 mg (0.33 mmol) of compound 2 and 136 mg (0.42 mmol) of (tetrahydrothio-
phene)gold(I) chloride was stirred for 18 h at room temperature in 15 mL of dichloro-
methane. A total of 30 mL of n-pentane was added to precipitate a colorless solid, which 
was filtered off, washed three times with 15 mL of diethyl ether and three times with 15 
mL of n-pentane, and finally, dried under vacuum. Yield: 298 mg (78%) of a colorless solid. 

3058 w, 3015 w, 2948 w, 2925 w, 2842 w, 1588 w, 1480 m, 1438 s, 1310 w, 1261 m, 1179 w,
1101 s, 1068 m, 1029 m, 999 m, 903 w, 847 w, 793 m, 757 vs, 743 vs, 689 m.

[CpC(BzPPh2)2(PdCl(µ2-Cl))2] (8): 183 mg (0.19 mmol) of ligand 3 and 101 mg
(0.39 mmol) of (CH3CN)2Pd(Cl)2 were dissolved in 6 mL of CH2Cl2. The mixture was
stirred for 18 h at room temp. Then, 10 mL of n-pentane were added. An orange colored
solid precipitated, which was filtered off, washed three times with 5 mL of diethyl ether
and three times with 5 mL of n-pentane and dried under vacuum. Yield: 197 mg (78%) of a
temperature-sensitive orange colored solid, which was stored at T < 10 ◦C. Single crystals
were obtained by slow diffusion of n-pentane into a saturated solution of the compound
in toluene. Elemental analysis calcd. for C69H52Cl4P2Pd2 (1297.77 g/mol): C 63.86, H 4.04;
found: C 63.56, H 3.93%. 1H NMR (400 MHz, CDCl3): δ 7.87 (dd, 3JHH = 12.5, 7.6 Hz, 4H,
HAr), 7.83–7.73 (m, 4H, 2×HAr and 2×H7 or H7′), 7.60 (d, 3JHH = 8.2 Hz, 2H, HAr), 7.55–7.50
(m, 2H, HAr), 7.45 (d, 3JHH = 7.5 Hz, 2H, HAr), 7.42–7.37 (m, 6H, HAr), 7.33–7.29 (m, 2H, HAr),
7.25–7.21 (m, 2H, HAr), 7.16–7.07 (m, 4H, HAr), 7.05–7.00 (m, 2H, HAr), 6.98–6.88 (m, 9H, HAr),
6.85 (dd, 3JHH = 6.1, 0.7 Hz, 1H, HAr), 6.83–6.78 (m, 2H, HAr), 6.62 (dd, 3JHH = 12.5, 7.9 Hz,
4H, HAr), 4.80 (d, 2JHH = 17.7 Hz, 2H, H7 or H7′), 3.89 (d, 2JHH = 12.3 Hz, 2H, H6 or H6′),
3.82 (d, 2JHH = 12.5 Hz, 2H, H6 or H6′). 13C NMR (101 MHz, CDCl3): δ 147.9, 144.3, 141.6
(d, JPC = 10.2 Hz), 141.0, 140.6, 137.8 (d, JPC = 11.6 Hz), 133.0 (d, JPC = 9.6 Hz), 132.3, 131.8,
130.4, 129.1, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 128.0, 127.7, 127.4, 127.3, 127.2, 126.9 (d,
JPC = 21.3 Hz), 126.7, 126.6, 126.4, 126.3 (d, JPC = 3.5 Hz), 125.1, 63.8 (C1), 48.2 (d, JPC = 11.4 Hz,
C7 or C7′), 41.88 (C6 or C6′). 31P NMR (162 MHz, CDCl3): δ 25.4 (s). IR (ATR, cm−1):
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crude red–brown product was dried under vacuum. Purification was carried out by col-
umn chromatography (MPLC) with a mixture of n-hexane and ethyl acetate (99:1). Com-
pound 2 was obtained slightly contaminated as a light pink solid in the first fraction. As a 
minor product (16%), compound 3 can be isolated from the second fraction. Compound 2 
was finally purified by precipitation from a saturated dichloromethane solution with n-
pentane. Yield: 1.23 g (59%) of a colorless solid. Elemental analysis calcd. for C50H37P 
(668.82 g/mol): C 89.79, H 5.58; found: C 89.87, H 5.70%. 1H NMR (400 MHz, CDCl3): δ 7.55 
(d, 3JHH = 7.9 Hz, 1H, HAr), 7.34–7.28 (m, 2H, HAr), 7.25–7.05 (m, 15H, HAr), 6.98 (dt, 3JHH = 
15.5, 7.2 Hz, 5H, HAr), 6.89–6.84 (m, 1H, HAr), 6.84–6.79 (m, 2H, HAr), 6.76 (t, 3JHH = 6.9 Hz, 
2H, HAr), 6.60 (d, 3JHH = 7.1 Hz, 2H, HAr), 4.69 (t, 3JHH = 5.1 Hz, 1H, H1), 4.07 (dt, 2JHH = 16.7, 
3JHH = 3.3 Hz, 4JPH = 3.3 Hz, 1H, H7), 3.80 (d, 2JHH = 12.7 Hz, 1H, H6 or H6′), 3.75–3.63 (m, 
3H, H6 or H6′ and H7), 3.33 (d, 3JHH = 12.6 Hz, 1H, H6 or H6′). 13C NMR (101 MHz, CDCl3): 
δ 147.9, 144.9, 143.9, 143.1, 142.9, 141.6, 141.0, 139.8, 139.6, 136.8 (d, JPC = 7.4 Hz), 136.7 (d, 
JPC = 7.8 Hz), 136.2, 136.0, 134.2, 134.2, 134.1, 134.0, 133.9, 133.1, 132.9, 132.66, 132.1, 129.2, 
128.9, 128.9, 128.8, 128.7, 128.6, 128.0, 128.0, 127.9, 127.4, 127.0, 126.6, 126.5, 126.3, 125.1, 
124.8, 55.1 (C1), 42.2 (C6 or C6′), 41.8 (C6 or C6′), 34.6 (d, 3JPC = 24.1 Hz, C7). 31P NMR (162 
MHz, CDCl3): δ −15.44 (s). IR (ATR, cm−1): ṽ 3059 m, 2962 m, 2921 m, 2872 w, 1584 m, 1485 
m, 1464 m, 1432 s, 1333 m, 1304 m, 1277 m, 1213 m, 1193 m, 1144 m, 1124 m, 1090 m, 1027 
m, 940 m, 779 m, 765 s, 746 vs, 717 s, 697 vs, 674 s. 

CpC(BzPPh2)2 (3): A total of 0.74 mL (1.18 mmol) of n-butyllithium (1.6 M in n-hexane) 
wasadded at 0 °C to a solution of 716 mg (1.07 mmol) of 2 in (10 mL) of toluene. The 
reaction mixture was stirred for 2 h at this temperature and afterwards slowly warmed to 
room temperature. During this time, the precipitation of a colorless solid was observed, 
which was dissolved by the addition of 1 mL of tetrahydrofurane. Then, 333 mg (1.07 
mmol) of [2-(chloromethyl)phenyl](diphenyl)phosphane [22,23] dissolved in 5 mL of tol-
uene wasadded slowly at 0 °C and the reaction mixture was stirred for another 2 h at this 
temperature, whereby its color changed from pink to dark red. After warming to room 
temperature, the mixture was stirred for further 18 h. A total of 5 mL of water was added, 
the organic phase was separated, washed three times with 5 mL of water, and then dried 
over MgSO4. The solvent was removed, and the light pink crude product was dried under 
vacuum. Finally, the crude product was purified by precipitation from a saturated di-
chloromethane solution with n-pentane. Colorless prismatic single crystals were obtained 
by slow diffusion of n-pentane into a saturated toluene solution. Yield: 840 mg (83%) of a 
colorless solid. Elemental analysis calcd. For C69H52P2 (943.12 g/mol): C 87.87, H 5.56; 
found: C 87.86, H 5.9%. 1H NMR (400 MHz, CDCl3): δ 7.81 (d, 3JHH = 7.9 Hz, 2H, HAr), 7.42–
7.30 (m, 18H, HAr), 7.25 (dd, 3JHH = 10.3, 5.5 Hz, 4H, HAr), 7.17 (t, 3 3JHH = 7.4 Hz, 2H, HAr), 
7.09 (dd, 3JHH = 10.6, 4.4 Hz, 4H, HAr), 7.02–6.94 (m, 6H, HAr), 6.90 (t, 3JHH = 7.6 Hz, 2H, HAr), 
6.85 (t, 3JHH = 7.6 Hz, 2H, HAr), 6.71 (dd, 3JHH = 7.3, 3.8 Hz, 2H, HAr), 6.50 (d, 3JHH = 7.7 Hz, 
2H, HAr), 4.33 (dd, 2JHH = 16.1, 4JPH = 8.0 Hz, 2H, H7), 3.84 (d, 2JHH = 16.1 Hz, 2H, H7), 3.39 
(d, 2JHH = 12.5 Hz, 2H, H6), 2.48 (d, 2JHH = 12.4 Hz, 2H, H6). 13 C NMR (101 MHz, CDCl3): δ 
147.6, 145.0, 142.4, 141.7, 141.5, 141.1, 137.8, 137.7, 137.3, 137.2, 137.0, 134.4 (d, JPC = 20.2 
Hz), 133.9 (d, JPC = 20.1 Hz), 133.3, 133.0, 132.3, 128.9, 128.7, 128.5 (d, JPC = 19.4 Hz), 128.3, 
128.1, 127.8, 127.5 (d, JPC = 2.1 Hz), 126.8, 126.6, 126.5, 126.1, 124.7, 65.6 (t, 4JPC = 2.8 Hz, C1), 
40.9 (br, C6), 40.1 (dt, 3JPC = 10.7, 5.7 Hz, C7). 31P NMR (162 MHz, CDCl3): δ −16.22 (s). IR 
(ATR, cm−1): ṽ = 3053 m, 3023 w, 2999 w, 2927 w, 2905 w, 2867 w, 2843 w, 1586 m, 1480 m, 
1461 m, 1434 s, 1264 w, 1157 w, 1120 w, 1092 m, 1065 m, 1026 m, 947 w, 904 m, 754 s, 738 
vs, 694 vs, 680 m, 656 m. 

[CpCHBzPPh2(AuCl)] (4): The reaction was carried out in the absence of light. A total 
of 222 mg (0.33 mmol) of compound 2 and 136 mg (0.42 mmol) of (tetrahydrothio-
phene)gold(I) chloride was stirred for 18 h at room temperature in 15 mL of dichloro-
methane. A total of 30 mL of n-pentane was added to precipitate a colorless solid, which 
was filtered off, washed three times with 15 mL of diethyl ether and three times with 15 
mL of n-pentane, and finally, dried under vacuum. Yield: 298 mg (78%) of a colorless solid. 

3056 m, 2945 w, 2892 w, 2836 w, 1589 w, 1480 m, 1461 w, 1435 s, 1327 w, 1188 w, 1161 w, 1092 s,
999 w, 902 w, 850 w, 757 s, 741 s, 706 s, 690 s.

[CpC(BzPPh2)2)(Rh(µ2-Cl(CO))2] (9): A total of 107 mg (0.11 mmol) of ligand 3 and
45.3 mg (0.11 mmol) of [(CO)2Rh(µ2-Cl)]2 was dissolved in 6 mL of dichloromethane.
The mixture was stirred for 2 h at room temperature. Then, 10 mL of n-pentane was
added. A bright yellow solid precipitated, which was filtered off, washed three times
with 5 mL of n-pentane and dried under vacuum. Yield: 122 mg (85%) of a bright yel-
low microcrystalline solid, which was stored at temperatures below 10 ◦C to prevent
decomposition. Yellow prismatic single crystals were obtained by slow diffusion of n-
pentane into a saturated solution of the compound in toluene. Elemental analysis calcd. for
C71H52Cl2O2P2Rh2 (1275.84 g/mol): C 66.84, H 4.11; found: C 67.10, H 4.42%. 1H NMR
(600 MHz, CDCl3): δ 8.47 (d, 3JHH = 7.8 Hz, 1H, HAr), 7.80–7.70 (m, 2H, HAr), 7.65 (dd,
3JHH = 7.0, 3JHH = 5.6 Hz, 1H, HAr), 7.55–7.51 (m, 3JHH = 11.1, 3JHH = 4.1 Hz, 1H, HAr),
7.47–7.34 (m, 12H, HAr), 7.32 (t, 3JHH = 7.5 Hz, 1H, HAr), 7.31–7.25 (m, 6H, HAr),
7.24–7.21 (m, 2H, HAr), 7.18 (t, 3JHH = 7.7 Hz, 1H, HAr), 7.12–7.04 (m, 5H, 3 × HAr and
2 × H7 or H7′), 7.02–6.95 (m, 5H, HAr), 6.90 (d, 3JHH = 7.6 Hz, 1H, HAr), 6.89–6.82 (m,
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3JHH = 8.3 Hz, 2H, HAr), 6.81 (d, 3JHH = 7.9 Hz, 1H, HAr), 6.71 (dd, 3JHH = 11.8,
3JHH = 7.7 Hz, 1H, HAr), 6.69–6.61 (m, 4H, HAr), 4.03 (d, 2JHH = 12.7 Hz, 1H, H6 or H6′),
3.87 (d, 2JHH = 12.8 Hz, 1H, H6 or H6′), 3.77–3.69 (m, 2H, H6 or H6′ and H7 or H7′), 3.64
(d, 2JHH = 12.7 Hz, 1H, H6 or H6′), 3.45 (d, 2JHH = 18.9 Hz, 1H, H7 + H7′). 13C NMR
(151 MHz, CDCl3): δ 183.2 (dd, 1JRhC = 78.0, 2JPC = 20.6 Hz, CO), 182.3 (dd, 1JRhC = 78.8,
2JPC = 21.1 Hz, CO), 148.0 (d, JPC = 38.4 Hz), 144.6 (d, JPC = 32.7 Hz), 142.7 (d,
JPC = 10.0 Hz), 142.2 (d, JPC = 9.6 Hz), 141.9, 141.1, 141.0, 140.7, 136.5 (b), 135.6 (d,
JPC = 11.6 Hz), 133.8 (d, JPC = 10.3 Hz), 132.8, 132.6, 132.5, 132.5, 132.2, 132.1, 132.0, 132.0, 131.8,
131.5, 131.0 (d, JPC = 1.5 Hz), 131.0, 130.9, 130.8 (d, JPC = 1.8 Hz), 130.2, 130.0, 129.9, 129.4, 129.2,
129.1, 128.9, 128.88, 128.8, 128.8, 128.6, 128.5, 128.3, 128.2, 128.1, 128.0, 127.8 (d, JPC = 4.3 Hz),
127.7 (d, JPC = 4.2 Hz), 127.5, 127.5, 127.4, 126.9, 126.7, 126.7, 126.1, 126.0, 126.0, 125.7, 125.6,
125.3, 124.9, 63.5 (C1), 46.5 (d, JPC = 15.5 Hz, C7 or C7′), 44.9 (d, JPC = 13.8 Hz, C7 or C7′), 42.1
(C6 or C6′), 41.7 (C6 or C6′). 31P NMR (162 MHz, CDCl3): δ 39.8 (d, 1JRhP = 171.5 Hz), 35.9 (d,
1JRhP = 175.0 Hz). IR (ATR, cm−1):
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crude red–brown product was dried under vacuum. Purification was carried out by col-
umn chromatography (MPLC) with a mixture of n-hexane and ethyl acetate (99:1). Com-
pound 2 was obtained slightly contaminated as a light pink solid in the first fraction. As a 
minor product (16%), compound 3 can be isolated from the second fraction. Compound 2 
was finally purified by precipitation from a saturated dichloromethane solution with n-
pentane. Yield: 1.23 g (59%) of a colorless solid. Elemental analysis calcd. for C50H37P 
(668.82 g/mol): C 89.79, H 5.58; found: C 89.87, H 5.70%. 1H NMR (400 MHz, CDCl3): δ 7.55 
(d, 3JHH = 7.9 Hz, 1H, HAr), 7.34–7.28 (m, 2H, HAr), 7.25–7.05 (m, 15H, HAr), 6.98 (dt, 3JHH = 
15.5, 7.2 Hz, 5H, HAr), 6.89–6.84 (m, 1H, HAr), 6.84–6.79 (m, 2H, HAr), 6.76 (t, 3JHH = 6.9 Hz, 
2H, HAr), 6.60 (d, 3JHH = 7.1 Hz, 2H, HAr), 4.69 (t, 3JHH = 5.1 Hz, 1H, H1), 4.07 (dt, 2JHH = 16.7, 
3JHH = 3.3 Hz, 4JPH = 3.3 Hz, 1H, H7), 3.80 (d, 2JHH = 12.7 Hz, 1H, H6 or H6′), 3.75–3.63 (m, 
3H, H6 or H6′ and H7), 3.33 (d, 3JHH = 12.6 Hz, 1H, H6 or H6′). 13C NMR (101 MHz, CDCl3): 
δ 147.9, 144.9, 143.9, 143.1, 142.9, 141.6, 141.0, 139.8, 139.6, 136.8 (d, JPC = 7.4 Hz), 136.7 (d, 
JPC = 7.8 Hz), 136.2, 136.0, 134.2, 134.2, 134.1, 134.0, 133.9, 133.1, 132.9, 132.66, 132.1, 129.2, 
128.9, 128.9, 128.8, 128.7, 128.6, 128.0, 128.0, 127.9, 127.4, 127.0, 126.6, 126.5, 126.3, 125.1, 
124.8, 55.1 (C1), 42.2 (C6 or C6′), 41.8 (C6 or C6′), 34.6 (d, 3JPC = 24.1 Hz, C7). 31P NMR (162 
MHz, CDCl3): δ −15.44 (s). IR (ATR, cm−1): ṽ 3059 m, 2962 m, 2921 m, 2872 w, 1584 m, 1485 
m, 1464 m, 1432 s, 1333 m, 1304 m, 1277 m, 1213 m, 1193 m, 1144 m, 1124 m, 1090 m, 1027 
m, 940 m, 779 m, 765 s, 746 vs, 717 s, 697 vs, 674 s. 

CpC(BzPPh2)2 (3): A total of 0.74 mL (1.18 mmol) of n-butyllithium (1.6 M in n-hexane) 
wasadded at 0 °C to a solution of 716 mg (1.07 mmol) of 2 in (10 mL) of toluene. The 
reaction mixture was stirred for 2 h at this temperature and afterwards slowly warmed to 
room temperature. During this time, the precipitation of a colorless solid was observed, 
which was dissolved by the addition of 1 mL of tetrahydrofurane. Then, 333 mg (1.07 
mmol) of [2-(chloromethyl)phenyl](diphenyl)phosphane [22,23] dissolved in 5 mL of tol-
uene wasadded slowly at 0 °C and the reaction mixture was stirred for another 2 h at this 
temperature, whereby its color changed from pink to dark red. After warming to room 
temperature, the mixture was stirred for further 18 h. A total of 5 mL of water was added, 
the organic phase was separated, washed three times with 5 mL of water, and then dried 
over MgSO4. The solvent was removed, and the light pink crude product was dried under 
vacuum. Finally, the crude product was purified by precipitation from a saturated di-
chloromethane solution with n-pentane. Colorless prismatic single crystals were obtained 
by slow diffusion of n-pentane into a saturated toluene solution. Yield: 840 mg (83%) of a 
colorless solid. Elemental analysis calcd. For C69H52P2 (943.12 g/mol): C 87.87, H 5.56; 
found: C 87.86, H 5.9%. 1H NMR (400 MHz, CDCl3): δ 7.81 (d, 3JHH = 7.9 Hz, 2H, HAr), 7.42–
7.30 (m, 18H, HAr), 7.25 (dd, 3JHH = 10.3, 5.5 Hz, 4H, HAr), 7.17 (t, 3 3JHH = 7.4 Hz, 2H, HAr), 
7.09 (dd, 3JHH = 10.6, 4.4 Hz, 4H, HAr), 7.02–6.94 (m, 6H, HAr), 6.90 (t, 3JHH = 7.6 Hz, 2H, HAr), 
6.85 (t, 3JHH = 7.6 Hz, 2H, HAr), 6.71 (dd, 3JHH = 7.3, 3.8 Hz, 2H, HAr), 6.50 (d, 3JHH = 7.7 Hz, 
2H, HAr), 4.33 (dd, 2JHH = 16.1, 4JPH = 8.0 Hz, 2H, H7), 3.84 (d, 2JHH = 16.1 Hz, 2H, H7), 3.39 
(d, 2JHH = 12.5 Hz, 2H, H6), 2.48 (d, 2JHH = 12.4 Hz, 2H, H6). 13 C NMR (101 MHz, CDCl3): δ 
147.6, 145.0, 142.4, 141.7, 141.5, 141.1, 137.8, 137.7, 137.3, 137.2, 137.0, 134.4 (d, JPC = 20.2 
Hz), 133.9 (d, JPC = 20.1 Hz), 133.3, 133.0, 132.3, 128.9, 128.7, 128.5 (d, JPC = 19.4 Hz), 128.3, 
128.1, 127.8, 127.5 (d, JPC = 2.1 Hz), 126.8, 126.6, 126.5, 126.1, 124.7, 65.6 (t, 4JPC = 2.8 Hz, C1), 
40.9 (br, C6), 40.1 (dt, 3JPC = 10.7, 5.7 Hz, C7). 31P NMR (162 MHz, CDCl3): δ −16.22 (s). IR 
(ATR, cm−1): ṽ = 3053 m, 3023 w, 2999 w, 2927 w, 2905 w, 2867 w, 2843 w, 1586 m, 1480 m, 
1461 m, 1434 s, 1264 w, 1157 w, 1120 w, 1092 m, 1065 m, 1026 m, 947 w, 904 m, 754 s, 738 
vs, 694 vs, 680 m, 656 m. 

[CpCHBzPPh2(AuCl)] (4): The reaction was carried out in the absence of light. A total 
of 222 mg (0.33 mmol) of compound 2 and 136 mg (0.42 mmol) of (tetrahydrothio-
phene)gold(I) chloride was stirred for 18 h at room temperature in 15 mL of dichloro-
methane. A total of 30 mL of n-pentane was added to precipitate a colorless solid, which 
was filtered off, washed three times with 15 mL of diethyl ether and three times with 15 
mL of n-pentane, and finally, dried under vacuum. Yield: 298 mg (78%) of a colorless solid. 

3055 w, 3017 w, 2948 w, 2895 w, 2863 w, 2839 w, 1991 vs,
1975 vs, 1590 w, 1482 m, 1462 w, 1435 s, 1327 w, 1310 w, 1187 m, 1160 m, 1119 m, 1093 s, 999 m,
902 m, 855 w, 764 m, 753 s, 737 vs, 720 m, 690 vs, 677 s, 662 m.

[CpC(BzPPh2)2(RhCl(CO))] (10): A total of 217 mg (0.23 mmol) of ligand 3 and 46.1 mg
(0.12 mmol) of [(CO)2Rh(µ2-Cl)]2 were dissolved in 10 mL of dichloromethane. The mixture
was stirred for 18 h at 45 ◦C. Then, 10 mL of n-pentane was added. A shiny yellow solid
precipitated, which was filtered off, was washed three times with 5 mL of diethyl ether and
three times with 5 mL of n-pentane and was dried under vacuum. Yield: 157 mg (62%)
of a shiny yellow solid. Yellow prismatic single crystals were obtained by slow diffusion
of n-pentane into a saturated solution of the compound in toluene. Elemental analysis
calcd. for C70H52ClOP2Rh (1109.49 g/mol): C 75.78, H 4.72; found: C 75.48, H 4.68. 1H
NMR (400 MHz, CDCl3): δ 8.11–8.05 (m, 2H, HAr), 7.87 (s, 1H, HAr), 7.58–7.52 (m, 2H, HAr),
7.48–7.44 (m, 4H, HAr), 7.41–7.28 (m, 9H, HAr), 7.24–7.18 (m, 3H, HAr), 7.17–7.05 (m, 5H,
HAr), 7.04–6.86 (m, 7H, HAr), 6.85–6.71 (m, 5H, HAr), 6.65–6.59 (m, 2H, HAr), 6.57–6.48 (m,
4H, HAr), 6.23 (d, 2JHH = 16.8 Hz, 1H, H7 or H7′), 5.56 (d, 2JHH = 16.7 Hz, 1H, H7 or H7′),
4.94 (d, 3JHH = 13.5 Hz, 1H, H7 or H7′), 4.09 (q, 3JHH = 12.3 Hz, 2H, H6 or H6′), 3.55 (d,
2JHH = 12.4 Hz, 1H, H7 or H7′), 3.37 (d, 2JHH = 12.4 Hz, 2H, 1 × H6 or H6′ and 1 × H7
or H7′). 13C NMR (101 MHz, CDCl3): δ 190.0 (d, 1JRhC = 78.5 Hz), 149.3, 147.7, 143.7 (d,
xxJPC = 15.8 Hz), 143.6 (d, JPC = 3.5 Hz), 142.3, 141.2, 140.8, 139.8, 138.0, 137.9, 137.6,
137.2, 136.8, 136.0 (d, JPC = 11.9 Hz), 135.4, 135.1, 135.0 (d, JPC = 1.8 Hz), 134.5, 133.9 (d,
JPC = 3.7 Hz), 133.7 (d, JPC = 2.6 Hz), 133.3, 133.2, 132.9, 132.8 (d, JPC = 2.0 Hz), 132.4 (d,
JPC = 1.6 Hz), 132.2, 132.1, 132.0, 131.9, 131.4 (d, JPC = 3.8 Hz), 131.0, 130.9, 130.5, 130.2
(d, JPC = 4.0 Hz), 129.8 (d, JPC = 1.9 Hz), 129.2, 128.7, 128.6, 128.5 (d, JPC = 2.5 Hz), 128.4,
128.1, 128.0, 128.0, 127.8, 127.6, 127.6, 127.2, 127.1, 126.9 (d, JPC = 2.2 Hz), 126.5, 126.3,
126.2, 126.1, 125.7, 125.0, 124.8, 66.9 (C1), 49.3 (C7 or C7′), 46.8 (d, JPC = 8.7 Hz, C7 or C7′),
42.9 (C6 or C6′), 41.8 (C6 or C6′). 31P NMR (162 MHz, CDCl3): δ 35.6 (dd, 2JPP = 340.2,
1JRhP = 127.5 Hz), 26.2 (dd, 2JPP = 339.7, 1JRhP = 123.2 Hz). ESI-MS (CD2Cl2): m/z found
(calcd.) 1073.39 (1073.25, [C70H52OP2Rh]+). IR (ATR, cm−1):
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crude red–brown product was dried under vacuum. Purification was carried out by col-
umn chromatography (MPLC) with a mixture of n-hexane and ethyl acetate (99:1). Com-
pound 2 was obtained slightly contaminated as a light pink solid in the first fraction. As a 
minor product (16%), compound 3 can be isolated from the second fraction. Compound 2 
was finally purified by precipitation from a saturated dichloromethane solution with n-
pentane. Yield: 1.23 g (59%) of a colorless solid. Elemental analysis calcd. for C50H37P 
(668.82 g/mol): C 89.79, H 5.58; found: C 89.87, H 5.70%. 1H NMR (400 MHz, CDCl3): δ 7.55 
(d, 3JHH = 7.9 Hz, 1H, HAr), 7.34–7.28 (m, 2H, HAr), 7.25–7.05 (m, 15H, HAr), 6.98 (dt, 3JHH = 
15.5, 7.2 Hz, 5H, HAr), 6.89–6.84 (m, 1H, HAr), 6.84–6.79 (m, 2H, HAr), 6.76 (t, 3JHH = 6.9 Hz, 
2H, HAr), 6.60 (d, 3JHH = 7.1 Hz, 2H, HAr), 4.69 (t, 3JHH = 5.1 Hz, 1H, H1), 4.07 (dt, 2JHH = 16.7, 
3JHH = 3.3 Hz, 4JPH = 3.3 Hz, 1H, H7), 3.80 (d, 2JHH = 12.7 Hz, 1H, H6 or H6′), 3.75–3.63 (m, 
3H, H6 or H6′ and H7), 3.33 (d, 3JHH = 12.6 Hz, 1H, H6 or H6′). 13C NMR (101 MHz, CDCl3): 
δ 147.9, 144.9, 143.9, 143.1, 142.9, 141.6, 141.0, 139.8, 139.6, 136.8 (d, JPC = 7.4 Hz), 136.7 (d, 
JPC = 7.8 Hz), 136.2, 136.0, 134.2, 134.2, 134.1, 134.0, 133.9, 133.1, 132.9, 132.66, 132.1, 129.2, 
128.9, 128.9, 128.8, 128.7, 128.6, 128.0, 128.0, 127.9, 127.4, 127.0, 126.6, 126.5, 126.3, 125.1, 
124.8, 55.1 (C1), 42.2 (C6 or C6′), 41.8 (C6 or C6′), 34.6 (d, 3JPC = 24.1 Hz, C7). 31P NMR (162 
MHz, CDCl3): δ −15.44 (s). IR (ATR, cm−1): ṽ 3059 m, 2962 m, 2921 m, 2872 w, 1584 m, 1485 
m, 1464 m, 1432 s, 1333 m, 1304 m, 1277 m, 1213 m, 1193 m, 1144 m, 1124 m, 1090 m, 1027 
m, 940 m, 779 m, 765 s, 746 vs, 717 s, 697 vs, 674 s. 

CpC(BzPPh2)2 (3): A total of 0.74 mL (1.18 mmol) of n-butyllithium (1.6 M in n-hexane) 
wasadded at 0 °C to a solution of 716 mg (1.07 mmol) of 2 in (10 mL) of toluene. The 
reaction mixture was stirred for 2 h at this temperature and afterwards slowly warmed to 
room temperature. During this time, the precipitation of a colorless solid was observed, 
which was dissolved by the addition of 1 mL of tetrahydrofurane. Then, 333 mg (1.07 
mmol) of [2-(chloromethyl)phenyl](diphenyl)phosphane [22,23] dissolved in 5 mL of tol-
uene wasadded slowly at 0 °C and the reaction mixture was stirred for another 2 h at this 
temperature, whereby its color changed from pink to dark red. After warming to room 
temperature, the mixture was stirred for further 18 h. A total of 5 mL of water was added, 
the organic phase was separated, washed three times with 5 mL of water, and then dried 
over MgSO4. The solvent was removed, and the light pink crude product was dried under 
vacuum. Finally, the crude product was purified by precipitation from a saturated di-
chloromethane solution with n-pentane. Colorless prismatic single crystals were obtained 
by slow diffusion of n-pentane into a saturated toluene solution. Yield: 840 mg (83%) of a 
colorless solid. Elemental analysis calcd. For C69H52P2 (943.12 g/mol): C 87.87, H 5.56; 
found: C 87.86, H 5.9%. 1H NMR (400 MHz, CDCl3): δ 7.81 (d, 3JHH = 7.9 Hz, 2H, HAr), 7.42–
7.30 (m, 18H, HAr), 7.25 (dd, 3JHH = 10.3, 5.5 Hz, 4H, HAr), 7.17 (t, 3 3JHH = 7.4 Hz, 2H, HAr), 
7.09 (dd, 3JHH = 10.6, 4.4 Hz, 4H, HAr), 7.02–6.94 (m, 6H, HAr), 6.90 (t, 3JHH = 7.6 Hz, 2H, HAr), 
6.85 (t, 3JHH = 7.6 Hz, 2H, HAr), 6.71 (dd, 3JHH = 7.3, 3.8 Hz, 2H, HAr), 6.50 (d, 3JHH = 7.7 Hz, 
2H, HAr), 4.33 (dd, 2JHH = 16.1, 4JPH = 8.0 Hz, 2H, H7), 3.84 (d, 2JHH = 16.1 Hz, 2H, H7), 3.39 
(d, 2JHH = 12.5 Hz, 2H, H6), 2.48 (d, 2JHH = 12.4 Hz, 2H, H6). 13 C NMR (101 MHz, CDCl3): δ 
147.6, 145.0, 142.4, 141.7, 141.5, 141.1, 137.8, 137.7, 137.3, 137.2, 137.0, 134.4 (d, JPC = 20.2 
Hz), 133.9 (d, JPC = 20.1 Hz), 133.3, 133.0, 132.3, 128.9, 128.7, 128.5 (d, JPC = 19.4 Hz), 128.3, 
128.1, 127.8, 127.5 (d, JPC = 2.1 Hz), 126.8, 126.6, 126.5, 126.1, 124.7, 65.6 (t, 4JPC = 2.8 Hz, C1), 
40.9 (br, C6), 40.1 (dt, 3JPC = 10.7, 5.7 Hz, C7). 31P NMR (162 MHz, CDCl3): δ −16.22 (s). IR 
(ATR, cm−1): ṽ = 3053 m, 3023 w, 2999 w, 2927 w, 2905 w, 2867 w, 2843 w, 1586 m, 1480 m, 
1461 m, 1434 s, 1264 w, 1157 w, 1120 w, 1092 m, 1065 m, 1026 m, 947 w, 904 m, 754 s, 738 
vs, 694 vs, 680 m, 656 m. 

[CpCHBzPPh2(AuCl)] (4): The reaction was carried out in the absence of light. A total 
of 222 mg (0.33 mmol) of compound 2 and 136 mg (0.42 mmol) of (tetrahydrothio-
phene)gold(I) chloride was stirred for 18 h at room temperature in 15 mL of dichloro-
methane. A total of 30 mL of n-pentane was added to precipitate a colorless solid, which 
was filtered off, washed three times with 15 mL of diethyl ether and three times with 15 
mL of n-pentane, and finally, dried under vacuum. Yield: 298 mg (78%) of a colorless solid. 

3056 w, 3010 w, 2947 w,
2837 w, 1961 vs, 1587 w, 1573 w, 1480 m, 1466 m, 1449 m, 1434 s, 1339 w, 1312 w, 1279 w,
1187 m, 1157 w, 1120 w, 1090 s, 1044 w, 1028 w, 999 m, 947 w, 908 w, 872 w, 841 w, 781 m,
748 vs, 690 vs, 673 m.

X-rax structure analysis: Crystal data and refinement parameters were collected and
are presented in Tables 1 and 2. All structures were solved using direct method of SIR92 [24],
completed by subsequent difference Fourier syntheses, and refined by full-matrix least-
squares procedures [25]. Semi-empirical absorption correction from equivalents (Multiscan)
was applied to ligand 3, while analytical numeric absorption correction was carried out to all
other complexes [26]. All non-hydrogen atoms were refined with anisotropic displacement
parameters. All hydrogen atoms were placed in calculated positions and refined using
a riding model. In the original solved structures of complexes 5, 7, 8 and 9, severely
disordered and/or partially occupied solvents were also found. The quality of the measured
samples and the corresponding collected raw data were limited. Even with the help of
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lots of restraints, these disorders could not be treated satisfyingly. To obtain a better
understanding of the main structures, the SQUEEZE process integrated in PLATON was
used. Additionally, detailed information has been posted in the corresponding final CIF
files. CCDC 2247305-2247311 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif (accessed on 4 April 2023).

Table 1. Crystallographic data, data collection and refinement.

3 4 5

empirical formula C83H68P C57H45AuClP C50H36PTl
formula weight 1127.31 993.31 872.13

crystal size [mm] 0.408 × 0.307 × 0.239 0.244 × 0.106 × 0.069 0.313 × 0.093 × 0.063
T [K] 293(2) 150(2) 150(2)
λ [Å] 1.54184 1.54184 1.54184

crystal system triclinic triclinic monoclinic
space group P1 P1 P21/n

a [Å] 14.1471(5) 10.3433(3) 18.7154(2)
b [Å] 14.5119(4) 15.2162(6) 12.2606(1)
c [Å] 17.7514(6) 15.5558(7) 20.4489(2)
α [◦] 107.920(3) 106.743(4) 90
β [◦] 109.661(3) 107.515(3) 97.058(1)
γ [◦] 93.028(3) 96.040(3) 90

V [Å3] 3215.3(2) 2185.84(16) 4656.69(8)
Z 2 2 4

ρ calcd. [g·cm−3] 1.164 1.509 1.244
µ [mm−1] 0.950 7.519 7.198

Θ-range [◦] 3.251–62.736 3.608–62.729 3.417–62.775
refl. coll. 24,391 15,048 35,775

indep. refl. 10,246
[Rint = 0.0229]

6947
[Rint = 0.0481]

7447
[Rint = 0.0257]

data/restr./param. 10246/0/768 6947/0/542 7447/0/469
final R indices

[I > 2σ(I)] a 0.0522, 0.1455 0.0367, 0.0946 0.0171, 0.0402

R indices (all data) 0.0573, 0.1524 0.0381, 0.0961 0.0179, 0.0407
GooF b 1.036 1.082 1.029

∆ρmax/min (e·Å−3) 1.687/−0.283 1.444/−1.808 0.391/−0.266
a R1 = Σ||Fo| − |Fc||/Σ|Fo|, ωR2 = [Σ(Fo

2 − Fc
2)2/ΣωFo2]1/2. b GooF = [Σω(Fo

2 − Fc
2)2/(n − p)]1/2.

Table 2. Crystallographic data, data collection and refinement.

7 8 9 10

empirical formula C69H52Au2Cl2P2 C69H52Cl4P2Pd2 C71H52Cl2O2P2Rh2 C70H52ClOP2Rh
formula weight 1407.88 1297.64 1275.78 1109.41

crystal size [mm] 0.216 × 0.095 × 0.079 0.199 × 0.101 × 0.044 0.272 × 0.151 × 0.137 0.233 × 0.121 × 0.059
T [K] 150(2) 150(2) 150(2) 150(2)
λ [Å] 1.54184 1.54184 1.54184 1.54184

crystal system triclinic monoclinic triclinic monoclinic
space group P1 P2/n P1 P21/n

a [Å] 13.1508(3) 21.0446(7) 13.2483(3) 13.3016(3)
b [Å] 13.5694(4) 13.2823(4) 14.1374(3) 21.0013(4)
c [Å] 22.2637(5) 23.4004(9) 20.4213(4) 20.0864(4)
α [◦] 76.934(2) 90 89.220(2) 90
β [◦] 87.525(2) 107.894(4) 73.556(2) 109.243(2)
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Table 2. Cont.

7 8 9 10

γ [◦] 64.608(3) 90 75.287(2) 90
V [Å3] 3489.67(17) 6224.5(4) 3541.10(14) 5297.7(2)

Z 2 4 2 4
ρ calcd. [g·cm−3] 1.340 1.385 1.197 1.391

µ [mm−1] 9.186 7.028 5.189 3.997
Θ-range [◦] 3.705–62.698 3.327–62.748 3.238–62.724 3.140–62.754

refl. coll. 27,287 24,022 49,439 21,589

indep. refl. 11,102
[Rint = 0.0308]

9919
[Rint = 0.0550]

11,257
[Rint = 0.0564]

8461
[Rint = 0.0294]

data/restr./param. 11102/0/676 9919/0/695 11257/0/713 8461/0/676
final R indices

[I > 2σ(I)] a 0.0296, 0.0721 0.0510, 0.1388 0.0310, 0.0790 0.0321, 0.0852

R indices (all data) 0.0349, 0.0739 0.0623, 0.1466 0.0335, 0.0807 0.0362, 0.0886
GooF b 1.037 1.082 1.023 1.032

∆ρmax/min (e·Å−3) 1.310/−1.262 1.253/−0.718 0.734/−0.840 0.713/−0.518

a R1 = Σ||Fo| − |Fc||/Σ|Fo|, ωR2 = [Σ(Fo
2 − Fc

2)2/ΣωFo2]1/2. b GooF = [Σω(Fo
2 − Fc

2)2/(n − p)]1/2.

3. Results
3.1. Ligand Synthesis and Characterization

Phosphine functionalized derivatives of CpCH (1) were obtained by the deprotonation of
the compound with n-butyl lithium and treatment of the intermediately generated LiCpC with
2-[(chloromethyl)phenyl](diphenyl)phosphine (Scheme 2) [22,23] The process follows a proto-
col published by Li et al. in 2019 for the synthesis of a phosphine-functionalized tetraethylcy-
clopentadiene [27]. Astonishingly, there are almost no other reports on cyclopentadienyl com-
pounds with a 2-diphenylphosphanylphenylmethyl unit. Knochel et al. reported the synthe-
sis of chiral 1-(SFc)-diphenylphosphanyl-2-(o-diphenylphosphanylphenylmethyl)ferrocene
via a multi-step process starting with the Friedel–Crafts acylation of ferrocene with 2-
bromobenzoyl chloride [28].
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Reacting the substrates in a 1:1 ratio with a slight excess of n-butyl lithium allowed
us to isolate the mono-substituted derivative CpCHBzPPh2 (2) in 59% yield after purifi-
cation by column chromatography. As a minor product, the bi-functionalized compound
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CpC(BzPPh2)2 (3) was obtained in 16% yield. This speaks for a protonation/deprotonation
equilibrium between CpCH (1), LiCpC, CpCHBzPPh2 (2) and LiCpCBzPPh2 and a rather
high reactivity of LiCpCBzPPh2 towards the electrophile. Accordingly, the treatment of
phosphine 2 with another equivalent of n-butyl lithium and the electrophile gave the
diphosphine 3 in 83% yield.

While the 31P NMR spectra of 2 and 3 show rather similar chemical shifts of expected
values [27,29], their 1H and 13C NMR spectra differ largely according to the symmetry of
the compounds. In the 1H NMR spectrum of C2-symmetric 3, there are four doublets in the
aliphatic region, which are assigned to the diastereotopic protons of the two chemically
inequivalent methylene groups of the molecule. In contrast, the 1H and 13C NMR spectra of
C1-symmetric 2 are more complicated. In the aliphatic region of the 1H NMR spectrum, for
example, there are four resonances for the two, now magnetically inequivalent methylene
groups bridging the phenyl groups in the “wings” of the Cp backbone. Three further
resonances (ABB’ spin system) are assigned to the proton at the Cp ring and the protons
of the methylene group linking the Cp ring and the triphenyl phosphine moiety. These
methylene protons can easily be identified by their coupling pattern, including a small
long-range coupling to the phosphorous atom (4JPH = 3.3 Hz) [29].

In the literature, there are only a few reports of 1,1-diphosphine-functionalized cy-
clopentadiene derivatives. In 1965, Keough and Grayson succeeded in adding fluorene to
vinylphosphonium salts, resulting in dicationic phosphonium species [30]. Inagaki et al.
published fluorene derivatives with two phosphinyl moieties directly bound to the sp3

carbon atom of the fluorene backbone [31]. In addition, there are two patents dealing with
such compounds [32,33].

By slow diffusion of n-pentane into a saturated toluene solution of compound 3, single
crystals suitable for an X-ray structure analysis could be obtained. Compound 3 crystallizes
as colorless prisms of the triclinic space group P1 with two equivalents of toluene in the
unit cell. The two phosphine units are found arranged between the wings of the ligand,
in an almost orthogonal position to the central cyclopentadiene ring. Figure 1 shows the
structure of 3 and summarizes relevant structural parameters.
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4 appears at 24.4 ppm. We assign this to some shielding effects of the aromatic environ-
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the Supplementary Materials). Here, a triplet at 4.65 ppm (3JHH = 4.6 Hz) is assigned to the 

proton located at the five-membered Cp ring.  

Figure 1. Molecular structure of compound 3 in the solid state. The two co-crystallizing molecules
of toluene and all hydrogen atoms are omitted for clarity. The central CpC system is represented in
stick-style for clarity, ellipsoids are drawn at the 50% level. Characteristic bond lengths [Å], angles
[◦] and dihedral angles [◦]: C1-C2 1.525(2), C1-C5 1.532(2), C2-C3 1.358(2), C3-C4 1.476(2), C4-C5
1.359(3), P1···C1···P2 99.25(3), C3-C2-C6-C7 40.5(3), C2-C3-C10-C9 -48.2(3), C4-C5-C23-C22 36.8(3),
C5-C4-C19-C20 -45.7(3).
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3.2. Transition Metal Complexes

While ligand 3 is expected to act like a typical diphosphine, the coordination chemistry
of mono-phosphine 2 allows more variations: it may either act as a typical monodentate
phosphine, as an η5-coordinating Cp-type ligand or may exhibit a combination of these
two modes of metal–ligand interactions. To approve the first type of coordination, ligand 2
was treated with [(tht)AuCl] (tht = tetrahydrothiophene, Scheme 3). Gold(I) prefers linear
coordination, which avoids involving the Cp ring of 2 in its coordination environment. The
according gold(I) complex 4 was obtained in 78% yield as a colorless solid, which is stable
under ambient conditions.
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Scheme 3. Synthesis of the mononuclear gold(I) complex 4.

While for typical 31P NMR resonances of triarylposphine gold(I) chloride, complexes
chemical shift of around 32 ppm are reported [34,35], the 31P NMR resonance of compound
4 appears at 24.4 ppm. We assign this to some shielding effects of the aromatic environment
of the CpC backbone. The coordination of the gold(I) site in addition leads to a better
separation of the aliphatic 1H NMR resonances compared to the metal-free ligand 2 (see
the Supplementary Materials). Here, a triplet at 4.65 ppm (3JHH = 4.6 Hz) is assigned to the
proton located at the five-membered Cp ring.

By the slow diffusion of n-pentane into a saturated toluene solution of compound 4,
single crystals suitable for an X-ray structure analysis could be obtained. Compound
4 crystallizes as colorless prisms of the triclinic space group P1 with one equivalent
of toluene in the unit cell. Figure 2 shows the structure of 4 and summarizes relevant
structural parameters.
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Scheme 4. Synthesis of the CpC thallium(I) complex 5. 
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be handled in the air. The 1H NMR spectrum of 5 differs clearly from the protonated ligand 

2. In addition to two doublets for the protons of the methylene group linking the Cp ring 

Figure 2. Molecular structure of compound 4 in the solid state. The co-crystallizing molecule of
toluene and all hydrogen atoms except the hydrogen atom bound to C1 are omitted for clarity.
Ellipsoids are drawn at the 50% level. Characteristic bond lengths [Å], angles [◦] and dihedral
angles [◦]: Au1-P1 2.2427(10), Au1-Cl1 2.2865(10), C1-C2 1.516(5), C1-C5 1.515(5), C2-C3 1.356(6),
C3-C4 1.486(5), C4-C5 1.369(6), P1-Au1-Cl1 179.42(4), C3-C2-C6-C7 42.61(7), C4-C5-C23-C22 36.71(7),
C2-C3-C10-C9 −45.98(7), C5-C4-C19-C20 −42.35(7).
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The crystal structure complex 4 shows the typical linear coordination geometry of
gold(I) with an the P1-Au1-Cl1 angle of 179.42(4)◦. The measured P1-Au1 (2.2427(10) Å) and
Au1-Cl1 (2.2865(10) Å) distances are comparable to the data of (triphenylphosphine)gold(I)
chloride and related gold(I) complexes [34,36]. In contrast to many other gold(I) com-
plexes [37–39], there is no hint for a d10–d10 interaction between the gold(I) sites of neigh-
boring molecules. The phosphine substituent occupies an almost orthogonal position to the
central five-membered ring of the CpC backbone, minimizing steric repulsions.

We recently published the synthesis of a series of late transition metal complexes
wherein TlCpC is used as the transferring reagent for the [CpC]− ligand [19]. To achieve
similar chemistry with a phosphine-functionalized CpC derivative, compound 2 was de-
protonated in dry benzene with stoichiometric amounts of thallium(I) ethanolate in the
absence of light (Scheme 4).
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Scheme 4. Synthesis of the CpC thallium(I) complex 5.

The thallium(I) compound 5 precipitated immediately after the two reactants were
combined and was isolated by filtration with a yield of 83% as a pale yellow solid that
can be handled in the air. The 1H NMR spectrum of 5 differs clearly from the protonated
ligand 2. In addition to two doublets for the protons of the methylene group linking the
Cp ring and the phosphine site (2JHH = 18.4 Hz), there are four partially superimposed
and slightly broadened resonances that are assigned to the four diastereotopic protons
methylene groups in the “CpC-wings”. This speaks for a C1 symmetric structure on the
NMR time scale and thus for a localization of the thalium(I) cation on one side of the Cp
ring. The singlet at −15.56 ppm in the 31P NMR spectrum is only very weakly shifted
towards the lower field compared to the signal of the metal-free ligand 2.

Crystallization from a saturated solution in the provided yellow, needle-like crystals
with the monoclinic space group P21/n. Figure 3 shows the structure of 5 and summarizes
relevant structural parameters.

There are numerous examples in the literature describing the coordination of thal-
lium(I) to aromatic compounds [40–46], while only a few structurally characterized systems
with thallium(I)–phosphorus coordination have been published. In 1974, Nakayama et al.
published a gas-phase study on a series of thallium(I) complexes and stated that “No thal-
lium(I) complexes with bismuth, arsenic nor phosphorus ligands has been isolated from a
liquid phase so far.” [47]. This changed during the past two decades, in particular due to the
use of weakly coordinating anions [48,49]. The fact that thallium(I) phosphine complexes
are hardly accessible as long as there is an alternative for the metal cation is confirmed
by the solid-state structure of compound 5. Compound 5 forms chains with thallium(I)
centres bridging two (CpC)−1 moieties, as shown in Figure 3, and there is no interaction
with the phosphine site. In addition to the coordination to the Cp site, thallium(I) also
coordinates to two of the six-membered rings, the phenylene ring bound to the phosphorus
atom and one of the phenylene rings of the CpC moiety. Since the covalency of the bonds
between the thallium(I) and the π-donating moieties is low, the Tl-C bond lengths differ
largely as documented in the caption of Figure 3 exemplarily for the Cp unit. This allows
the adoption of the positioning of the cation to the steric requirements of the solid-state
structure. According to the electrostatic interaction between the Cp site and the thallium(I)
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cation, the Cp-Tl distance (2.6131(4) Å) is much shorter than the Ar-Tl distances (3.3139(4)
and 3.2030(4) Å).
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(17), Cp-Tl1 2.6131(3), Ar1-Tl2 3.3139(4), Ar2-Tl2 3.2030(4), C1-C2 1.419(3), C1-C5 1.418(3), C2-C3
1.433(3), C3-C4 1.428(3), C4-C5 1.431(3), Cp-Tl1-Ar1 124.770(9), Cp-Tl1-Ar2 132.793(11), Ar1-Tl-Ar2
95.279(10), C3-C2-C6-C7 41.8(3), C4-C5-C23-C22 44.0(3), C2-C3-C10-C9 −37.3(2), C5-C4-C19-C20
−42.8(3); Cp denotes the centroid of the five-membered cyclopentadienyl ring. Ar1 and Ar2 denote
the centroids of the two six-membered rings, which undergo coordination to the thallium(I) cation.

In 2003, Salzer et al. developed a protocol for the preparation of chiral cyclopenta-
dienide ruthenium(II) complexes with an ansa-bridging phosphine group and two labile
bound acetonitrile ligands) [50,51]. They started from cyclopentadiene derivatives bearing
a chiral phosphine substituent and [RuCl(µ2-Cl)(η3:η3-C10H16)]2, used Li2CO3 as the base
and KPF6 to provide a weakly coordinating counter anion. Due to our good experiences
with TlCpC as a [CpC]−1 transfer reagent [19], we applied a combination of compound 5 and
the ruthenium(II) precursor [(η6-C6H6)RuCl2]2 to generate an analogous CpC derivative
(Scheme 5).
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The reaction was carried out at room temperature in acetonitrile in the presence of a
stoichiometric amount of KPF6. After work-up, compound 6 was isolated in 80% yield as an
orange-colored solid, which was characterized by means of NMR and IR spectroscopy, mass
spectrometry and elemental analysis. Tiny crystals of insufficient quality were obtained by
slow diffusion of diethylether into a solution of compound 6 in acetonitrile. The presence
of the two acetonitrile ligands was confirmed by a singlet resonance at 1.96 ppm in the
1H NMR spectrum and by an absorption band in the IR spectrum at 2038 cm−1. The
resonances of the four diastereotopic protons of the two methylene units in the “wings” of
the CpC ligand are identified by their 2JHH coupling constants of about 13 Hz. For the two
diastereotopic protons of the third methylene unit, a 2JHH coupling constant of 18 Hz is
observed. One of these two protons shows an additional coupling (4JPH = 6.8 Hz) to the
phosphorus atom. The chemical shift of the 31P resonance of 51.7 ppm unambiguously
proves the coordination of the phosphine site to the ruthenium(II) center. A peak at
m/z = 810 in the ESI mass spectrum corresponds to the mass of the fragment [M-CH3CN]+

a second peak at m/z = 769 is assigned to the fragment [M-2 × CH3CN]+.
As mentioned above, the diphosphine functionalized CpC derivative 3 can only act as

a typical diphosphine donor. However, the two phosphine sites are linked by a chain of
overall seven carbon atoms allowing either a chelating coordination of the diphosphine to
one metal site or a bridging coordination to two metal sites. The simplest way of dealing
with these alternatives is by coordination of two equivalents of gold(I) to compound 3.
The according gold(I) complex 7 was thus obtained in 83% yield in an analogous way as
compound 4 using [(tht)AuCl] as the gold source (Scheme 6).
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Scheme 6. Synthesis of the dinuclear gold(I) complex 7.

In contrast to the mono nuclear gold(I) complex 4, the dinuclear compound 7 is C2
symmetric, which largely simplifies the 1H NMR spectrum, leading to only four resonances
for the diastereotopic protons of the two chemically inequivalent types of methylene groups
with coupling constants of about 12.5 resp. 17.5 Hz. The 31P NMR resonance at 24.9 ppm is
close to the value obtained for compound 4 (24.4 ppm).

By the slow diffusion of n-pentane into a saturated toluene solution of compound 7,
single crystals suitable for an X-ray structure analysis could be obtained. Compound 7
crystallizes as colorless prisms of the triclinic space group P1. Figure 4 shows the structure
of 7 and summarizes relevant structural parameters.

Typical for gold(I) complexes, the two gold sites are coordinated almost linearly. To
minimize steric interactions, in particular of the diphenylphosphinyl units, the two P-Au-Cl
units point into opposite directions, which excludes an intramolecular Au···Au interaction.
The bond parameters are in the same range as measured for complex 4.
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Figure 4. Molecular structure of compound 7 in the solid state. All hydrogen atoms are omitted for
clarity. The central CpC system is represented in stick-style for clarity, ellipsoids are drawn at the
50% level Characteristic bond lengths [Å], angles [◦] and dihedral angles [◦]: Au1-Cl1 2.2878(13),
Au2-Cl2 2.2807(13), Au1-P1 2.2352(11), Au2-P2 2.2295(13), C1-C2 1.532(6), C2-C3 1.358(6), C3-C4
1.467(7), C4-C5 1.367(6), C1-C5 1.530(6), P1-Au1-Cl1 171.50(4), P2-Au2-Cl2 173.53(5), C3-C2-C6-C7
33.7(7), C4-C5-C23-C22 −34.8(6), C2-C3-C10-C9 49.9(10), C5-C4-C19-C20 47.5(6).

In 2006 Gelman et al. obtained a mono nuclear chelate complex as well as a dinuclear,
chlorido-bridged palladium(II) complex by the treatment of the diphosphine ligand 1,8-
bis(diisopropylphosphino)triptycen with different amounts of [PdCl2(CH3CN)2] [52,53]. In a
series of analogue reactions, ligand 3 was reacted with different amounts of [PdCl2(CH3CN)2].
In contrast to the results of Gelman et al., only the dinuclear palladium complex 8 could be
isolated, independent from the ligand-to-metal ratio and from solvent and temperature. By
applying a slight excess of the metal source, the best yield was obtained (78%, Scheme 7).
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Scheme 7. Synthesis of the dinuclear, chlorido-bridged palladium(II) complex 8.

1H and 13C NMR spectra of complex 8 clearly prove the presence of a C2 symmetric
compound. There are, e.g., only two doublets of doublets for the diastereotopic protons of
the overall four methylene groups. While the methylene groups bridging the phenylene
rings in the “wings” of the ligand give rise to two doublets at 3.82 und 3.89 ppm with
a typical 2JHH coupling constant of about 12.4 Hz, the two methylene units linking the
phosphine sites to the CpC core are observed at 4.80 and at about 7.78 ppm. The value of
the latter chemical shift is rather unexpected. It was identified by means of a H,H-COSY
NMR experiment and is explained by the fact that of two of these methylene proton direct
towards the central Pd2Cl4 unit. According to the C2 symmetry of compound 8, there is
only one resonance in the 31P NMR spectrum, observed at 25.4 ppm, which is a typical
value for this type of palladium(II) compounds [54].
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By slow diffusion of n-pentane into a saturated toluene solution of complex 8, single
crystals suitable for an X-ray structure analysis could be obtained. Compound 8 crystallizes
as colorless prisms of the monoclinic space group P2/n with two crystallographically
independent molecules in the unit cell. Figure 5 shows the structure of one of these units of
compound 8 and summarizes relevant structural parameters.

As expected on the basis of the NMR spectra of compound 8, the phosphine donors
coordinate to the central [(µ2-Cl)Pd(Cl)]2 unit in an anti-conformation that preserves the C2-
symmetry of the CpC moiety. The two palladium(II) sites occupy a distorted square-planar
geometry. In comparison to structurally similar [(L)Pd(µ2-Cl)(Cl)]2 (L = σ-donor ligand)
compounds, the Pd···Pd distance (3.3098(6) Å) is by about 0.15–0.20 Å shorter, which we
assign to the steric restrictions of the diphosphine ligand (see [55] and references cited
therein). Due to the strongly σ-donating phosphine ligands the bond distances between the
palladium(II) centers and the bridging chlorido ligands in trans-position to the phosphine
donors are slightly longer than those in the trans-position to the apical chlorido ligands.
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Figure 5. Molecular structure of compound 8 in the solid state. All hydrogen atoms are omitted
for clarity. The central CpC system is represented in stick-style for clarity, ellipsoids are drawn at
the 50% level. Characteristic bond lengths [Å], angles [◦] and dihedral angles [◦]: Pd···Pd 3.3098(6),
Pd1-Cl1 2.2880(16), Pd1-Cl2 2.3144(16), Pd1-P1 2.2499(14), C1-C2 1.533(6), C2-C3 1.360(7), C3-C4
1.475(7), Cl1-Pd1-Cl2 173.99(6), Cl1-Pd1-P1 89.96(5), Cl1-Pd1-Cl2_a 90.27(5), Cl2-Pd1-P1 95.71(5),
Cl2-Pd1-Cl2_a 83.83(6), Cl2_a-Pd1-P1 171.23(5), C3-C2-C8-C9 35.5(5), C2-C3-C4-C13 47.1(6).

The fragment ClRh(CO) is well-known to prefer trans- over cis-coordination with chelat-
ing diphosphines as long as the linker between the phosphine sites allows this [56–63]. In
ligand 3, the two phosphine sites are linked by a chain of overall seven carbon atoms. There-
fore, the formation of a trans-coordinated rhodium(I) complex seemed likely, when ligand 3
was reacted first with half an equivalent of [(µ2-Cl)Rh(CO)2]2 at room temperature. However,
spectroscopic characterization of the product unambiguously proved the generation of the
dinuclear rhodium(I) complex 9 (Scheme 8). Reaction with one equivalent of the precursor
[(µ2-Cl)Rh(CO)2]2 provided complex 9 in excellent yields.
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Scheme 8. Synthesis of the dinuclear, chlorido-bridged rhodium(I) carbonyl complex 9.

The molecular structure of compound 9 resembles the structure of palladium(II)
complex 8. In contrast, in the case of 9 the phosphine donors are coordinated in a syn-
and not in an anti-arrangement to the metal sites, which breaks the C2-symmetry of the
chelating ligand and leads to an overall C1-symmetric structure.

This decrease in symmetry results in the typical pattern of resonances for the methylene
protons as described above for other complexes with C1-symmetry. As already observed
for palladium complex 8, the 1H NMR resonances of two of the methylene protons are
shifted largely towards lower field (7.00 ppm). The two phosphorus atoms are magneti-
cally not equivalent and show couplings to the neighboring 103Rh centers (δ = 35.9 ppm,
1JRhP = 171.5 Hz and δ = 39.8 ppm, 1JRhP = 175.0 Hz), which are close to values measured
for other binuclear rhodium(I) complexes of similar structure [52,64,65]. In the 13C NMR
spectrum two doublets of doublets at δ = 183.2 (dd, 1JRhC = 78.0, 2JPC = 20.6 Hz) and
δ = 182.3 (dd, 1JRhC = 78.8, 2JPC = 21.1 Hz) are assigned to the rhodium-bound carbonyl
ligands. In the IR spectrum of compound 9, there are two carbonyl absorptions at 1991 and
1975 cm−1 [52,64,65].

By the slow diffusion of n-pentane into a saturated toluene solution of complex 9,
single crystals suitable for an X-ray structure analysis could be obtained. Compound 9
crystallizes as yellow prisms of the triclinic space group P1. Figure 6 shows the structure of
9 and summarizes relevant structural parameters.
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Figure 6. Molecular structure of compound 9 in the solid state. The central CpC system is represented
in stick-style for clarity, ellipsoids are drawn at the 50% level. All hydrogen atoms are omitted
for clarity. Characteristic bond lengths [Å], angles [◦] and dihedral angles [◦]: Rh···Rh 3.2797(5),
Rh1-Cl1 2.3926(7), Rh1-Cl2 2.4127(7), Rh1-P1 2.2486(7), Rh1-C70 1.794(3), Rh2-Cl1 2.3880(7), Rh2-Cl2
2.4053(7), Rh2-P2 2.2431(7), Rh2-C71 1.805(3), Cl1-Rh1-Cl2 83.42(2), Cl1-Rh1-P1 96.09(2), Cl1-Rh1-C70
172.39(10), Cl2-Rh1-P1 176.67(3), Cl2-Rh1-C70 91.26(9), P1-Rh1-C70 89.53(9), Cl1-Rh2-Cl2 83.68(2),
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86.90(9), Rh1-Cl1-Rh2 86.63(2), Rh1-Cl2-Rh2 85.80(2), C3-C2-C6-C7 38.2(3), C2-C3-C10-C9 46.6(4),
C5-C4-C19-C20 45.7(4), C4-C5-C23-C22-37.7(4).
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Both rhodium(I) sites in compound 9 occupy a distorted square-planar geometry,
which is typical for d8-configured transition metal ions and has already been observed for
the palladium(II) complex 8. In contrast to 8, however, the phosphines are coordinating
the two rhodium(I) centers in a syn-configuration. This is in agreement with the NMR
data of the complex 9 that correspond to a C1-symmetric structure. The Rh-Cl distances
in trans-position to the π-accepting carbonyl ligands are slightly shorter than those in
trans-position to the phosphine donors. The large interplanar angle of 132.28◦ between the
chlorido-bridged rhodium(I) sites, the P-P distance of 6.378 Å, which is somewhat shorter
with respect to the metal-free ligand and the relative long Rh-Rh distance of 3.28 Å confirm
calculations carried out by López-Valbuena et al. on structural features of diphosphane
ligands with large bite-angles [64].

As mentioned above, the fragment ClRh(CO) tends to form trans-coordinated mononu-
clear complexes with chelating diphosphines possessing long linker units. Therefore, ligand
3 was reacted with half an equivalent of the precursor [(µ2-Cl)Rh(CO)2]2. In 2006, Gelman
et al. reported the preferential formation of a monometalic chelate complex using shorter
reaction times [52,53]. In our case, however, the selective formation of the monorhodium(I)
complex 10 was achieved by combining a prolonged reaction time and an elevated reaction
temperature (Scheme 9).
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Scheme 9. Synthesis of the mononuclear rhodium(I) carbonyl complex 10.

The C2 symmetric ligand backbone in combination with a local CS symmetry of the
coordination environment at the rhodium(I) site led to an overall C1 symmetry and thus,
as expected, to eight doublets for the methylene protons in the 1H NMR spectrum of
compound 10. Three of these resonances that are assigned according to their coupling
constants to the methylene groups linking the CpC backbone with the phosphine sites are
strongly shifted towards lower field. The X-ray structure (see below) of compound 10 shows
that these three protons are oriented towards the central (trans-P)2Rh(CO)Cl unit. The 31P
NMR spectrum of compound 10 reflects its C1 symmetry: there are two doublets of doublets
with a chemical shift of 26.2 und 35.6 ppm, each showing a large 2JPP coupling constant of
340 Hz and a smaller 1JRhP coupling constant (123.2 resp. 127.5 Hz). The large 2JPP coupling
constant is typical for the trans-orientation of the two phosphine donors [66]. Compared to
the chlorido-bridged complex 9, the low field shift of the resonances of the two phosphorus
atoms is not as pronounced. ESI mass spectrometry reveals a peak at m/z = 1073.39, which
corresponds to the cationic fragment [M-Cl]+ (calcd.: m/z = 1073.25). In the IR spectrum
of compound 10, there is an intense absorption
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CpC(BzPPh2)2 (3): A total of 0.74 mL (1.18 mmol) of n-butyllithium (1.6 M in n-hexane) 
wasadded at 0 °C to a solution of 716 mg (1.07 mmol) of 2 in (10 mL) of toluene. The 
reaction mixture was stirred for 2 h at this temperature and afterwards slowly warmed to 
room temperature. During this time, the precipitation of a colorless solid was observed, 
which was dissolved by the addition of 1 mL of tetrahydrofurane. Then, 333 mg (1.07 
mmol) of [2-(chloromethyl)phenyl](diphenyl)phosphane [22,23] dissolved in 5 mL of tol-
uene wasadded slowly at 0 °C and the reaction mixture was stirred for another 2 h at this 
temperature, whereby its color changed from pink to dark red. After warming to room 
temperature, the mixture was stirred for further 18 h. A total of 5 mL of water was added, 
the organic phase was separated, washed three times with 5 mL of water, and then dried 
over MgSO4. The solvent was removed, and the light pink crude product was dried under 
vacuum. Finally, the crude product was purified by precipitation from a saturated di-
chloromethane solution with n-pentane. Colorless prismatic single crystals were obtained 
by slow diffusion of n-pentane into a saturated toluene solution. Yield: 840 mg (83%) of a 
colorless solid. Elemental analysis calcd. For C69H52P2 (943.12 g/mol): C 87.87, H 5.56; 
found: C 87.86, H 5.9%. 1H NMR (400 MHz, CDCl3): δ 7.81 (d, 3JHH = 7.9 Hz, 2H, HAr), 7.42–
7.30 (m, 18H, HAr), 7.25 (dd, 3JHH = 10.3, 5.5 Hz, 4H, HAr), 7.17 (t, 3 3JHH = 7.4 Hz, 2H, HAr), 
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147.6, 145.0, 142.4, 141.7, 141.5, 141.1, 137.8, 137.7, 137.3, 137.2, 137.0, 134.4 (d, JPC = 20.2 
Hz), 133.9 (d, JPC = 20.1 Hz), 133.3, 133.0, 132.3, 128.9, 128.7, 128.5 (d, JPC = 19.4 Hz), 128.3, 
128.1, 127.8, 127.5 (d, JPC = 2.1 Hz), 126.8, 126.6, 126.5, 126.1, 124.7, 65.6 (t, 4JPC = 2.8 Hz, C1), 
40.9 (br, C6), 40.1 (dt, 3JPC = 10.7, 5.7 Hz, C7). 31P NMR (162 MHz, CDCl3): δ −16.22 (s). IR 
(ATR, cm−1): ṽ = 3053 m, 3023 w, 2999 w, 2927 w, 2905 w, 2867 w, 2843 w, 1586 m, 1480 m, 
1461 m, 1434 s, 1264 w, 1157 w, 1120 w, 1092 m, 1065 m, 1026 m, 947 w, 904 m, 754 s, 738 
vs, 694 vs, 680 m, 656 m. 

[CpCHBzPPh2(AuCl)] (4): The reaction was carried out in the absence of light. A total 
of 222 mg (0.33 mmol) of compound 2 and 136 mg (0.42 mmol) of (tetrahydrothio-
phene)gold(I) chloride was stirred for 18 h at room temperature in 15 mL of dichloro-
methane. A total of 30 mL of n-pentane was added to precipitate a colorless solid, which 
was filtered off, washed three times with 15 mL of diethyl ether and three times with 15 
mL of n-pentane, and finally, dried under vacuum. Yield: 298 mg (78%) of a colorless solid. 

(CO) at 1961 cm−1, which is typical for
trans-coordinated, monomeric diphosphinerhodium carbonyl complexes [52,60–62,67,68].

By the slow diffusion of n-pentane into a saturated toluene solution of complex 10,
single crystals suitable for an X-ray structure analysis could be obtained. Compound 10
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crystallizes as yellow prisms of the triclinic space group P21/n; Figure 7 shows the structure
of 10 and summarizes relevant structural parameters.

As reported for other mononuclear diphosphine carbonyl(chlorido)rhodium(I) com-
plexes with long-chained diphosphine ligands, the two phosphine donors are oriented in
trans-position [53,61–63]. The central rhodium(I) site is coordinated in a distorted square-
planar geometry. Due to the steric influence of the CpC moiety, the P1-Rh1-P2 angle is
significantly smaller than 180◦ (167.27(3)◦) as is the Cl1Rh1-C70 angle (169.08(9)◦).
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Figure 7. Molecular structure of compound 10 in the solid state. All hydrogen atoms are omitted
for clarity. The central CpC system is represented in stick-style for clarity, ellipsoids are drawn at
the 50% level. All hydrogen atoms are omitted for clarity. Characteristic bond lengths [Å], angles
[◦] and dihedral angles [◦]: Rh1-Cl1 2.3953(7), Rh1-P1 2.3081(7), Rh1-P2 2.3356(7), Rh1-C70 1.813(3),
Cl1-Rh1-P1 87.04(3), Cl1-Rh1-P2 87.15(2), Cl1-Rh1-C70 169.08(9), P1-Rh1-P2 167.27(3), P1-Rh1-C70
90.38(8), P2-Rh1-C70 97.37(8), C3-C2-C6-C7 35.9(4), C2-C3-C10-C9 47.3(3), C5-C4-C19-C20 45.3(3),
C4-C5-C23-C22 39.5(3).

4. Discussion

The novel chiral cyclopentadienyl-type ligand CpCH (1) is available following a high
yield protocol of overall five steps starting from cheap dibenzosuberenone. We have shown
in this manuscript, that CpCH (1) has turned out to be an ideal precursor for the synthe-
sis of Cp-functionalized phosphine ligands. Both the monophosphine ligand 2 and the
diphosphine ligand 3 are obtained by high yield nucleophilic substitution reactions with
2-[(chloromethyl)phenyl](diphenyl)phosphine using deprotonated compound 1. In partic-
ular, the simplicity of the synthesis of 3 providing a long-chained and chiral diphosphine is
of interest, since syntheses of similar systems usually suffer from poor yields.

With compounds 2 and 3 overall six different types of coordination could be realized.
The monophosphine 2 still has a cyclopentadiene backbone with one proton attached to
the five-membered ring and is thus able to coordinate like a typical phosphine or a typical
cyclopentadienide or by combining these two modes. Examples of all three modes of
coordination could be obtained by selecting the appropriate (transition) metal precursor.
In contrast to monophosphine 2, diphosphine 3 cannot be deprotonated anymore at the
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cyclopentadiene site. It therefore reacts like a typical diphosphine. Bridging coordination
to two gold(I) sites, as well as the trans-coordination to one rhodium(I) in a square-planar
environment, are expected, in terms of the coordinative behavior of these two metal sites. In
the latter case, a ten-membered ring is formed. However, we also found two examples for a
coordination to two d8 metal sites (palladium(II) and rhodium(I)) that are part of dinuclear
chloride-bridged complexes. In these two cases, the ligand forms a twelve-membered ring
including a M(µ2-Cl)2M moiety. We assign this rather outstanding flexibility in coordination
on one side to the long chain (seven carbon atoms) that connects the two phosphine centers.
On the other side, there are four aromatic and one quaternary sp3 hybridized carbon atoms
in this chain, which reduce the number of possible conformations and thus stabilize the
discussed modes of coordination.

In this manuscript, we have focused on aspects of the synthesis, spectroscopic data and
structural elucidation of a series of complexes containing the new chiral phosphines 2 and
3. The evaluation of, for example, the catalytical properties of selected compounds from
this series is presently under investigation. Here, we concentrate on transformations that
are known to require diphosphine ligands having a large bite angle and on transformations
catalyzed by the ansa-bridged ruthenium complex 6.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemistry5020062/s1. It contains figures of NMR and IR spectra
of all compounds discussed in this manuscript.
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Abstract: Zwitterionic compounds such as pyridine-containing tellurenyl compounds are interest-
ing building blocks for heterometallic assemblies. They can act as ambiphilic donor/acceptors as
is shown by the products of reactions of the zwitterions HpyTeCl2 or HCF3pyTeCl2 with the rhe-
nium(V) complex [ReOCl3(PPh3)2]. The products have a composition of [ReO2Cl(pyTeCl)(PPh3)2]

and [ReO2Cl(CF3pyTeCl)(PPh3)2] with central {O = R



e = O . . . Te(Cl)py}+ units. The Re-O bonds
in the products are elongated by approximately 0.1 Å compared with those to the terminal oxido
ligands and establish Te . . . O contacts. Thus, the normally easily assigned concept of oxidation states
established at the two metal ions becomes questionable (ReV/TeII vs. ReIII/TeIV). A simple bond
length consideration rather leads to a description with the coordination of a mesityltellurenyl(II)
chloride unit to an oxido ligand of the Re(V) center, but the oxidation of the tellurium ion and the for-
mation of a tellurinic acid chloride cannot be ruled out completely from an analysis of the solid-state
structures. DFT calculations (QTAIM, NBO analysis) give clear support for the formation of a Re(V)
dioxide complex donating into an organotellurium(II) chloride and the alternative description can at
most be regarded as a less favored resonance structure.

Keywords: tellurium; rhenium; oxido bridge; DFT

1. Introduction

Organotellurium(II) compounds are valuable synthons in the organic chemistry of
this element, but have also found increasing interest as components of coordination com-
pounds [1–8]. They can act as Lewis-acidic metal centers or as donors similar to their
lighter sulfur or selenium homologs. Particularly flexible are organotellurides, which
contain additional donor positions in their scaffold allowing chelate formation together
with the potential tellurium donor or an ambiphilic behavior with the Te(II) atom acting
as Lewis acid. Such chelators are frequently established with phosphines [9–14], but also
assemblies with amines, Schiff bases, or phenolates are known and are under discussion for
potential applications as photoactive materials, catalysts and/or in material science [15–23].
Heavy chalcogens and halogens are known to establish non-covalent chalcogen-halogen,
chalcogen-chalcogen, or halogen-halogen interactions, which frequently result in uncom-
mon structural features and allow the modulation of the electronic situation in such com-
pounds. A special situation is given, when a {TeX}+ unit (X = halide) is bonded to a pyridine
ring. The structures given in Figure 1 perfectly reflect the ambiphilic character of such
pyridine-based tellurenyl halides. Already the solid-state structures of the unsubstituted
[pyTeX] compounds (X = Cl, I) crystallize as dimers with the pyridine nitrogen donating to
the tellurium(II) ion [24,25].
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Figure 1. Pyridyltellurenyl halides and some of their complexes [23–27]. 

Contrastingly both nitrogen and tellurium act as donors in [{MepyTeCl2}PdCl2] [26]. 
The bonding situation in the second palladium compound of Figure 1 is more sophisti-
cated, since all three of the tellurium atoms seem to donate to the transition metal, but one 
of them parallelly accepts electron density from the adjacent pyridine rings [27]. The zwit-
terionic acidification products of the pyridyltellurenyl chlorides [HpyTeX] have been 
shown to be versatile synthons for metal complexes [27], which stimulated us to perform 
experiments with the common oxidorhenium(V) precursor [ReOCl3(PPh3)2]. With regard 
to our continuing interest in fluorinated ligand systems and the effects of fluorination on 
the coordination properties of such systems, we also incorporated CF3-substituted pyri-
dyltellurenyl halides in this study. 

2. Materials and Methods 
Unless otherwise stated, reagent-grade starting materials were purchased from com-

mercial sources and either used as received or purified by standard procedures. Bis(2-
pyridyl)ditellane, [HPyTeCl2] and [ReOCl3(PPh3)2] were synthesized according to pub-
lished protocols [27,28]. The solvents were dried and deoxygenated according to standard 
procedures. NMR spectra were recorded at room temperature with JEOL 400 MHz ECS 
or ECZ multinuclear spectrometers. Chemical shifts are given relative to TeMe2 (125Te) and 
CFCl3 (19F). Elemental analyses were determined with a Heraeus Vario El III elemental 
analyzer. FTIR spectra were recorded on a Bruker Vertex spectrometer using attenuated 
total reflection (ATR). Confocal FT-Raman spectra were measured with a Bruker Senterra 
micro-Raman spectrometer using a 785 nm laser. 

2.1. Syntheses 
Bis(5-trifluoromethyl-2-pyridyl)ditellane (1): Sodium borohydride (5 g, 132 mmol) 

was added to a mixture containing tellurium powder (2.55 g, 20 mmol) and sodium hy-
droxide (0.8 g, 20 mmol) in 200 mL of ethanol. The mixture was heated under reflux in a 
Schlenk flask under an argon atmosphere until the solution became colorless. Then, the 
system was cooled to room temperature, and 2-chloro-5-(trifluoromethyl)pyridine (7.261 
g, 40 mmol) was added. The resulting mixture was heated on reflux for 6 h. After cooling 
to room temperature, the reaction mixture was extracted with chloroform (3 × 100 mL). 
The organic layers were collected, dried and the solvent was removed leaving a red, oily 
residue. Crystallization was performed from a CHCl3/MeOH mixture. Orange red, crys-
talline solid. Yield: 87% (4.76 g) based on elemental tellurium. Elemental analysis: Calcd 
for C12H6F6N2Te2: C 26.33, H 1.10, N 5.12%. Found: C 26.35, H 1.12, N 5.13%. 1H NMR 
(CDCl3, ppm): 8.65 (s, 2H), 8.09 (d, J = 8.2 Hz, 2H), 7.54 (d, J = 8.2, 2H). 13C NMR (CDCl3, 
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Hz), 123.2 (q, J = 272.5 Hz). 19F NMR (CDCl3, ppm): −62.5. 125Te NMR (CDCl3, ppm): 454.6. 
IR (cm−1): 3046, 2902, 1583, 1553, 1315, 1061, 746, 487. Raman (cm−1): 1332, 1061, 736, 487, 
202. 

[HCF3pyTeCl2] (2): A solution of 1 (109 mg, 0.2 mmol) in CHCl3 (5 mL) was overlay-
ered with hydrochloric acid (3 mL, 37%) and kept for four days. During this time, an or-
ange-yellow solid precipitated. This solid was separated by filtration and dried in a 
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Contrastingly both nitrogen and tellurium act as donors in [{MepyTeCl2}PdCl2] [26].
The bonding situation in the second palladium compound of Figure 1 is more sophisticated,
since all three of the tellurium atoms seem to donate to the transition metal, but one
of them parallelly accepts electron density from the adjacent pyridine rings [27]. The
zwitterionic acidification products of the pyridyltellurenyl chlorides [HpyTeX] have been
shown to be versatile synthons for metal complexes [27], which stimulated us to perform
experiments with the common oxidorhenium(V) precursor [ReOCl3(PPh3)2]. With regard
to our continuing interest in fluorinated ligand systems and the effects of fluorination
on the coordination properties of such systems, we also incorporated CF3-substituted
pyridyltellurenyl halides in this study.

2. Materials and Methods

Unless otherwise stated, reagent-grade starting materials were purchased from com-
mercial sources and either used as received or purified by standard procedures. Bis(2-
pyridyl)ditellane, [HPyTeCl2] and [ReOCl3(PPh3)2] were synthesized according to pub-
lished protocols [27,28]. The solvents were dried and deoxygenated according to standard
procedures. NMR spectra were recorded at room temperature with JEOL 400 MHz ECS or
ECZ multinuclear spectrometers. Chemical shifts are given relative to TeMe2 (125Te) and
CFCl3 (19F). Elemental analyses were determined with a Heraeus Vario El III elemental
analyzer. FTIR spectra were recorded on a Bruker Vertex spectrometer using attenuated
total reflection (ATR). Confocal FT-Raman spectra were measured with a Bruker Senterra
micro-Raman spectrometer using a 785 nm laser.

2.1. Syntheses

Bis(5-Trifluoromethyl-2-pyridyl)ditellane (1): Sodium borohydride (5 g, 132 mmol)
was added to a mixture containing tellurium powder (2.55 g, 20 mmol) and sodium
hydroxide (0.8 g, 20 mmol) in 200 mL of ethanol. The mixture was heated under reflux
in a Schlenk flask under an argon atmosphere until the solution became colorless. Then,
the system was cooled to room temperature, and 2-chloro-5-(trifluoromethyl)pyridine
(7.261 g, 40 mmol) was added. The resulting mixture was heated on reflux for 6 h. After
cooling to room temperature, the reaction mixture was extracted with chloroform (3 ×
100 mL). The organic layers were collected, dried and the solvent was removed leaving a
red, oily residue. Crystallization was performed from a CHCl3/MeOH mixture. Orange
red, crystalline solid. Yield: 87% (4.76 g) based on elemental tellurium. Elemental analysis:
Calcd for C12H6F6N2Te2: C 26.33, H 1.10, N 5.12%. Found: C 26.35, H 1.12, N 5.13%. 1H
NMR (CDCl3, ppm): 8.65 (s, 2H), 8.09 (d, J = 8.2 Hz, 2H), 7.54 (d, J = 8.2, 2H). 13C NMR
(CDCl3, ppm): 146.6 ppm (q, J = 4.1 Hz), 140.5 (q, J = 1.6 Hz), 133.4 (q, J = 3.4 Hz), 124.9
(q, J = 33.3 Hz), 123.2 (q, J = 272.5 Hz). 19F NMR (CDCl3, ppm): −62.5. 125Te NMR (CDCl3,
ppm): 454.6. IR (cm−1): 3046, 2902, 1583, 1553, 1315, 1061, 746, 487. Raman (cm−1): 1332,
1061, 736, 487, 202.

[HCF3pyTeCl2] (2): A solution of 1 (109 mg, 0.2 mmol) in CHCl3 (5 mL) was over-
layered with hydrochloric acid (3 mL, 37%) and kept for four days. During this time,
an orange-yellow solid precipitated. This solid was separated by filtration and dried in
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a vacuum. Orange-yellow crystals. Yield: 55 mg (40%). Elemental analysis: Calcd for
C6H4Cl2F3NTe: C 20.85, H 1.17, N 4.05%. Found: C 20.80, H 1.10, N 4.08%. IR (cm−1):
3422, 3086, 3072, 2997, 1560, 1535, 1242, 1025, 783, 492. Raman (cm−1) 1518, 1231, 1058, 236,
284, 260.

[HCF3pyTeBr2] (3): This compound was prepared according to the procedure given
for compound 2 using HBr (48%) instead of HCl. Orange-yellow crystals. Yield: 46%.
Elemental analysis: Calcd for C6H4Br2F3NTe: C 16.59, H 0.93, N 3.22%. Found: C 16.51, H
0.98, N 3.19%. IR (cm−1) 3405, 3088, 3070, 2983, 1587, 1529, 1235, 1022, 782, 490. Raman
(cm−1): 1233, 1026, 784, 268, 189, 167.

[ReO2Cl(CF3pyTeCl)(PPh3)2] (4): Solid [ReOCl3(PPh3)2] (83 mg, 0.1 mmol) was added
to a suspension of [HCF3pyTeCl2] (35 mg, 0.1mmol) in 6 mL of a DMF/EtOH mixture
(1:1, v/v). The sparingly soluble solids slowly dissolved upon heating under reflux for
approximately 15 min. The resulting, almost clear solution was filtered and red crystals
were obtained after slow evaporation of the solvents. Red crystals. Yield: 53%. Elemental
analysis (for a carefully dried sample to remove the co-crystallized solvent): Calcd for
C42H33Cl2F3NO2P2ReTe: C 46.39, H 3.06, N 1.29%. Found: C 46.38, H 3.04, N 1.31%. IR
(cm−1): 2930, 2864, 1557, 1496, 1326, 1063, 998, 910, 751, 659, 446, 254. Raman (cm−1): 1325,
1053, 1000, 656, 254.

[ReO2Cl(pyTeCl)(PPh3)2] (5): The compound was prepared following the procedure
given for complex 4 using [HpyTeCl2] instead [HCF3pyTeCl2]. Red crystals. Yield: 66
mg (65%). Elemental analysis: Calcd for C41H34Cl2NO2P2ReTe: C 48.31, H 3.36, N 1.37%.
Found: C 48.38, H 3.36, N 1.40%. 125Te NMR (CDCl3, ppm): 1724.4. 31P NMR (CDCl3,
ppm): −7.6 ppm. IR (cm−1): 3080, 3056, 1558, 1544, 1051, 997, 913, 745, 669, 449, 259. Raman
(cm−1): 1050, 1000, 639, 249.

2.2. X-ray Crystallography

The intensities for the X-ray determinations were collected on an STOE IPDS II instru-
ment with Mo Kα radiation or on Bruker Apex CCD diffractometers with Mo Kα or Ag
Kα radiation. The space groups were determined by the detection of systematic absences.
Absorption corrections were carried out by multiscan or integration methods [29,30]. Struc-
ture solution and refinement were performed with the SHELX program package using
the OLEX2 platform [31–33]. Hydrogen atoms were derived from the final Fourier maps
and refined, or placed at calculated positions and treated with the ‘riding model’ op-
tion of SHELXL. The representation of molecular structures was done using the program
DIAMOND 4.2.2 [34].

2.3. Computational Details

DFT calculations were performed on the high-performance computing systems of the
Freie Universität Berlin ZEDAT (Curta) using the program packages GAUSSIAN 09 and
GAUSSIAN 16 [35,36]. The gas phase geometry optimization was performed using coordi-
nates derived from the X-ray crystal structure using GAUSSVIEW [37]. The calculations
were performed with the hybrid density functional B3LYP [38–40]. The double-ζ pseudopo-
tential LANL2DZ basis set with the respective effective core potential (ECP) was applied to
Re, while additional polarization functions (dp) were included for tellurium [41–43]. The
6-311++G** basis set was applied for all other atoms [44–48]. All basis sets as well as the
ECPs were obtained from the basis set exchange (BSE) database [49]. Frequency calculations
confirmed the optimized structures as minima. No negative frequencies were obtained
for the given optimized geometries of all compounds. The NBO analysis was performed
using the NBO6.0 functionality as implemented in GAUSSIAN. Further analysis of orbitals,
charges, topology, etc., and their visualization was performed with the free multifunctional
wavefunction analyzer Multiwfn [50,51]. Visualization of the mapped basins, which were
calculated in Multiwfn, was done with GAUSSVIEW [37]. The visualization of the orbitals
was done in Avogadro [52].
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3. Results and Discussions
3.1. Bis(5-Trifluoromethyl-2-pyridyl)ditellane and the Zwitterions [HCF3pyTeX2] (X = Cl, Br)

The CF3-substituted pyridylditellane 1 can readily be prepared following the gen-
eral procedure for the non-substituted compound [27]. The treatment of 2-chloro-5-
(trifluoromethyl)pyridine with two equivalents of elemental tellurium and an excess of
NaBH4 in boiling ethanol gives the ditelluride in excellent yields (Scheme 1). A crystalline
product is obtained from a chloroform/ethanol mixture. The orange-red crystals are readily
soluble in common organic solvents such as CHCl3, acetonitrile, or THF. The purity of
the ditelluride 1 can readily be checked by its 19F and/or 125Te NMR spectra. They give
narrow signals at−62.5 ppm (19F) and 454.6 ppm (125Te). The 125Te resonance appears close
to the signal, which was previously obtained for the non-fluorinated ditelluride {pyTe}2
(427.7 ppm) [27].
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Scheme 1. Syntheses of {CF3pyTe}2 (1), [HCF3pyTeCl2] (2), and [HCF3pyTeBr2] (3).

Single crystals of 1 suitable for X-ray diffraction were obtained from the slow evapora-
tion of a CHCl3/EtOH mixture. An ellipsoid representation of the molecular structure of
the CF3-substituted ditellane is shown in Figure 2. The solid-state structure is unexceptional
with a Te-Te bond length of 2.689(2) Å and C-Te-Te angles of 99.83(6) and 100.05(6)◦. These
values are close to those found for (2-pyTe)2 [53]. More details about the crystallographic
data are given in Supplementary Material.
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Figure 2. Ellipsoid representations of the molecular structures of (a) {CF3pyTe}2 (1),
(b) [HCF3pyTeCl2] (2) and (c) [HCF3pyTeBr2] (3), and (d) depiction of the assembly of compound 2
to hexameric units in the solid state due to Te . . . Cl long range interactions.

The treatment of a solution of compound 1 in CHCl3 with HCl or HBr results in a
cleavage of the Te-Te bond and the formation of zwitterionic compounds of the composition
[HCF3pyTeX2] (X = Cl: 2, X = Br: 3). This synthetic route has been shown to be favorable
for the synthesis of zwitterions, which precipitate directly from the reaction mixture. In
this way, products of higher purity can be obtained than following the conventional route,
where elemental halogens are used for the oxidation of tellurium [54–58]. Unfortunately, the
low solubility of the [HCF3pyTeX2] zwitterions and their gradual decomposition in solution
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prevent from the recording of NMR spectra of sufficient quality. The presence of hydrogen
bonds between the pyridine rings and the halides is supported by the detection of IR
bands in the range around 2500 cm−1. FT-Raman spectra of 2 and 3 allow the identification
of some more characteristic bands as νC-F vibrations (1231 and 236 cm−1 for 2 and 1233
and 268 cm−1 for 3). Bands at 284 and 260 cm−1 (compound 2), and 189 and 169 cm−1

(compound 3) can be assigned to the corresponding νTe-X stretches. The values agree with
previous assignments on similar compounds [59–61].

Single crystals of 2 and 3 suitable for X-ray diffraction were obtained directly from the
reaction mixtures. All our attempts to recrystallize the compounds did not result in crystals
of better quality, since a gradual decomposition of the fluorinated products in solution
was observed. Figure 2 contains ellipsoid plots of the two zwitterions. They show the
expected T-shaped coordination environment of the tellurium atoms with C-Te-X angles
between 87.1 and 90.7◦. The Te-Cl bond lengths of 2.576(1) and 2.525(1) Å and the Te-Br
bonds between 2.640(1) and 2.819(1) Å are in the usual range for tellurium(II) compounds.
Hydrogen bonds are established between the pyridinium nitrogen atom and chlorine or
bromine atoms. Summarizing, the structural features found in the molecular structures of
[HCF3pyTeCl2] and [HCF3pyTeBr2] are similar to those of the non-substituted zwitterions
[HpyTeX2] [27,62].

The solid-state structures of compounds 2 and 3 are characterized by weak contacts
between the tellurium and halogen atoms. Such non-covalent bonds are not unusual in the
chemistry of heavy chalcogens and the nature of such chalcogen and/or halogen bonds is of
permanent interest in different fields of chemical science [63–67]. Intermolecular tellurium-
chlorine contacts of 3.462(2) Å produce hexameric assemblies in the rhombohedral structure
of [HCF3pyTeCl2], while trimeric units with Te . . . Br contacts of 3.561(1) Å are established
in the monoclinic structure of compound 3. A visualization of the latter contacts can be
found in the Supplementary Material.

3.2. [ReO2Cl(CF3pyTeCl)(PPh3)2] (4) and [ReO2Cl(pyTeCl)(PPh3)2] (5)

The zwitterionic tellurenyl compounds do not just show interesting bonding features
in their solid-state structures but are also facile synthons in coordination chemistry. This has
been shown with the synthesis of several copper and palladium complexes [25,26,68]. Since
rhenium complexes with tellurium-containing ligands are still rare and are mainly restricted
to telluroethers, tellurolates, and some ditellurides [69], we now performed a reaction of
the common rhenium(V) precursor [ReOCl3(PPh3)2] with [HCF3pyTeCl2] (Scheme 2). The
sparingly soluble starting materials dissolve in a boiling mixture of DMF/EtOH within
15 min and red crystals deposit during slow evaporation of the solvents. They have a
composition of [ReO2Cl(CF3pyTeCl)(PPh3)2] (4). The presence of a Re=O double bond is
strongly indicated by an IR band at 910 cm−1, which is the typical region for the trans-
{ReO2}+ complexes, while the corresponding bands in mono-oxido complexes usually
appear at higher wavenumbers [70].
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Similar to the zwitterionic starting materials, the rhenium complex with the CF3-
substituted ligand is not stable in the solution. Its gradual decomposition allows the
recording of 31P and 19F NMR spectra, but unfortunately not of 125Te spectra of sufficient
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quality due to the long data acquisition times for this nucleus. This is particularly un-
fortunate since information about the electronic situation of the tellurium atom in the
novel complex would be helpful to understand the bonding situation in the bimetallic
compound. Luckily, the crystals, which were deposited from the reaction mixture, could
be used for an X-ray diffraction study. The molecular structure of 4 is shown in Figure 3a
and selected bond lengths and angles are summarized in Table 1. It becomes evident that
the zwitterionic starting material deprotonates and coordinates with its pyridine ring in
the equatorial coordination sphere of rhenium replacing a chlorido ligand. An additional
and interesting interaction is established between the tellurium atom and an oxygen atom,
which is bonded to rhenium. The bonding situation in the{Re-O2-Te(py)Cl}3+ fragment is
somewhat ambiguous, since it can be understood as a donation of electron density from an
oxido ligand of the rhenium complex to the tellurium building block giving a “ReV/TeII

situation” (Figure 3c), but also the formation of a tellurinic acid fragment, which donates
with its oxygen atom to the sixth coordination position of rhenium, cannot be ruled out
entirely. The latter case would produce a “ReIII/TeIV situation”.
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(b) [ReO2Cl(pyTeCl)(PPh3)2] (5), and (c) a depiction of the bonding situation between the two metal
centers derived from the experimental bond lengths and angles (Table 1).

Table 1. Selected bond lengths/Å and angles/◦ in ReO2Cl(CF3pyTeCl)(PPh3)2] (4) and
(b) [ReO2Cl(pyTeCl)(PPh3)2] (5).

Re-O1 Re-O2 O2-Te Te-Cl2 O1-Re-O2 Re-O2-Te O2-Te-Cl2 O2-Te-C1

4 1.721(4) 1.822(3) 2.102(4) 2.578(2) 165.9(2) 135.2(2) 171.6(1) 81.0(2)

5 1.730(2) 1.824(2) 2.102(2) 2.5736(9) 168.42(9) 134.3(1) 169.99(6) 81.23(9)

In order to produce a second example for such compounds, which probably would
be stable enough in solution to provide 125Te NMR data for the evaluation of the bonding
situation, we performed a reaction of [ReOCl3(PPh3)2] with the unsubstituted zwitterion
[HpyTeCl2] (Scheme 2). The product, [ReO2Cl(pyTeCl)(PPh3)2] (5), finally possesses the
same basic structure as compound 4. An ellipsoid representation of the molecular structure
is shown in Figure 3b and selected bond lengths and angles are compared with the values
in complex 4 in Table 1.

The arrangement of the two oxygen atoms in both complexes strongly suggests the
presence of a trans-{ReO2}+ core, which is frequently found in rhenium(V) complexes with
neutral co-ligands [70]. A slightly bent O-Re-O bond as well as the lengthening of the
Re-O2 bonds compared with those to the terminal oxido ligands can be understood by
the O-Te interactions, which are established from these atoms. Interactions between a
lone-pair of an oxido ligand and Lewis acids are not without precedence. Typical examples
are rhenium(V)-oxygen-boron bridges, which are readily formed e.g., to electron-deficient
boranes [71–76], but also the formation of the {O=Re-O-Re=O}4+ unit with a linear oxido
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bridge between two oxidorhenium(V) centers can be regarded in this sense [70]. More
instructive is the bonding situation in a series of 6-diphenylphosphinoacenaphthyl-5-
tellurenyl species, 6-Ph2P-Ace-5-TeX (X = Cl, Mes), which have been studied by Beckmann
and co-workers [77]. Oxidation of such compounds with H2O2 results in the formation of
the corresponding phosphine oxides 6-Ph2P(O)-Ace-5-TeX, in which P=O...Te interactions
are established similar to those in the rhenium complexes of the present study. Interestingly,
the nature of such interactions was found to be dependent on the residue X, in a way that
only weak O...Te interactions a formed with X = Mes (O-Te distance: 2.837(2) Å), while
‚dative bonds‘ were found for X = Cl (O-Te distance: 2.310(3) Å) [77]. The latter situation
approximately describes what we found for the rhenium complexes 4 and 5, where O-Te
distances of 2.102 Å were detected.

[ReO2Cl(pyTeCl)(PPh3)2] (5) is, fortunately, more stable in solution than its CF3-
substituted analog 4. This allows the recording of 31P and 125Te NMR spectra (Figure 4).
Particularly the 125Te spectrum should be indicative for an evaluation of the bonding situa-
tion. At the first glance the measured chemical shift of 1724.4 ppm for 5 is surprising, since
the value comes close to that observed for the monomeric tellurinic acid (ppy)TeIV(O)OH
(1469 ppm), where pph is (2-phenylazo)phenyl-C,N’ [78]. But also with this point, the
careful study of Beckmann et al. gives a plausible explanation. They also detected a strong
dependence of the 125Te chemical shift on the efficacy of the oxygen-tellurium orbital
overlap [77]. They found values of 519.1 ppm for 6-Ph2P(O)-Ace-5-TeMes (with only weak
O . . . Te contacts), but 1622.5 ppm for 6-Ph2P(O)-Ace-5-TeCl with the oxygen atom of the
phosphine oxide donating to the Te(II) unit (vide supra) [77]. A recently published, detailed
analysis of 125Te NMR chemical shifts in organotellurium(II) compound confirmed the
observed strong effects of substituents on the shielding of the tellurium nuclei in such
compounds [79].
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(0.058 Å). Such deviations around the metals are expected for a gas-phase calculation com-
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4. Computational Studies

The character of the O1-Re-O2-Te bonding is interesting for two reasons: (1) the oxida-
tion states of rhenium and tellurium (although formal) should be fixed and (2) the bonding
situation between these three atoms needs to be clarified. To answer these questions, we
performed some DFT calculation on the B3LYP level. The gas-phase optimized geometry
matches the experimentally observed geometry within 0.01 Å for the organic parts of the
molecule, while the deviations are larger around the metals with an average deviation
of 0.02 Å. The maximum deviation was found for the tellurium chlorine bond (0.058 Å).
Such deviations around the metals are expected for a gas-phase calculation compared to
the solid-state experimental data at this level of theory. The small deviations from the
experimental data and the verification of the energetic minimum by a frequency calculation
indicate that the obtained geometry is reasonable.

To understand about the oxidation state of the tellurium and the general charge
distribution in the compound, we performed a QTAIM partitioning followed by integration
of the electron density in the basins with a medium-sized grid and additional approximate
refinement of the basin boundaries (giving the Bader-type charges) and a calculation of
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atomic dipole moment corrected Hirshfeld charges (ADCH) [5]. Several other local (i.e.,
calculated at the critical points in the topological analysis) and integral (i.e., calculated
over the atomic basin in different space partitioning methods) topological descriptors
of the electron density were employed in the past analyses of the bonding in molecules
containing transition metals. Some of the most important local descriptors at the (3,−1)
critical point, also referred to as bond critical point, are the electron density ρ(r), the
ellipticity ε(r) = [λ1(r)/λ2(r)]− 1 where λ1(r) and λ2(r) are the lowest and the second lowest
eigenvalues of the Hessian matrix of ρ(r), the ratio values between the perpendicular and
the parallel curvatures–a covalency index η(r) = |λ1(r)|/λ3(r) with λ1(r) and λ3(r) as the
lowest and the highest eigenvalues of the Hessian matrix of ρ(r), the Laplacian of the
electron density (∇2ρ(r)), the kinetic energy density ratio (G(r)/ρ(r)), and the total energy
density ratio (H(r)/ρ(r); H(r) = G(r) + V(r)) as well as 1/4∇2ρ(r) = 2G(r) + V(r), where V(r)
is the potential energy density [5,80–82]. The delocalization index δ(A–B) is an integral
property and indicates the number of electron pairs shared by the basins belonging to the
atoms A and B [5,80–82]. Several of these descriptors, namely ρ(r), ε(r), η(r), ∇2ρ(r) and
H(r) were studied in the present system. Additionally, we calculated the Wiberg bond
order matrix [5]. To rationalize these results, we also performed a natural bond orbital
(NBO) analysis of the system and regarded the second-order perturbation analysis for
metal-involving multiple bonding. Details about the results of these considerations (tabular
material and visualizations) are given in the Supplementary Material.

First and foremost, the NBO analysis reveals only one lone-pair localized on rhenium
and two lone-pairs localized on tellurium. Therefore, the overall Lewis structure depiction
is consistent with a Re(V) center and a Te(II) center. The lone-pairs (LP) are shown in
Figure 5. This finding is consistent with the respective Bader and Atomic Dipole Moment
Corrected Hirshfeld atomic charges, which indicate a larger positive charge of rhenium
compared to that of tellurium.
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isosurface of Te and (c) the dx2−y2 -type δ-orbital LP1 orbital isosurface of Re at isosurface values
of 0.06.

Regarding the bonding in the O1-Re-O2-Te fragment, the O1-Re bond represents
a rather covalent double bond with significant triple bond character due to additional
delocalization of LP1 and LP2 into the unoccupied LV1 orbital of rhenium. This observation
is also expressed in the Wiberg bond order, which is bigger than 2 for this bond, and
the valency of 3 for the oxygen atom O1. On the other hand, the Re-O2 bond can be
described as a rather ionic single bond with double bond character due to a significant
donation of LP3 of O1 into the Re-O1 π*-symmetry anti-bond, which essentially leads to
the formation of a highly delocalized 3c4e bond. The O2-Te bond is again a rather ionic
single bond due to stabilizing donation of the LP1, LP2 and LP4 lone pairs of O2 into the
empty LV1 orbital on the tellurium atom. Albeit significant π- or double bond character
is implied, the bond orders of O2 with Re and Te, respectively, are consistent with single
bonds resulting in the overall valency of 2 for the oxygen atom O2. Due to the low mutual
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geometric accessibility (LP1 to LV1: F = 0.095) combined with the high energy difference of
the respective orbitals (LP4 to LV1 ∆E = 0.58 Hartree) of the tellurium atoms to form an
additional π-bond with the oxygen, a tellurium-oxygen double bond cannot be evidenced
despite some indicated delocalization. Conversely, the high delocalization energy from
the geometrically accessible LP2 and LP4 orbitals of O2 into the LV1 of rhenium (F = 0.176
and F = 0.186) allows for the conclusion of a partial double or even triple bond between
these two atoms, albeit with high energy differences between the donor and acceptor
orbital. Overall, the bigger delocalization energy gain for the formal Re-O2 multiple-bonds
compared to the Te-O2 multi-bond character, a Re(V)/Te(II) combination is evidenced
albeit some resonance structures involving a Re(III)/Te(IV) structure appears valid. The
donor and acceptor orbitals of the lone-pairs of the oxygen atom O2 are shown in the
Supplementary Material.

A mapping of the electron localization function (ELF) in the Re-O-Te plane visualizes
the degree of electron delocalization (Figure 6a). Critical points of the types (3,−3), (3,−1)
and (3,1) are indicated as well as the paths connecting them. Details about their meaning
and interpretation are given as Supplementary Information. For the present example,
the Wiberg bond orders, the charges, and the NBO analysis of the system support the
interpretation of (3,1) critical points, also referred to as ring critical points, as descriptors
of an aromatically delocalized ring system involving Re and Te. On the contrary, the
implied high ionicity of most of the participating electron pairs is consistent with a higher
local concentration of the corresponding electrons around the donor atoms. This is also
visualized by the ELF and the Laplacian maps in the Re-O-Te plane. Nevertheless, in the
centers of the Re and Te involving ring systems, there is a region of considerable charge
depletion around the corresponding (3,1) critical points, indicating the presence of ring-
shaped, resonance-delocalized electron density around them. On the donor atoms, the
directionality of the donor orbitals is clearly visible.
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corresponding orbitals towards each other. This is also presented by the ellipticities of ca. 
0.2 for the bond critical points in the chelate ring, except for the Re-O2 bond, which has 
an ellipticity of only 0.04. This is especially surprising, given the large degree of delocali-
zation of π-electrons according to the NBO analysis, and could be interpreted as a hint 
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bond path between (3,−3) and (3,−1) critical points = black. Contour lines of electron density
isosurfaces and van der Waals radius (blue) are shown. (b) Laplacian map of the electron density
(blue = negative; red = positive) with negative values corresponding to local electronic charge
accumulation while positive values indicate regions of local electronic charge depletion in the O1-Re-
O2-Te plane with topological descriptors and bond critical points: (3,−3) = brown, (3,−1) = blue, (3,1)
= orange, bond path between (3,−3) and (3,−1) critical points = cyan. A contour line of the van der
Waals radius is shown in black.

All bonds in the chelate ring feature some π-participation, given the bending of the
corresponding orbitals towards each other. This is also presented by the ellipticities of
ca. 0.2 for the bond critical points in the chelate ring, except for the Re-O2 bond, which
has an ellipticity of only 0.04. This is especially surprising, given the large degree of
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delocalization of π-electrons according to the NBO analysis, and could be interpreted as a
hint towards a Re(III)/Te(IV) resonance structure with less π-participation in the Re-O2
bond. Furthermore, an ellipticity of ca. 0.5 verifies the large π-character in the triple bond
between Re and O1. Overall, the ∇2ρ(r)>0, the small η(r), the small ρ(r) and the small
δ(A,B) for the Re-O2 and O2-Te bonds are consistent with a non-covalent closed-shell nature
of these bonds [5,80–82]. In contrast, the Re-O1 bond, is more covalent than the bonds
involving O2. The covalency, thus, increases in the order Te-O2 < Re-O2 < Re-O1.

Finally, we calculated the gradient vector field of the electron density and mapped it
with electron density contour lines and topological features to learn about the directionality
of the bonds under discussion (Figure 7). As a result, it can be stated that rhenium-ligand
bonds are more directional than the tellurium-ligand bonds when looking at the ligand
basins. However, in the metal basins, the rhenium shows a more directional and even
distribution of electron density over the space with the ligand bonds located between
the rhenium lone-pair. Conversely, tellurium is more polarized and less directional in
this plane. The highly directional C-Te bond is an exception to the other rather dispersed
tellurium-ligand bonds. Furthermore, it is evident, that the bonds involving O2 show very
little directionality and are spread between the tellurium and rhenium rather evenly in this
σ-bond plane.
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Figure 7. (a) Gradient vector field of the electron density in the O-Re-O-Te plane mapped on the
electron density iso contour lines with topological descriptors. (3,3) = brown, (3,1) = blue, (3,−1) =
orange, bond path between (3,3) and (3,1) critical points = cyan. (b) Approximated delocalized Lewis
structure of the bonding situation in 5 (the lengths of the arrows represent the extent of the donation
and the dotted lines indicate 3c4e hyperbonds.

Overall, the [ReO2Cl(RpyTeCl)(PPh3)2] complexes are best described as rhenium(V)
dioxido compounds with one of the oxido ligands donating into an organotellurium(II)
chloride. However, a tellurinic(IV) acid chloride donating to a rhenium(III) oxido complex
is a possible resonance structure. A definite Lewis structure is thus not completely rep-
resentative of the bonding situation in this compound. A guess on a delocalized Lewis
representation is given in Figure 7b, where the length of the arrows indicates the donor
strength and dotted lines represent 3c4e hyperbonds. The concluding structural represen-
tation is well in accordance with the analysis of the bond lengths and angles determined
experimentally by X-ray diffraction. It also fits with the diamagnetism of the complexes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemistry5020063/s1, Figures S1–S6: Crystallographic data of (CF3pyTe)2 (1);
(HCF3py)TeCl2 (2); (HCF3py)TeBr2 (3); [ReO2Cl(pyTeCl)(PPh3)2] (5) and [ReO2Cl(CF3pyTeCl)(PPh3)2]
(4), Figures S7–S24: Spectroscopic Data, Figures S25–S35: Computational Chemistry, Table S1: Crys-
tallographic data and data collection parameters; Table S2: Selected bond lengths (Å) and angles (◦)
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in (CF3pyTe)2 (1); Table S3: Selected bond lengths (Å) and angles (◦) in (HCF3py)TeCl2 (2); Table S4:
Selected bond lengths (Å) and angles (◦) in (HCF3py)TeBr2 (3); Table S5: Selected bond lengths (Å)
and angles (◦) in [ReO2Cl(pyTeCl)(PPh3)2] (5); Table S6: Selected bond lengths (Å) and angles (◦)
in [ReO2Cl(CF3pyTeCl)(PPh3)2] (4); Table S7: Results of the charge analysis for selected atoms in
[ReO2Cl(pyTeCl)(PPh3)2] (5). Wiberg bond order matrix for selected atoms, relevant bond orders
are bold; Table S8; Lone-pair decomposition of Re and Te in [ReO2Cl(pyTeCl)(PPh3)2] (5); Table S9:
Natural electron configuration of selected atoms in [ReO2Cl(pyTeCl)(PPh3)2] (5); Table S10: Selected
parameters from the second order perturbation analysis of [ReO2Cl(pyTeCl)(PPh3)2] (5). Delocaliza-
tion, which was interpreted as an ionic bond is bold; Table S11: Three-centered trans-bonds around
Re (3c4e hyper-bonds) in [ReO2Cl(pyTeCl)(PPh3)2] (5); Table S12: Selected properties of the electron
density at important bond critical points in [ReO2Cl(pyTeCl)(PPh3)2] (5). References [29,31–34,83]
are cited in the supplementary materials.
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Abstract: Monovalent group 13 diyls are versatile reagents in oxidative addition reactions. We
report here [1,4]-cycloaddition reactions of β-diketiminate-substituted diyls LM (M = Al, Ga, In,
Tl; L = HC[C(Me)NDipp]2, Dipp = 2,6-iPr2C6H3) with various 1,2-diketones to give 5-metalla-
spiro[4.5]heterodecenes 1, 4–6, and 8–10, respectively. In contrast, the reaction of LTl with acenaph-
thenequinone gave the [2,3]-cycloaddition product 7, with Tl remaining in the +1 oxidation state.
Compound 1 also reacted with a second equivalent of butanedione as well as with benzaldehyde in
aldol-type addition reactions to the corresponding α,β-hydroxyketones 2 and 3, while a reductive
activation of a benzene ring was observed in the reaction of benzil with two equivalents of LAl to give
the 1,4-aluminacyclohex-2,4-dien 12. In addition, the reaction of L’BCl2 (L = HC[C(Me)NC6F5]2) with
one equivalent of benzil in the presence of KC8 gave the corresponding 5-bora-spiro[4.5]heterodecene
13, whereas the hydroboration reaction of butanedione with L’BH2 (14), which was obtained from the
reaction of L’BCl2 with L-selectride, failed to give the saturated 5-bora-spiro[4.5]heterodecane.

Keywords: group 13 diyls; low-valent metal; cycloaddition; aldol addition

1. Introduction

Neutral monovalent, six-electron group 13 diyls LM (Al [1], Ga [2], In [3], Tl [4];
L = HC[C(Me)NDipp]2; Dipp = 2,6-iPr2C6H3) are group 13 analogues of singlet NHC-
carbenes. In particular, alanediyl LAl, and gallanediyl LGa have received steadily increasing
interest in recent years due to their interesting ambiphilic electronic nature [5–8], resulting
from the presence of both a filled donor (HOMO) and an empty (p-type) acceptor orbital
(LUMO). As a result, these neutral diyls often exhibit transition metal-like reactivity [9,10].
LAl is more reactive than LGa and has been found to readily undergo oxidative addition
reactions with a wide variety of E-X σ-bonds, including thermodynamically very stable
C-F bonds [11–13], whereas, LGa often reacted in a more selective way [14].

Cycloaddition reactions of monovalent group 13 diyls have been less explored. Re-
actions of a sterically demanding gallanediyl with (p-tolyl)NN(p-tolyl) gave the 1,2-diaza-
3,4-dimetallacyclobutane (I) (Scheme 1) [15], while reactions of LAl with alkynes afforded
cycloaluminapropenes (II) [16]. In addition, aluminum pinacolates were obtained from reac-
tions of both Lal [16] and a diamidoalumanyl anion [17] with Ph2CO (III) and Ph(CO)CH3
(IV), respectively. Similarly, the digallane (dpp-Bian)Ga–Ga(dpp-Bian) (dpp-Bian = 1,2-
bis[(2,6-diisopropylphenyl)imino]acenaphthene) reacted with benzaldehyde to the respec-
tive 1,2-diphenyl-1,2-ethaneoate adduct (V) [18], while its reaction with 3,6-di-tert-butyl-
ortho-benzoquinone occurred with oxidation of the Ga (II) atoms and two dpp-Bian di-
anions to give the mononuclear catecholate VI [19], but this reaction most likely doesn’t
occur via cycloaddition. In contrast, to the best of our knowledge, the formation of [1,4]-
cycloaddition products with diketones is limited to trapping experiments of an in situ
formed monomeric in compound (I) with benzil derivatives (VII) [20].
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situ formed monomeric in compound (I) with benzil derivatives (VII) [20]. 

 
Scheme 1. Compounds formed by cycloaddition reactions of low-valent group 13 compounds. II–
VI: dipp = -2,6-iPr2C6H3; I: R = -4-CH3-C6H5, Ar’ = -C6H3-2,6-(C6H3-2,6-iPr2)2; II: R1 = R2 = -SiMe3, R1 = 
R2 = -Ph, or R1 = -SiMe3 and R2 = -Ph; VII: R3 = -C6H5, 4-MeO-C6H4, or 4-Br-C6H4. 

Our general interest in the reactivity of low valent group 13 diyls LM in σ-bond acti-
vation reactions [21–26] as well as of unsaturated main group element compounds in sin-
gle electron transfer and cycloaddition reactions [27–30] let us now focus on reactions of 
group 13 diyls LM (M = Al, Ga, In, Tl) with 1,2-diketones. Both the group 13 elements and 
the substituents of the 1,2-diketones were found to influence the product formation. In 
addition to the expected [1,4]-cycloaddition reaction to 5-metalla-spiro[4.5]heterodecenes 
(1, 4‒6, 8–10), we also observed a [2,3]-cycloaddition reaction of the β-diketiminate ligand 
as well as an activation reaction of a benzoyl group. Furthermore, 5-galla-spiro[4.5]heter-
odecene 1 was found to undergo aldol addition, and to commemorate Liebig’s studies on 
“Radicals of Benzoic Acid” [31], we isolated compound 3 from the addition reaction of 1 
with benzaldehyde. 

2. Results and Discussion 
2.1. Synthesis 
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Scheme 1. Compounds formed by cycloaddition reactions of low-valent group 13 compounds. II–VI:
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Our general interest in the reactivity of low valent group 13 diyls LM in σ-bond activa-
tion reactions [21–26] as well as of unsaturated main group element compounds in single
electron transfer and cycloaddition reactions [27–30] let us now focus on reactions of group
13 diyls LM (M = Al, Ga, In, Tl) with 1,2-diketones. Both the group 13 elements and the
substituents of the 1,2-diketones were found to influence the product formation. In addition
to the expected [1,4]-cycloaddition reaction to 5-metalla-spiro[4.5]heterodecenes (1, 4–6,
8–10), we also observed a [2,3]-cycloaddition reaction of the β-diketiminate ligand as well
as an activation reaction of a benzoyl group. Furthermore, 5-galla-spiro[4.5]heterodecene
1 was found to undergo aldol addition, and to commemorate Liebig’s studies on “Radi-
cals of Benzoic Acid” [31], we isolated compound 3 from the addition reaction of 1 with
benzaldehyde.

2. Results and Discussion
2.1. Synthesis

The reaction of LGa with one equivalent of butanedione proceeded with [1,4]-
cycloaddition and formation of the expected 5-metalla-spiro[4.5]heterodecene 1 (Scheme 2),
while no defined product was isolated from analogous reactions of LAl and LIn. LAl was
found to be too reactive, resulting in the formation of a rather complex product mixture,
(Figure S50), while LIn is less reactive under these conditions, resulting in an incomplete
conversion of LIn (Figure S51). In both cases, no defined compound could be isolated.
In addition, the reaction of LTl with butanedione gave a colorless precipitate, which is
presumed to be an insoluble thallium enolate, as well as LH according to in situ 1H NMR
spectroscopic studies (Figure S52). The reaction of 1 with a second equivalent of butane-
dione gave the aldol addition product 2, which was also selectively formed in the reaction
of LGa with two equivalents of butanedione. The formation of 1 is most likely kinetically
favored due to a lower energy barrier for the cycloaddition reaction compared to the aldol
addition, and hence the equimolar reaction mainly gave compound 1. Moreover, 1 reacted
with benzaldehyde to give the aldol addition product 3. The formation of the aldol addition
products as observed in the reactions with LGa is also expected to occur in the reactions
with LAl and LIn, explaining the unselectivity of these reactions.
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In contrast, LTl did not react with benzil. This is in agreement with results from quantum 
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Scheme 4. The [1,4]-cycloaddition reactions of LAl (8), LGa (9), and LIn (10) with benzil. 

Scheme 2. The reaction of LGa with butanedione 1 and subsequent aldol addition reactions with
butanedione (2) and benzaldehyde (3).

In order to kinetically stabilize the [1,4]-cycloaddition products and to prevent aldol
addition side reactions, we increased the steric demand of the 1,2-diketone. LAl, LGa, and
LIn reacted selectively with acenaphthenequinone to the corresponding [1,4]-cycloaddition
products 4–6, while LTl reacted to the [2,3]-cycloaddition product 7 with the unsaturated
ligand backbone (Scheme 3). The isolation of compound 7 was hampered by its low
solubility and its tendency to decompose in solution with the formation of LH.
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Scheme 3. Cycloaddition reactions of LAl (4), LGa (5), LIn (6), and LTl (7) with acenaphthenequinone.
The reaction with Tl was performed in n-hexane at −80 ◦C.

In addition, reactions of LAl and LGa with benzil afforded compounds 8 and 9,
respectively, while in situ 1H NMR monitoring of the reaction of LIn and benzil revealed
the formation of multiple products (Scheme 4). The [1,4]-cycloaddition product of the
reaction with LIn 10 was finally selectively crystallized from a mixture of acetonitrile and
benzene. In contrast, LTl did not react with benzil. This is in agreement with results from
quantum chemical calculations, which showed that the energy level of the metal-centered
electron lone pair decreases steadily with increasing atomic number, and finally falls below
the ligand-centered orbitals in the case of the thallanediyl LTl [32,33].
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Similar to the formation of compound 7, the reaction of LAl with two equivalents of
benzil resulted in an addition to the β-diketiminate ligand to give compound 11 (Scheme 5).
In marked contrast, the slow addition of benzil to a concentrated solution of two equivalents
of LAl proceeded with the activation of one of the two phenyl groups of the benzil molecule
to finally give compound 12. The reduction of a benzene ring demonstrates the high
reducing power of the alanediyl LAl.
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Scheme 5. The reaction of LAl with two and one-half equivalents of benzil resulting in the formation
of 11 and 12, respectivly.

Surprisingly, the reaction of 8 with one equivalent of LAl does not yield 12, demon-
strating that 8 is not a reaction intermediate in the formation of compound 12. As the E
conformation of the benzil molecule is likely prevalent in solution, we suggest that com-
pound 8′ might form in solution as the kinetically-controlled reaction intermediate of the
two-electron reduction reaction of benzil with LAl (Scheme 6). 8′ can then either isomerize
to compound 8 or reacts with LAl to compound 12 since it shows the correct conformation
for the nucleophilic attack of a second alanediyl molecule.
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Scheme 6. Possible reaction mechanism for the formation of 12 via intermediate 8’.

We also attempted to extend these studies to reactions of (in situ formed) boranediyl
LB. Unfortunately, we failed to synthesize LBCl2 by reaction of LSiMe3 with BCl3, whereas
L’BCl2 (L’ = HC[C(Me)NC6F5]2) was quantitatively formed by this approach [34]. The
reaction of L’BCl2 with KC8 in the presence of benzil gave the corresponding 5-bora-
spiro[4.5]heterodecene 13 (Scheme 7). On the other hand, the hydroboration reaction of
butanedione with L’BH2 (14), which was obtained from the reaction of L’BCl2 with L-
selectride, did not give the saturated 5-bora-spiro[4.5]heterodecane. No reaction took place
at room temperature, while decomposition to yet unknown compounds was observed at
80 ◦C.
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Our studies demonstrate for the first time the ability of group 13 diyls to activate
diketones by cycloaddition reaction to give unsaturated dialkolates of the respective group
13 elements. Furthermore, 5-galla-spiro[4.5]heterodecene 1 was found to be a valuable
synthon for the synthesis of α,β-hydroxyketones via aldol addition reaction. The de-
creased reactivity and reduced power of the group 13 diyls with increasing atomic number
(LAl > LGa > LIn > LTl) was also demonstrated: LAl was found to reduce one of the
benzene rings of the benzil molecule to give the cyclohexadiene derivate 12, while LTl did
not react with benzil. Moreover, in product 7, the Tl atom remains in the oxidation state +1.

2.2. Spectroscopic Characterization and Single Crystal X-ray Structures

The compounds are soluble in benzene and toluene except for compounds 6 and 7,
which were found to be soluble only in tetrahydrofuran and 2-methyltetrahydrofuran. All
indium and thallium compounds were found to decompose slowly in solution with the
formation of LH. The 1H and 13C NMR spectra of the 5-metalla-spiro[4.5]heterodecenes 1,
4, 5, 8–10, and 13 show comparable resonance patterns for the β-diketiminate ligand L at
slightly shifted frequencies as well as the expected signals for the diketones, indicating that
all compounds adopt the same symmetrical structures in solution. For compound 10, this is
true in thf, but in benzene, the resonances are significantly broadened, and no assignment
to a defined product was possible (compare Figures S28 and S29).

The molecule symmetry in the aldol-addition products 2 and 3 is reduced, resulting in
magnetically inequivalent protons of the β-diketiminate ligand L. In addition, the 1H NMR
spectrum of compound 2 shows broad resonances at room temperature. Temperature-
dependent 1H NMR spectra showed a reduced number of magnetically equivalent protons,
demonstrating dynamic behavior for both 2 and 3 in solution (Figure S5).

IR spectra of 2 and 3 show bands for the CO stretching vibration of the ketones at
1706 and 1702 cm−1, respectively. The activation of the benzene ring in compound 12 by
the 1,4-addition of two Al centers is indicated by the shielding of the carbon atoms in the
13C NMR spectrum (39.6 and 32.7 ppm) and the high field shift of the geminal CH proton
(1.92 ppm) in the 1H NMR spectrum.

The molecular structures of compounds 1, 2, and 4–13 in the solid state were deter-
mined by single crystal X-ray diffraction (sc-XRD). Suitable crystals were obtained by
fractional crystallization from the reaction solutions except for compound 6, which were ob-
tained from a solution in 2-methyltetrahydrofuran layered with n-hexane. Compounds 1, 4,
5, 6, 8, and 11 crystallize in monoclinic space groups, compounds 2 and 10 in orthorhombic
space groups, and compounds 7, 9, 12, and 13 in the triclinic space group P1, respectively
(see Figures 1–4 and S53–S57 and Table S1a–d).
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Figure 1. Molecular structures of 1 (left) and 2 (right) in their crystals. Displacement ellipsoids are 
drawn at the 50% probability level. H atoms are omitted, C atoms are displayed in grey, N atoms in 
blue, O atoms in red and Ga atoms in orange. Only the major compound of disorders are shown for 
clarity.  

Figure 1. Molecular structures of 1 (left) and 2 (right) in their crystals. Displacement ellipsoids are
drawn at the 50% probability level. H atoms are omitted, C atoms are displayed in grey, N atoms
in blue, O atoms in red and Ga atoms in orange. Only the major compound of disorders are shown
for clarity.
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compounds 6 and 7. In 7, one benzil unit bridges the N and the γ-C atoms as was observed 
in compound 7. The second benzil unit forms a 5-membered alumina cycle with a bridging 
O atom, leading to a dimeric structure in the solid state analogous to that observed for 
compound 6, also with a penta-coordinated metal center. However, the Al‒Al distance in 
compound 7 is shorter (2.9442(13) Å) compared to that of compound 6, and the O‒Al‒O 
bond angle (78.36(7)°) falls in between those observed for compounds 6 and 7. 

Figure 2. Molecular structures of 4 (left) and 5 (right) in their crystals. Displacement ellipsoids are
drawn at the 50% probability level and H atoms are omitted for clarity. C atoms are displayed in grey,
N atoms in blue, O atoms in red, Al atoms in dark red, and Ga atoms in orange.
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The O–Ga–O bond angles in the five-membered rings of compounds 1 and 2 are
7◦ more acute than the N–Ga–N angles, see Table 1. In addition, the 5-membered
ring in compound 2 is saturated, and only the meso-isomer was found. The 5-metalla-
spiro[4.5]heterodecenes (M = B (13), Al (8), Ga (9), In (10); see Figures S53–S57) show
increasing M–O and M–N bond lengths with an increasing atomic number of the group
13 element, while the O–M–O (105.18(8)◦ 12; 93.36(5)◦, 92.92(5)◦ 8; 91.20(4)◦, 91.73(4)◦ 9;
82.29(4) 10) and N–M–N (105.51(8) 13; 98.21(6), 98.11(7) 8; 98.99(5)◦, 99.79(5)◦ 9; 92.23(4) 10)
bond angles decrease. In the case of 10, the In atom is further coordinated by an acetonitrile
molecule, resulting in a penta-coordinated metal center. A dynamic behavior involving the
acetonitrile molecule could explain the broad features in the 1H NMR of 10 in benzene in
contrast to the spectrum in the coordinating solvent thf (the chemical shift of MeCN in thf
solution of 10 is found at the frequency expected for solvated MeCN at 1.94 ppm).

Table 1. Selected bond lengths [Å] and angles [◦] of 1, 2, and 4–13.

O–M O–M–O N–M N–M–N

1 1.8280(10), 1.8355(10) 92.89(5) 1.9122(12), 1.9176(12) 98.53(5)

2 a 1.827(3), 1.831(3);
1.836(3), 1.831(3) 91.88(13); 92,45(14) 1.920(3), 1,916(3);

1.919(3), 1.903(3) 98.84(15); 98.67(13)

4 1.7804(9), 1.7766(8) 97.18(4) 1.8582(10), 1.8597(10) 98.16(4)
5 1.8648(14), 1.8665(13) 94.80(5) 1.9055(14), 19150(13) 99.87(6)
6 2.0903(9), 2.2310(10) 79.12(4) 2.1537(11), 2.1580(11) 93.39(5)
7 2.7463(18) b, 2.4536(15) c 61.51(5) / /

8 a 1.7502(14), 1.7544(14);
1.74958(14), 1.7489(14) 93.36(5); 92.92(5) 1.8648(15), 1.8664(14);

1.8641(14), 1.8620(14) 98.21(6); 98.11(7)

9 a 1.8336(10), 1.8315(10);
1.8293(10), 1.8364(10) 91.73(4); 91.20(4) 1.9056(12), 1.9025(11);

1.9050(11), 1.9055(11) 99.79(5); 98.99(5)

10 2.0684(10), 2.0474(10) 82.29(4) 2.1192(10), 2.1289(11) 92.23(4)

11 1.7830(16), 1.8087(16);
1.9530(16) d, 1.7941(17) 88.15(7); 84.26(7) / /

12a 1.7393(8), 1.9885(11) e;
1.7496(8), 2.0136(11) e 108.90(4)e; 94.06(4) e 1.9095(9), 1.9115(9);

1.9125(9), 1.8974(9) 95.97(4); 95.31(4)

12b a

1.7332(11), 1.9851(15) e;
1.7507(11), 2.014(14) e

1.7355(11), 1.9830(15) e;
1.7492(11), 2.0155(15) e

108.17(6) e, 93.88(5) e

107.81(6) e, 93.83(5) e

1.9127(13), 1.9022(13);
1.9120(13), 1.9070(13)
1.9148(13), 1.9060(13);
1.9059(13), 1.9151(13)

95.09(6); 94.83(5)
94.76(5); 95.11(5)

13 1.4573(13), 1.4587(13) 105.18(8) 1.5622(14), 1.5576(14) 105.51(8)
a: Two independent molecules in the unit cell; b: Tl–OH; c: 2.4280(15) Å to the second Tl atom; d: 1.8297(15) Å to
the second Al atom; e: Al–C and O–Al–C instead of Al–O and O–Al–O.
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The cycloaddition reaction products obtained from the reactions of acenaphthenequin-
one with LIn (6) and LTl (7) are dimeric in the solid state (Figure 3), in contrast to the
monomeric 5-metalla-spiro[4.5]heterodecenes 4 and 5 (Figure 2), respectively. This struc-
tural difference agrees with the reduced solubility of 6 and 7 compared to 4 and 5 in
hydrocarbons and the lower symmetry in solution as indicated by the double number of
signals for the iPr groups (Figure S19). As the NMR spectra of compound 10 in thf-d8
solution retain a high symmetry (Figure S28) it is unlikely that compound 6 dissociates in
thf solution to thf-coordinated monomeric species.

The heavier 5-inda-spiro[4.5]heterodecene 6 forms an O-bridged dimer in the solid
state with penta-coordinated In centers (Figure 3), while the O-bridged thallium complex
7 has only three-coordinated Tl atoms. The O–M–O bond angles also decrease with the
increasing atomic number of M (97.18(4)◦ 4; 94.80(5)◦ 5; 79.12(4)◦ 6; 61.51(5)◦ 7) as was
observed for compounds 8, 9, 10, and 13. The two µ-bridging oxygen atoms in compounds
6 and 7 form a rhombus with the two metal centers. Again, the O–In–O angle (69.12(4)◦) is
more acute than the O–Tl–O angle (83.131(5)◦), resulting in almost identical M–M distances
(In–In: 3.6082(5), Tl–Tl: 3.6475(3) Å).

The structure of compound 11 represents an intermediate between the structures of
compounds 6 and 7. In 7, one benzil unit bridges the N and the γ-C atoms as was observed
in compound 7. The second benzil unit forms a 5-membered alumina cycle with a bridging
O atom, leading to a dimeric structure in the solid state analogous to that observed for
compound 6, also with a penta-coordinated metal center. However, the Al–Al distance in
compound 7 is shorter (2.9442(13) Å) compared to that of compound 6, and the O–Al–O
bond angle (78.36(7)◦) falls in between those observed for compounds 6 and 7.

Finally, two different solvates of compound 12 were structurally characterized with ei-
ther benzene (12a) or n-hexane (12b) in the unit cell. Surprisingly, a phenyl ring is activated
by LAl in compound 12, resulting in the formation of a 2-alumina-3-oxabicyclo[3.2.2]non-
6,8-diene unit. The C–Al–O bond angle (about 108◦, see Table 1) in the bicyclic molecule
is more obtuse than the angle in the annulated five-membered ring (about 94◦), while
the Al–C bond length (1.98 Å) is shorter compared to the sum of the covalent bond radii
(2.01 Å) [35].

3. Conclusions

In this comprehensive study, we demonstrated the general ability of group 13 diyls
LM (M = (B), Al, Ga, In) to undergo [1,4]-cycloaddition reactions with diketones to give 5-
metalla-spiro[4.5]heterodecenes 1, 4–6, and 8–10 and 13, respectively. Galla-spiro[4.5]hetero-
decene 1 also undergoes aldol addition reactions to give α,β-hydroxyketones 2 and 3. In
contrast, thallanediyl LTl failed to undergo cycloaddition reactions at the metal center, but
the reaction with acenaphthenequinone proceeded with [2,3]-cycloaddition of the ligand L.
Moreover, the higher reactivity of LAl was demonstrated in the reaction of two equivalence
LAl with benzil, leading to the activation of a phenyl ring in compound 12.

4. Materials and Methods

All manipulations were performed using standard Schlenk and glovebox techniques
under an argon atmosphere, dried by passage through preheated Cu2O pellets and molecu-
lar sieve columns. Toluene, n-pentane, and n-hexane were dried using an MBraun solvent
purification system (SPS). Benzene, deuterated benzene, thf, 2-methyltetrahydrofuran and
deuterated thf were distilled from Na/K alloy and acetonitrile from CaH2. Solvents were
degassed and stored over activated molecular sieves. Starting reagents L’BCl2 [34,36],
LAl [1,37], LGa [2,38,39], LIn [3], and LTl [4] were prepared according to the (slightly
modified) literature methods (LK was isolated and not prepared in situ). 1H (300 MHz,
400 MHz, 600 MHz), 11B{1H} (128.5 MHz, 192.5 MHz), 13C{1H} (75.5 MHz, 100.7 MHz,
150.9 MHZ), and 19F{1H} (376.5 MHz) spectra were recorded with a Bruker Avance DPX-
300, a Bruker Avance Neo 400 MHz or a Bruker Avance III HD 600 NMR spectrometer
and are referenced to internal C6D6 (1H: δ = 7.16, 13C: δ = 128.06), and thf-d8 (1H: δ = 3.58;
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13C: δ = 67.21). Heteronuclear NMR measurements were performed protium decoupled
unless otherwise noted. IR spectra were recorded in a glovebox using a BRUKER ALPHAT
FT-IR spectrometer equipped with a single reflection ATR sampling module to ensure
oxygen- and water-free conditions. Microanalysis was performed at the Elemental Analysis
Laboratory of the University of Duisburg-Essen.

4.1. Synthesis of LGa(C4H6O2) (1)

A total of 35.3 mg of butanedione (410 µmol) was added to 200 mg of LGa (410 µmol)
dissolved in 5 mL of toluene. The clear yellow solution turned orange and was stirred for
15 min. The solution was layered with 15 mL of n-hexane and stored overnight at room
temperature. Small amounts of solids were separated by filtration and the filtrate was
concentrated to about 0.5 mL. The product was obtained as an orange crystalline solid
when stored at −30 ◦C. Yield: 112 mg (197 µmol, 48%).

Anal. Calcd. for C33H47GaN2O2: C, 69.12, H, 8.26; N, 4.88; Found: C, 69.3, H, 8.29; N,
4.86%. ATR-IR: υ 2960, 2866, 1660, 1587, 1555, 1529, 1462, 1440, 1382, 1316, 1256, 1214, 1176,
1125, 1101, 1022, 984, 932, 872, 803, 772, 761, 747, 668, 533, 533 cm−1. 1H NMR (400 MHz,
C6D6, 25 ◦C): δ 7.04 (s, 6 H, C6H3-2,6iPr2), 4.86 (s, 1 H, γ-CH), 3.32 (sept, 3JHH = 6.8 Hz, 4 H,
CH(CH3)2), 1.74 (s, 6 H, Ga(OCCH3)2), 1.54 (d, 3JHH = 6.8 Hz, 12 H, CH(CH3)2), 1.54 (s, 6 H,
ArNCCH3), 1.12 (d, 3JHH = 6.9 Hz, 12 H CH(CH3)2). 13C NMR (100.6 MHz, C6D6, 25 ◦C): δ
171.4 (ArNCCH3), 144.2, 138.8, 128.1, 124.4 (ArC), 131.6 (Ga(OCCH3)2), 96.0 (γ-CH), 28.7
(CH(CH3)2), 24.8, 24.6 (CH(CH3)2), 23.3 (ArNCCH3), 16.1 (Ga(OCCH3)2).

4.2. Synthesis of LGa(C8H12O4) (2)

8.8 mg of butanedione (103 µmol) was added to 20 mg of LGa (41 µmol) dissolved
in 0.5 mL of C6D6. A colorless precipitate formed shortly after, which was redissolved
by heating the suspension. Storage at room temperature gave the product a colorless
crystalline solid. Yield: 15 mg (23 µmol, 55%).

Anal. Calcd. for C37H53Ga1N2O4: C, 67.38, H, 8.10; N, 4.25; Found: C, 67.0, H, 8.88 N,
4.07%. ATR-IR: υ 2958, 2928, 2866, 1706, 1535, 1464, 1438, 1384, 1347, 1318, 1262, 1217,
1182, 1109, 1082, 1059, 1024, 995, 925, 875, 798, 761, 695, 668, 605, 542, 529 cm−1. 1H NMR
(400 MHz, C6D6, 25 ◦C): δ 7.15-6.98 (m, 6 H, C6H3-2,6iPr2), 4.86 (s, 1 H, γ-CH), 3.32 (sept,
3JHH = 6.8 Hz, 1 H, CH(CH3)2), 3.18 (m, 3 H, CH(CH3)2), 1.96 (s, 4.5 H, GaC8H12O4), 1.80
(s, 1.5 H, GaC8H12O4), 1.74 (s, 1.5 H, GaC8H12O4), 1.53 (m, 18 H, CH(CH3)2, ArNCCH3),
1.12 (d, 3JHH = 6.9 Hz, 3 H, CH(CH3)2), 1.04 (d, 3JHH = 6.9 Hz, 9 H, CH(CH3)2), 0.95 (s,
4.5 H, GaC8H12O14). 1H NMR (300 MHz, C6D6, 80 ◦C): δ 7.06 (s, 6 H, N-C6H5), 4.94 (s, 1 H,
γ-CH), 3.31 (sept, 3JHH = 6.9 Hz, 4 H, CH(CH3)2), 1.86 (s(br), 6 H, GaC8H12O14), 1.67 (s(br),
1.5 H, GaC8H12O14), 1.63 (s,6 H, ArNCCH3), 1.49 (d, 3JHH = 6.7 Hz, 12 H, CH(CH3)2), 1.14
(d, 3JHH = 6.9 Hz, 12 H, CH(CH3)2). 13C NMR (100.6 MHz, C6D6, 25 ◦C): many resonances
were not observed due to line broadening (cp. 1H NMR spectrum) and low solubility
in benzene.

4.3. Synthesis of LGa(C11H12O3) (3)

21.4 µL of benzaldehyde (22.2 mg, 209.3 µmol) was added to 100 mg of LGa(C4H6O2)
(1) (174 µmol) dissolved in 1 mL of toluene. A rapid color change from orange to yellow
was observed and a precipitate began to form. The suspension was stored in the freezer
overnight, filtered, and washed with n-hexane, yielding 75 mg of LGa(C11H12O3). Yield:
70 mg (111 µmol, 64%).

Anal. Calcd. for C40H53GaN2O3: C, 70.69, H, 7.86; N, 4.12; Found: C, 70.6, H, 7.96;
N, 3.95%. ATR-IR: υ 2960, 2927, 2868, 2814, 1702, 1537, 1438, 1394, 1367, 1359, 1320, 1268,
1182, 1142, 1096, 1051, 1028, 929, 877, 796, 757, 732, 699, 672, 604, 569, 492, 474 cm−1. 1H
NMR (400 MHz, C6D6, 25 ◦C): δ 7.44, 7.23–7.00 (m, 11 H, C6H3-2,6iPr2 and C6H5), 4.88
(s, 1 H, γ-CH), 4.60 (s, 1 H, GaOCH), 3.61 (sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 3.47
(sept, 3JHH = 6.8 Hz, 1 H, CH(CH3)2), 3.15 (sept, 3JHH = 6.8 Hz, 1 H, CH(CH3)2), 3.04 (sept,
3JHH = 6.8 Hz, 1 H, CH(CH3)2), 1.74 (s, 3 H, GaOC(CO)CH3), 1.61 (s, 3 H, ArNCCH3),
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1.60 (s, 3 H, ArNCCH3), 1.59 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2), 1.51 (d, 3JHH = 6.8 Hz,
3 H, CH(CH3)2), 1.45 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.26 (d, 3JHH = 6.8 Hz, 3 H,
CH(CH3)2), 1.13 (d, 3JHH = 6.9 Hz, 3 H, CH(CH3)2), 1.10 (d, 3JHH = 6.9 Hz, 3 H, CH(CH3)2),
1.05 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2), 0.92 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2), 0.44 (s,
3 H, GaOCCH3). 13C NMR (100.6 MHz, C6D6, 25 ◦C): δ 171.4 (GaOC(CO)CH3), 172.0
(ArNCCH3), 172.0, 144.4, 144.4, 143.9, 143.9, 143.5, 139.7, 139.0, 127.6, 127.1, 126.6, 124.7,
124.7, 124.7, 124.6 (ArC), 95.8 (γ-CH), 84.7 (GaOCCH3), 80.7 (GaOCH), 29.0, 28.9, 28.6, 28.5
(CH(CH3)2), 25.4, 25.0, 24.7, 24.7, 24.5, 24.2, 24.1, 23.7 (CH(CH3)2), 24.6 (GaOC(CO)CH3),
23.4, 23.4 (ArNCCH3), 17.9 (GaOCCH3).

4.4. Synthesis of LAl(C12H6O2) (4)

50 mg of LAl (112 µmol) and 20.5 mg of acenaphthenequinone (112 µmol) were
dissolved in 5 mL of toluene and the resulting dark purple solution was stirred overnight at
ambient temperature. All volatiles were removed, and the dark purple residue was washed
with small amounts of n-hexane. Yield: 23 mg (37 µmol, 33%).

Anal. Calcd. for C41H47AlN2O2: C, 78.56, H, 7.56; N, 4.47; Found: C, 78.1, H, 7.37;
N, 4.28%. ATR-IR: υ 2964, 2927, 2868, 1531, 1462, 1444, 1382, 1313, 1249, 1196, 1133, 1105,
1024, 917, 898, 803, 772, 759, 738, 703, 596, 482, 472, 445, 416 cm−1. 1H NMR (400 MHz,
C6D6, 25 ◦C): δ 7.18 (d, 3JHH = 6.8 Hz, 2 H, AlC12H6O2), 7.10 (d, 3JHH = 8.3 Hz, 2 H,
AlC12H6O2), 6.98 (dd, 3JHH = 6.7, 8.3 Hz, 2 H, AlC12H6O2), 6.95-6.87 (m, 6 H, C6H3-2,6iPr2),
5.02 (s, 1 H, γ-CH), 3.35 (sept, 3JHH = 6.8 Hz, 4 H, CH(CH3)2), 1.54 (s, 6 H, ArNCCH3),
1.52 (d, 3JHH = 6.8 Hz, 12 H, CH(CH3)2), 1.10 (d, 3JHH = 6.9 Hz, 12 H CH(CH3)2). 13C
NMR (100.6 MHz, C6D6, 25 ◦C): δ 172.5 (ArNCCH3), 144.4, 137.2, 128.4, 124.7 (ArC), 146.0,
133.5, 127.4, 127.1, 124.9, 123.4, 116.8 (AlC12H6O2), 98.1 (γ-CH), 28.9 (CH(CH3)2), 24.9, 24.8
(CH(CH3)2), 23.0 (ArNCCH3).

4.5. Synthesis of LGa(C12H6O2) (5)

A total of 50 mg of LGa (103 µmol) and 18.7 mg of acenaphthenequinone (103 µmol)
were dissolved in 5 mL of toluene and the resulting dark purple solution was stirred
overnight at room temperature. Crystals suitable for sc-XRD were obtained from a highly
concentrated solution after storage at −30 ◦C. However, the product can be more conve-
niently isolated as a purple powder by removing all volatiles and washing the residue with
n-hexane. Yield: 35 mg (52 µmol, 51%).

Anal. Calcd. for C41H47GaN2O2: C, 73.55, H, 7.08; N, 4.18; Found: C, 73.3, H, 7.09; N,
4.49%. ATR-IR: υ 3061, 3034, 2964, 2923, 2866, 1526, 1462, 1442, 1382, 1313, 1256, 1192, 1180,
1131, 1106, 1055, 1024, 921, 900, 883, 800, 769, 759, 627, 596, 581, 526, 472, 441, 420 cm−1.
1H NMR (400 MHz, C6D6, 25 ◦C): δ 7.22 (d, 3JHH = 6.6 Hz, 2 H, GaC12H6O2), 7.12 (d,
3JHH = 9.4 Hz, 2 H, GaC12H6O2), 7.22 (dd, 3JHH = 6.6, 8.3 Hz, 2 H, GaC12H6O2), 6.91 (s,
6 H, C6H3-2,6iPr2), 4.89 (s, 1 H, γ-CH), 3.35 (sept, 3JHH = 6.7 Hz, 4 H, CH(CH3)2), 1.54 (s,
6 H, ArNCCH3), 1.51 (d, 3JHH = 6.9 Hz, 12 H, CH(CH3)2), 1.11 (d, 3JHH = 6.9 Hz, 12 H
CH(CH3)2). 13C NMR (100.6 MHz, C6D6, 25 ◦C): δ 172.1 (ArNCCH3), 144.0, 137.8, 128.5,
124.7 (ArC), 146.6, 134.1, 127.4, 127.1, 124.7, 123.2, 116.7 (GaC12H6O2), 96.5 (γ-CH), 28.9
(CH(CH3)2), 24.8, 24.7 (CH(CH3)2), 23.2 (ArNCCH3).

4.6. Synthesis of LIn(C12H6O2) (6)

200 mg of LIn (376 µmol) and 68.4 mg of acenaphthenequinone (376 µmol) were
dissolved in 5 mL of toluene and the resulting dark purple suspension was stirred overnight
at ambient temperature. The product was obtained as a purple powder by filtration. Yield:
201 mg (281 µmol, 75%).

Anal. Calcd. for C41H47InN2O2: C, 68.91, H, 6.63; N, 3.92; Found: C, 68.7, H, 6.54; N,
3.66%. ATR-IR: υ 2967, 2951, 2925, 2866, 1547, 1522, 1458, 1438, 1409, 1382, 1367, 1328, 1316,
1266, 1172, 1130, 1101, 1079, 1055, 1030, 935, 902, 854, 798, 761, 730, 592, 536, 481, 428 cm−1.
1H NMR (400 MHz, thf-d8, 25 ◦C): δ 7.52, 7.36, 7.24, 7.07 (m, 6 H, InC12H6O2), 7.18, 7.07, 6.63
(m, 6 H, C6H3-2,6iPr2), 5.40 (s, 1 H, γ-CH), 3.72 (sept, 3JHH = 6.7 Hz, 2 H, CH(CH3)2), 3.09
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(sept, 3JHH = 6.8 Hz, 2 H, CH(CH3)2), 1.76 (s, 6 H, ArNCCH3), 1.27 (d, 3JHH = 6.6 Hz, 6 H,
CH(CH3)2), 1.19 (d, 3JHH = 6.7 Hz, 6 H CH(CH3)2), 0.20 (d, 3JHH = 6.7 Hz, 6 H, CH(CH3)2),
−0.28 (d, 3JHH = 6.8 Hz, 6 H CH(CH3)2). 13C NMR (100.6 MHz, thf-d8, 25 ◦C): δ 172.7
(ArNCCH3), 150.6, 145.2, 144.0, 143.5, 137.2, 135.7, 135.5, 127.6, 127.4, 127.1, 126.9, 126.1,
125.3, 125.2, 123.0, 121.3, 120.0, 116.9 (ArC + InC12H6O2), 95.6 (γ-CH), 28.5, 28.0 (CH(CH3)2),
26.4, 25.5, 24.6, 22.2 (CH(CH3)2), 25.7 (ArNCCH3).

4.7. Synthesis of LTl(C14H10O2) (7)

A total of 100 mg of LTl (161 µmol) and 27.8 mg of acenaphthenequinone (153 µmol)
were cooled to −80 ◦C and 2 mL of n-hexane was added. The resulting mixture was
warmed to ambient temperature within 8 h, and the resulting off-white solid (60 mg) was
separated by filtration. The 1H NMR spectrum of this solid is essentially consistent with
that obtained from isolated crystals from the reaction mixture, which were characterized
by sc-XRD and are highly reproducible between different batches. All attempts to further
purify compound 9 failed due to decomposition in the solution state, resulting in the
formation of the protonated ligand LH.

1H NMR (400 MHz, C6D6, 25 ◦C): δ 7.62–6.84 (m, 22 H, C6H3-2,6iPr2 and TlC12H6O2),
4.04, 3.20, 2.57, 1.98 (broad, 4 H, CH(CH3)2), 1.91, 1.85 (s, 6 H, ArNCCH3), 1.24, 1.21, 1.20,
1.12, 1.11, 0.74, 0.49, −0.18 (d, 24 H, CH(CH3)2).

4.8. Synthesis of LAl(C14H10O2) (8) and LAl(C14H10O2)2 (11)

LAl(C14H10O2)2 (11): 100 mg of LAl (225 µmol) and 94.6 mg of benzil (450 µmol) were
cooled to −80 ◦C and 5 mL of n-hexane was slowly added and the mixture was warmed
to ambient temperature overnight with stirring. The resulting solid was filtered off and
dissolved in toluene. Storage at −30 ◦C afforded 30 mg of LAl(C14H10O2)2 as a crystalline
yellow solid (suitable for sc-XRD). Yield: 40 mg (35 µmol, 16%).

Anal. Calcd. for C57H61AlN2O4: C, 79.14, H, 7.11; N, 3.24; Found: C, 78.7, H, 7.17;
N, 3.23%. ATR-IR: υ 2964, 2928, 2868, 1578, 1529, 1462, 1442, 1371, 1334, 1316, 1253, 1214,
1131, 1057, 1023, 933, 839, 803, 776, 759, 747, 732, 709, 695, 664, 613, 577, 528, 480 cm−1.
1H NMR (600 MHz, C6D6, 25 ◦C): δ 11.76 (s, 1 H, ArNHCCH3), δ 7.88 (d, 3JHH = 7.7 Hz,
2 H, C6H5), 7.82 (d, 3JHH = 7.7 Hz, 2 H, C6H5), 7.32 (d, 3JHH = 7.7 Hz, 1 H, C6H5), 7.27
(m, 3 H, C6H5), 7.22 (t, 3JHH = 7.6 Hz, 2 H, C6H5), 7.13-6.93 (m, 11 H, C6H3-2,6iPr2 and
C6H5), 6.88 (t, 3JHH = 7.3 Hz, 1 H, C6H5), 6.83 (t, 3JHH = 7.6 Hz, 1 H, C6H5), 6.80 (d,
3JHH = 7.7 Hz, 1 H, C6H5), 6.72 (t, 3JHH = 7.6 Hz, 2 H, C6H5), 6.65 (t, 3JHH = 7.4 Hz,
1 H, C6H5), 6.62 (t, 3JHH = 7.7 Hz, 1 H, C6H5), 6.07 (d, 3JHH = 7.9 Hz, 1 H, C6H5), 4.69
(sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 4.45 (sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 3.35
(sept, 3JHH = 6.5 Hz, 1 H, CH(CH3)2), 2.20 (sept, 3JHH = 6.8 Hz, 1 H, CH(CH3)2), 2.11 (s,
3 H, C6H5CH3), 1.92 (d, 3JHH = 6.6 Hz, 3 H, CH(CH3)2), 1.78 (s, 36 H, ArNCCH3), 1.69
(s, 3 H, ArNCCH3), 1.47 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2), 1.41 (d, 3JHH = 6.4 Hz, 3 H,
CH(CH3)2), 1.22 (d, 3JHH = 6.5 Hz, 3 H, CH(CH3)2), 1.01 (d, 3JHH = 6.6 Hz, 3 H, CH(CH3)2),
0.92 (d, 3JHH = 6.9 Hz, 3 H, CH(CH3)2), 0.90 (d, 3JHH = 7.0 Hz, 3 H, CH(CH3)2), 0.45 (d,
3JHH = 6.7 Hz, 3 H, CH(CH3)2). Due to the low solubility of the sample, no meaningfull 2D
NMR spectrum could be recorded. Signals in the aromatic region could not be assigned. 13C
NMR (150.9 MHz, C6D6, 25 ◦C): δ 168.8, 166.6 (ArNCCH3), 137.9, 129.3, 128.6, 125.7, 21,4
(toluene), 150.7, 148.0, 146.6, 146.6, 145.9, 145.6, 143.0, 139.5, 137.0, 134.7, 133.4, 133.1, 131.4,
130.3, 130.2, 129.2, 129.0, 128.9, 127.9, 127.8, 126.9, 126.5, 126.5, 126.3, 126.1, 126.0, 125.4,
124.7, 124.3, 124.1, 124.0, 123.6, 115.1, 110.6 (C6H3-2,6iPr2 and (COC6H5)2), 89.0 (γ-CH),
29.1, 28.2, 28.1, 28.1 (CH(CH3)2), 27.4, 26.4, 25.6, 25.5, 24.2, 24.1, 23.4, 23.1, (CH(CH3)2), 19.1,
17.8 (ArNCCH3).
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LAl(C14H10O2) (8): The mother liquor from the synthesis of LAl(C14H10O2)2 (11) was
dried in vacuo and the resulting residue was washed with 20 mL of n-hexane, yielding
40 mg of LAl(C14H10O2). The washing liquid was concentrated to 10 mL and stored at
−30 ◦C to give a second fraction of LAl(C14H10O2). Yield: 55 mg (84 µmol, 37%).

Anal. Calcd. for C43H51AlN2O2: C, 78.87, H, 7.85; N, 4.28; Found: C, 78.5, H, 7.79;
N, 4.25%. ATR-IR: υ 3056, 3018, 2962, 2926, 2868, 1585, 1535, 1462, 1442, 1384, 1316, 1253,
1176, 1105, 1055, 1022, 925, 912, 900, 803, 790, 769, 759, 736, 695, 643, 546, 507, 447, 416 cm−1.
1H NMR (400 MHz, C6D6, 25 ◦C): δ 7.48 (d, 3JHH = 7.8 Hz, 4 H, C6H5), 7.02 (m, 6 H,
C6H3-2,6iPr2), 6.99 (m, 4 H, C6H5), 6.86 (tt, 3JHH = 7.2 Hz, 4JHH = 1.4 Hz, 2 H, C6H5), 5.03
(s, 1 H, γ-CH), 3.35 (sept, 3JHH = 6.7 Hz, 4 H, CH(CH3)2), 1.55 (s, 6 H, ArNCCH3), 1.44
(d, 3JHH = 6.8 Hz, 12 H, CH(CH3)2), 1.08 (d, 3JHH = 6.7 Hz, 12 H, CH(CH3)2). 13C NMR
(100.6 MHz, C6D6, 25 ◦C): δ 172.5 (ArNCCH3), 139.7 (COAl), 138.8, 127.9, 127.6, 125.6
(C6H5), 144.4, 138.0, 128.2, 124.6 (ArC), 98.2 (γ-CH), 28.9 (CH(CH3)2), 25.0, 24.7 (CH(CH3)2),
23.2 (ArNCCH3).

4.9. Synthesis of LGa(C14H10O2) (9)

A total of 100 mg of LGa (205 µmol) and 43.1 mg of benzil (205 µmol) were combined
with 2 mL of benzene and the mixture was stirred overnight, during which the product
precipitated as an orange crystalline solid. Yield: 90 mg (129 µmol, 63%).

Anal. Calcd. for C43H51GaN2O2: C, 74.03, H, 7.37; N, 4.02; Found: C, 73.6, H, 7.37;
N, 4.15%. ATR-IR: υ 2962, 2927, 2865, 1585, 1533, 1491, 1464, 1442, 1384, 1318, 1260, 1180,
1105, 1065, 1051, 1022, 929, 912, 803, 765, 724, 699, 683, 627, 535, 481, 445 cm−1. 1H NMR
(400 MHz, C6D6, 25 ◦C): δ 7.47 (d, 3JHH = 7.8 Hz, 4 H, C6H5), 7.01 (m, 10 H, C6H5, and
C6H3-2,6iPr2), 6.87 (tt, 3JHH = 7.1 Hz, 4JHH = 1.4 Hz, 2 H, C6H5), 4.90 (s, 1 H, γ-CH), 3.35
(sept, 3JHH = 6.8 Hz, 4 H, CH(CH3)2), 1.54 (s, 6 H, ArNCCH3), 1.46 (d, 3JHH = 6.7 Hz, 12 H,
CH(CH3)2), 1.09 (d, 3JHH = 6.9 Hz, 12 H, CH(CH3)2). 13C NMR (100.6 MHz, C6D6, 25 ◦C): δ
172.1 (ArNCCH3), 139.6 (COGa), 139.3, 128.6, 127.6, 125.4 (C6H5), 144.1, 138.5, 128.6, 124.5
(ArC), 96.4 (γ-CH), 28.9 (CH(CH3)2), 24.8, 24.6 (CH(CH3)2), 23.4 (ArNCCH3).

4.10. Synthesis of LIn(C14H10O2)·MeCN (10)

A total of 100 mg of LIn (188 µmol) and 39.4 mg of benzil (188 µmol) were balanced in
a Schlenk flask and cooled to −80 ◦C. 5 mL of n-hexane was added to the solids, and the
mixture was stirred overnight and allowed to warm to room temperature. All volatiles were
removed under reduced pressure, the residue was dissolved in a mixture of 1 mL benzene
and 10 mL acetonitrile and concentrated to about 1 mL. 10 was obtained as an orange
crystalline solid (suitable for sc-XRD) after storage at 6 ◦C. Yield: 45 mg (61 µmol, 32%).

ATR-IR: υ 2962, 2924, 2868, 2296, 2268, 1592, 1519, 1435, 1384, 1356, 321, 1270, 1178,
1133,1051, 1021, 924, 906, 863, 800, 757, 711, 693, 665, 609, 530, 439 cm−1. 1H NMR (400 MHz,
thf-d8, 25 ◦C): δ 7.24-7.12 (m, 6 H, C6H3-2,6iPr2), 6.90 (d, 3JHH = 7.0 Hz, 4 H, C6H5), 6.74
(d, 3JHH = 7.4 Hz, 4 H, C6H5), 6.70 (t, 3JHH = 7.2 Hz, 2 H, C6H5), 5.19 (s, 1 H, γ-CH), 3.32
(sept, 3JHH = 6.9 Hz, 4 H, CH(CH3)2), 1.94 (s, 2.5 H, MeCN), 1.84 (s, 6 H, ArNCCH3), 1.25
(d, 3JHH = 6.8 Hz, 12 H, CH(CH3)2), 1.23 (d, 3JHH = 6.9 Hz, 12 H, CH(CH3)2). 13C NMR
(100.6 MHz, thf-d8, 25 ◦C): δ 172.5 (ArNCCH3), 139.7 (COIn), 143.8, 143.3, 127.1, 124.4 (ArC),
142.9, 128.6, 126.9, 123.8 (C6H5), 96.9 (γ-CH), 28.8 (CH(CH3)2), 25.0, 24.5 (CH(CH3)2), 24.5
(ArNCCH3), 117.3, 0.4 (MeCN). 100 mg LGa

4.11. Synthesis of (LAl)2(C14H10O2) (12)

A total of 23.6 mg of benzil (113 µmol) dissolved in 1 mL of toluene was added
dropwise to a solution of 100 mg of LAl (225 µmol) in 1 mL of toluene. The mixture was
stirred for 2 days, after which an orange precipitate formed. The suspension was stored
overnight at−6 ◦C. 40 mg of 12 was obtained as an orange powder by filtration. The filtrate
consists mainly of LAl and (LAl)(C14H10O2) (8). Yield: 40 mg (36 µmol, 33%).
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Anal. Calcd. for C72H92Al2N4O2: C, 78.65, H, 8.43; N, 5.10; Found: C, 78.9, H, 8.51; N,
4.90%. ATR-IR: υ 2964, 2928, 2865, 1529, 1462, 1440, 1384, 1316, 1253, 1179, 1156, 1102, 1061,
1022, 972, 937, 899, 873, 800, 786, 774, 759, 734, 693, 618, 532, 480, 445, 422 cm−1. 1H NMR
(400 MHz, C6D6, 25 ◦C): δ 8.53 (d, 3JHH = 7.9 Hz, 2 H, C6H5), 7.42 (dd, 3JHH = 7.0, 8.4 Hz,
2 H, C6H5), 7.24–7.11 (m, 8 H, C6H3-2,6iPr2), 7.07 (t, 3JHH = 7.3 Hz, 1 H, C6H5), 7.00 (m, 4 H,
C6H3-2,6iPr2), 4.96 (s, 1 H, γ-CH), 4.88 (dd, 3JHH = 6.0, 8.4 Hz, 2 H, AlC(CHCH)2CHAl), 4.84
(s, 1 H, γ-CH), 4.02 (d, 3JHH = 8.4 Hz, 2 H, AlC(CHCH)2CHAl), 3.45 (sept, 3JHH = 6.7 Hz,
2 H, CH(CH3)2), 3.33–3.20 (m, 4 H, CH(CH3)2), 3.07 (sept, 3JHH = 6.7 Hz, 2 H, CH(CH3)2),
1.92 (t, 3JHH = 6.0, 1 H, AlC(CHCH)2CHAl), 1.53 (s, 6 H, ArNCCH3), 1.52 (s, 6 H, ArNCCH3),
1.33 (d, 3JHH = 6.8 Hz, 6 H, CH(CH3)2), 1.30 (d, 3JHH = 6.7 Hz, 6 H, CH(CH3)2), 1.25 (d,
3JHH = 7.0 Hz, 6 H, CH(CH3)2), 1.16 (d, 3JHH = 6.8 Hz, 6 H, CH(CH3)2), 1.12 (d, 3JHH = 6.8 Hz,
6 H, CH(CH3)2), 0.96 (d, 3JHH = 6.7 Hz, 6 H, CH(CH3)2), 0.92 (d, 3JHH = 6.78 Hz, 6 H,
CH(CH3)2), 0.82 (d, 3JHH = 6.7 Hz, 6 H, CH(CH3)2). 13C NMR (100.6 MHz, C6D6, 25 ◦C):
δ 170.8, 170.3 (ArNCCH3), 148.5, 132.7 (COAl), 140.5, 126.9, 126.9, 123.0 (C6H5), 128.6,
123.3 (AlC(CHCH)2CHAl), 146.2, 145.3, 143.3, 142.5, 141.4, 141.3, 127.4, 127.1, 125.3, 124.7,
123.8, 123.2 (ArC), 98.1, 97.4 (γ-CH), 39.6, 32.7 (AlC(CHCH)2CHAl), 30.0, 28.9, 28.5, 28.2
(CH(CH3)2), 26.6, 26.5, 25.0, 24.9, 24.8, 24.6, 23.8, 23.6 (CH(CH3)2), 23.8 (ArNCCH3). Peaks
in italic were only observed in HSQC or HMBC respectively.

4.12. Synthesis of L’B(C14H10O2) (13)

A total of 56.9 mg of KC8 (421 µmol) and 41.1 mg of benzil (198 µmol) were cooled to
−80 ◦C, 5 mL of thf was added and the resulting mixture was warmed to room temperature
upon stirring. The liquid phase was transferred through a filter cannula into a cooled
(−80 ◦C) Schlenk flask containing 100 mg of L’BCl2 (198 µmol). All volatiles were removed
at room temperature in a vacuo, and the resulting residue was extracted with 5 mL of
toluene. The extract was concentrated and stored at −30 ◦C, yielding 20 mg of an orange
crystalline solid. The mother liquor was further concentrated to give a second fraction.
Yield: 30 mg (46 µmol, 24%).

Anal. Calcd. for C31H17BF10N2O2: C, 57.26, H, 2.64; N, 4.31; Found: C, 57.4, H, 2.63;
N, 4.31%. ATR-IR: υ 1564, 1508, 1469, 1450, 1392, 1290, 1264, 1130, 1084, 1065, 1042, 1022,
987, 925, 871, 761, 724, 693, 663, 619, 597, 523, 457 cm−1. 1H NMR (400 MHz, C6D6, 25 ◦C):
δ 7.62–7.57 (m, 4 H, C6H5), 6.98 (t, 3JHH = 7.8 Hz, 4 H, C6H5), 6.86 (t, 3JHH = 7.41 Hz,
2 H, C6H5), 4.69 (s, 1 H, γ-CH), 1.26 (s, 6 H, ArNCCH3). 11B NMR (128.4 MHz, C6D6,
25 ◦C): δ 7.0. 13C NMR (100.6 MHz, C6D6, 25 ◦C): δ 166.2 (ArNCCH3), 136.7 (COB), 133.4,
128.4, 127.1, 126.1 (C6H5), 97.6 (γ-CH), 20.6 (ArNCCH3). 13C {19F} NMR (150.9 MHz, C6D6,
25 ◦C): δ 144.4, 141.0, 137.9, 116.4 (C6F5). 19F NMR (376.5 MHz, C6D6, 25 ◦C): δ −143.5 (d,
3JHH = 17.6 Hz, 4 F, C6F5), −153.8 (t, 3JHH = 22.5 Hz, 2 F, C6F5), −162.3 (m, 4 F, C6H5).

4.13. Synthesis of L’BH2 (14)

At –80 ◦C, 783 µL (783 µmol) of a 1 M (n-hexane) L-selectride solution was added
to 200 mg of L’BCl2 (391 µmol) dissolved in 10 mL of toluene. The reaction mixture was
allowed to reach ambient temperature overnight. All volatiles were then removed in
vacuo, and the resulting residue was extracted with 10 mL of n-pentane. The extract was
concentrated and stored at −30 ◦C to give 70 mg of 14 as a yellow crystalline solid. Yield:
70 mg (158 µmol, 41%).

Anal. Calcd. for C17H9BF10N2: C, 46.19, H, 2.05; N, 6.34; Found: C, 46.6, H, 2.32; N,
6.16%. ATR-IR: υ 2964, 2428, 2370, 2291, 2192, 1582, 1549, 1504, 1467, 1438, 1392, 1344,
1260, 1206, 1069, 1051, 1024, 1009, 989, 939, 817, 788, 782, 726, 647, 561, 472 cm−1. 1H NMR
(400 MHz, C6D6, 25 ◦C): δ 4.77 (s, 1 H, γ-CH), 3.77 (s (br), 1 H, BH2), 3.46 (s (br), 1 H, BH2),
1.24 (s, 6 H, ArNCCH3). 11B NMR (192.5 MHz, C6D6, 25 ◦C): δ 7.0 (B). 13C NMR (100.6 MHz,
C6D6, 25 ◦C): δ 167.6 (ArNCCH3), 143.7 (m, 2JHH = 250 Hz, C6F5), 140.3 (m, 2JHH = 252 Hz,
C6F5), 138.2 (m, 2JHH = 252 Hz, C6F5), 120.1 (td, JHH = 17.8, 5.2 Hz, C6F5), 99.6 (γ-CH), 19.8
(ArNCCH3). 19F NMR (376.5 MHz, C6D6, 25 ◦C): δ −143.7 (d, 3JHH = 20.8 Hz, 4 F, C6F5),
−156.2 (t, 3JHH = 22.3 Hz, 2 F, C6F5), −161.9 (td, JHH = 23.3, 6.1 Hz, 4 F, C6H5).

84



Chemistry 2023, 5

4.14. Crystallographic Details

Crystals were mounted on nylon loops in inert oil. Data of were collected on a Bruker
AXS D8 Kappa diffractometer (2, 5, 7, 9, 10, 11, 12b) with APEX2 detector (monochromated
MoKa radiation, λ = 0.71073 Å) and on a Bruker AXS D8 Venture diffractometer (1, 4, 6, 8,
12a, 13) with Photon II detector (monochromated CuKa radiation, λ = 1.54178 Å, microfocus
source) at 100(2) K. Structures were solved by Direct Methods (SHELXS-2013) [40] and
refined anisotropically by full-matrix least-squares on F2 (SHELXL-2014) [41–43]. Absorp-
tion corrections were performed semi-empirically from equivalent reflections based on
multi-scans (Bruker AXS APEX2). Hydrogen atoms were refined using a riding model or
rigid methyl groups.

1: An isopropyl group is disordered over two positions. C24 and C24′ were refined
with common positions and displacement parameters (EXYZ, EADP). RIGU restraints were
applied to the displacement parameters of the disordered atoms.

2: Two isopropyl groups are disordered over two positions. Their bond lengths
and angles were restrained to be equal (SADI) and RIGU restraints were applied to their
displacement parameters. Additional SIMU restraints were applied to the group in residue
2. In residue 1, the diol ligand is disordered over two positions. All corresponding bond
lengths were restrained to be equal (SADI) and RIGU restraints were used to refine the
displacement parameters. Atoms in close proximity (O4, O4′ and C33, C33′) were refined
with common displacement parameters (EADP). One solvent molecule is disordered over
two positions. All bond lengths and angles of the solvent molecules were restrained to be
equal (SADI) and the molecule was restrained to be planar (FLAT). RIGU restraints were
applied to the displacement parameters of the solvent atoms. The quantitative results of
the disordered moieties should be scrutinized, and especially the data for the diol ligand
may be unreliable. In addition, ice formed during the measurement and combined with a
scattering of the mount/oil used as glue, clearly visible background scattering was found in
the frames. This leads to some distorted intensities. The resolution of (090) could be related
to the (103) reflection of water and was therefore omitted. Three reflections shaded by the
beamstop were also ignored in the refinement. The remaining most disagreeable reflections
have a resolution of >2 Å with Fobs higher than Fcalc. 2 was refined as a 2-component
inversion twin.

5: The crystal was a non-merohedral twin and the model was refined against de-
twinned HKLF4 data. At low angles, some disagreeable reflections are found. These are
either due to poor separation of overlaps in the integration or, more likely, to background
scattering caused by the icing of the crystal. Three reflections shaded by the beam-stop
were ignored in the refinement (OMIT).

6: The structure contains a 2-methyltetrahydrofuran molecule highly disordered over
an inversion center. The final refinement was conducted with a solvent-free data set
from a PLATON/SQUEEZE run [44]. The molecule was included in the sum formula
for completeness.

7: An isopropyl group is disordered over two positions. Its bond lengths and angles
were restrained to be equal (SADI) and RIGU restraints were applied to its displacement
parameters. The structure contains two highly disordered n-hexane molecules. The final
refinement was conducted with a solvent-free data set from a PLATON/SQUEEZE run [44].
The molecules were included in the sum formula for completeness.

9: A diisopropylphenyl group is disordered over two positions. RIGU restraints were
applied to the displacement parameters of the corresponding atoms.

12a: A benzene molecule is disordered over two positions. RIGU restraints were
applied to the displacement parameters of the atoms of the solvent molecules.
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12b: An n-hexane molecule is disordered over a center of inversion. The bond lengths
and bond angles of all solvent molecules were restrained to be equal and RIGU restraints
were applied to the displacement parameters of their atoms. An additional SIMU re-
straint was used for the disordered molecule on the center of inversion. Its displacement
parameters suggested further disorder that could not be resolved any further.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemistry5020064/s1, Heteronuclear NMR (1H, 11B, 13C, 19F)
and IR data of all compounds (Figures S1–S48) as well as crystallographic details (Table S1a–d and
Figures S53–S57).
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Abstract: We report on the synthesis and the crystal structure of the solvent-free coordination polymer
CoII(2,5-DMT) (1) with 2,5-DMT ≡ 2,5-dimethoxyterephthalate which is isostructural to the already
reported MnII and ZnII congeners (C2/c, Z = 4). In contrast, for M = MgII, a MOF with DMF-filled
pores is obtained, namely Mg2(2,5-DMT)2(DMF)2 (2) (P1, Z = 2). Attempts to remove these solvent
molecules to record a gas sorption isotherm did not lead to meaningful results. In a comparative study,
the thermal (DSC/TGA) and luminescence properties of all the four compounds were investigated.
The compounds of the MII(2,5-DMT) composition show high thermal stability up to more than
300 ◦C, with the ZnII compound having the lowest decomposition temperature. MII(2,5-DMT) with
MII = MnII, ZnII and 2 show a bright luminescence upon blue light irradiation (λ = 405 nm), whereas
CoII in 1 quenches the emission. While ZnII in ZnII(2,5-DMT) and MgII in 2 do not significantly
influence the (blue) emission and excitation bands compared to the free 2,5-DMT ligand, MnII in
MnII(2,5-DMT) shows an additional metal-centred red emission.

Keywords: coordination polymers; fluorescence; metal–organic frameworks; methoxy substituents;
terephthalates

1. Introduction

Since their discovery more than 20 years ago [1,2], the research on MOFs (metal–
organic frameworks) at the border between coordination, solid state, and materials chem-
istry has continued to attract an ever-increasing amount of interest. The simple design
starting from a large variety of different metal cations or metal–oxo clusters as nodes and
an almost unlimited number of possible organic linker ligands has now led to more than
100,000 entries in the MOF subset [3] of the CSD database [4], although not all entries follow
strictly the recommendations of the IUPAC terminology for MOFs [5]. Since their first
introduction, many possible applications in the fields of gas storage [6] and gas separa-
tion/purification [7], catalysis [8], drug transport/delivery [9], sensing [10], or electronic
applications such as proton [11] and lithium-ion conductivity [12] have been discussed for
this class of materials.

With respect to sensing, fluorescent (or, more generally, luminescent) MOFs [13]
are being focused upon as a changing wavelength or a diminishing signal upon uptake
of an adsorbate is simple to detect. Luminescence can be either metal- or linker-based,
including ligand-to-metal charge transfer (LMCT) and metal-to-ligand charge transfer
(MLCT) processes [14]. For the former, lanthanide-based MOFs are most prominent, e.g.,
Eu3+-based materials with a strong red or Tb3+-based compounds with a strong green
luminescence [15]. There is an almost uncountable number of publications in this field, but
it is our impression that linker-based luminescence has rarely been investigated, although
even simple and very frequently used conjugated linkers such as 1,3,5-benzenetricarboxylic
acid (BTC) or 1,4-benzenedicarboxylic acid (BDC) show a weak emission at 440 nm [16] and
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388 nm [17], respectively. For potential sensing applications, linker-based luminescence
holds many promising perspectives due to a direct interaction between the linker and the
adsorbate, whereas a luminescent metal cation is somewhat “hidden” in its coordination
sphere, making the influence of a non-coordinating adsorbate on its emission properties
apparently weaker.

As a very spectacular result, linker-based luminescence was applied to detect de-
fects within crystalline MOFs with a high spatial resolution [18]. In this work, based
on MOFs with the UiO-67 topology, the authors used bulky fluorescein isothiocyanate
or rhodamine B isothiocyanate substituents for their approach. However, there are also
linkers with much smaller substituents, which show a strong luminescence. Among them,
2,5-dimethoxyterephthalic acid (2,5-DMT) shows a strong blue emission at λem = 410 nm
(λex = 370 nm)[this work], which compares well with the published results on its dimethyl
ester (λem = 402 nm with λex = 320 nm) [19]. In the literature, several coordination polymers
(CP) and MOFs have already been reported with the 2,5-DMT linker and the Mn2+ [20],
Zn2+ [20–22], Co2+ [23], Cu2+ [24], Th4+ [25], and Eu3+ metal cations [26]. To our surprise,
the luminescence properties of the resulting materials were not investigated in most of
these reports. The only exception is the Eu3+-based compound (doped with Tb3+), where a
mainly lanthanide-based emission was observed [26]. Mertens et al. reported solvent-free
coordination polymers MII(2,5-DMT) with MII = Mn2+, Zn2+ [20]. In the following, we add
CoII(2,5-DMT) to this series and compare the thermal stability as well as the luminescence
behaviour of all the three compounds. Additionally, we present the first Mg2+-based MOF
of the Mg2(2,5-DMT)2(DMF)2 composition, which is discussed in the context of the three
aforementioned CPs.

2. Materials and Methods
2.1. Synthesis of the Linker

All reagents were purchased commercially and used without further purification.
General: The synthesis of 2,5-dimethoxy terephthalic acid mainly followed the protocol

of a two-step synthesis provided in the literature [27], but with an increased reaction time
of the first step to increase the overall yield.

Synthesis of diethyl 2,5-dimethoxybenzene-1,4-dicarboxylate: The compound was
synthesised in dry glassware under an inert (argon) atmosphere: 1.337 g (5.26 mmol,
1.00 eq.) diethyl-2,5-dihydroxy-terephthalate and 2.326 g (16.8 mmol, 3.20 equiv.) potassium
carbonate were dissolved in 16 mL dry acetone; 1.1 mL (2.508 g, 17.7 mmol, 3.36 eq.) CH3I
was added and the suspension was stirred for 48 h at 60 ◦C. The solvent was evaporated
under reduced pressure and the resulting residue was dissolved in water and poured into a
separation funnel. After the recombination of the aqueous solutions, they were re-extracted
with ethyl acetate. The organic layers were collected and dried through the addition of
MgSO4. Filtration through a glass funnel and evaporation of the solvent under reduced
pressure led to a colourless powder with a yield of 93% (1.38 g, 4.90 mmol).

1H-NMR: 300 MHz, CDCl3: ppm = 7.37 (s, 2H, H-3/6), 4.39 (q, J = 7.1 Hz, 4H, H-8/11),
3.89 (s, 6H, H-13/14), 1.40 (t, J = 7.1 Hz, 6H, H-9/12).

13C-NMR: 75 MHz, CDCl3: ppm = 165.7 (C-7/10), 152.5 (C-2/5), 124.5 (C-1/4), 115.5
(C-3/6), 61.5 (C-8/11), 57.0 (C-13/14), 14.4 (C-9/12).

2.2. Synthesis of Coordination Polymers/MOFs

CoII(2,5-DMT) (1): 19.9 mg 2,5-dimethylterephthalic acid (0.087 mmol, 1.00 eq.) and
16.6 mg Co(NO3)2·6 H2O (0.090 mmol, 1.03 eq.) were dissolved in DMF (2.7 mL) in a glass
vial (10 mL). The vial was sealed and heated at 100 ◦C for 48 h.

MnII(2,5-DMT): 20.3 mg 2,5-dimethylterephthalic acid (0.089 mmol, 1.00 eq.) and
15.8 mg Mn(NO3)2·4 H2O (0.88 mmol, 0.99 eq.) were dissolved in DMF (2.7 mL) in a glass
vial (10 mL). The vial was sealed and heated at 100 ◦C for 48 h.
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ZnII(2,5-DMT): 19.4 mg 2,5-dimethylterephthalic acid (0.085 mmol, 1.00 eq.) and
16.7 mg Zn(NO3)2·6 H2O (0.088 mmol, 1.03 eq.) were dissolved in DMF (2.7 mL) in a glass
vial (10 mL). The vial was sealed and heated at 100 ◦C for 48 h.

Mg2(2,5-DMT)2(DMF)2 (2): 17.1 mg 2,5-dimethylterephthalic acid (0.075 mmol, 1.00 eq.)
and 12.2 mg Mg(NO3)2·6 H2O (0.082 mmol, 1.09 eq.) were dissolved in DMF (2.7 mL) in a
glass vial (10 mL). The vial was sealed and heated at 100 ◦C for 48 h.

2.3. Analytical Methods

PXRD patterns were recorded on a Rigaku MiniFlex 600-C diffractometer (Cu Kα

radiation, Ni filter) (Tokyo, Japan) as flat samples. The typical recording times were
30 min. The obtained data were analysed and processed with the WinXPow programme
package [28]. Additionally simulated patterns were generated from the Crystallographic
Information Files of the respective substances with WinXPow [28]. The resulting data from
the measurements were visualised with Gnuplot [29].

DSC/TG measurements were conducted on a Mettler Toledo (Gießen, Germany) DSC1
coupled with a TGA/DSC1 (Star System). The measured samples were placed and weighed
in a corundum crucible under an argon stream (40 mL/min). Initially, the sample was
heated to 30 ◦C and held at this temperature for 10 min. Subsequently, the sample was
heated to 1000 ◦C with a heating rate of 10 ◦C/min. Finally, the data were evaluated with
the STARe program package.

Luminescence measurements were carried out using a FLS980 spectrometer from
Edinburgh Instruments (Livingston, UK) with a xenon lamp and a PMT detector. The
measurements in the solution (2,5-DMT) were carried out in DMF using quartz glass
cuvettes, the solid state measurements of 2,5-DMT and 2—between two quartz glass plates.
MnII(2,5-DMT) and ZnII(2,5-DMT) were measured as KBr pellets. All the measurements
were conducted at room temperature.

2.4. X-ray Single-Crystal Structure Analysis

The measurements were carried out on a Bruker D8 Venture diffractometer with either
Ag Kα (λ = 0.56086 Å) or Mo Kα (λ = 0.71073 Å) radiation and a multi-layered mirror
monochromator. For the reduction of the diffraction data by integration and absorption
correction, the SAINT [30] and SADABS/TWINABS [31,32] programs from the APEX4
program package [33] were used. The determination of the space group and the start-
ing model was carried out with the SHELXT program [34]. For further refinement, the
SHELXL-18 [35] program was applied using the least squares method. All non-hydrogen
atoms were refined with anisotropic displacement parameters. The hydrogen atoms were
refined isotropically on the calculated positions using a riding model with their Uiso values
constrained to 1.5 times the Ueq of their pivot atoms for terminal sp3 carbon atoms and
1.2 times for all other carbon atoms. The data obtained from the SCXRD measurement
of 2 revealed a non-merohedral crystal twin whose two domains were tilted by 4◦ with
respect to each other. These two domains were integrated separately and subjected to twin
absorption correction. Based on the reflections of the more dominant domain, an HKLF
4 file was generated, from which the structure was initially solved and refined. The final
structure model was refined against the reflections of both domains (HKLF 5).

2.5. Further Software Programs

Visualisations of all crystal structures were made with the Diamond 4.6 program
package [36]. Visualisation of the fluorescent data and DSC/TGA measurements was
completed using the Origin 8.5 program package [37]. The ChemDraw Professional 15.0
program package [38] was used to visualise the organic molecules.
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3. Results and Discussion
3.1. Synthesis and General Characterisation

Through a solvothermal reaction of (1:1) 2,5-dimethoxyterephthalic acid (2,5-DMT)
and the respective metal nitrates (MII(NO3)2·x H2O with MII = Co, Mg, Zn, x = 6 and
MII = Mn, x = 4), coordination polymers MII(2,5-DMT) with MII = Co (1), Mn, Zn and the
Mg2(2,5-DMT)2(DMF)2 MOF (2) were obtained. The reactants were thoroughly mixed,
dissolved in dimethylformamide (DMF), and heated for 48 h at 100 ◦C in a 10 mL glass vial.
The resulting precipitates were filtered and dried. Powder X-ray diffractograms (PXRD,
Figures S1–S4, Supporting Information) revealed that the MII(2,5-DMT) coordination poly-
mers with MII = MnII, ZnII (C2/c, Z = 4) [20] known from the literature and the new CoII

compound 1 crystallise isostructurally to each other. The PXRD patterns confirm that all
the three compounds were obtained as samples with a high degree of purity (Table 1). The
PXRD pattern of 2, however, looks completely different to the other three, thus revealing
that a material with a different structural arrangement was synthesised. After solving its
crystal structure (P1, Z = 2; vide infra), it became evident that a MOF-type structure with
DMF-filled channels was formed. Again, a very good correlation between the experimental
PXRD pattern and the pattern simulated from the solved crystal structure confirms a high
purity of this material. Single crystals of 1 and 2, which exhibit a block-shaped habitus, were
isolated from the precipitates mentioned above and measured on an X-ray single-crystal
diffractometer. The crystals of 1 are transparent pinkish violet, whereas the crystals of
2 are—as expected—colourless.

Table 1. Calculated/observed values of the elemental analysis of MII(2,5-DMT) with MII = CoII (1),
MnII, ZnII and Mg2(2,5-DMT)2(DMF)2 (2) with an error tolerance of ±0.3%.

CoII(2,5-DMT) (1) MnII(2,5-DMT) ZnII(2,5-DMT) Mg2(2,5-DMT)2(DMF)2 (2)

N –/0.21 –/0.08 –/0.20 4.36/4.40

C 42.43/42.76 43.03/43.20 41.48/41.55 48.56/48.20

H 2.85/2.84 2.89/2.81 2.79/2.70 4.70/4.73

S –/– –/– –/– –/–

3.2. Crystal Structures

Complete crystallographic data can be found in the Supporting Information (Tables S1–S10).
The three isostructural coordination polymers crystallise in the monoclinic space group
C2/c [20]; the novel Mg MOF crystallises in the triclinic space group P1. For comparison,
selected crystallographic data of all the four compounds are given in Table 2.

The CoII CP (1) crystallises isostructurally to the known MnII and ZnII CPs, which
have already been described in the literature [20]. Therefore, the crystal structure of 1
is only briefly discussed. Its asymmetric unit (ORTEP plot) is given as Figure S5 in the
Supporting Information. In these compounds, the MII cation is coordinated by four oxygen
atoms stemming from the carboxylate groups of four different 2,5-DMT linkers (four shorter
MII–O distances given in Table 2). This leads to a distorted tetrahedral coordination, which
is depicted for 1 in Figure 1. To quantify the distortion of the coordination spheres, we
used the continuous shape measures approach (CShM) [40]; the respective values for a
tetrahedral coordination (T-4) are given in Table 2. Values much larger than 1 indicate a
severe distortion of the tetrahedral coordination. In Figure 1, two further oxygen atoms
with significantly longer MII–O bonds (cp. Table 2) are depicted stemming from the
methoxy groups of two 2,5-DMT linkers. Thus, a distorted octahedral coordination can
be assumed, but CShM values (OC-6) >> 1 again indicate a strong distortion. However,
it is remarkable (cp. Table 2) that a decreasing distortion of the tetrahedral coordination
from the Co compound to the Mn and the Zn compounds goes along with an increasing
distortion of the octahedral coordination. Obviously, with these methoxy substituents in
terephthalate-based linkers, pockets are formed to accommodate metal cations. The size of
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the metal cations seems to have a direct influence on the pocket’s shape, more tetrahedral
or more octahedral. This is also reflected in the CoII–O distances of 1, which show a large
spread from 1.9834(7) Å to 2.3533(7) Å, while in the CoII CPs with terephthalate ligands, a
less distorted octahedral coordination with CoII–O distances from 2.059(3) Å to 2.119(9) Å
is found [41,42].

Table 2. Selected crystallographic data of MII(2,5-DMT) with MII = CoII (1), MnII, ZnII and Mg2(2,5-
DMT)2(DMF)2 (2).

CoII(2,5-DMT) (1) MnII(2,5-DMT) ZnII(2,5-DMT) Mg2(2,5-DMT)2(DMF)2 (2)

Crystal system monoclinic monoclinic monoclinic triclinic

Space group, Z C2/c, 4 C2/c, 4 C2/c, 4 P1, 2

a/Å 16.1305(5) 16.7686(6) 16.5936(6) 8.833(3)

b/Å 8.6024(3) 8.4646(3) 8.4438(3) 9.691(3)

c/Å 7.3426(2) 7.4464(3) 7.4838(3) 18.674(6)

α/◦ 90 90 90 98.274(7)

β/◦ 96.425(1) 99.093(1) 97.649(2) 93.305(10)

γ/◦ 90 90 90 107.308(9)

Volume/Å3 1012.47(5) 1043.66(7) 1039.25(7) 1501.6(8)

Temp./K 100(2) 153(2) 153(2) 100(2)

Ionic radius,
CN = 4 [39] 0.72 Å (Co2+, hs) 0.80 Å (Mn2+, hs) 0.74 Å (Zn2+) 0.71 Å (Mg2+)

MII–O/Å
1.9834(7), 2×
2.0389(7), 2×
2.3532(7), 2×

2.0761(5), 2×
2.1391(6), 2×
2.5595(6), 2×

1.9547(13), 2×
2.0023(13), 2×
2.6223(14), 2×

Mg1: 1.961(3), 1.989(3),
2.007(3), 2.118(3), 2,198(3),

2.284(3)
Mg2: 2.042(4), 2.048(4),

2.080(3), 2.082(3), 2.100(3),
2.107(3)

CShM values [40] 4.896 (T-4)
1.697(OC-6)

3.847 (T-4)
2.848 (OC-6)

2.428 (T-4)
3.280 (OC-6)

Mg1: 2.915 (OC-6)
Mg2: 0.145 (OC-6)

Ref. CCDC-2225418[this work] CCDC-813469 [20] CCDC-813470 [20] CCDC-2225419[this work]

It should be noted that Mertens et al. chose a different description of their MnII and
ZnII CPs as they included two even more distant oxygen atoms, which led to CN = 8
and a distorted “super dodecahedron” [20]. None of these descriptions can be considered
wrong or correct, they are more an expression of the flexibility of metal coordination in
such compounds with 2,5-DMT ligands. MIIOn polyhedra are connected to chains running
along [001], which are interconnected through 2,5-DMT linkers to form a 3D coordination
network. The resulting topology shows some similarities with MOFs of the MIL series (sra
topology). For a more detailed description of these crystal structures, see [20]. Neither
Mertens et al. nor our group found an indication of permanent porosity in these materials
(cp. Figure S6, Supporting Information, showing a space-filling representation of 1).

Using the same reaction conditions that led to the formation of MII(2,5-DMT) with
MII = CoII (1), MnII, ZnII, we obtained a completely different compound when
Mg(NO3)2·6 H2O was used as the starting material. It was shown that this structure
was also formed when the cooling time was increased to 96 h and/or when lauric acid
was added as a monocarboxylic additive to improve the crystallinity. The resulting crystal
structure is shown in Figure 2. The asymmetric unit of Mg2(2,5-DMT)2(DMF)2 (2) consists
of two crystallographically distinguishable magnesium atoms (Mg1, Mg2), one complete
and two half-linker anions as well as two coordinating DMF molecules.
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Both Mg atoms form distorted octahedral MgO6 coordination spheres, which, however,
show large differences. Mg1 is coordinated by five oxygen atoms which stem from the
carboxylate groups of four different 2,5-DMT ligands (one carboxylate group coordinates in
a bidentate chelating mode). The sixth oxygen atom belongs to a methoxy group of one of
the four 2,5-DMT linkers. The resulting octahedron shows a severe distortion, as expressed
by the large CShM value of 2.915 (Table 2). This confirms, as found for MII(2,5-DMT) with
MII = CoII (1), MnII, ZnII, that, again, pockets are formed including the methoxy substituent,
which, due to spatial restrictions, leads to distorted polyhedra if the metal cations do not
fit perfectly into these pockets. In contrast, Mg2 is coordinated by four oxygen atoms of
the carboxylate groups of four different 2,5-DMT anions and two oxygen atoms of two
different DMF molecules. As there are no spatial restrictions, i.e., the oxygen atoms can be
freely arranged, an almost undistorted octahedron is observed with a small CShM value
(0.145). This is also reflected in the Mg–O distances: the Mg1–O distances range from
1.961(3) Å (O1) to 2.284(3) Å (O5), the Mg2–O distances—from 2.042(4) Å (O2) to 2.107(3) Å
(O14). As expected, the longest bond is found between Mg1 and the oxygen atom O5 of the
methoxy group. It is more than 0.1 Å longer than the typical Mg–O bond lengths found in
the literature [43,44].

O11 bridges both MgO6 octahedra, thus forming a corner-connected dimer. These
dimeric units are interconnected through the 2,5-DMT ligands creating a three-dimensional
network (Figure 3). This network forms channels into which the coordinating DMF
molecules protrude. The pore sizes were calculated with the PLATON program pack-
age [45] taking the respective van der Waals radii into account, resulting in diameters from
3.10 Å to 4.64 Å. The channels (Figure 4) penetrate the whole framework of 2 in a wave-like
fashion. It was assumed that these voids might be accessible to guest uptake after removal
of the coordinating DMF molecules. This will be discussed in more detail below.
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It is remarkable that for Mg2+, a completely different structure is observed when com-
pared to Co2+, Mn2+, and Zn2+. This might be explained by the smallest ionic radius of Mg2+ 
compared to the other three 3d metal cations Minor variations of the reaction conditions 
always lead to materials with the crystal structure of 2. The major difference between the 
two different structure types is that there is no coordination of the solvent molecules in 
any of the three Co2+, Mn2+, and Zn2+ coordination polymers, whereas two DMF molecules 
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Figure 3. Section of the crystal structure of Mg2(2,5-DMT)2(DMF)2 (2) in a view along [010].
(Left): representation of the linker anions as wireframes, the MgO6 octahedra are emphasized in
green; (middle): space-filling representation considering the van der Waals radii with the DMF
molecules; (right): space-filling representation without the DMF molecules.
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It is remarkable that for Mg2+, a completely different structure is observed when
compared to Co2+, Mn2+, and Zn2+. This might be explained by the smallest ionic radius
of Mg2+ compared to the other three 3d metal cations Minor variations of the reaction
conditions always lead to materials with the crystal structure of 2. The major difference
between the two different structure types is that there is no coordination of the solvent
molecules in any of the three Co2+, Mn2+, and Zn2+ coordination polymers, whereas two
DMF molecules coordinate to Mg2 in the magnesium compound. This leads to small voids
and wave-like channels with a potentially accessible porosity (vide infra).

3.3. Thermogravimetric Analyses

All the compounds MII(2,5-DMT) with MII = CoII (1), MnII, ZnII and 2 were inves-
tigated with regard to their thermal stability by means of coupled thermogravimetry
(TG) and differential scanning calorimetry (DSC) using an inert Ar atmosphere and a
10 ◦C min−1 heating rate.

The TG curve of Mg2(2,5-DMT)2(DMF)2 (2) shows four separated weight losses up
to ~1000 ◦C (Figure 5, DSC curves are given as Figure S7, Supporting Information). The
first mass loss of 4.64% was detected between 50 ◦C and 140 ◦C. It was followed by the
second one between 140 ◦C and 250 ◦C. Calculations show that the sum of both fits almost
perfectly to the release of the two coordinating DMF molecules (calc.: 22.7%, detected:
23.4%). The two following mass losses describe the decomposition of the framework
starting above 300 ◦C.

For the three isostructural coordination polymers MII(2,5-DMT) with MII = CoII (1),
MnII, ZnII, a very similar thermal stability was found (Figure 5). For ZnII(2,5-DMT), the
first mass loss with 30.1% occurred between 280 ◦C and 430 ◦C, which would fit a total
decarboxylation of the linker molecule (calc.: 30.4%). Two further decreases were observed
at higher temperatures between 430–550 ◦C and 550–800 ◦C, respectively. The first decrease
could correspond to the release of a methanol molecule (obs.: 11.09%, calc.: 11.06%), which
is formed from the methoxy group. Unfortunately, the amount of the residue after heating
to 1000 ◦C was too small to record a PXRD pattern. In the case of MnII(2,5-DMT), a
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TGA curve very similar to that of the Zn compound was observed (Figure 5). The first
mass decreases were detected between 340–440 ◦C and 440–575 ◦C, i.e., at slightly higher
temperatures compared to the Zn CP. The agreement between the calculated and observed
values for a full decarboxylation and the cleavage of a methanol molecule is not as good as
for the Zn compound (obs.: 43.02%, calc.: 38.4%). CoII(2,5-DMT) (1) also shows thermal
stability up to at least 300 ◦C. Here, the first mass loss occurred at ~430 ◦C, very similar to
the MnII compound (obs.: 28.82%; calc.: 31.09% for a complete decarboxylation). Further
decreases occurred between 420–510 ◦C and 510–630 ◦C, most likely due to the cleavage of
the methoxy groups.
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Comparison of all the MII(2,5-DMT) compounds with MII = CoII (1), MnII, ZnII shows
that MnII(2,5-DMT) has the highest thermal stability, followed by CoII(2,5-DMT) (1) with
an only slightly decreased decomposition temperature, whereas ZnII(2,5-DMT) shows a
significantly lower thermal stability, by approx. 20 ◦C. As expected, the lowest thermal
stability was found for Mg2(2,5-DMT)2(DMF)2 (2), which is due to the release of the
coordinating solvent molecules (DMF) upon heating. Remarkably, above 300 ◦C, the TG
curve of 2 shows a very similar trend to the one found for the three solvent-free CPs starting
at room temperature. It is therefore suggested that a coordination polymer Mg(2,5-DMT)
isostructural to MII(2,5-DMT) with MII = CoII (1), MnII, ZnII (C2/c, Z = 4) might be formed
after the release of the two DMF molecules. To confirm this assumption, a sample of 2
was heated at 280 ◦C in an argon stream for one hour. However, the PXRD pattern of the
resulting material shows the same reflections as observed at room temperature, i.e., no
structural change occurred under these conditions. Only the crystallinity of the material
decreased significantly. Obviously, the framework of 2 collapses upon the release of the
coordinating DMF guests. This also explains why we were unable to activate 2 and record
a type I isotherm in the N2 gas sorption measurements.

3.4. Luminescence Properties

Since coordination polymers MII(2,5-DMT) with MII = CoII (1), MnII, ZnII are isostruc-
tural compounds, the comparison of their emission and excitation bands could allow
assumptions about the influence of different metal cations on the respective luminescence
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properties. The measured emission and excitation spectra are given in Figure 6 and com-
pared with the respective spectra of the free 2,5-DMT ligand (grey reference). Table 3
summarises the optical properties of MII(2,5-DMT) with MII = MnII, ZnII, 2, and the free
ligand. For CoII(2,5-DMT) (1), no emission was observed as it was quenched by the Co2+

cations as known from the literature [46]. Pictures of the excited MII(2,5-DMT) compounds
with MII = CoII (1), MnII, ZnII and 2 after blue light irradiation are shown in the Supporting
Information (Figure S9).
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while the metals do not participate in the radiative pathway in a significant way. 

The ligand-centred emission band is also identified for the MnII(2,5-DMT) coordina-
tion polymer. In addition, a second emission band at 660 nm is observed after excitation 
at 410 nm, resulting in a red emission of the coordination polymer (cp. Figure S9). This 
emission band is attributed to a metal-centred transition of the Mn2+ ion as it has not been 
observed for the Zn2+ and Mg2+ coordination compounds and the free ligand. Through the 
red emission, it is possible to make an additional statement about the coordination, which 
cannot be unambiguously identified via X-ray single-crystal structure analysis as dis-
cussed above. While tetrahedrally coordinated Mn2+ emits green light, a red-light emission 
is observed for octahedrally coordinated Mn2+ ions caused by a transition from the excited 
4T1g(4G) state to the 6A1g(6S) ground state [47,48]. Therefore, from these UV–vis spectra, one 
can conclude that the coordination sphere of Mn2+ in MnII(2,5-DMT) is best described as 
an MnO6 octahedron. 

 

Figure 6. The emission (solid trace) and excitation spectra (dotted trace) of ZnII(2,5-DMT) (top left,
blue traces), Mg2(2,5-DMT)2(DMF)2, 2 (top right, green traces), MnII(2,5-DMT) (bottom left, red
traces), and 2,5-dimethoxyterephthalic acid (bottom right, orange traces) measured at 295 K. The
emission and excitation spectra of the free 2,5-DMT linker are additionally plotted as a reference (grey
traces) in each spectrum of the coordination polymers.

Table 3. Maximum excitation, emission and absorption wavelengths of MII(2,5-DMT) with
MII = MnII, ZnII, 2, and the free 2,5-DMT ligand (s = shoulder).

Max. Excitation/nm Max. Emission/nm Max. Absorption/nm

2,5-DMT 370 410 220, 250(s), 360
MnII(2,5-DMT) 370, 420 400, 660 200, 260(s), 370(s)
ZnII(2,5-DMT) 390 410 205, 260(s), 390(s)

Mg2(2,5-DMT)2(DMF)2, 2 390 420 205, 250(s), 325

For ZnII(2,5-DMT) and Mg2(2,5-DMT)2(DMF)2 (2), the emission and excitation bands
are similar to those observed for the free 2,5-DMT ligand. The excitation bands of both com-
pounds are slightly red-shifted compared to the ligand’s excitation band due to a weak in-
teraction with the metal centre, while the emission band centres are almost identical for the
coordination compounds and the ligand. This is consistent with the measured absorption
spectra (Table 3), where the absorption bands of ZnII(2,5-DMT) and Mg2(2,5-DMT)2(DMF)2
(2) do not significantly differ from the absorption of the free ligand. Therefore, we attribute
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the emission bands in 2 and ZnII(2,5-DMT) to a ligand-centred transition, while the metals
do not participate in the radiative pathway in a significant way.

The ligand-centred emission band is also identified for the MnII(2,5-DMT) coordination
polymer. In addition, a second emission band at 660 nm is observed after excitation at
410 nm, resulting in a red emission of the coordination polymer (cp. Figure S9). This
emission band is attributed to a metal-centred transition of the Mn2+ ion as it has not been
observed for the Zn2+ and Mg2+ coordination compounds and the free ligand. Through the
red emission, it is possible to make an additional statement about the coordination, which
cannot be unambiguously identified via X-ray single-crystal structure analysis as discussed
above. While tetrahedrally coordinated Mn2+ emits green light, a red-light emission is
observed for octahedrally coordinated Mn2+ ions caused by a transition from the excited
4T1g(4G) state to the 6A1g(6S) ground state [47,48]. Therefore, from these UV–vis spectra,
one can conclude that the coordination sphere of Mn2+ in MnII(2,5-DMT) is best described
as an MnO6 octahedron.

4. Conclusions

We synthesized a new coordination polymer CoII(2,5-DMT) (1) containing a fluorescent
2,5-DMT (2,5-dimethoxyterephthalate) linker; 1 is isostructural to the known MnII and
ZnII congeners. Attempts to synthesize an Mg2+ analogue led to the synthesis of Mg2(2,5-
DMT)2(DMF)2 (2) with coordinating DMF molecules and a MOF-type structure. Attempts
to remove the DMF guests upon heating failed so that no permanent porosity could
be proven. In a comparative study, thermal stability of all the four compounds was
investigated. The solvent-free MII(2,5-DMT) coordination polymers with MII = CoII (1),
MnII, and ZnII showed a very similar decomposition behaviour, with the ZnII compound
being a slightly less stable material. Nonetheless, all the three compounds decomposed
clearly above 300 ◦C. MII(2,5-DMT) with MII = MnII, ZnII, and 2 as well as the pristine
linker 2,5-DMT exhibited a strong emission upon irradiation with blue/UV light, while in
the Co2+-containing material (1), the emission was quenched. ZnII(2,5-DMT) and Mg2(2,5-
DMT)2(DMF)2 (2) showed a mainly ligand-based blue emission, while for MnII(2,5-DMT),
an additional metal-based red emission was found. The latter points to an octahedral
coordination of Mn2+. This is remarkable from a structural point of view, as in solvent-
free MII(2,5-DMT) compounds, pockets around the M2+ cations are formed with an inner
(distorted tetrahedral) and an outer coordination sphere. The inner sphere is solely formed
by four oxygen atoms of carboxylate groups, whereas in the outer sphere, two oxygen atoms
of the methoxy groups are also included, leading to a distorted octahedral coordination.
Although the Mn–Omethoxy distances are distinctively longer than the Mn–Ocarboxylate

distances (by more than 0.4 Å), the UV/vis spectra of MnII(2,5-DMT) clearly indicate that
there is still a significant Mn–Omethoxy interaction.

We believe that the 2,5-DMT ligand is an attractive linker for the construction of
luminescent coordination polymers and MOFs. Especially in MOFs with a permanent
porosity, it might lead to interesting materials for sensing applications. The synthesis of
such porous and luminescent MOFs is in the focus of our current research in this field.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemistry5020065/s1, Figure S1: PXRD pattern of [CoII(2,5-
DMT)] (1); Figure S2: PXRD pattern of [MnII(2,5-DMT)]; Figure S3: PXRD pattern of [ZnII(2,5-
DMT)]; Figure S4: PXRD pattern of [Mg2(2,5-DMT)2(DMF)2] (2); Figure S5: Asymmetric unit of
[CoII(2,5-DMT)] (1); Figure S6: Space filling representation of [CoII(2,5-DMT)] (1); Figure S7: DSC
curves of [MnII(2,5-DMT)], [ZnII(2,5-DMT)], [CoII(2,5-DMT)] (1), and [Mg2(2,5-DMT)2(DMF)2] (2);
Figure S8: UV/vis measurements of 2,5-DMT and [MnII(2,5-DMT)], [ZnII(2,5-DMT)], and [Mg2(2,5-
DMT)2(DMF)2] (2); Figure S9: Photographs of fluorescence of [MnII(2,5-DMT)], [ZnII(2,5-DMT)],
[CoII(2,5-DMT)] (1), and [Mg2(2,5-DMT)2(DMF)2] (2) upon blue light irradiation; Tables S1–S5:
Crystallographic data of [CoII(2,5-DMT)] (1); Tables S6–S10: Crystallographic data of [Mg2(2,5-
DMT)2(DMF)2] (2).
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Abstract: The redox reactions of various lanthanide metals with 3-(4-pyridyl)pyrazole (4-PyPzH)
or 3-(3-pyridyl)pyrazole (3-PyPzH) ligands yield the 2D network 2

∞[Eu(4-PyPz)2(Py)2] containing
divalent europium, the 3D frameworks 3

∞[Ln(4-PyPz)3] and 3
∞[Ln(3-PyPz)3] for trivalent cerium,

praseodymium, neodymium, holmium, erbium, and thulium as well as 3
∞[La(4-PyPz)3], and the

2D networks 2
∞[Ln(4-PyPz)3(Py)] for trivalent cerium and thulium and 2

∞[Ln2(4-PyPz)6]·Py for
trivalent ytterbium and lutetium. The 18 lanthanide coordination polymers were synthesized under
solvothermal conditions in pyridine (Py), partly acting as a co-ligand for some networks. The
compounds exhibit a variety of luminescence properties, including metal-centered 4f–4f/5d–4f
emission in the visible and near-infrared spectral range, metal-to-ligand energy transfer, and ligand-
centered fluorescence and phosphorescence. The anionic ligands 3-PyPz− and 4-PyPz− serve as
suitable antennas for lanthanide-based luminescence in the visible and near-infrared range through
effective sensitization followed by emission through intra–4f transitions of the trivalent thulium,
holmium, praseodymium, erbium, and neodymium. 2

∞[Ce(4-PyPz)3(Py)], 3
∞[Ce(4-PyPz)3], and

3
∞[Ce(3-PyPz)3] exhibit strong degrees of reduction in the 5d excited states that differ in intensity
compared to the ligand-based emission, resulting in a distinct emission ranging from pink to orange.
The direct current magnetic studies show magnetic isolation of the lanthanide centers in the crystal
lattice of 3

∞[Ln(3-PyPz)3], Ln = Dy, Ho, and Er.

Keywords: divalent europium; cerium; NIR emitter; N-donor ligand

1. Introduction

Divalent europium, the mildest reducing agent of the redox-sensitive divalent lan-
thanide ions, has been successfully used in a wide variety of material applications such
as medical imaging [1,2], photochemistry [3,4], lanthanide-activated phosphors [5,6], and
sensing [7,8]. Trivalent lanthanides are known for their luminescence properties, with
f–f based emission covering the spectrum from the ultraviolet (UV) to the near-infrared
(NIR) spectral region, characteristic for each metal ion [9,10]. Several ions of typical NIR
emitters also have possible transitions in the visible range [11], but these are usually too
weak to be readily observed, especially for Tm3+ and Ho3+ [12–16]. NIR emitters have
played an important role in many modern technologies such as organic light-emitting
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diodes (OLEDs) [17,18] and photovoltaics [19,20], which encouraged us to further study
the photophysical properties of NIR emitters such as Tm, Ho, Nd, and Er [11,12,21,22].

In addition to the forbidden f–f transitions, 5d–4f transitions can also be detected
among the trivalent and the divalent lanthanides such as Ce3+ and Eu2+. The 5d–4f
transitions have also been studied for decades on the luminescent mechanism and po-
tential applications in various fields [23–25]. The emission occurs in the UV and/or in
the blue spectral regions but can be shifted to a much longer wavelength depending on
the environment of the Ln3+ ion [26,27]. Mostly, the 5d–4f transitions are absent due to
thermal quenching by fast intersystem crossing from 4fn−15d1 to 4fn configuration [4,28].
Pink-emitting cerium has rarely been detected in doped materials such as cerium-doped
single-crystal aluminum nitride [29] and cerium–manganese-activated phosphor [30] and
not for undoped systems. Furthermore, undoped red-emitting 1

∞[Ce(2-PyPz)3] and orange-
emitting [Ce(2-PyPzH)3Cl3] (2-PyPzH = 3-(2-pyridyl)pyrazole) were just recently reported
for orange emission [31,32]. These results inspired further investigations on the influ-
ence of changing the position of the nitrogen of the pyridyl ring in 3-(4-pyridyl)pyrazole
(4-PyPzH) and 3-(3-pyridyl)pyrazole (3-PyPzH), which are presented in this work. The
ligands 4-PyPzH and 3-PyPzH were used to synthesize homoleptic and highly lumines-
cent trivalent lanthanide 3D coordination polymers with the formulas 3

∞[Ln(3-PyPz)3] and
3
∞[Ln(4-PyPz)3], Ln = Sm, Eu, Gd, Tb, Dy [33]. Neither 3-PyPzH nor 4-PyPzH as ligands
have been explored for complexing divalent lanthanide ions. Following the reaction of
europium metal with 4-PyPzH, a 2D network based on divalent europium was synthesized
and presented in this work.

3-PyPzH was used to synthesize a wide variety of structures, from 3D and 2D net-
works to complexes of lanthanide trichlorides [14]. The weak ferromagnetic interaction
for 2

∞[Ho2(3-PyPzH)3Cl6]·2MeCN encouraged us to study the magnetic properties of the
presented Ln metal-based series.

2. Results and Discussion

Elemental lanthanides together with 3-(4-pyridyl)pyrazole (4-PyPzH) or 3-(3-pyridyl)
pyrazole (3-PyPzH) in solvothermal synthesis-based reactions were used to obtain eighteen
3D frameworks and 2D networks (Scheme 1).
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2.1. Structural Analysis

Structural diversity is observed along the series based on 4-PyPz−, depending on
the content of both 4-PyPz− and pyridine (Py) as linkers, all of which crystallize in the
monoclinic crystal system and mostly with the space group P21/n. Exceptions are 2

∞[Eu(4-
PyPz)2(Py)2] (4-Eu2+) and 2

∞[Ln(4-PyPz)3(Py)], Ln = Ce (4-2
∞Ce), Tm (4-2

∞Tm), which crys-
tallize with the space groups P21 and Cc, respectively. The other 3-PyPz− based series
3
∞[Ln(3-PyPz)3], (3, Ln = Ce, Pr, Nd, Ho, Er, Tm) further crystallizes in the cubic crystal
system with the space group Pa3.

In 2
∞[Eu(4-PyPz)2(Py)2] (4-Eu2+), containing divalent europium, each Eu2+ ion coor-

dinates to eight nitrogen atoms, six nitrogen atoms from four pyrazolate anions, and two
nitrogen atoms from two pyridine molecules in a distorted pseudo-octahedral assembly
(Figure 1), if the two nitrogen atoms of the pyrazolate anion are considered as one corner
of the octahedron. The four pyrazolate anions act as bridges to the neighboring Eu2+ ions,
forming a 2D coordination polymer. The Eu–N interatomic distances for divalent europium
in 2

∞[Eu(4-PyPz)2(Py)2] (4-Eu2+) (254.9(4)–274.5(2) pm) are longer than those reported for
the trivalent europium 3

∞[Eu(4-PyPz)3] (240.8–258.8 pm) [33], consistent with the difference
in charge density and ionic radius [34]. Another comparison of the Eu–N of 4-Eu2+ with
the divalent europium complex [Eu(Ph2pz)2(Py)4]·2Py (Ph2pz = 3,5-diphenylpyrazolate,
Eu–N = 253.8–274.1 pm) resulted in good agreement [35].
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Figure 1. (a) Extended coordination sphere of the Eu2+ ion in 2
∞[Eu(4-PyPz)2(Py)2] (4-Eu2+); (b) crystal

structure of 4-Eu2+ with a view along [001]. The coordination polyhedra around Eu2+ are indicated
in violet with thermal ellipsoids depicted at the 50% probability level. Symmetry operations: I x + 1,
y, z II −x + 1, y + 1/2, −z. In all figures, the hydrogen atoms are omitted for clarity and the unit cell
is depicted when required.

In 2
∞[Ln(4-PyPz)3(Py)], Ln = Ce3+ (4-2

∞Ce), Tm3+ (4-2
∞Tm), each Ln3+ ion coordinates to

nine nitrogen atoms, eight nitrogen atoms from five pyrazolate anions, and a nitrogen atom
from a pyridine molecule in a distorted pseudo-octahedral arrangement (Figure 2), if the
two nitrogen atoms of the pyrazolate anion are viewed as one corner of the octahedron. The
pyrazolate anions act as bridges to the neighboring Ln3+ ions, forming a 2D coordination
polymer. Due to the lack of Tm3+-nitrogen-based complexes and coordination polymers
in the literature, only one example was comparable to 4-2

∞Tm, [Tm(L1)3]3+ (L1 = 2,6-bis(5,6-
dipropyl-1,2,4-triazin-3-yl)pyridine, Tm–N = 248.3–252.2 pm) [36], which is longer than 4-2

∞Tm
(Tm–N = 232.4–259.2 pm) due to the anionic character of the ligands, in the latter 4-PyPz−.
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The topology of the 4-Eu2+ and 4-2
∞Tm networks was determined according to the

Reticular Chemistry Structure Resource (RCSR) and the Wells terminology [37,38] to result
in an sql topology (Figure 3) with the Schläfli symbol 44·62 for both cases. This topology
distinguishes from the rest of the series 3

∞[Ln(4-PyPz)3] (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm),
which represent the pcu topology with the Schläfli symbol 412·63 [33]. The pcu topology
was also found for the isotypic series 3

∞[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd, Ho, Er, Tm).
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Figure 3. Topological representation of (a) 2
∞[Eu(4-PyPz)2(Py)2] (4-Eu2+); (b) 2

∞[Tm(4-PyPz)3(Py)]
(4-2

∞Tm) as a uninodal 4-c net with sql topology.

The crystal structure of 2
∞[Ln2(4-PyPz)6]Py, Ln = Yb (4-Yb), Lu (4-Lu) contains two

lanthanide sites. One site coordinates to nine nitrogen atoms from six pyrazolate anions in a
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distorted pseudo-octahedron, while the other coordinates to eight nitrogen atoms from five
pyrazolate anions in a distorted trigonal bipyramid (Figure 4), if the two nitrogens of the
pyrazolate anion are considered as a corner of the polyhedron. The two lanthanide sites are
bridged through a pyrazolate anion, while each lanthanide site is simultaneously bridged
through pyrazolate anions to adjacent identical sites to form a 2D layer extending along
the bc plane. An anion coordinated to Ln1 does not act as a bridge through the nitrogen
atom of its pyridine ring to another neighboring Ln ion (its position is pointed by arrows in
Figure 4), making some ligands infinite and, thus, a correct topological analysis with the
central atoms impossible.
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The different coordination numbers are also reflected by the Yb–N distances, which range
from 227.7(6)–247.9(6) pm for CN = 8 (Yb2) to 234.1(6)–257.5(5) pm for CN = 9 (Yb1). Compar-
ison of the Yb–N distances with [Yb(Ph2pz)3(Py)2]·2(thf) (Ph2pz = 3,5-diphenylpyrazolate,
CN = 8, Yb–N = 225.7–244.3 pm) [39] and [YbL3]·CH3OH (HL = 2-(tetrazol-5-yl)-1,10-
phenanthroline, CN = 9, Yb–N = 240.9–259.9) [40] shows good agreement for Yb–N. The
Yb2–Npz (pz = pyrazolate nitrogen atom) is slightly shorter than the reported range, indi-
cating the strength of the electrostatic interaction between the metal cation and the anionic
pyrazolate ring.

The crystal structures of 3
∞[Ln(4-PyPz)3] (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm) and

3
∞[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd, Ho, Er, Tm) are isotypic to the respective reported
series of 3

∞[Ln(4-PyPz)3] and 3
∞[Ln(3-PyPz)3], Ln = Sm, Eu, Gd, Tb, Dy, respectively [33].

The extended coordination sphere of Ce3+ (CN = 9) in the two isotypic series 3
∞[Ln(4-

PyPz)3] and 3
∞[Ln(3-PyPz)3] are shown in Figures S1 and S2. The volume of the unit

cell and the average of Ln–N decrease with the increasing charge density along the two
series 3

∞[Ln(4-PyPz)3] and 3
∞[Ln(4-PyPz)3] (Tables S10 and S11) as a direct consequence of

the lanthanide contraction [41]. Tables with detailed crystallographic data and selected
interatomic distances (pm) and angles (◦) of the studied compounds are given in the
Supplementary Materials (Tables S1–S11).

The crystal structures were mostly determined by single-crystal X-ray diffraction
(SCXRD), while the structures of 2

∞[Ce(4-PyPz)3(Py)] (4-2
∞Ce) and 3

∞[Tm(4-PyPz)3] (4-Tm)
were characterized from microcrystalline products by powder X-ray diffraction (PXRD)
and subsequent Pawley refinements (Figure 5a,b), confirming the isotypic character based
on the SCXRD of 2

∞[Tm(4-PyPz)3(Py)] (4-2
∞Tm) and 3

∞[Er(4-PyPz)3] (4-Er), respectively.
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All bulk products were investigated by PXRD. For 3
∞[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd,

Ho, Er), the experimental diffraction patterns agree with the diffraction patterns simulated
from the single-crystal data with no observation of additional reflections indicating the
absence of crystalline byproducts (Figure S3). To account for the different measurement con-
ditions of PXRD (298 K) and SCXRD (100 K), Pawley refinements for 2

∞[Eu(4-PyPz)2(Py)2]
(4-Eu2+) (Figure 5c), 3

∞[Ce(4-PyPz)3] (4-Ce) (Figure 5d), and 3
∞[Ln(4-PyPz)3] (4, Ln = La, Pr,

Nd, Ho, Er) (Figures S4−S8) were carried out, confirming the phase purity of the respec-
tive series of coordination polymers. The resulting difference plots show no significant
deviations, and the refinement results (Rwp, GOF) are shown in Table S12. Other crystalline
phases were found in the PXRD of 2

∞[Tm(4-PyPz)3(Py)] (4-2
∞Tm) and 2

∞[Ln2(4-PyPzH)6]Py,
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Ln = Yb (4-Yb), Lu (4-Lu) (Figure S9). Isolation of 3
∞[Tm(3-PyPz)3] (3-Tm) as single crystals

was also possible.

2.2. Photophysical Properties
2.2.1. UV–VIS–NIR Absorption Spectra

Electronic absorption spectra were recorded in the solid state at room temperature (RT)
for 4-PyPzH, 2

∞[Eu(4-PyPz)2(Py)2] (4-Eu2+), 2
∞[Ce(4-PyPz)3(Py)] (4-2

∞Ce), 3
∞[Ln(4-PyPz)3] (4,

Ln = Ce, Pr, Nd, Ho, Er, Tm), and 3
∞[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd, Ho, Er) (Figure 6). The

absorption spectra of the free ligand 3-PyPzH was shown for the solid state in a range from
about 200–270 and 570–305 nm corresponding to the intra-ligand transitions π–π* and/or
n–π* [14]. The free ligand 4-PyPzH shows a broad band from 200 to 280 nm corresponding
to the intra-ligand transitions. In the investigated coordination polymers, the intense wide
absorption band corresponding to either ligand appears in the UV region. For 2

∞[Eu(4-
PyPz)2(Py)2] (4-Eu2+), a broad absorption shoulder from 356–640 nm is associated with a
metal-to-ligand charge transfer (MLCT) transition from the Eu2+ 4f orbitals to the π* orbitals
of the coordinated ligands. For 2

∞[Ce(4-PyPz)3(Py)] (4-2
∞Ce), 3

∞[Ce(4-PyPz)3] (4-Ce), and
3
∞[Ce(3-PyPz)3] (3-Ce), the formation of shoulders at a higher wavelength from 320–470 nm
is observed due to the transition from 4f to 5d. These absorption shoulders are compatible
with the shoulders observed for the orange and the red emitters [Ce(2-PyPzH)3Cl3] and
1
∞[Ce(2-PyPz)3] [31]. Moreover, sharp and weak to medium bands can be assigned to the
respective f–f transitions in both the VIS and NIR regions for 3

∞[Ln(4-PyPz)3], Ln = Pr (4-Pr),
Nd (4-Nd), Ho (4-Ho), Er (4-Er), Tm (4-Tm) and 3

∞[Ln(3-PyPz)3], Ln = Pr (3-Pr), Nd (3-Nd),
Ho (3-Ho), Er (3-Er), as assigned in Table 1 [11,42–45].

2.2.2. Emission and Excitation Spectra

The photoluminescence properties were recorded for all bulk products, 2
∞[Eu(4-

PyPz)2(Py)2] (4-Eu2+), 2
∞[Ce(4-PyPz)3(Py)] (4-2

∞Ce), 3
∞[Ln(4-PyPz)3] (4, Ln = La, Ce, Pr,

Nd, Ho, Er, Tm), and 3
∞[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd, Ho, Er) in the solid state at RT and

77 K. The photoluminescence spectroscopy determinations for 2
∞[Ce(4-PyPz)3(Py)] (4-2

∞Ce),
3
∞[Ce(4-PyPz)3] (4-Ce), and 3

∞[Ce(3-PyPz)3] (3-Ce) (Figure 7) show interesting 5d−4f tran-
sitions with Ce3+-centered light emission in the VIS range. Broad emission bands appear
for 4-2

∞Ce, 4-Ce, and 3-Ce from 520, 500, and 460 to 850 nm centered at 650, 650, and 641
nm, respectively, at RT, indicating large crystal field splitting and a large redshift for the
emission wavelength reaches the red–orange visible region. The intensity of the ligand-
based emission decreases from 4-2

∞Ce through 4-Ce to 3-Ce which shifts the emission color
from pink through orange pink to orange, the emission colors are represented in the CIE
1931 chromaticity diagram (Figure S24), and the color coordinates are listed in Table S13.
In agreement with the absorption spectra, the excitation spectra show shoulders at higher
wavelengths, which correlate with the lowest energy levels of the crystal field splitting
bands of the 5d excited state of the Ce3+ ions.

The maximum excitation bands are at about 400 nm, corresponding to the respective
coordinated pyrazolate anions. The lifetimes of 4-2

∞Ce (1.08(2) ns), 4-Ce (1.16(2) ns), and 3-
Ce (1.26(2) ns) are expected to be nanoseconds due to the parity allowed nature of the 5d−4f
transition. These lifetimes are slightly shorter than the lifetimes of the reported red-emitting
cerium 1

∞[Ln(2-PyPz)3] (2 ns, 2-PyPzH = 3-(2-pyridyl)pyrazole) [32] and orange-emitting
cerium [Ce(2-PyPzH)3Cl3] (2.83 ns) [31].

The emission spectrum of 2
∞[Eu(4-PyPz)2(Py)2] (4-Eu2+) shows a ligand-based transi-

tion at 350 nm (Figure 7) along with some weak f−f transitions that can be assigned to a
low content of trivalent Eu emission features. The ligand-based excitation band at around
335 nm for 4-PyPzH and 3-PyPzH [33] shows a hypochromic shift upon coordination to the
investigated compounds to around 325 nm in 4-Pr, 4-Nd, 3-Nd, 3-Ho, 4-Er, 3-Er, and 4-Tm.
The blue shift for the ligand-based excitation band increases, reaching 318 nm for 3-Pr and
4-Ho and even below 300 nm for 4-Eu2+. For Pr3+, Nd3+, and Er3+, additional direct f−f
excitations from the ground states 3H4, 4I9/2, and 4I15/2, respectively, were also observed.
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After coordination, the ligand-based emission band for both ligands at 405 nm shows a
hypochromic shift to a value between 341 and 352 nm.

For 3
∞[La(4-PyPz)3] (4-La), an additional resolved broad band with λonset = 423 nm

(~23,640 cm−1), corresponding to the triplet state of the pyrazolate anion, was observed in
the emission spectrum (Figure S27) at 77 K, which agrees well with the previously reported
value [33].

Chemistry 2023, 5, FOR PEER REVIEW 7 
 

 

2.2. Photophysical Properties 
2.2.1. UV–VIS–NIR Absorption Spectra 

Electronic absorption spectra were recorded in the solid state at room temperature 
(RT) for 4-PyPzH, 2∞[Eu(4-PyPz)2(Py)2] (4-Eu2+), 2∞[Ce(4-PyPz)3(Py)] (4-2∞Ce), 3∞[Ln(4-PyPz)3] 
(4, Ln = Ce, Pr, Nd, Ho, Er, Tm), and 3∞[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd, Ho, Er) (Figure 6). 
The absorption spectra of the free ligand 3-PyPzH was shown for the solid state in a range 
from about 200–270 and 570–305 nm corresponding to the intra-ligand transitions π–π* 
and/or n–π* [14]. The free ligand 4-PyPzH shows a broad band from 200 to 280 nm corre-
sponding to the intra-ligand transitions. In the investigated coordination polymers, the 
intense wide absorption band corresponding to either ligand appears in the UV region. 
For 2∞[Eu(4-PyPz)2(Py)2] (4-Eu2+), a broad absorption shoulder from 356–640 nm is associ-
ated with a metal-to-ligand charge transfer (MLCT) transition from the Eu2+ 4f orbitals to 
the π* orbitals of the coordinated ligands. For 2∞[Ce(4-PyPz)3(Py)] (4-2∞Ce), 3∞[Ce(4-PyPz)3] 
(4-Ce), and 3∞[Ce(3-PyPz)3] (3-Ce), the formation of shoulders at a higher wavelength from 
320–470 nm is observed due to the transition from 4f to 5d. These absorption shoulders 
are compatible with the shoulders observed for the orange and the red emitters [Ce(2-
PyPzH)3Cl3] and 1∞[Ce(2-PyPz)3] [31]. Moreover, sharp and weak to medium bands can be 
assigned to the respective f–f transitions in both the VIS and NIR regions for 3∞[Ln(4-
PyPz)3], Ln = Pr (4-Pr), Nd (4-Nd), Ho (4-Ho), Er (4-Er), Tm (4-Tm) and 3∞[Ln(3-PyPz)3], Ln 
= Pr (3-Pr), Nd (3-Nd), Ho (3-Ho), Er (3-Er), as assigned in Table 1 [11,42–45]. 

 
Figure 6. Solid-state absorption spectra of 4-PyPzH, 2∞[Eu(4-PyPz)2(Py)2] (4-Eu2+), 2∞[Ce(4-PyPz)3(Py)] 
(4-2∞Ce), 3∞[Ln(4-PyPz)3], (4, Ln = Ce, Pr, Nd, Ho, Er, Tm) and 3∞[Ln(3-PyPz)3], (3, Ln = Ce, Pr, Nd, Ho, 
Er) in the solid state at room temperature. 

Figure 6. Solid-state absorption spectra of 4-PyPzH, 2
∞[Eu(4-PyPz)2(Py)2] (4-Eu2+), 2

∞[Ce(4-
PyPz)3(Py)] (4-2

∞Ce), 3
∞[Ln(4-PyPz)3], (4, Ln = Ce, Pr, Nd, Ho, Er, Tm) and 3

∞[Ln(3-PyPz)3], (3,
Ln = Ce, Pr, Nd, Ho, Er) in the solid state at room temperature.

Table 1. Absorption wavelengths of transitions of 3
∞[Ln(4-PyPz)3], (4, Ln = Pr, Nd, Ho, Er, Tm) and

3
∞[Ln(3-PyPz)3], (3, Ln = Pr, Nd, Ho, Er) in the solid state at room temperature.

ID Intra–4f Absorption Transitions λmax (nm)

Ground State Excited States

4-Pr 3H4→ 3P2, 3P1, 3P0, 1D2 451, 477, 491, 593 nm
3-Pr 3H4→ 3P2, 3P1, 3P0, 1D2 451, 477, 492, 593 nm
4-Nd 4I9/2→ 4D3/2, 2P1/2, 2K15/2, 2K13/2, 4G5/2, 4F9/2, 4F7/2, 4F5/2, 4F3/2 353, 432, 478, 529, 586, 681, 746, 803, 878 nm
3-Nd 4I9/2→ 2I11/2, 2P1/2, 2K15/2, 2K13/2, 4G5/2, 4F9/2, 4F7/2, 4F5/2, 4F3/2 353, 433, 479, 529, 588, 682, 740, 804, 878 nm
4-Ho 5I8→ (5G, 3H)5, (5G, 3G)5, 5G6, 5F2, 5F3, 5F4, 5F5, 5I5, 5I6 362, 419, 452, 474, 486, 539, 646, 892, 1150 nm
3-Ho 5I8→ (5G, 3H)5, (5G, 3G)5, 5G6, 5F2, 5F3, 5F4, 5F5, 5I5, 5I6 362, 420, 455, 475, 486, 539, 646, 891, 1149 nm
4-Er 4I15/2→ 4G11/2, (2G, 4F)9/2, 4F5/2, 4F7/2, 2H11/2, 4S8/2, 4F9/2, 4I11/2 379, 408, 451, 488, 521, 543, 652, 971 nm
3-Er 4I15/2→ 4G11/2, (2G, 4F)9/2, 4F5/2, 4F7/2, 2H11/2, 4S8/2, 4F9/2, 4I11/2 379, 408, 450, 487, 520, 543, 649, 968 nm
4-Tm 3H6→ 1D2, 1G4, 3F3, 3H4, 3H5 360, 470, 691, 796, 1209 nm
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Although the excitation and emission spectra can provide a wealth of information,
particularly about the coordination environment of the Ln3+ ions, it is uncommon to find
the luminescence spectra for the Tm3+ and Ho3+-based compounds. Nine-coordinated
Tm3+ was only reported in three examples, and none of them investigated the photophysi-
cal properties, they mainly focused on the structural aspects [36,46,47]. In other cases, poor
ligand-to-metal sensitization or back energy transfer occurs to allow only ligand-based lu-
minescence, as in [Tm2(C15H11N3)2(C7H4BrO2)4(C2O4)], (C15H11N3 = 2,2′:6′2′′-terpyridine
and C7H4BrO2 = p-bromobenzoic acid) [15], Tm(bfa)3phen, (bfa = 4,4,4-trifluoro-1-phenyl-
1,3-butanedione, phen = 1,10-phenanthroline) [12], and Tm(ppa)3·2H2O, (ppa = 3-phenyl-
2,4-pentanedionate) [13], where a significant ligand emission dominates the spectrum
in addition to a single spectral band for the Tm3+. Even nonefficient ligand sensitiza-
tion with only a ligand emission band in the emission spectra was shown for [(Tm-
(TC)3(H2O)2)·(HPy·TC)]n, (TC = 2-thiophenecarboxylate and HPy = pyridinium cation) [16].
In contrast, very good ligand-to-metal sensitization is observed for 3

∞[Tm(4-PyPz)3] (4-Tm)
(Figure 8). The transitions 1G4→3H6, 3F4, 3H5, and 3H4 are readily observable at 480, 650,
787, and 1192 nm, respectively.

For 3
∞[Ho(4-PyPz)3] (4-Ho) and 3

∞[Ho(3-PyPz)3] (3-Ho), the 5F5→5I8 is observed at
648 nm in addition to the NIR transition 5I6→5I8 at 1155 nm. An additional NIR transition
appears for 4-Ho at 983, corresponding to the transition 5F5→5I7 and indicating more
efficient ligand sensitization than in reported cases, such as [(Ho-(TC)3(H2O)2)·(HPy·TC)]n
with only ligand emission observable in the emission spectra [16]. The Ho3+-based emission
observed for both 3-Ho and 4-Ho is stronger than that of 2

∞[Ho2(3-PyPzH)3Cl6]·2MeCN [14],
which may be due to the absence of the vibrational energy of the chloride ligands.

For 3
∞[Pr(4-PyPz)3] (4-Pr) and 3

∞[Pr(3-PyPz)3] (3-Pr) (Figure 8), the highest intensity
for the Pr3+-based emission is found at 655 nm, corresponding to 3P0→3F2. NIR emission
bands can also be observed at 738 and 1048 for 4-Pr and at 736 and 1038 nm for 3-Pr,
corresponding to the transitions 3P0→3F4 and 1D2→3F4. Despite the ligand-based emission
in 4-Pr and 3-Pr being more dominated than for the reported 1

∞[Pr(2-PyPz)3] [32], the
Pr3+-based transitions are more characteristic than for other published cases, such as
1
∞[PrCl3(ptpy)] and [PrCl3(ptpy)(py)], ptpy = 4′-phenyl-2,2′:6′,2”-terpyridine) [48].

For 3
∞[Er(4-PyPz)3] (4-Er) and 3

∞[Er(3-PyPz)3] (3-Er), the NIR transition 4I13/2→4I15/2
is observed at about 1510 nm and the VIS transition at about 545 nm can also be observed
for 4-Er at RT and 77 K, while at 77 K for 3-Er. Both 4-Er and 3-Er show Stark-level splitting
in the emissive transitions in contrast, e.g., to the reported 1

∞[LnCl3(bipy)(py)2]py, which
shows no fine splitting [48].

For the NIR emitters 3
∞[Nd(4-PyPz)3] (4-Nd) and 3

∞[Nd(3-PyPz)3] (3-Nd), the transi-
tions 4F3/2→4IJ/2, (J = 9, 11, 13) are observed at about 915, 1065, and 1345 nm [11].

Generally, for the VIS–NIR and the NIR emitters, the emissive energy levels of the
Ln3+-based transitions are populated by an antenna effect between the pyridylpyrazolate-
based ligands and the lanthanide ions, which leads to ligand-to-metal energy transfer, as
observed for 2-PyPzH [32] and 4,4‘-bipyridine (bipy) [49].

The ligands’ fluorescence emission band has lifetimes of 6.07 ns for 4-PyPzH and 3.4 ns
for 3-PyPzH [33] which are shortened by coordination with different Ln3+ (τ = 0.93–1.04;
Table S14). The lifetime increases with decreasing the temperature to 77 K, especially
for 4-Nd, which increases from 0.93(2) ns at RT to 3.04(9) ns at 77 K due to the decrease
in thermal quenching. See the Supplementary Materials for half-page size absorption
and photoluminescence spectra with designated 4f–4f transitions for the investigated
compounds (Figures S10–S37).
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2.2.3. Mechanism of Energy Transfer

To explain and understand the observed spectral results, a schematic diagram (Scheme 2)
is shown, depicting the primary energy levels involved and the main energy transfer and
relaxation pathways during the sensitization of lanthanide luminescence via the ligands. The
ligands absorb energy and become excited from the singlet S0 ground state to the singlet
S1 excited state by the absorption of visible light. The energy of the S1 excited state is
then transferred to the triplet-excited state (T) of the ligands through intersystem crossing
(ISC). Competing processes include ligand fluorescence and nonradiative deactivation of
the excited singlet state. Subsequently, the excitation energy is transferred to the excited 4f
levels of the Ln3+ ions, resulting in the respective lanthanide ion emission to the respective
4f ground state [50]. According to Dexter’s theory [51], the energy gap between the first
excited energy level of the Ln3+ ions and the energy level of the triplet state of the respective
ligand is important for an efficient energy transfer. If the energy gap is too large, the overlap
between the ligand and the Ln3+ is reduced, and as a result, the energy transfer decreases
sharply. On the other hand, if the energy gap is too small, energy transfer also occurs from
the Ln3+ back to the resonance levels of the triplet states of the ligands, which also reduces
the 4f-based emission.
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Scheme 2. (a) The Energy transfer mechanism; (b) energy level diagrams of Pr3+, Nd3+, Ho3+, Er3+,
and Tm3+ ions.

In this study, the triplet-state energy levels of 4-PyPz− and 3-PyPz− were investigated
by deduction from the phosphorescence spectra of the Gd-based coordination polymers
and calculated to be 23,640 and 23,250 cm−1, respectively [33]. This analogy is confirmed
for 4-PyPz− through the spectra of 4-La, as discussed before. The discussed 4f emission
bands of the respective Ln-based CPs indicate that the triplet states of the ligands are
suitable for a transfer of the absorbed light to the lanthanide ions via such an antenna
effect. For instance, the energy difference (∆E) between the ligand triplet state of 4-PyPz−

(~23,640 cm−1) and the energetic positions of Tm3+ (1G4 = ~21,300 cm−1) results in an ∆E
value in the optimal range. Pr3+ is slightly more complicated because it has two emission
levels (3P0 and 1D2). By considering the 3P0 level as the main acceptor level with an
energetic position of ~20,475 cm−1 [11], the ∆E values are calculated as 3165 and 2775 for
4-Pr and 3-Pr, respectively, both also being in the optimal range. For Ho3+, the 5F4, 5S2,
and 5F5 levels are the main acceptor levels, and the emission from the 5F5 and 5I6 levels
can partially be the result of a relaxation of the upper levels followed by transitions to the
lower levels to give the characteristic NIR emission of the Ho3+ ion [52].
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2.3. Magnetic Properties

Direct current (DC) magnetic susceptibility measurements were performed for 3
∞[Ln(3-

PyPz)3], Ln = Ho (3-Ho), Er (3-Er) in a temperature range of 3 to 300 K and a magnetic
field of 1T. As a link to the reported isotypic series of 3

∞[Ln(3-PyPz)3], Ln = Sm, Eu, Gd,
Tb, Dy [33], the DC magnetic susceptibility measurements of 3

∞[Dy(3-PyPz)3] (3-Dy) were
also performed.

The temperature dependence of the product of χT for all samples can be observed in
Figure 9. At room temperature, the χMT (χM = molar magnetic susceptibility) values are
15.03, 14.05, and 10.70 for 3-Dy, 3-Ho, and 3-Er, respectively. These experimental data are
in satisfactory agreement with the theoretical values for the corresponding noninteracting
Dy3+ (6H15/2, S = 5/2, L = 5, g = 4/3, χT = 14.17 cm3 K mol−1), Ho3+ (5I8, S = 5/2, L = 6,
g = 5/4. χT = 14.07 cm3 K mol−1), and Er3+ (4I15/2, S = 3/2, L = 6, g = 6/5, χT = 11.48 cm3

K mol−1) [53].
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∞[Ln(4-PyPz)3], (4, Ln = Dy, Er), and

3
∞[Ho(3-PyPz)3] (3-Ho) in a temperature range from 3 to 300 K and a magnetic field of 1T.

For 3-Dy, 3-Ho, and 3-Er, a monotonic slow decrease in the χMT product was observed
upon cooling, which could be related to thermal depopulation within the mJ levels of the
ground 6H15/2, 5I8, and 4I15/2 multiplet, respectively. In addition, the χMT vs T plot did
not display abrupt changes, which suggests a lack of magnetic interactions down to 45, 75,
and 80 K, with χMT reaching 3.01, 5.79, and 3.49 cm3 K mol−1, respectively, because of the
efficient magnetic isolation of lanthanide centers in the crystal lattice.

The data were fitted for 3-Dy, 3-Ho, and 3-Er in the given temperature range with an
effective magnetic moment µeff of 10.651(2), 10.09(1), and 7.855(9) µB and a Weiss constant θ
of −4.41(1), −5.77(7), and −5.72(8) K, as well as a temperature-independent paramagnetic
susceptibility χ0 of 4.03(3) × 10−3, 6.18(2) × 10−3, and 11.52(8) × 10−3 cm3 mol−1. The
small, negative Weiss constants θ are the results of spin–orbit coupling as well as the crystal
field effect [54,55].

3. Materials and Methods
3.1. General Procedures

3-(4-pyridyl)pyrazole (4-PyPzH) and 3-(3-pyridyl)pyrazole (3-PyPzH) were synthe-
sized as reported in the literature [56,57]. Lanthanide metals (holmium: 99.9%, Chempur,
Karlsruhe, Germany; rest: >99.99%, Smart Elements, Vienna, Austria) were purchased
and used as received. Pyridine (Py), dichloromethane (DCM), and cyclohexane (Cy) were
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purified by distillation and dried by standard procedures. All syntheses involving lan-
thanide elements were performed under argon or using vacuum lines, gloveboxes (MBraun
Labmaster SP, Innovative Technology PureLab, Garching, Germany), Schlenk tubes, and
Duran® glass ampoules (outer Ø 10 mm, wall thickness 1.5 mm). The solid reactants for
the solvothermal reactions were mixed and sealed together with the solvent in an ampoule
under reduced pressure (p = 1.0× 10−3 mbar) after freezing the solvent with liquid nitrogen.
Subsequently, the prepared ampoules were placed in heating furnaces based on Al2O3
tubes with Kanthal wire resistance heating and NiCr/Ni (Eurotherm 2416) temperature
control elements, for which temperature programs and working steps according to the
specific synthesis methods were used. After the solvents had been removed, the solid
raw products were dried at RT in a dynamic vacuum (p = 1.0 × 10−3 mbar) before further
steps. The bulk materials were characterized by PXRD and CHN analysis. The prepared
3D frameworks and 2D networks are air sensitive due to the known oxophilic behavior of
the Ln-based CPs. It is expected that the CPs are insoluble in common organic solvents.
We think the photostability tests are not significant in the possible applications of these
synthesized CPs.

3.2. X-ray Crystallography

SCXRD determinations were performed on a Bruker AXS D8 Venture diffractometer
(Karlsruhe, Germany) equipped with dual IµS microfocus sources, a collimating Quazar
multilayer mirror, a Photon 100 detector, and an Oxford Cryosystems 700 low-temperature
system (Mo–Kα radiation; λ = 71.073 pm). The structures were solved with direct methods
and refined with the least squares method implemented in ShelX [58,59]. All nonhydrogen
atoms were refined anisotropically. Hydrogen atoms were assigned to idealized geometric
positions and included in structure factor calculations. Further, a ligand anion (4-PyPz−)
and the pyridine solvent in the asymmetric unit of 4-Yb and 4-Lu were found to be fully
disordered and were refined with the help of restraints to achieve a proper structural
model. For polymers 4-La, 4-Ce, 4-Pr, 4-Nd, 4-Ho, and 4-Er, the SQUEEZE [60] algorithm
in PLATON [61–64] was used to include a bulk solvent model in the refinement. Two
voids per unit cell were identified with SQUEEZE. The average volume was found to be
135 × 106 pm3 for each void. The equivalent of 8 electrons for (4-La, 4-Ce, 4-Pr), 10 for
(4-Ho), and 12 for (4-Nd) electrons per unit cell was also identified. ToposPro program
package was used to determine the topology of the polymers [65]. Depictions of the crystal
structures were created with Diamond [66]. The crystal structures have been deposited
to the Cambridge Crystallographic Data Center (CCDC) as supplementary publication
No. 2237763 (4-Eu2+), 2237764 (4-2

∞Tm), 2237765 (4-Yb), 2237766 (4-Lu), 2237767 (4-La),
2237768 (4-Ce), 2237769 (4-Pr), 2237770 (4-Nd), 2237771 (4-Ho), 2237772 (for 4-Er), 2237773
(3-Ce), 2237774 (3-Pr), 2237775 (3-Nd), 2237776 (3-Ho), 2237777 (for 3-Er), and 2237778
(3-Tm). Crystallographic data and selected interatomic distances are listed in Tables S1–S11
for the investigated compounds.

PXRD analyses of the investigated compounds were carried out on a Stoe Stadi P
diffractometer (Darmstadt, Germany) with a focusing Ge(111) monochromator and a
Dectris Mythen 1K strip detector in Debye–Scherrer geometry. All powder samples were
ground in a mortar and filled into Lindemann glass capillaries with 0.3 mm diameter
under an inert gas atmosphere. All samples were measured in transmission geometry
with Cu–Kα radiation (λ = 154.056 pm). Data collection was performed using the Stoe
Powder Diffraction Software Package WinXPOW V3.0.2.1 and Pawley fits on the data were
performed using TOPAS Academic V7 [67]. The data are presented in Figures 5 and S3–S9
in addition to Table S12.

3.3. Spectroscopical Investigations
3.3.1. Absorption Spectra

The UV–Vis–NIR absorption spectra were measured on solid-state products using
a standard Agilent Cary 5000 UV–VIS–NIR spectrophotometer (Agilent Technologies,
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Waldbronn, Germany) with a Praying Mantis accessory (Harrick Scientific Instruments,
New York, NY, USA), which had been mounted and aligned for use with the DRP-ASC
ambient chamber. The source, detector, and grating changeovers were at the standard
position of 350, 800, and 800 nm, respectively, for all studied compounds except 4-2

∞Ce,
4-Nd, 4-Tm, and 3-Nd, the detector and grating changeovers were set to 850 nm, while 750
nm for 3-Er. For 4-Eu2+, 4-2

∞Ce, 4-Ce, 4-Nd, 4-Tm, 3-Ce, and 3-Nd, the source was set to
320, 450, 330, 340, 335, 320, and 340 nm, respectively. The reference spectrum was collected
on PTFE and the reference and samples were packed in the ambient chamber within the
glovebox under inert conditions.

3.3.2. Photoluminescence Spectroscopy

The excitation and emission spectra were recorded for ground solid samples after
filling them in quartz glass tubes under argon. The measurements were performed at room
temperature as well as 77 K (latter using the liquid nitrogen-filled assembly FL-1013 of
HORIBA) with a HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer (Horiba-Jobin Yvon,
Oberursel, Germany) equipped with a 450 W Xe short-arc lamp (USHIO INC., Tokyo, Japan),
double-grated excitation, and emission monochromators, and a photomultiplier tube
(R928P) using the FluoroEssence™ software V3.9. Excitation and emission spectra were
corrected for the spectral response of the monochromators and the detector using spectral
corrections provided by the constructor. In addition, a photodiode reference detector was
used to correct the excitation spectra for the spectral distribution of the lamp intensity.
An R5509-73 detector was used to collect the data in the NIR region. When required, the
collection of the data was performed using an edge filter (Newport 20CGA-345, 395, 495 for
the visible region and Reichmann Optics RG 830 long pass for the NIR region). Emission
spectra with gating were recorded using a xenon flashlamp with a pulse repetition rate of
41 ms.

Photoluminescence overall decay process times were determined using the above-
mentioned HORIBA Jobin Yvon Spex Fluorolog 3 spectrometer equipped with a dual
lamp housing (FL-1040A), a UV xenon flashlamp (Exelitas FX-1102), and a TCSPC (time-
correlated single-photon counting) upgrade, or picosecond pulsed laser diode. Emission
decays were recorded using DataStation software V2.7. Exponential tail fitting was used for
the calculation of resulting intensity decay using Decay Analysis Software 6. The quality of
the fit was confirmed by χ2 values being below 1.2.

3.4. PPMS Magnetic Measurements

Magnetic data were obtained with the application of the VSM option of a Quantum
Design physical property measurement system (ppms). The data were corrected with
respect to the contribution of the polypropylen sample holder as well as the diamagnetic
contribution of the sample through utilization of both experimental data and Pascal con-
stants (increment method). The total magnetic susceptibility is comprised of different
parts: the diamagnetic contribution χDiam., the Curie paramagnetic contribution χCW, and
a temperature-independent paramagnetic contribution χ0.

χtot. = χDiam. + χParam. = χDiam. + χCW + χ0

The Curie paramagnetic part is the ratio of the Curie constant C and the modified
temperature (T − θ). θ is the Weiss temperature

χCW =
C

T − θ

The Curie constant is given by the formula:

C = µ0
NAµ2

Bn2
e f f

3kB
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with µ0 = magnetic constant, NA = Avogadro number, µB = Bohr magneton, neff = effective
magnetic moment, kB = Boltzmann constant.

The molar Curie paramagnetic contribution of the susceptibility is:

χmolCW =
NAµ2

Bn2
e f f

3kB(T − θ)

Or:

χmolCW = 0.1250

.
n2

e f f

T −Θ
/ cm3mol−1

To calculate the molar paramagnetic contribution of the susceptibility, we used
the equation:

χmol = 0.1250

.
n2

e f f

T −Θ
+ χ0 / cm3mol−1

For the analysis of the data the OriginPro software V2021b (Academic) was used.

3.5. Synthesis

3.5.1. Synthesis of 2
∞[Eu(4-PyPz)2(Py)2] (4-Eu2+)

Freshly filed Eu metal (108.6 µmol) and an excess of 4-PyPzH (C8H7N3, 220 µmol)
were mixed with Py (0.6 mL) and sealed in an evacuated ampoule. The ampoule was
heated to 185 ◦C in 1 h and maintained at this temperature for 72 h. The reaction mixture
was then cooled to room temperature within 4 h. The excess ligand was washed away using
a mixture of DCM and Cy. Suitable single crystals were selected for a SCXRD measurement.
C26H22N8Eu (598.47 g·mol–1): C 51.59 (calcd. 52.18); H 3.04 (3.71); N 19.49 (18.72)%. Yield:
83%. FT-IR (ATR, Figure S39):

1 

 

                                                  ῦ = 3036 (w), 1065 (s), 1552 (w), 1522 (w), 1456 (w), 1439 (m),
1418 (w), 1404 (w), 1346 (w), 1293 (w), 1213 (m), 1187 (w), 1065 (w), 1044 (m), 999 (s), 963
(w), 951 (w), 925 (w), 871 (w), 830 (s), 761 (s), 690 (s), 659 (w), 614 (m), 532 (m), 451 (m) cm–1.

3.5.2. Synthesis of 2
∞[Ln(4-PyPz)3(Py)] (4-2

∞Ce, 4-2
∞Tm)

The respective freshly filed Ln metal (81.4 µmol) and an excess of 4-PyPzH (C8H7N3,
327.6 µmol) were mixed with Py and sealed in an evacuated ampoule. The ampoule
was heated to 180 ◦C in 24 h then the temperature was raised to 240 ◦C within 48 h and
maintained at this temperature for 72 h. The reaction mixture was then cooled to room
temperature within 48 h. The excess ligand was washed away using a mixture of DCM
and Cy. Suitable single crystals were selected for a SCXRD measurement. C29H23N10Ce
(651.67 g·mol–1): C 52.63 (calcd. 53.45); H 2.67 (3.06); N 22.16 (21.49)%. Yield: 83%. FT-IR
(ATR, Figure S40):

1 

 

                                                  ῦ = 3085 (w), 1698 (w), 1606 (s), 1523 (w), 1459 (w), 1440 (m), 1418 (w),
1347 (w), 1330 (w), 1295 (w), 1212 (s), 1099 (w), 1066 (w), 1047 (m), 1003 (s), 992 (m), 968 (w),
929 (m), 857 (w), 830 (m), 773 (s), 741 (w), 692 (s), 652 (m), 622 (w), 572 (m), 457 (s) cm–1.

3.5.3. Synthesis of 2
∞[Ln2(4-PyPz)6]Py (4-Yb, 4-Lu)

Freshly filed Yb (68.6 µmol) and an excess of 4-PyPzH (C8H7N3, 275.6 µmol) were
mixed with Py and sealed in an evacuated ampoule. The ampoule was heated to 180 ◦C
in 24 h then the temperature was raised to 230 ◦C within 48 h and maintained at this
temperature for 72 h. The reaction mixture was then cooled to room temperature within
48 h. Suitable single crystals were selected for a SCXRD measurement.

3.5.4. Synthesis of 3
∞[Ln(4-PyPz)3] (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm)

A mixture of the respective freshly filed Ln metal (91.1 µmol) and excess 4-PyPzH
(C8H7N3, 275.6 µmol), in 0.3 mL pyridine, was sealed in an evacuated ampoule. The tem-
perature was raised to 230 ◦C in 48 h, held for 96 h, and then lowered to room temperature
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over a further 24 h. The excess ligand was washed away using a mixture of DCM and Cy.
Colorless crystals were selected for SCXRD measurements.

3
∞[La(4-PyPz)3] (4-La): C24H18N9La (571.38 g·mol–1): C 49.53 (calcd. 50.45); H 2.89

(3.18); N 21.50 (22.06)%. Yield: 80%. FT-IR (ATR, Figure S41):

1 

 

                                                  ῦ = 3096 (w), 1698 (w), 1607
(s), 1550 (w), 1526 (w), 1460 (w), 1447 (m), 1420 (w), 1348 (w), 1329 (w), 1215 (m), 1099 (w),
1066 (w), 1046 (m), 1005 (s), 968 (w), 927 (m), 831 (m), 763 (s), 739 (w), 694 (s), 652 (m), 527
(m), 459 (s) cm–1.

3
∞[Ce(4-PyPz)3] (4-Ce): C24H18N9Ce (572.58 g·mol–1): C 49.81 (calcd. 50.34); H 3.26

(3.17); N 21.73 (22.02)%. Yield: 85%. FT-IR (ATR, Figure S42):

1 

 

                                                  ῦ = 3101 (w), 1608 (s), 1526
(w), 1459 (w), 1447 (w), 1420 (w), 1348 (m), 1215 (m), 1066 (w), 1046 (m), 1006 (s), 969 (w),
927 (m), 831 (m), 763 (m), 739 (w), 695 (s), 652 (m), 527 (m), 460 (s) cm–1.

3
∞[Pr(4-PyPz)3] (4-Pr): C24H18N9Pr (573.37 g·mol–1): C 49.39 (calcd. 50.27); H 3.07

(3.16); N 21.16 (21.99)%. Yield: 84%. FT-IR (ATR, Figure S43):

1 

 

                                                  ῦ = 3095 (w), 1607 (s), 1526
(w), 1460 (w), 1446 (w), 1420 (w), 1348 (w), 1328 (w), 1215 (m), 1099 (w), 1067 (w), 1046 (m),
1006 (s), 969 (w), 927 (m), 831 (m), 762 (s), 739 (w), 694 (s), 652 (m), 527 (m), 460 (s) cm–1.

3
∞[Nd(4-PyPz)3] (4-Nd): C24H18N9Nd (576.70 g·mol–1): C 49.33 (calcd. 49.98); H 2.73

(3.15); N 21.11 (21.86)%. Yield: 83%. FT-IR (ATR, Figure S44):

1 

 

                                                  ῦ = 3093 (w), 1609 (s), 1526
(w), 1459 (w), 1447 (m), 1420 (w), 1348 (w), 1215 (m), 1074 (w), 1047 (m), 1007 (s), 969 (w),
928 (m), 831 (m), 771 (s), 763 (s), 740 (w), 696 (s), 652 (w), 527 (w), 461 (s) cm–1.

3
∞[Ho(4-PyPz)3] (4-Ho): C24H18N9Ho (597.39 g·mol–1): C 47.44 (calcd. 48.25); H 2.75

(3.04); N 20.14 (21.10)%. Yield: 86%. FT-IR (ATR, Figure S45):

1 

 

                                                  ῦ = 3113 (w), 1697 (w), 1609
(s), 1549 (w), 1526 (w), 1460 (w), 1446 (w), 1419 (w), 1348 (w), 1328 (w), 1297 (w), 1214 (m),
1101 (w), 1075 (w), 1048 (m), 1007 (s), 970 (w), 929 (m), 845 (w), 831 (m), 770 (s), 760 (s), 739
(m), 696 (s), 652 (m), 528 (m), 461 (s) cm–1.

3
∞[Er(4-PyPz)3] (4-Er): C24H18N9Er (599.72 g·mol–1): C 48.85 (calcd. 48.07); H 3.34

(3.03); N 20.69 (21.02)%. Yield: 89%. FT-IR (ATR, Figure S46):

1 

 

                                                  ῦ = 3062 (w), 1696 (w), 1609
(s), 1549 (w), 1526 (w), 1460 (w), 1446 (w), 1419 (w), 1348 (w), 1328 (w), 1214 (m), 1101 (w),
1076 (m), 1048 (m), 1008 (s), 971 (w), 929 (m), 831 (m), 770 (s), 759 (s), 739 (m), 697 (s), 652
(m), 528 (m), 461 (s) cm–1.

3
∞[Tm(4-PyPz)3] (4-Tm): C24H18N9Tm (601.39 g·mol–1): C 48.90 (calcd. 47.93); H 3.11

(3.02); N 19.97 (20.96)%. Yield: 82%. FT-IR (ATR, Figure S47):

1 

 

                                                  ῦ = 3117 (w), 1697 (w), 1609
(s), 1550 (w), 1527 (m), 1460 (m), 1447 (m), 1419 (w), 1349 (m), 1329 (w), 1296 (w), 1214 (s),
1102 (w), 1077 (m), 1049 (m), 1008 (s), 971 (w), 930 (m), 845 (w), 830 (s), 770 (s), 759 (s), 740
(m), 696 (s), 652 (m), 528 (m), 461 (s) cm–1.

3.5.5. Synthesis of 3
∞[Ln(3-PyPz)3] (3, Ln = Ce, Pr, Nd, Ho, Er)

A mixture of the respective freshly filed Ln metal (78.8 µmol) and an excess of 3-PyPzH
(C8H7N3, 240 µmol) together with 0.3 mL pyridine were sealed in an evacuated ampoule.
The oven was heated to 180 ◦C in 24 h. Subsequently, the temperature was raised to 230 ◦C
in 48 h. The temperature was held for 72 h and then lowered to room temperature over a
further 48 h. Single crystals were selected for SCXRD measurements.

3
∞[Ce(3-PyPz)3] (3-Ce): C24H18N9Ce (572.58 g·mol–1): C 50.50 (calcd. 50.34); H 3.11

(3.17); N 21.16 (22.02)%. Yield: 83%. FT-IR (ATR, Figure S48):

1 

 

                                                  ῦ = 3085 (w), 1596 (w), 1576
(m), 1509 (w), 1464 (m), 1453 (m), 1407 (m), 1359 (w), 1346 (w), 1250 (w), 1206 (m), 1186 (m),
1122 (w), 1099 (w), 1072 (m), 1039 (s), 963 (m), 928 (m), 859 (w), 818 (m), 779 (s), 716 (w), 702
(s), 656 (w), 635 (s), 510 (w), 461 (s) cm–1.

3
∞[Pr(3-PyPz)3] (3-Pr): C24H18N9Pr (573.37 g·mol–1): C 49.35 (calcd. 50.27); H 2.63

(3.16); N 22.89 (21.99)%. Yield: 81%. FT-IR (ATR, Figure S49):

1 

 

                                                  ῦ = 2897 (w), 1683 (m), 1596
(w), 1576 (w), 1508 (w), 1453 (m), 1407 (m), 1359 (w), 1345 (w), 1260 (w), 1249 (w), 1207 (m),
1186 (m), 1099 (w), 1074 (m), 1041 (s), 963 (m), 928 (m), 817 (w), 781 (s), 702 (s), 657 (w), 636
(s), 515 (w), 462 (s) cm–1.

3
∞[Nd(3-PyPz)3] (3-Nd): C24H18N9Nd (576.70 g·mol–1): C 48.28 (calcd. 48.98); H 2.84

(3.15); N 21.39 (21.86)%. Yield: 80%. FT-IR (ATR, Figure S50):

1 

 

                                                  ῦ = 3085 (w), 1576 (m), 1509
(w), 1465 (m), 1452 (m), 1408 (m), 1360 (m), 1347 (m), 1330 (w), 1249 (w), 1207 (m), 1186 (s),
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1122 (w), 1099 (w), 1072 (m), 1041 (s), 963 (m), 928 (s), 818 (m), 779 (s), 717 (w), 702 (s), 656
(m), 636 (s), 509 (w), 463 (s) cm–1.

3
∞[Ho(3-PyPz)3] (3-Ho): C24H18N9Ho (597.39 g·mol–1): C 47.95 (calcd. 48.25); H 2.94

(3.04); N 20.16 (21.10)%. Yield: 86%. FT-IR (ATR, Figure S51):

1 

 

                                                  ῦ = 3086 (w), 1597 (w), 1577
(m), 1508 (w), 1465 (m), 1452 (m), 1408 (m), 1348 (m), 1248 (w), 1210 (m), 1187 (s), 1100 (w),
1075 (m), 1044 (s), 964 (m), 931 (m), 818 (m), 778 (s), 700 (s), 657 (m), 637 (s), 467 (s) cm–1.

3
∞[Er(3-PyPz)3] (3-Er): C24H18N9Er (599.72 g·mol–1): C 48.86 (calcd. 48.07); H 2.69

(3.03); N 20.77 (21.02)%. Yield: 87%. FT-IR (ATR, Figure S52):

1 

 

                                                  ῦ = 3086 (w), 1577 (w), 1508
(w), 1465 (w), 1453 (w), 1408 (w), 1348 (w), 1248 (w), 1210 (w), 1187 (m), 1100 (w), 1077 (m),
1045 (s), 964 (m), 931 (m), 818 (w), 780 (s), 700 (m), 657 (w), 637 (m), 513 (w), 468 (s) cm–1.

3.5.6. Single Crystal of 3
∞[Tm(3-PyPz)3] (3-Tm):

Freshly filed Tm (68.7 µmol) and excess of 4-PyPzH (C8H7N3, 210.5 µmol) were mixed
with Py and sealed in an evacuated ampoule. The ampoule was heated to 180 ◦C in 1 h
then the temperature was raised to 240 ◦C within 48 h and maintained at this temperature
for 168 h. The reaction mixture was then cooled to room temperature within 48 h. Suitable
single crystals were selected for a SCXRD measurement.

4. Conclusions

Divalent europium in the 2D network 2
∞[Eu(4-PyPz)2(Py)2] and the trivalent lan-

thanide containing 3D frameworks 3
∞[Ln(4-PyPz)3] and 3

∞[Ln(3-PyPz)3], Ln = Ce3+, Pr3+,
Nd3+, Ho3+, Er3+, Tm3+, 3

∞[La(4-PyPz)3], as well as the 2D networks 2
∞[Ln(4-PyPz)3(Py)],

Ln = Ce3+, Tm3+ and 2
∞[Ln2(4-PyPz)6]Py, Ln = Yb3+, Lu3+ were synthesized by redox reac-

tions between the elemental lanthanide and the ligand 3-(4-pyridyl)pyrazole (4-PyPzH)
or 3-(3-pyridyl)pyrazole (3-PyPzH). The 18 coordination polymers were synthesized in a
solvothermal processes in pyridine, in which the latter can act as a co-ligand. Uncommon
NIR emission for Tm3+ and Ho3+ was detected along with additional Pr3+, Er3+, and Nd3+

NIR emission benefited from a good ligand sensitizing effect. In addition, Ce3+-based
coordination polymers showed strong reductions in the 5d excited state, resulting in a
distinctive pink to orange emission. Magnetic studies conducted with direct current (DC)
showed magnetic isolation of the lanthanide centers in 3

∞[Ln(3-PyPz)3], Ln = Dy, Ho, Er. In
summary, coordination polymers with pyridylpyrazolate ligands as N-donors can display
a wide range of photoluminescent properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry5020069/s1, additional experimental details; Tables S1–S11:
Crystallographic data and selected interatomic distances (pm) and angles (◦) of 2

∞[Eu(4-PyPz)2(Py)2]
(4-Eu2+), 2

∞[Ln2(4-PyPzH)6]Py, Ln = Yb (4-Yb) and Lu (4-Lu), 2
∞[Tm(4-PyPz)3(Py)] (4-2

∞Tm), 3
∞[Ln(4-

PyPz)3], Ln = La (4-La), Ce (4-Ce), Pr (4-Pr), Nd (4-Nd), Ho (4-Ho), Er (4-Er), and 3
∞[Ln(3-PyPz)3],

Ln = Ce (3-Ce), Pr (3-Pr), Nd (3-Nd), Ho (3-Ho), Er (3-Er), Tm (3-Tm); Figure S1: Extended co-
ordination sphere of Ce3+ in 3

∞[Ce(4-PyPz)3] (4-Ce) representing the series of isotypic framework
compounds (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm). The coordination polyhedra around Ce3+ is indi-
cated in green and the thermal ellipsoids describe a 50% probability level of the atoms. Symmetry
operations: I x + 1/2, −y + 1/2, z + 1/2 II −x + 3/2, y − 1/2, −z + 3/2 III x + 1, y, z; Figure S2:
Extended coordination sphere of Ce3+ in 3

∞[Ce(3-PyPz)3] (3-Ce) representing the series of isotypic
framework compounds (3, Ln = Ce, Pr, Nd, Ho, Er, Tm). The coordination polyhedra around Ce3+ is
indicated in green and the thermal ellipsoids describe a 50% probability level of the atoms. Symmetry
operations: I −z + 1, x + 1/2, −y + 3/2 II y − 1/2, −z + 3/2, −x + 1 III x − 1/2, y, −z + 3/2 IV
y − 1/2, z, −x + 3/2 V z − 1/2, x, −y + 3/2; Figure S3: Comparison of the experimental X-ray
powder diffraction pattern of 3

∞[Ln(3-PyPz)3] (3, Ln = Pr, Nd, Ho, Er, Tm) at RT with the simulated
pattern from the single-crystal X-ray data of 3

∞[Er(3-PyPz)3] (3-Er) at 100 K; Figures S4–S8: Pawley
refinement results for PXRD of 3

∞[Ln(4-PyPz)3], Ln = La (4-La), Pr (4-Pr), Nd (4-Nd), Ho (4-Ho), and
Er (4-Er) showing the experimental data (black) together with the Pawley fit (red), the corresponding
difference plot (blue), as well as hkl position markers (green); Table S12: Pawley refinement results
for 2

∞[Eu(4-PyPz)2(Py)2] (4-Eu2+), 2
∞[Ce(4-PyPz)3(Py)] (4-2

∞Ce), and 3
∞[Ln(4-PyPz)3] (4, Ln = La, Pr,
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Nd, Ho, Er, Tm); Figure S9: Comparison of the experimental X-ray powder diffraction pattern of
2
∞[Tm(4-PyPz)3(Py)] (4-2

∞Tm), 2
∞[Ln2(4-PyPzH)6]Py, Ln = Yb (4-Yb) and Lu (4-Lu) at RT with the

respective simulated pattern from single-crystal X-ray data at 100 K; Figures S10–S23: Absorption
spectra of 4-PyPzH, 2

∞[Eu(4-PyPz)2(Py)2] (4-Eu2+), 2
∞[Ce(4-PyPz)3(Py)] (4-2

∞Ce), 3
∞[Ln(4-PyPz)3], (4,

Ln = Ce, Pr, Nd, Ho, Er, Tm) and 3
∞[Ln(3-PyPz)3], (3, Ln = Ce, Pr, Nd, Ho, Er) in the solid state at

room temperature; Figure S24: Chromaticity coordinate diagram (CIE 1931) of the emission colors of
2
∞[Ce(4-PyPz)3(Py)] (4-2

∞Ce), 3
∞[Ce(4-PyPz)3] (4-Ce) and 3

∞[Ce(3-PyPz)3] (3-Ce); Table S13: Chromatic-
ity coordinates (x,y) for 2

∞[Ce(4-PyPz)3(Py)] (4-2
∞Ce), 3

∞[Ce(4-PyPz)3] (4-Ce), and 3
∞[Ce(3-PyPz)3]

(3-Ce); Figures S25–S38: Normalized excitation and emission spectra of 2
∞[Eu(4-PyPz)2(Py)2] (4-Eu2+),

2
∞[Ce(4-PyPz)3(Py)] (4-2

∞Ce), 3
∞[Ln(4-PyPz)3], (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm) and 3

∞[Ln(3-PyPz)3],
(3, Ln = Ce, Pr, Nd, Ho, Er) at room temperature (top) and 77 K (bottom). Wavelengths at which
the spectra were recorded are reported in the legends; Table S14: Photophysical data of 2

∞[Eu(4-
PyPz)2(Py)2] (4-Eu2+), 2

∞[Ce(4-PyPz)3(Py)] (4-2
∞Ce), 3

∞[Ln(4-PyPz)3], (4, Ln = La, Ce, Pr, Nd, Ho, Er,
Tm) and 3

∞[Ln(3-PyPz)3], (3, Ln = Ce, Pr, Nd, Ho, Er) in the solid state at room temperature and 77 K;
Figures S39–S54: The infrared spectrum (ATR) of 2

∞[Eu(4-PyPz)2(Py)2] (4-Eu2+), 2
∞[Ce(4-PyPz)3(Py)]

(4-2
∞Ce), 3

∞[Ln(4-PyPz)3], (4, Ln = La, Ce, Pr, Nd, Ho, Er, Tm), 3
∞[Ln(3-PyPz)3], (3, Ln = Ce, Pr, Nd,

Ho, Er), 3-PyPzH, and 4-PyPzH.
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Abstract: The synthesis, structure and photophysical properties of two polynuclear zinc complexes,
namely [Zn6L2(µ3-OH)2(OAc)8] (1) and [Zn4L4(µ2-OH)2](ClO4)2 (2), supported by tridentate Schiff
base ligand 2,6-bis((N-benzyl)iminomethyl)-4-tert-butylphenol (HL) are presented. The synthesized
compounds were investigated using ESI-MS, IR, NMR, UV-vis absorption spectroscopy, photolumi-
nescence spectroscopy and single-crystal X-ray crystallography. The hexanuclear neutral complex
1 comprises six-, five- and four-coordinated Zn2+ ions coordinated by O and N atoms from the
supporting ligand and OH- and acetate ligands. The Zn2+ ions in complex cation [Zn4L4(µ2-OH)2]2+

of 2 are all five-coordinated. The complexation of ligand HL by Zn2+ ions leads to a six-fold in-
crease in the intensity and a large blue shift of the ligand-based 1(π-π)* emission. Other biologically
relevant ions, i.e., Na+, K+, Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+ and Cu2+, did not give rise to a
fluorescence enhancement.

Keywords: salicylaldiminato ligands; zinc; coordination geometry; photophysical properties

1. Introduction

Zinc as an essential trace metal for all living organisms is omnipresent in biogenic
systems, such as in the cells of the human body. Meanwhile, it is well-known that Zn2+

greatly contributes to biological processes, for example, as part of the immune system, as
an active site or co-factor in enzymes or as a regulator for proteins, and it can also provide
a stabilizing function to their structure [1–10]. The Zn2+ ions can, however, also have toxic
effects when toothier concentrations are too high, and it is presumably involved in the
biochemical mechanisms of neuronal diseases [4,11]. Proper detection of free zinc, also in
living cells, is highly desirable, but it still remains a challenge for common spectroscopic
methods, with which free zinc is not obtainable. As a d10 metal, Zn2+ cannot be observed
using UV-vis spectroscopy, but it is particularly suitable for fluorescence spectroscopy.
For this technique, the CHEF effect (chelation-enhanced fluorescence effect) is exploited for a
strong augmentation in the fluorescence intensity of the sensor molecule. Usually, the PET
(photoinduced electron transfer) quenches the luminescence of some chemosensors, and it is
turned off by the complexation of the closed-shell d10 metal ion [12–23]. This combines
two important factors: the high sensitivity of fluorescence spectroscopy and the excellent
selectivity for Zn2+. A set of molecules, which provide these abilities, were already designed
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and explored: for example, 8-aminoquinoline-based sensor molecules such as 6-methoxy-
(8-p-toluenesulfonamide)quinoline (TSQ), Zinquin (ZQ) and 2-(hydroxmethyl)-4-methyl-
6-((quinolinyl-8-imino)methyl)phenol (HMQP) [24–30]. However, what is often left out
from consideration is the influence of different anions that may disturb the mechanism of
complexation with zinc and the sensitivity of the method.

Recently, we have reported the synthesis, structures and properties of some discrete
four- and five-coordinated Zn2+ complexes supported by salicylaldiminato ligands [31–35].
As an extension, here, we report the synthesis of two zinc complexes derived from new
Schiff base ligand HL (Scheme 1) bearing two imine functions and a phenolic oxygen as a
N,O,N-donor set. The effect of the metal–ligand ratio variations on the coordination and
luminescence properties is reported. The results are supported by accompanying DFT
calculations of UV/vis spectra.
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2. Materials and Methods

All reagents were purchased and used without any further purification. 4-tert-butyl-
2,6-diformylphenol was purchased from Sigma Aldrich. Solvents were of HPLC grade and
not additionally purified. UV/vis spectra were recorded with a V-670 spectrophotometer
from JASCO and analyzed with SPECTRA MANAGER v2.05.03 software. HELLMA 110-QS
quartz cells with 10 mm path length were used as cuvettes. Measurements were made
within the range of 190–650 nm. Fluorescence spectra were recorded on a Perkin Elmer
FL6500 spectrometer using a constant slit width. Data acquisition was performed using the
FL WINLAB V3.00 program from PERKINELMER [36]. Measurements were performed using
precision SUPRASIL type 111-10-40-QS fused silica cells (10 mm cell diameter, 3500 µL
volume) from HELLMA ANALYTICS. The infrared spectra were recorded with a Bruker
Vertex 80V FTIR spectrometer utilizing KBr pellets. The ORIGINPRO 8G program from
ORIGINLAB CORPORATION was used for data analysis and a graphical display of the
spectra [37]. 1H and 13C NMR spectra measurements were recorded on BRUKER model
DPX-400 (1H: 400 MHz; 13C: 100 MHz) or VARIAN Gemini 300 instruments (1H: 300 MHz;
13C: 75 MHz). The solvent signal served as the internal standard. The MestReNova
v11.0 program from MESTRELAB RESEARCH S. L. was utilized for data analyses and
graphical displays [38]. ESI mass spectra were recorded using MICROTOF or IMPACT II
mass spectrometers from BRUKER DALTONIK GMBH. Elemental analyses were measured
using an ELEMENTAR VARIO EL instrument from ELEMENTAR ANALYSESYSTEME GMBH.

X-ray crystallography. Single-crystal X-ray diffraction experiments were carried out
on a STOE STADIVARI, equipped with an X-ray micro-source (Cu-Kα, λ = 1.54186 Å) and
a DECTRIS Pilatus 300K detector at 180(2) K. The diffraction frames were processed with
the STOE X-RED software package [39]. The structures were solved by direct methods [40]
and refined by full-matrix least-squares techniques on the basis of all data against F2

using SHELXL-2018/3 [41]. PLATON was used to search for higher symmetry [42]. All
non-hydrogen atoms were refined anisotropically. H atoms were placed in calculated
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positions and allowed to ride on their respective C atoms and treated isotropically using
the 1.2- or 1.5-fold Uiso value of the parent C atoms. All non-hydrogen atoms were re-
fined anisotropically. All calculations were performed using the Olex2 crystallographic
platform [43]. ORTEP-3 and POV-RAY were used for the artwork of the structures [44].
CCDC 2248758-2248760 contains the supplementary crystallographic data for this paper.

Crystallographic data for 2,6-(BzN=CH)-4-tBu-C6H2OH. C26H28N2O, Mr = 384.50 g/mol, tri-
clinic, space group P-1, a = 8.3627(2) Å, b = 10.9002(3) Å, c = 11.8113(4) Å, α = 100.761(2)◦,
β = 94.116(2)◦, γ = 91.320(2)◦, V = 1054.27(5) Å3, Z = 2, ρcalcd = 1.211 g/cm3, T = 180(2) K,
µ(Cu-Kα), λ = 1.54186 Å, crystal size 0.326 × 0.307 × 0.256 mm3, 19,262 reflections mea-
sured, 3908 unique, 3518 with I > 2σ(I). Final R1 = 0.0372 (I > 2σ(I)), wR2 = 0.1057 (3908 refl.),
267 parameters and 0 restraints, min./max. residual electron density = −0.181/0.254 e−/Å3.

Crystallographic data for 1·3MeCN·0.5H2O. C74H90N7O20.5Zn6, Mr = 1806.88 g/mol, tri-
clinic, space group P-1, a = 9.9260(3) Å, b = 15.0044(5) Å, c = 28.7383(7) Å, α = 98.943(2)◦,
β = 92.514(2)◦, γ = 104.406(2)◦, V = 4079.9(2) Å3, Z = 2, ρcalcd = 1.471 g/cm3, T = 180(2) K,
µ(Cu-Kα), λ = 1.54186 Å, crystal size 0.160× 0.090× 0.050 mm3, 70,648 reflections measured,
14,641 unique, 7769 with I > 2σ(I). Final R1 = 0.0577 (I > 2σ(I)), wR2 = 0.1521 (14641 refl.),
1140 parameters and 402 restraints, min./max. residual electron density =−0.609/1.000 e−/Å3.
The tert-butyl groups are disordered over two positions (0.66/0.34 and 0.53/0.47) and
restrained with SADI, RIGU, DELU, and SIMU. One benzyl group of each ligand is disor-
dered over two positions (0.51/0.49 and 0.72/0.28), restrained with SADI, SIMU, DELU,
and RIGU. AFIX 66 was used to fix both benzene rings. One methylene group was con-
strained with EADP. One MeCN is disordered over two positions (0.74/0.26), restrained
with DFIX (1.137 and 2.593), SIMU, and RIGU. The nitrogen atom was constrained with
EADP. The solvent water molecule is disordered over a special position and was modeled
with PART-1. Crystals of 1·3MeCN·0.5H2O grown by recrystallization of 1.4H2O from
MeCN solution quickly lost solvate molecules upon standing in air and became turbid.

Crystallographic data for 2·3MeOH·0.5MeCN. C108H123.5Cl2N8.5O17Zn4, Mr = 2145.03 g/mol, mono-
clinic, space group P21/n, a = 17.9667(4) Å, b = 30.1926(5) Å, c = 19.4877(4) Å, α = 90◦,
β = 92.875(2)◦, γ = 90◦, V = 10,558.0(4) Å3, Z = 4, ρcalcd = 1.349 g/cm3, T = 180(2) K,
µ(Cu-Kα), λ = 1.54186 Å, crystal size 0.186 × 0.154 × 0.121 mm3, 101,721 reflections mea-
sured, 19,944 unique, 10,877 with I > 2σ(I). Final R1 = 0.0477 (I > 2σ(I)), wR2 = 0.1328
(19,944 refl.), 1403 parameters and 492 restraints, min./max. residual electron density =
−0.572/0.767 e−/Å3. One tert-butyl group is disordered over two positions (0.72/0.28),
restrained with DFIX (1.54), SADI, SIMU, and RIGU. One benzyl group is disordered over
two positions (0.72/0.28), restrained with SIMU and RIGU. AFIX 66 was used to fix the
benzene rings, and the methylene group was constrained with EADP. The perchlorate ion is
disordered over two positions (0.59/0.41) and restrained with SADI, SIMU, and RIGU. Crys-
tals of 2·3MeOH·0.5MeCN grown by the recrystallization of 2.H2O from the MeCN/MeOH
solution quickly lost solvate molecules upon standing in air and became turbid.

Synthesis of 2,6-bis-((N-benzyl)iminomethyl)-4-tert-butylphenol (HL). Benzylamine (546 mg,
5.09 mmol, 2.10 eq.) was added to a solution of 5-tert-butyl-2-hydroxybenzene-1,3-dialdehyde
(500 mg, 2.42 mmol, 1.00 eq.) in EtOH (20 mL). The resulting yellow solution was stirred
for 2 h at ambient temperature to produce a yellow solid, which was isolated by filtration,
washed with little cold EtOH and dried at 60 ◦C. The compound was recrystallized once
from EtOH to produce a pure product: yellow X-ray quality crystals. Yield: 915 mg (98.2%).
M.p. 122 ◦C. 1H-NMR (400 MHz, CD2Cl2): δ = 1.32 (s, 9H, CH3-tBu), 4.81 (s, 4H, CH2),
7.24–7.39 (m, 12H, CHar), 8.70 (s, 2H, N=CH), 13.91 (s, 1H, OHar). 13C{1H}-NMR (100 MHz,
DMSO, 90 ◦C): δ = 30.7 (CH3), 33.3 (C(CH3)3), 62.4 (CH2), 120.5 (o-Car), 126.5 (p-Bz-Car),
127.4 (o-Bz-Car), 127.9 (m-Bz-Car), 128.4 (m-Car), 138.7 (ipso-Bz-Car), 140.0 (mboxemphp-Car-
tBu), 158.8 (ipso-Car-OH), 161.4 (HC=N). FT-IR (KBr): ν̃/cm–1 = 3083/3059/3028 (w, νC-Har),
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2954/2904/2837 (s-w, νC-H), 1633 (s, νC=N), 1598 (w, νC=C), 1472 (s, δasym. -CH3, tBu),
1439 (s, νCar-O), 1388/1372 (w, δsym. -CH3, tBu), 1287 (m), 1260 (m), 1225 (m), 1203 (w),
1118 (w), 1062 (m), 1027 (w), 942 (w), 882 (w), 844 (w), 823 (w), 750 (s), 718 (w), 699 (s).
m/z (ESI+, MeCN): C26H29N2O (384.23) [M + H+]+ calcd: 385.24; found 385.23. UV-vis
(DCM/MeOH (3:2/v:v); 5.0 × 10−5 M): λmax/nm (ε/M−1cm−1) = 248 (28,090), 348 (5480),
451 (5610); (MeCN; 2.5 × 10−5 M): λmax/nm (ε/M−1cm−1) = 193 (56,650), 244 (43,210),
347 (7950), [444 (500)]. Elemental analysis for C26H28N2O (384.51) calc. C 81.21, H 7.34, N
7.29%; found. C 80.92, H 7.36, N 7.23%.

Synthesis [Zn6(L)2(OH)2(OAc)8] (1). A solution of Zn(OAc)2·2H2O (190 mg, 866 mmol,
3.00 eq.) in 3 mL of MeCN was added to a solution of HL (111 mg, 289 mmol, 1.00 eq.) in
MeCN (20 mL). The yellow solution intensified its color and was stirred for 30 min at 80 ◦C.
The solution was left to stand for 2 weeks. The resulting solid was isolated by filtration
and dried in air. Yield: 420 mg (86.9%). Elemental analysis for [Zn6L2(OH)2(OAc)8]. 4H2O
(C68H88N4O24Zn6) (1737.8) calc. C 47.00, H 5.10, N 3.22%; found. C 46.97, H 4.62, N 3.10%.
This so isolated powder (1.4H2O) was used for all spectroscopic measurements. 1H-NMR
(300 MHz, CD2Cl2): δ = 1.25/1.29 (s, 18H, CH3-tBu), 1.73 (s, 24H, CH3-OAc), 4.84/5.08
(s, 8H, CH2), 7.11–7.42 (m, 20 H, Bz-CHar) 7.47–7.54, (m, 4H, m-CHar), 8.31/8.36 (s, 4H,
N=CH) ppm. FT-IR (KBr pellet): ν̃/cm–1 = 3029 (w, νC-H, ar), 2961 (w, νC-H), 1604/1580
(s, antisymm. νC-O, COO−), 1415 (s, symm. νC-O, COO−), 1344 (w), 1233 (w, νCar-O),
1066 (w), 1026 (w), 843 (w), 823 (w), 776 (w), 758 (w), 698 (w), 670 (w). m/z (ESI+, MeCN):
For [Zn2L2OAc]+ as C54H57N4O4Zn2

+ (956.83) [M]+ calcd: 957.29; found 957.28. UV-vis
(DCM/MeOH (3:2 ratio); 2.5 × 10−5 M): λmax/nm (ε/M−1cm−1) = [221 (16,160)], 260
(30,700), 387 (10,060).

Synthesis of [Zn4L4(OH)2](ClO4)2 (2). A solution of Zn(ClO4)2·6H2O (107 mg, 286 mmol,
1.10 eq.) in a few drops of acetonitrile was added to a solution of HL (100 mg, 260 mmol,
1.00 eq.) in 20 mL of DCM/MeOH (3:2). The yellow solution intensified its colour and
was stirred for 2 h at 40 ◦C. The solution was left to stand for 2 weeks. The resulting
solid was isolated by filtration and dried in air. Yield: 456 mg (86.4%). Elemental anal-
ysis for [Zn4L4(OH)2](ClO4)2·H2O (2046.50) calc. C 61.04, H 5.52, N 5.48%; found. C
61.15, H 5.81, N 5.61%. This isolated powder (2·H2O) was used for all spectroscopic
measurements. 1H-NMR (300 MHz, CD2Cl2): δ = 1.39 (s, 36H, CH3-tBu), 3.55/3.81/4.36
(m, 16H, CH2), 6.38–7.46 (m, 48 H, CHar), 7.83/8.13 (s, 8H, N=CH) ppm. FTIR (KBr):
ν̃/cm–1 = 3063/3031 (w, νC-H, ar), 2958/2921 (m, νC-H), 1653/1631 (s, νC=N), 1542 (s,
νC=C), 1454 (m, δantisymm -CH3), 1398 (w), 1363 (w), 1233 (m, νCar-O), 1090 (s, νCl-O,
perchlorate), 928 (w), 878 (w), 840 (w), 759 (m), 700 (m), 625 (s, δCl-O, perchlorate). m/z
(ESI+, DCM): For [Zn2L2ClO4]+ as C52H54ClN4O6Zn2

+ (997.24) [M]+ calcd: 997.23; found
997.22. UV-vis (DCM/MeOH (3:2 ratio); 2.5 × 10−5 M): λmax/nm (ε/M−1cm−1) = [228
(18,650)], 257 (27,900), 387 (8800).

Time-dependent density functional theory. All structures were optimized using
PBE/TZ2P-D3(BJ) [45–47], and the 20 lowest singlet excitations were calculated using
TD-DFT [48] at the CAMY-B3LYP [49–51] level of the theory, as implemented in AMS [52–54].
Implicit solvation model COSMO [55–57] was included in all calculations.

3. Results
3.1. Synthesis and Characterization of Compounds

The new di-imine ligand HL was prepared according to the route provided in Scheme 1.
A mixture of 5-tert-butyl-2-hydroxybenzene-1,3-dialdehyde and two equivalents of benzy-
lamine were allowed to react in a 1:2 molar ratio at room temperature for 2 h in EtOH in
order to provide an intense yellow solution, from which the pure product could be isolated
as a yellow microcrystalline solid in an almost quantitative yield.
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Two new zinc(II) complexes, 1 and 2, were prepared according to the reactions in
Scheme 1. The reaction of the ligand HL with Zn(OAc)2

.2H2O in a 3:1 ratio in acetonitrile
at 80 ◦C for 30 min produced a pale yellow solution, from which a pale yellow, micro-
crystalline powder of composition [(Zn6(L)2(OH)2(OAc)8]·4H2O (1) was reproducibly
obtained in ca 87% yield. The treatment of HL with Zn(ClO4)2

.6H2O in a 1:1 ratio in a
CH2Cl2/MeOH/MeCN mixed solvent system furnished a yellow solution, from which
a pale yellow solid of composition [Zn4L4(OH)2](ClO4)2

·H2O (2) precipitated in an 86%
yield. Both complexes exhibit good solubility in acetonitrile, DMSO and dichloromethane,
but they are only sparingly soluble in alcohols and various hydrocarbons and virtually
insoluble in water. The synthesized compounds resulted in a satisfactory elemental anal-
yses, and their formulation was confirmed by electrospray ionization mass spectrometry
(ESI-MS), FT-IR-spectroscopy, UV-vis and NMR spectroscopy as well as single-crystal X-ray
diffractometric analyses.

The infrared spectrum of the free ligand shows a prominent band at 1634 cm−1, which
can be attributed to the C=N stretching frequencies of the imine groups (Figure S1). The O-H
stretching appears as a very broad band with a maximum at around 2600 cm−1, indicating
the presence of intramolecular hydrogen bonding interactions between the OH and imine
groups. The IR spectrum of zinc complex 1 reveals two bands at 1580 and 1415 cm−1

attributed to the antisymmetric and symmetric stretching vibrations of the acetato ligand
(Figure S2). The imine group gives rise to two weak features at 1650 and 1630 cm−1. The IR
spectrum of perchlorate salt 2 (Figure S2) reveals two strong absorption bands at 1090 and
625 cm−1, characteristic values for the vibrations of a ClO4

− counter anion. Again, as in
1, there are two bands at 1653 and 1631 cm−1 attributable to the stretching vibrations of a
coordinated imine group.

3.2. Crystallographic Characterization

Single crystals of HL obtained from EtOH are triclinic and fall into space group P1. The
structure shown in Figure 1 reveals that both imino groups are (E)-configured and coplanar
with the phenol ring. The phenolic OH group forms an intramolecular hydrogen bond
(O1-H1-N1) with the imine group as observed in other salicylaldimines. Figure S5 displays
the packing diagram of HL. As observed, the phenol rings of two adjacent molecules are
engaged in face-to-face π–π stacking interactions, as manifested by an interplanar distance
of 3.4286(11) Å. The DFT-optimized geometry of the HL ligand at the PBE/TZ2P-D3(BJ)
level of theory is in agreement with the experimental data (Figure S16).
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Figure 1. Molecular structure of the ligand HL in the crystal. Thermal ellipsoids are drawn at
the 50% probability level. Hydrogen atoms are omitted for clarity, except one involved in in-
tramolecular hydrogen bonding. Selected bond lengths (Å): N1-C8 1.2765(11), N2-C15 1.2677(16) and
O1···N1 2.5905(12).
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Crystals of [Zn6L2(OH)2(OAc)8]·3MeCN·0.5H2O were grown by the slow evapora-
tion of an acetonitrile solution. The crystal structure comprises a discrete, hexanuclear,
mixed-ligand complex, [Zn6L2(OH)2(OAc)8] (1), and several co-crystallized MeCN and
H2O molecules. Figure 2 shows the structure of the neutral zinc complex. The zinc complex
exhibits idealized C2 symmetry (neglecting the four benzyl groups of the supporting ligand).
Two nearly isostructural [Zn3L(OH)(OAc)2]2+ moieties are connected by four µ1,3-briding
acetate groups.
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Figure 2. Ball and stick representation of the molecular structure of neutral complex 1 in crystals of
[Zn6L2(OH)2(OAc)8]·3MeCN·0.5H2O (1·3MeCN·0.5H2O). Hydrogen atoms are omitted for clarity.

The three Zn2+ ions within the trinuclear subunits exhibit different coordination en-
vironments: Zn1 is six-coordinated by the imine N and phenolate O donors from the
supporting ligand, three O atoms from three µ1,3-bridging acetato ligands and one triply
bridging OH group in a distorted octahedral fashion. The Zn2 atom, on the other hand,
is five-coordinated, being surrounded by imine N and phenolate O donors, two O atoms
from two µ1,3-bridging acetates and the OH bridge. The coordination geometry of Zn2 is
severely distorted and lies between the ideal trigonal bipyramidal or square pyramidal
environments, as suggested by the τ value of 0.49 [58], or the SHAPE symmetry factors
(Table S1) [59]. Finally, one Zn atom is coordinated in a distorted tetrahedral geometry by
three O atoms from three µ1,3-bridging acetate groups and the triply bridging OH group. A
selection of bond lengths and angles is given in Table 1. The bond lengths and angles show
no unusual features and compare well with those in other six-, five- and four-coordinated
Zn complexes. The corresponding bond lengths and angles within the two trinuclear
subunits do not differ much. The angles around Zn1, for example, range from 80.33(16)◦
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to 98.8(2)◦ and from 78.95(16)◦ to 98.98(19)◦ for the corresponding Zn4 atom in the other
[Zn3L(OH)(OAc)2]2+ fragment. The structure of 1 is very similar to that of the hexanuclear
complex [Zn6L′2(OH)2(OAc)8] supported by the ligand 2,6-bis((N-benzyl)iminomethyl)-
4-methylphenol. This complex is also composed of trinuclear [Zn3L(OH)(OAc)2]2+ moi-
eties [11]. Other polynuclear zinc carboxylato complexes are known; basic zinc acetate,
Zn4O(CH3COO)6, is a prominent example [60].

Table 1. Selected bond lengths (Å) and angles (◦) for 1·3MeCN·0.5H2O.

Zn1-O1 2.114(4) N1-Zn1-O1 87.90(19) N3-Zn4-O11 88.40(18)

Zn1-N1 2.064(5) N1-Zn1-O3 97.27(17) N3-Zn4-O13 90.8(2)

Zn1-O2 2.016(4) N1-Zn1-O4 86.15(16) N3-Zn4-O14 88.41(19)

Zn1-O3 2.103(4) N1-Zn1-O5 98.8(2) N3-Zn4-O15 98.98(19)

Zn1-O4 2.264(4) O1-Zn1-O4 94.19(16) O11-Zn4-O14 93.16(16)

Zn1-O5 2.101(4) O2-Zn1-N1 163.88(19) O12-Zn4-N3 166.20(19)

Zn2-O1 2.063(4) O2-Zn1-O1 78.83(16) O12-Zn4-O11 78.95(16)

Zn2-N2 2.091(5) O2-Zn1-O3 92.02(16) O12-Zn4-O13 94.78(18)

Zn2-O2 2.065(4) O2-Zn1-O4 85.74(15) O12-Zn4-O14 86.82(17)

Zn2-O6 2.060(4) O2-Zn1-O5 93.55(17) O12-Zn4-O15 93.07(17)

Zn2-O7 1.996(4) O3-Zn1-O1 90.56(17) O13-Zn4-O11 90.37(18)

Zn3-O2 1.939(4) O3-Zn1-O4 174.26(17) O13-Zn4-O14 176.35(18)

Zn3-O8 1.976(4) O5-Zn1-O1 170.98(16) O15-Zn4-O11 170.48(16)

Zn3-O9 1.957(4) O5-Zn1-O3 94.56(17) O15-Zn4-O13 95.50(18)

Zn3-O10 1.969(4) O5-Zn1-O4 80.33 O15-Zn4-O14 81.13(16)

Zn4-O11 2.113(4) O1-Zn2-N2 88.07(19) N4-Zn5-O11 87.19(19)

Zn4-N3 2.034(5) O1-Zn2-O2 78.89(16) O12-Zn5-N4 164.02(19)

Zn4-O12 2.012(4) O2-Zn2-N2 156.16(18) O12-Zn5-O11 79.39(16)

Zn4-O13 2.107(4) O6-Zn2-N2 89.1(2) O12-Zn5-O16 95.29(19)

Zn4-O14 2.234(4) O6-Zn2-O1 148.89(19) O16-Zn5-N4 88.1(2)

Zn4-O15 2.096(4) O6-Zn2-O2 91.90(18) O16-Zn5-O11 135.03(19)

Zn5-O12 2.045(4) O7-Zn2-N2 105.0(2) O17-Zn5-N4 96.70(19)

Zn5-N4 2.059(5) O7-Zn2-O1 109.06(18) O17-Zn5-O11 115.40(19)

Zn5-O11 2.063(4) O7-Zn2-O2 98.14(17) O17-Zn5-O12 96.87(19)

Zn5-O16 2.046(5) O7-Zn2-O6 101.6(2) O17-Zn5-O16 109.6(2)

Zn5-O17 2.000(4) O2-Zn3-O8 107.92(19) O12-Zn6-O18 106.5(2)

Zn6-O12 1.934(4) O2-Zn3-O9 108.63(17) O12-Zn6-O19 108.21(18)

Zn6-O18 1.952(5) O2-Zn3-O10 122.87(18) O12-Zn6-O20 121.79(19)

Zn6-O19 1.966(4) O9-Zn3-O8 108.25(19) O18-Zn6-O19 106.9(2)

Zn6-O20 1.940(4) O9-Zn3-O10 107.01(18) O20-Zn6-O18 107.7(2)

O10-Zn3-O8 101.30(19) O20-Zn6-O19 104.93(19)

Single crystals of [Zn4L4(µ-OH)2](ClO4)2·3MeOH·0.5MeCN (2·3MeOH·0.5MeCN)
suitable for X-ray crystallographic analyses were grown by the slow evaporation of a mixed
DCM/MeOH/MeCN (3:2:1) solution. The perchlorate salt crystallizes in the monoclinic
space group P21/n with four formula units per unit cell. Figure 3 displays the structure of
the tetranuclear Zn complex. Selected bond lengths and angles are listed in Table 2. The
crystal structure is composed of tetranuclear [Zn4L4(µ-OH)2]2+ complexes, perchlorate
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ions and co-crystallized MeOH and MeCN molecules. The two [Zn2L2]2+ fragments are
joined via two bridging hydroxido ligands to generate the [Zn4L4(µ-OH)2]2+ complex’s
dication. The Zn2+ ions are all five-coordinated, and they are surrounded by two imine
N and two bridging phenolate O atoms from the supporting ligand and one bridging
hydroxido ligand. The τ values range from 0.49 to 0.52, indicating that the coordination ge-
ometries of the Zn2+ ions lie in between the ideal trigonal bipyramidal or square pyramidal
environments. This is also supported by the SHAPE symmetry factors given in Table S1.
The Zn-N bond distances between 2.048(3) and 2.118(3) Å as well as the Zn-O distances
between 1.962(2) and 2.154(2) Å are all within the usual ranges for such complexes.
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Table 2. Selected bond lengths (Å) and angles (◦) for 2·3MeOH·0.5MeCN.

Zn1-O1 2.018(3) N1-Zn1-O2 159.01(11) N5-Zn3-N7 118.88(11)

Zn1-O2 2.135(2) N3-Zn1-N1 107.88(12) N5-Zn3-O3 84.91(10)

Zn1-N1 2.117(3) N3-Zn1-O2 85.17(12) N7-Zn3-O3 157.33(11)

Zn1-N3 2.048(3) O1-Zn1-N1 86.28(11) O4-Zn3-N5 115.58(11)

Zn1-O5 1.956(2) O1-Zn1-N3 119.00(12) O4-Zn3-N7 86.56(11)

Zn2-O1 2.144(2) O5-Zn1-N1 99.91(11) O4-Zn3-O3 72.08(9)

Zn2-O2 2.012(3) O5-Zn1-N1 99.91(11) O5-Zn3-N5 108.29(12)

Zn2-N2 2.050(3) O5-Zn1-N3 119.00(12) O5-Zn3-N7 99.47(11)

Zn2-N4 2.118(3) O5-Zn1-O1 129.36(10) O5-Zn3-O3 88.85(10)

Zn2-O6 1.992(3) O5-Zn1-O2 91.57(10) O5-Zn3-O4 129.58(10)

Zn3-O3 2.154(2) N2-Zn2-N4 110.11(11) N6-Zn4-O4 160.17(11)

Zn3-O4 2.008(3) N2-Zn2-O1 85.85(10) N8-Zn4-N6 108.65(11)

Zn3-N5 2.053(3) N4-Zn2-O1 158.57(11) N8-Zn4-O4 84.43(11)

Zn3-N7 2.118(3) O2-Zn2-N2 115.58(12) O3-Zn4-N6 88.07(11)
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Table 2. Cont.

Zn3-O5 1.962(2) O2-Zn2-N4 87.08(12) O3-Zn4-N8 116.03(11)

Zn4-O3 2.003(2) O2-Zn2-O1 72.81(9) O3-Zn4-O4 72.58(9)

Zn4-O4 2.135(2) O6-Zn2-N2 110.14(12) O6-Zn4-N6 98.18(11)

Zn4-N6 2.076(3) O6-Zn2-N4 98.46(11) O6-Zn4-N8 109.84(11)

Zn4-N8 2.055(3) O6-Zn2-O1 88.76(10) O6-Zn4-O3 128.75(10)

Zn4-O5 1.993(2) O6-Zn2-O2 128.62(11) O6-Zn4-O3 90.88(10)

3.3. Electronic Absorption and Emission Spectroscopy

The synthesized compounds were further characterized using UV-vis absorption and
photoluminescence spectroscopy. The electronic absorption spectra for the free ligand HL
and its deprotonated phenolate form, L−, were measured in a mixture of DCM/MeCN
(3:2) at room temperature. The spectrum of the free ligand displays three main absorption
maxima (Figure 4). The absorption maxima and corresponding extinction coefficients are
listed in Table 3.
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Figure 4. Measured UV-vis spectra of HL and its deprotonated form, L−. Experimental conditions:
5 × 10−5 M, CH2Cl2/MeOH (v:v/3:2), 298 K. The fully deprotonated ligand was obtained by adding
an excess of NEt3 to the solution of HL.

Table 3. UV-vis spectroscopic data for HL and the deprotonated ligand; luminescence spectroscopic
data for HL, L− and 1.

λmax/nm ελ/[M−1cm−1] Assignment

HL(a)
451
348
248

5600
5480

28,800

π-π* (ArOH)
π-π*(ArOH)

π-π*(ArOH+Ph)

L−(a,b)
349
232

6620
45,940 π-π* (ArO−)

L−(a,c)
349
234

6640
59,920 π-π* (ArO−)

λex/nm λem/nm Stokes shift/cm−1

(rel. intensity/a.u.)

HL(d) 447 497 2250 (5380)
L−(b,d) 346 563 11,139 (350)

1(d) 378 452 4331 (35,850)

(a) DCM/MeOH (3:2/v:v), 10−5 M sample concentration, (b) [NEt3] = 8 × 10−3 M, (c) [NEt3] = 16 × 10−3 M,
(d) MeCN, 10−5 M sample concentration.
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The broad band with an absorption maximum at 248 nm is attributed to the π-π*
transitions localized on the phenol and phenyl rings of HL, according to time-dependent
density functional theory (TDDFT) calculations (see details below). The lower-energy
bands with absorption maxima at 348 nm and 451 nm, on the other hand, are assigned to
electronic transitions within a more extended π system involving the phenolate ring and
the two imine groups. The UV-vis spectrum of the deprotonated ligand differs significantly
from that of the protonated ligand. It reveals two well-resolved absorption maxima at 234
and 349 nm. Instead of the band at 450 nm observed in HL, there is a tail on the 349 nm
band that extends into the visible range but with no well-developed maximum. Thus,
deprotonation has a strong effect on the spectroscopic properties of HL.

To study the complexation reactions of HL with Zn2+ ions in the solution, UV-vis
spectrophotometric batch titrations were carried out. The method of YOE and JONES was
used here, in which the ligand concentration is kept constant over the entire range and
the amount of Zn2+ is raised stepwise until a stable complex species is formed [61–64].
Tetra-n-butylammonium hexafluorophosphate (10 mM) was added to the used solvent mix-
ture (3:2—DCM/MeOH) to ensure a constant ionic strength during the complexation reactions.

The addition of aliquots of Zn(OAc)2 (from 0.1 to 10 equiv.) leads to clear changes
in the UV-vis spectrum of the ligand (Figure 5). Thus, the bands at 350 and 450 nm for
HL vanish with increasing Zn2+ concentrations, and a new band with a maximum at
387 nm emerges (at a Zn/L ratio of 1.0 equiv.), providing clear support that Zn2+ binding
to the bis(iminophenolate)ligand L− occurs. Adding the further equivalents of Zn(OAc)2
leads to a weak but significant hyperchromic effect manifested by the slight increase in
the intensity of the 387 nm band. The YOE and JONES method was applied in order to
determine the stoichiometric ratio of the complex. As observed from the inset of Figure 5,
the plot of the absorbance value versus stoichiometric ratio [Zn2+]/[HL] increases very
steeply up to 1:1, and then there is a further, but much less pronounced, increase in intensity,
suggesting that additional Zn2+ ions will not directly interact with the donor atoms of HL.
The spectroscopic titration of HL with Zn(ClO4)2

.6H2O behaved in a very similar fashion
(SI). Overall, these findings suggest that the ligand examined here has a strong propensity
to form Zn2+ complexes with a 1:1 metal/ligand ratio. This ratio would be consistent
with the 2:2 stoichiometries found in the solid state and implies that such 2:2 complexes
also exist in the solution state. In the presence of additional co-ligands, this ratio may be
increased, but it is accompanied by much less pronounced changes in the spectroscopic
features of supporting ligand HL. These findings are also consistent with those made by
fluorescence spectroscopy described below.
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The complexation reactions were further examined using fluorescence spectroscopy. 
The emission spectra of compounds HL, L−, and of a 1:3 solution of HL and Zn(OAc)2 are 
displayed in Figure 6 along with the corresponding excitation spectra. The emission spec-
tra were measured in acetonitrile solution at the 10−5 M concentration. Table 3 lists the 
data. The free ligand fluorescence is blue-green, reflected in a single emission band with 
a maximum at 497 nm when excited at 447 nm. The excitation spectrum of HL monitored 
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Figure 5. Spectrophotometric titration of HL with Zn(OAc)2·2H2O in CH2Cl2/MeOH (3:2/v:v) at a
10−5 M concentration and constant ionic strength (10−2 M N(n-Bu)4PF6, T = 295 K). The red curve
corresponds to the final Zn2+/HL stoichiometric ratio of 3.0. The inset shows the evolution of selected
absorbance values versus the [Zn2+]/[HL] stoichiometric ratio.
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The complexation reactions were further examined using fluorescence spectroscopy.
The emission spectra of compounds HL, L−, and of a 1:3 solution of HL and Zn(OAc)2
are displayed in Figure 6 along with the corresponding excitation spectra. The emission
spectra were measured in acetonitrile solution at the 10−5 M concentration. Table 3 lists the
data. The free ligand fluorescence is blue-green, reflected in a single emission band with a
maximum at 497 nm when excited at 447 nm. The excitation spectrum of HL monitored at
497 nm corresponds to the absorption spectrum and reveals an absorption band at 447 nm
that is assigned to a transition into the 1(π-π*) state of the bis(iminomethyl)phenol system.
The deprotonation of the ligand has a strong effect on the luminescence properties. This can
be detected by the naked eye. Thus, in contrast to HL, L− exhibits a very weak, intraligand
1(π-π)* fluorescence emission band at 563 nm. The luminescence intensity decreases by a
factor of 15, and the Stokes shift increases from 2250 cm−1 for HL to 11,139 cm−1 in L−.
Remarkably, the complexation of the ligand by Zn2+ leads to a circa six-fold enhancement
of the luminescence intensity, which is also accompanied by a hypsochromic shift in
the emission band to 452 nm. This behavior has been observed for other Zn2+ complexes
supported by o-hydroxy-aryl SCHIFF base ligands [65–68]. The enhancement of the emission
intensity can be explained by the CHEF effect (chelation-enhanced fluorescence effect) due to
the inhibition of photo-induced electron transfer processes [69,70].
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Figure 6. Excitation (dashed) and emission spectra (solid) of HL, L−, and a 1:3 mixture of
HL/Zn(OAc)2 in MeCN (10−5 M, 298 K).

Figure 7 displays a titration of HL with Zn(OAc)2 monitored by fluorescence spec-
troscopy at 0.01 mM concentration. As observed, the intensity of the emission band at
around 450 nm increases steadily with increasing Zn2+ concentrations. An inflection point
occurs at a metal-to-ligand ratio (M/L) of 1:1. At higher M/L ratios, the emission intensity
remains nearly constant. These observations are in good agreement with the conclusions
provided by UV vis spectroscopy and provide strong support for the presence of Zn2+

complexes with 1:1 M/L ratio. The slight blue shift of the maximum of the emission band
from 450 to 445 nm may be due to the change in the coordination geometry of the initial
coordination geometry, such as an attachment of additional acetate or hydroxide ligands,
although other factors cannot be ruled out.
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Figure 7. Fluorescence titration of HL with Zn(OAc)2·2H2O in CH2Cl2/MeOH (3:2/v:v) at a 10−5 M
concentration and constant ionic strength (10−2 M N(n-Bu)4PF6, T = 295 K, λexc = 378 nm). The
blue and red curves correspond to Zn2+/HL stoichiometric ratios of 1.0 and 5.0, respectively. The
inset shows the evolution of the fluorescence intensity of the emission band at 450 nm versus the
[Zn2+]/[HL] stoichiometric ratio.

The luminescence properties of the ligand HL were investigated in the presence of
other metal ions in view of reports from the literature that o-hydroxy-aryl compounds
allow for the sensitive optical detection of Zn2+ ions among other metal cations [11]. Thus,
methanolic solutions containing the equimolar quantities of the ligand and a series of
abundant and biologically relevant p- and d-bock metals were prepared, and their emission
properties were determined. Figure 8 shows that none of the investigated metal ions
reveals a fluorescence enhancement. This is either attributed to the poor binding affinity of
some metal ions to the SCHIFF-base ligands (in the case of Na+, K+, Mg2+ and Ca2+) or the
quenching of the excited singlet states by electron transfer reactions involving the d-states
of open-shell transition metal ions (in case of Mn2+, Fe2+, Co2+, Ni2+ and Cu2+).
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Several other fluorescent OFF_ON sensors for Zn2+ ions based on salicylidene aldimine
binding sites have been reported [11,20,65]. Zn2+ binding enhances the rather weak intrali-
gand 1(π-π) fluorescence emission of the free ligands significantly due to the inhibition of
photo-induced electron transfer processes [65]. Zn2+ ion binding also rigidifies the ligand
architecture, thereby decreasing the probability of the vibrational deactivation of the excited
singlet state [34,35].

The fluorescence intensity of HL as a function of the Zn2+ concentration was inves-
tigated in order to determine the LOD value (limit of detection value), which provides
the lowest concentration that can be measured. Fluorescence intensity was found to be
linear between 1 × 10−6 and 1 × 10−7 M Zn2+ and produced an LOD value of 0.24(1) ppm.
This value is comparable to those of other Zn2+ fluorescence sensor systems featuring
imino-phenolate units [11,34,35].

In order to support experimental findings, we have carried out TD-DFT calculations
on ligand HL, differently (de-)protonated species and a [Zn2L2]2+ complex to simulate
the UV-vis absorption spectra (for details, see the Experimental Section). By considering
various forms of HL, dynamic and solvent effects could be accounted for, allowing the full
assignment of absorption bands in the experimental spectra (see Figure 9).
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Figure 9. Simulated UV-vis spectra of different HL forms. Included are the zwitterionic form,
explicitly coordinated methanol, deprotonated HL, the pristine ligand and the [Zn2L2]2+ complex.
The spectra were obtained using AMS code [53].

The band with the largest intensity was assigned to various π-π* transitions, while
the band at around 350 nm was assigned to a π-π* transition with a contribution from
the n-orbitals of the OH group. The lowest excitations at 450 nm were assigned to a π-π*
transition with contributions from the deprotonated phenol group, and it was observed
that the deprotonation resulted in a large redshift into the visible light range. As it is shown
in Figure 10 the experimental results are in good agreement with the calculated ones.
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4. Conclusions

The syntheses of the new tridentate Schiff-base ligand 2,6-bis((N-benzyl)iminomethyl)-
4-tert-butylphenol (HL) and the corresponding polynuclear zinc complexes [Zn6L2(µ3-OH)2(OAc)8]
(1) and [Zn4L4(µ2-OH)2](ClO4)2 (2) are described. The exact composition of the two com-
plexes was confirmed via X-ray crystallography, which revealed the influence of the co-
ordinating acetate anion. The molecular structure of 1 contains Zn2+ ions, which are six-,
five- and four-coordinated by the O and the two N atoms of the ligand and OH− and
acetate ligands. In the discrete complex cation [Zn4L4(µ2-OH)2]2+ of 2 all Zn2+ ions, there
are five-coordinated with τ values ranging from 0.49 to 0.52. The absorption properties of
the ligand have been investigated with UV-vis spectroscopy. The lower energy band at
348 nm and the visible transition at 451 nm are designated as electronic transitions within
the extended π system of the iminophenolate. Via the deprotonation of the ligand, the
band at 451 nm disappears, whereby the spectroscopic properties of the ligand change
significantly. The UV-vis titrations with the acetate and the perchlorate salts of Zn2+ exhibit
the tendency of HL to form complexes with a stoichiometric ratio of 1:1. The results of
luminescence spectroscopy studies support this observation. The complexation of Zn2+

leads to a further enhancement of the fluorescence intensity by factor six (CHEF effect),
which was not detected for Na+, K+, Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+ or Cu2+.

137



Chemistry 2023, 5

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemistry5020070/s1. Figure S1: FTIR spectrum of HL (KBr
pellet); Figure S2: FTIR spectra of [Zn6L2(OH)2(OAc)8] (1, KBr pellet) and [Zn4L4(OH)2](ClO4)2]
(2, KBr pellet); Figure S3. Overlay of the FTIR spectra of the ligand (HL) and the zinc complexes
1 and 2 (1700–1500 cm−1); Figure S4. Overlay of the FTIR spectra of the zinc complexes 1 and 2
(1750–450 cm−1); Figure S5: Packing diagram of HL showing intermolecular π-π stacking (offset
face-to-face) interactions between adjacent ligand molecules; Figure S6: 13C-NMR spectrum of HL
recorded in dimethylsulfoxide-d6 at 363 K; multiplicity of C-H coupling displayed; parts of the spec-
trum without signals cut out for better observation of the multiplicities; Figure S7: 1H-NMR spectrum
of [Zn6L2(OH)2(OAc)8] recorded in CD3CN at ambient temperature; Figure S8: Spectrophotometric
titration of HL with Zn(ClO4)2·6H2O in CH2Cl2/MeOH (3:2/v:v) at a 10−5 M concentration and
constant ionic strength (10−2 M N(n-Bu)4PF6, T = 295 K). The blue curve corresponds to a final
Zn2+/HL molar ratio of 1:1. The inset shows the evolution of selected absorbance values versus
the [Zn2+]/[HL] molar ratio; Figure S9. Excitation (blue) and emission spectrum (green) of HL in
acetonitrile (c(HL) = 1× 10−5 M, 298 K). MeCN; 1× 10−5 M; λEx = 447 nm; λEm = 497 nm; Figure S10:
Excitation (violet) and emission spectrum (yellow) of L− in acetonitrile in the presence of base (c(HL)
= 1 × 10−5 M, c(NEt3) = 1 × 10−5 M, 298 K). MeCN; c(HL) = 1 × 10−5 M; c(NEt3) = 1 × 10−5 M;
λEx = 346 nm; λEm = 563 nm; Figure S11. Excitation (azure) and emission spectrum (turquoise) of
[Zn6L2(OH)2(OAc)8] in acetonitrile (c(complex) = 1 × 10−5 M, 298 K). λEx = 378 nm; λEm = 452 nm;
Figure S12: Major contributions to the observed UV-Vis bands of HL with the single orbital transition
contribution in parentheses. a) HOMO→LUMO: 334 nm (97%). b) HOMO-1→LUMO+1: 245 nm
(67%); Figure S13: Major contributions to the observed UV-Vis bands of HL− with the single orbital
transition contribution in parentheses. a) HOMO→LUMO: 409 nm (98%). b) HOMO-2→LUMO+1:
229 nm (36%); Figure S14: Major contributions to the observed UV-Vis bands of [Zn2L2]2+ with the
single orbital transition contribution in parentheses. a) HOMO→LUMO: 348 nm (57%); Figure S15:
PBE-D3(BJ) optimized structure of HL used for the simulation of UV-Vis spectra (pristine) and
basis for the other used structures; Figure S16: Fluorescence spectra HL as a function of Zn2+ ion
concentration; Table S1. Shape symmetry factors for complex 1.
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Abstract: Calcium phosphate nanoparticles (60 nm) were stabilized with either polyethyleneimine
(PEI; polycationic electrolyte) or carboxymethylcellulose (CMC; polyanionic electrolyte). Next, a silica
shell was added and terminated with either azide or alkyne groups via siloxane coupling chem-
istry. The particles were covalently functionalized by copper-catalyzed azide-alkyne cycloaddition
(CuAAC; click chemistry) with proteins or gold nanoparticles that carried the complementary group,
i.e., either alkyne or azide. The model proteins hemoglobin and bovine serum albumin (BSA) were
attached as well as ultrasmall gold nanoparticles (2 nm). The number of protein molecules and gold
nanoparticles attached to each calcium phosphate nanoparticle was quantitatively determined by
extensive fluorescent labelling and UV–Vis spectroscopy on positively (PEI) or negatively (CMC)
charged calcium phosphate nanoparticles, respectively. Depending on the cargo and the nanopar-
ticle charge, this number was in the range of several hundreds to thousands. The functionalized
calcium phosphate particles were well dispersible in water as shown by dynamic light scattering and
internally amorphous as shown by X-ray powder diffraction. They were easily taken up by HeLa
cells and not cytotoxic. This demonstrates that the covalent surface functionalization of calcium
phosphate nanoparticles is a versatile method to create transporters with firmly attached cargo
molecules into cells.

Keywords: calcium phosphate; nanoparticles; surface functionalization; proteins; drug delivery;
click chemistry; gold

1. Introduction

Nanoparticles are widely used in many areas, as not only their size but also their
shape and surface functionalization can be varied. Due to their small size, they are easily
taken up by cells [1,2]. Therefore, multifunctional nanoparticles find many interesting
applications as drug carriers in modern biomedicine, also with an appropriate surface
functionalization to target cells or tissues [3–7]. As adsorption leads only to a weak bond
between a nanoparticle and its cargo, a covalent attachment is preferable as it creates a more
stable attachment [8,9]. Calcium phosphate nanoparticles are especially promising drug
carriers in biomedicine [10–13] due to their high similarity to human hard tissues (bones
and teeth). These are both rich in hydroxyapatite, Ca5(PO4)3OH, the most common calcium
phosphate mineral [14,15]. To ensure their colloidal stability, also in salt- and protein-
containing biological media, calcium phosphate nanoparticles are usually surface-coated
with polymers or polyelectrolytes. After subsequent coating with a silica shell [16–19], they
can be equipped with thiol, azide or alkyne groups via siloxane chemistry. This permits
a covalent attachment of molecules to their surface.

Here, we report a fundamental study where two model proteins (hemoglobin and
bovine serum albumin; BSA) functionalized with alkyne groups were attached to the azide-
terminated surface of calcium phosphate nanoparticles. Proteins represent important cargo
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molecules which often cannot penetrate the cell membrane on their own [20]. Thus, we
chose hemoglobin and BSA to serve as models for other, more functional proteins. These
particles can also serve as models for nanoparticles with a protein corona, although were
not designed for that purpose. As abundant plasma protein, albumin plays a prominent
role in protein coronas which determine the pathway of nanoparticles in the body [21,22].

In addition, we demonstrate how azide-terminated ultrasmall gold nanoparticles can
be covalently attached to alkyne-terminated calcium phosphate nanoparticles. The surface
conjugation was performed by copper-catalyzed azide-alkyne cycloaddition (CuAAC; click
chemistry) [23–27]. By extensive fluorescent labelling of all components, it was possible
to confirm the integrity and to elucidate the chemical composition of these nanocarriers.
The charge of the nanoparticles was adjusted to either positive (by polyethyleneimine; PEI)
or negative (by carboxymethylcellulose; CMC). Furthermore, their cytocompatibility and
their ability to cross the cell membrane were demonstrated in HeLa cell culture.

2. Materials and Methods
2.1. Reagents

The following reagents were used: albumin bovine fraction V (BSA, Serva, Heidel-
berg, Germany, MW = 66.5 kDa); AlexaFluor®-647-succinimidyl ester (Invitrogen, Life
Technologies, Carlsbad, CA, USA); AlexaFluor®-488-azide (Jena Bioscience, Jena, Ger-
many, 95%); AlexaFluor®-647-alkyne (Jena Bioscience); AlexaFluor®-568-phalloidin (Invit-
rogen); aminoguanine (Alfa Aesar, Haverhill, MA, USA); aqueous ammonia solution (Carl
Roth, Karlsruhe, Germany, 7.8%); (3-azidopropyl)triethoxysilane (SelectLab Chemicals,
Münster, Germany, 97%); calcium lactate (Merck, Darmstadt, Germany); carboxymethyl-
cellulose (CMC, Sigma-Aldrich, St. Louis, MO, USA, branched, MW = 70 kDa); cop-
per sulfate (CuSO4, Sigma-Aldrich, p.a.); diammonium hydrogen phosphate (Merck,
p.a.); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich);
D-(+)-trehalose dihydrate (Sigma-Aldrich, p.a.); Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, ThermoFisher Scientific, Waltham, MA, USA); Dulbecco’s phosphate
buffered saline (DPBS, Gibco); ethanol (VWR, Darmstadt, Germany, p.a.); 3.7% formalde-
hyde solution (Merck, p.a.); glutathione (GSH, Sigma-Aldrich, 98%); hemoglobin (hu-
man, Sigma-Aldrich); methanol (VWR, p.a.); Hoechst-3342 dye (ThermoFisher Scientific);
3-methylsiloxy-1-propyne (AOB-Chem, Los Angeles, CA, USA, 95%); polyethyleneimine
(PEI, Sigma-Aldrich, branched, MW = 25 kDa); potassium carbonate (K2CO3, Sigma-Aldrich,
p.a.); propargyl-PEG3-aminooxy linker (Broadpharm, San Diego, CA, USA); sodium ascor-
bate (Sigma-Aldrich, 99%); sodium borohydride (NaBH4, Sigma-Aldrich, 96%); sodium
hydroxide (NaOH, VWR, p.a.); tetraethylorthosilicate (TEOS, Sigma-Aldrich, 98%); tris(3-
hydroxypropyl-triazolylmethyl)amine (THPTA, Sigma-Aldrich, 95%).

For all syntheses and purifications, ultrapure water (Purelab ultra instrument from
ELGA, Celle, Germany) was used. All syntheses and analyses were carried out in water
unless otherwise noted.

2.2. Instruments

All calcium phosphate nanoparticles described in the following syntheses were iso-
lated and purified by centrifugation with a 5430/5430 R Centrifuge (Eppendorf AG, Ham-
burg, Germany) at room temperature for 30 min at 14,200 rpm in 5 mL tubes. The gold
nanoparticles were purified for 40 min at 4000 rpm in centrifugal spin filters (Amicon®

Ultra, 3 kDa MWCO, Merck). The particles were washed with water and redispersed
with a sonotrode (UP50H, Sonotrode N7, amplitude 70%, pulse duration 0.12 s, Hielscher
Ultrasonics GmbH, Teltow, Germany). To determine the calcium concentration in the
dispersions, atomic absorption spectroscopy (AAS) with an M-Series AA spectrometer
(ThermoElectron Corporation, Waltham, MA, USA) was performed. For this, 0.5 mL of
the dispersion was mixed with 0.5 mL HCl (0.1 M) and filled up to 5 mL with water. To
determine the gold concentration, 20 µL of the gold-containing sample was reacted with
980 µL aqua regia and filled up to 5 mL with water for the AAS measurements.
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After characterization and for storage, the particles were lyophilized in a D-(+)-
trehalose solution (20 mg mL−1; cryoprotectant) with a Christ Alpha 2-4 LSC instrument
(Martin Christ GmbH, Osterode am Harz, Germany). For subsequent investigations, the
nanoparticles were redispersed in water.

Dynamic light scattering (DLS) for particle size determination (number distribution)
and zeta potential measurement was performed with 760 µL of the nanoparticle dispersion
in a dip cell kit (Malvern, UK) in a Zetasizer Nano ZS instrument (λ = 633 nm, Malvern
Nano ZS ZEN 3600 (Malvern Panalytical; Malvern, UK). For scanning electron microscopy
(SEM), 5 µL of the dispersion was placed on a sample holder, dried in air, sputtered
with gold/palladium, and examined with an Apreo S LoVac microscope (ThermoFisher
Scientific). Energy-dispersive X-ray spectroscopy (EDX; detector type: SUTW-Sapphire)
was used together with the SEM. The samples were analyzed by EDX without prior
sputtering. The average particle diameter was calculated from visual inspection of at least
50 nanoparticles in SEM images with the software ImageJ [28].

X-ray powder diffraction (XRD) was performed with Cu Kα radiation (λ = 1.54 Å) on
silicon single crystal sample holders cut along (911) with a Bruker D8 instrument (Bruker,
Billerica, MA, USA). A range of 5–90 ◦2Θ, a step size of 0.01 ◦2Θ, a counting time of 0.6 s,
and a nickel filter were used.

UV–Vis spectroscopy in a 400 µL Suprasil® quartz cuvette was carried out with
a Varian Cary 300 Bio spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). For
fluorescence spectroscopy, the particles were dispersed in water and measured in a quartz
cuvette with an Agilent Technologies Cary Eclipse spectrophotometer. Differential centrifu-
gal sedimentation (DCS) with a DC24000 UHR instrument (CPS Instruments, Prairieville,
LA, USA) was used to determine the size of the water-dispersed ultrasmall gold nanopar-
ticles. Prior to the measurement, a sucrose gradient was created, and a calibration was
performed with a PVC calibration dispersion standard (diameter 483 nm; CPS Instruments).

2.3. Synthesis of CaP/PEI/SiO2-N3 and CaP/CMC/SiO2-N3 Nanoparticles

The synthesis of PEI- or CMC-stabilized calcium phosphate (CaP) nanoparticles was
carried out as follows, following a modified procedure first reported by Rojas et al. [18].
Extending these earlier results where only cationic nanoparticles with a primary PEI shell
were prepared, we have extended the synthetic procedure to prepare anionic nanoparticles
with CMC as primary shell. First, a calcium lactate solution (18 mmol L−1, 5 mL min−1,
pH 10), a diammonium hydrogen phosphate solution (10.8 mmol L−1, 5 mL min−1, pH 10)
and either a PEI solution (2 g L−1, 7 mL min−1) or a CMC solution (2 g L−1, 7 mL min−1)
were pumped for 30 s into a beaker containing 10 mL water at room temperature with
two peristaltic pumps. After stirring for 20 min, the silica shell was applied. 12 mL of
the CaP-PEI or CaP-CMC nanoparticle dispersion, 60 µL tetraethylorthosilicate (TEOS),
120 µL ammonia solution (7.8%) and 48 mL ethanol were rapidly mixed under stirring.
The dispersion was stirred for 16 h. The particles were purified by centrifugation and
redispersed in 12 mL of water to obtain CaP/PEI/SiO2 and CaP/CMC/SiO2 nanoparticles.

For the attachment of azide groups to the particle surface, 12 mL of the redispersed
CaP/PEI/SiO2 or CaP/CMC/SiO2 particles were mixed with 48 mL ethanol, 58.8 µL
ammonia solution (7.8%), and 181 µL (3-azidopropyl)triethoxysilane and stirred for 6 h.
The resulting CaP/PEI/SiO2-N3 and CaP/CMC/SiO2-N3 nanoparticles were purified
by centrifugation.

2.4. Synthesis of CaP/PEI/SiO2-Alkyne and CaP/CMC/SiO2-Alkyne Nanoparticles

For the attachment of alkyne groups on the particle surface, the same procedure
as in 2.3 was followed, except for the use of 3-trimethylsiloxy-1-propyne instead of
(3-azidopropyl)triethoxysilane.
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2.5. Synthesis of Fluorescent and Alkyne-Conjugated BSA and Hemoglobin

First, BSA and hemoglobin (Hem) (1 mg mL−1) were conjugated with AF647-succinimidyl
ester according to the manufacturer’s instructions. Centrifugal spin filters were used for
three times purification (Amicon® Ultra, 3 kDa MWCO) at 4000 rpm for 40 min. The
labelling allowed to quantify Hem-AF647 and BSA-AF647 in subsequent synthesis steps
by UV spectroscopy after recording calibration curves as the protein concentration was
known (1 mg mL−1).

Next, the fluorescent proteins were conjugated with alkyne groups. To attach alkyne
groups to BSA-AF647 and Hem-AF647, the fluorescently labelled proteins (1 mg mL−1)
were incubated with 125 µM propargyl-PEG3-aminooxy linker for 12 h at 37 ◦C under
stirring. Subsequently, BSA-AF647-alkyne and Hem-AF647-alkyne were purified twice
with centrifugal spin filters (3 kDa MWCO) at 4000 rpm for 40 min to remove excess linker
and redispersed in water.

2.6. Conjugation of BSA-AF647-Alkyne and Hem-AF647-Alkyne to CaP/PEI/SiO2-N3 and
CaP/CMC/SiO2-N3 Nanoparticles

BSA-AF647-alkyne and Hem-AF647-alkyne were coupled to CaP/PEI/SiO2-N3 and
CaP/CMC/SiO2-N3 nanoparticles by CuAAC, respectively. For this, 0.5 mL of CaP/PEI/SiO2-
N3 or CaP/CMC/SiO2-N3 nanoparticle dispersion were used: 95 mg mL−1 CaP/PEI/SiO2-
N3 and 93 mg mL−1 CaP/CMC/SiO2-N3 for the conjugation with BSA-AF647-alkyne;
58 mg mL−1 CaP/PEI/SiO2-N3 and 56 mg mL−1 CaP/CMC/SiO2-N3 for the conjugation
with Hem-AF647-alkyne, respectively. Each dispersion was mixed with 0.35 µL NaOH
(0.1 M), 38.5 µL aminoguanidine (1 mg mL−1), 36.5 µL sodium ascorbate (100 mM), 3.65 µL
of a solution containing CuSO4 (40 µM) and THPTA (200 µM), and 25 µL of BSA-AF647-
alkyne (1 mg mL−1) or 25 µL of Hem-AF647-alkyne (1 mg mL−1). Each dispersion was
stirred for 1 h at room temperature under light exclusion. The particles were purified by
spin filtration and redispersed in 0.5 mL water by ultrasonication for 4 s.

2.7. Conjugation of AF488-N3 to CaP/PEI/SiO2-Alkyne and CaP/CMC/SiO2-Alkyne Nanoparticles

For the click reaction of AF488-N3 to CaP/PEI/SiO2-alkyne and CaP/CMC/SiO2-
alkyne nanoparticles, 5 mL of the nanoparticle dispersion was mixed with 167 µL AF488-N3,
385 µL aminoguanidine (1 mg mL−1), 3.5 µL NaOH (0.1 M), 36.5 µL of a solution containing
CuSO4 (40 µM) and THPTA (200 µM), and 365 µL sodium ascorbate (100 mM) and stirred
for 1 h at RT under light exclusion. The amount of AF488-N3 was set to leave some alkyne
groups on the calcium phosphate nanoparticles unconjugated. The particles were purified
by spin filtration and redispersed in 5 mL water by ultrasonication for 4 s.

2.8. Synthesis of Fluorescent Ultrasmall Gold Nanoparticles (2 nm; Au-AF647-N3)

Ultrasmall gold nanoparticles carrying AF647 were prepared as described earlier
by clicking AF647-alkyne to the surface of azide-functionalized glutathione-coated gold
nanoparticles [29]. In order to load the surface of the Au-GSH-N3 nanoparticles with fluores-
cent AF647-alkyne molecules, but to leave some azide groups free for subsequent coupling,
only 1/3 of AF647-alkyne of the synthesis protocol reported in [29] was used. The particles
had a diameter of the gold core of 2 nm and were characterized by UV spectroscopy, fluo-
rescence spectroscopy, atomic absorption spectroscopy, NMR spectroscopy, and differential
centrifugal sedimentation, giving the same results as in the standard synthesis reported
in [29].

2.9. Conjugation of Ultrasmall Au-AF647-N3 Nanoparticles to CaP/PEI/SiO2-AF488-Alkyne or
CaP/CMC/SiO2-AF488-Alkyne Nanoparticles

50 µL of Au-AF647-N3 nanoparticle dispersion (1 mg mL−1) was used for conjuga-
tion to CaP/PEI/SiO2-AF488-alkyne and CaP/CMC/SiO2-AF488-alkyne nanoparticles,
respectively. CuAAC was carried out under the same conditions as during the clicking of
the alkyne-terminated proteins to the azide-terminated calcium phosphate nanoparticles

145



Chemistry 2023, 5

described above, leading to CaP/PEI/SiO2-AF488-Au-AF647 and CaP/CMC/SiO2-AF488-
Au-AF647 nanoparticles. The particles were purified by spin filtration and redispersed in
0.5 mL water by ultrasonication for 4 s.

2.10. Cell Culture Studies

HeLa cells were cultured at 37 ◦C in 5% CO2 atmosphere in cell culture flasks and then
seeded onto the well plates for microscopy. Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum, 100 U mL−1 penicillin, and 100 U mL−1 streptomycin served
as cell culture medium.

An MTT assay was performed by spectrophotometric analysis. HeLa cells were
transferred into a 24-well plate with 5×104 cells/well in 500 µL DMEM and cultivated for
24 h. 30 µL (1 mg mL−1) of the different nanoparticle dispersions was added, respectively,
for incubation for 24 h. Subsequently, the cells were washed three times with 500 µL DPBS,
treated with 300 µL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
1 mg mL−1) and incubated for 1 h at 37 ◦C. Then, the MTT solution was removed and
replaced with 300 µL DMSO for 30 min. Finally, 100 µL of the DMSO solution was put into
a 96-well plate for spectrophotometric analysis at 570 nm with a multiscan FC instrument
(Thermo Fisher Scientific). The relative cell viability was normalized to the control group
(mock), i.e., untreated cells.

For nanoparticle uptake, HeLa cells (5×104 cells/well) were cultured in an 8-well
plate in 250 µL of DMEM for 24 h prior to incubation with the nanoparticles. Subsequently,
30 µL of the nanoparticle dispersion (1 mg mL−1) diluted with 220 µL of DMEM was added.
The incubation time was 24 h. Then, the cells were washed twice with DPBS to remove
dead cells and free nanoparticles. For cell fixation, 150 µL of a 3.7% formaldehyde solution
was added for 15 min at room temperature. The fixed cells were incubated with AF568-
phalloidin (30 µL in 2 mL DPBS; 230 µL/well) for 20 min for actin staining. For nuclear
staining, a Hoechst-3342 solution (4 µL in 2 mL DPBS; 230 µL/well) was applied for 15 min.
The cells were washed twice with DPBS after each fixation and staining step. Images were
taken with a fluorescence microscope (Keyence Biorevo BZ-9000, Neu-Isenburg, Germany)
with a TRITC filter (Ex. 540/25 nm, DM 565 nm, BA 605/55 nm) and a FITC filter (Ex.
470/40 nm, DM 495 nm, BA 535/50 nm). A confocal laser scanning microscope (Leica TCS
SP8X FALCON, Wetzlar, Germany) with laser wavelengths of 405 nm (nuclear staining;
Hoechst-3342), 488 nm (AF488), 568 nm (AlexaFluor568 phalloidin), 647 nm (AF647), and
a pulsed laser WLL (470–670 nm) was used for higher resolution, together with an HC PL
APO UVIS CS2 63X/1.2 water immersion lens.

3. Results and Discussion

The calcium phosphate nanoparticles were prepared with either positive charge (by
PEI) or negative charge (by CMC) to elucidate the effect of the particle charge on the
biomolecule attachment and the subsequent particle effect on cells. A shell of silica to
permit a covalent surface functionalization by azide or alkyne groups was added. Copper-
catalyzed azide-alkyne cycloaddition (CuAAC; click chemistry) was used for subsequent
covalent attachment of molecules and gold nanoparticles [30]. For this, BSA-AF647 and
Hem-AF647 proteins were previously conjugated with alkyne groups, and ultrasmall gold
nanoparticles were functionalized with azide groups. In the following, we denote the
particles in abbreviated form, indicating the particle charge and omitting the omnipresent
silica shell. Thus, the particle type CaP/CMC/SiO2-AF488 is abbreviated as CaPneg-AF488,
the particle type CaP/PEI/SiO2-BSA is abbreviated as CaPpos-BSA, etc. Figure 1 shows all
steps of the particle synthesis.
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Figure 1. Steps of the surface functionalization of calcium phosphate nanoparticles (CaP) with
Hem-AF647-, BSA-AF647-, and AF647-labelled ultrasmall gold nanoparticles (Au-AF647).

The attachment of fluorescently labelled bovine serum albumin (BSA-AF647) led
to CaPpos-BSA-AF647 and CaPneg-BSA-AF647 nanoparticles, and the attachment of fluo-
rescently labelled hemoglobin (Hem-AF647) led to CaPpos-Hem-AF647 and CaPneg-Hem-
AF647 nanoparticles. Each BSA molecule carried 3.6 AF647 molecules, and each hemoglobin
molecule carried 3.0 AF647 molecules. These labelling degrees were later used to compute
the number of protein molecules on each calcium phosphate nanoparticle.

We also attached AF647-carrying ultrasmall gold nanoparticles (Au-AF647) together
with the dye AF488, leading to CaPpos-AF488-Au-AF647 and CaPneg-AF488-Au-AF647
nanoparticles. As fluorescent control particles without cargo, CaPpos-AF488 and CaPneg-
AF488 nanoparticles were prepared. All particles were thoroughly purified and character-
ized. Figure 2 schematically shows the synthetic pathways to all prepared nanoparticles.

Figure 2. Summary of the surface conjugation of Hem-AF647-, BSA-AF647-, and AF647-carrying
ultrasmall gold nanoparticles to calcium phosphate nanoparticles. All conjugated moieties were
fluorescently labelled for detection and quantification.
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The composition of the particles was quantitatively determined by UV–Vis spec-
troscopy (Figure 3). The recording of calibration curves and the determination of the
calcium concentration in the dispersion by AAS permitted to compute the number of
molecules attached to each nanoparticle (see below).

Figure 3. UV–Vis spectra of the functionalized calcium phosphate nanoparticles (A–D) and of ultra-
small gold nanoparticles before (Au-GSH; GSH = glutathione) and after (Au-AF647) the attachment
of AF647 (E). All fluorescent labels were clearly detectable in the UV spectra and later used to quantify
the individual species. Note the absorption of the protein hemoglobin itself at approximately 400 nm
in (B).

All particles showed the strong fluorescence of the attached molecules (Figure 4). The
green color depicts the presence of AF488 and the red color the presence of AF647. In
general, the particle charge does not play a significant role for the optical properties and
also does not affect the conjugation.

The solid core diameter of the particles was determined by scanning electron mi-
croscopy (SEM). All calcium phosphate nanoparticles had an approximately spherical (or
globular) shape (Figure 5). The particle size varied between 39 nm and 90 nm, depending
on the synthesis, but did not depend on the particle charge (see also Table 1). The calcium
phosphate nanoparticles were agglomerated to some degree in the SEM due to the drying
process. For the particle size distribution, we used the particle diameter that a spherical
particle would have (by visual inspection). The gold nanoparticles were too small (2 nm) to
be detectable by SEM.

Dynamic light scattering (DLS) was performed to determine the hydrodynamic di-
ameter and the water dispersibility of the nanoparticles. The increasing hydrodynamic
diameter confirmed the successful attachment of the fluorescent molecules and of gold
nanoparticles (Figure 6). The hydrodynamic diameter was between 129 nm and 340 nm, i.e.,
always larger than the solid core diameter as determined by SEM, indicating a moderate
agglomeration in dispersion. In general, the gold nanoparticles were too small for DLS [29];
therefore, they were characterized by differential centrifugal sedimentation (DCS).

To determine the elemental composition of the functionalized nanoparticles, energy-
dispersive X-ray spectroscopy (EDX) was performed. All expected elements were found
(Figure 7). An EDX mapping of similar silica-coated calcium phosphate nanoparticles was
reported in [16], showing a homogeneous distribution of calcium, phosphate, and silicon.
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Figure 4. Absorption and emission spectra of functionalized calcium phosphate nanoparticles (A–F)
and of ultrasmall gold nanoparticles before (G) and after attachment to calcium phosphate (H,I).
In all cases, the expected fluorescence signals were present, giving a green (AF488) or a red
(AF647) fluorescence.

X-ray powder diffraction was carried out to determine the internal crystallinity of the
nanoparticles (Figure 8). The nanoparticles were almost X-ray amorphous (extreme broad-
ening of the peaks) and did not show the characteristic peaks of the most prominent calcium
phosphate phase, i.e., hydroxyapatite. According to our experience and the literature, it is
likely that they consist of X-ray amorphous calcium phosphate with a stoichiometry close
to hydroxyapatite [31–33].

From the calcium concentration in a given dispersion by AAS and the solid core
diameter by SEM, the particle concentration can be computed if uniform spherical particles
are assumed. Here, the solid core diameters of the nanoparticles with the same stabilization
(PEI or CMC) were averaged/normalized for both syntheses and used for the calculations.
The concentration of calcium in the samples was converted into the concentration of
stoichiometric hydroxyapatite, Ca5(PO4)3OH, and then into a volume by the density of
hydroxyapatite (3140 kg m−3). The combination of the calcium concentration (giving the
total particle volume) and the average particle diameter (giving the volume of one particle)
gave the concentration of calcium phosphate nanoparticles (see [18] for details of the
computation). All particles had the expected zeta potential, i.e., the cationic polyelectrolyte
PEI and the anionic polyelectrolyte CMC gave the particles their characteristic charge.
The attachment of the cargo did not reverse the particle charge, i.e., cationic nanoparticles
remained positively charged and anionic nanoparticles remained negatively charged. This
led to well-dispersed particles as indicated by the hydrodynamic diameter as determined
by DLS, despite some agglomeration as the comparison with the solid core diameter by
SEM shows. Table 1 summarizes the characterization data of all functionalized calcium
phosphate nanoparticles.
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Figure 5. Representative SEM images of surface-functionalized calcium phosphate nanoparticles.
Scale bars 500 nm. (A) CaPpos-Hem-AF647, (B) CaPneg-Hem-AF647, (C) CaPpos-AF488-Au-AF647 and
(D) CaPneg-AF488-Au-AF647 nanoparticles. The corresponding particle size distributions indicate
the polydispersity of the particles, based on the assumption of spherical particles.

150



Chemistry 2023, 5

Table 1. Properties of PEI- and CMC-stabilized calcium phosphate nanoparticles with different
conjugated molecules.

CaPpos-
BSA-

AF647

CaPneg-
BSA-

AF647

CaPpos-
Hem-
AF647

CaPneg-
Hem-
AF647

CaPpos-
AF488

CaPneg-
AF488

CaPpos-
AF488-Au-

AF647

CaPneg-
AF488-Au-

AF647

Solid core diameter by SEM/nm 64 ± 6 49 ± 5 39 ± 6 39 ± 6 72 ± 11 74 ± 12 72 ± 11 74 ± 12
w(Ca2+) in dispersion by AAS/kg m−3 0.092 0.090 0.056 0.053 0.096 0.092 0.046 0.040
w(HAP) in
dispersion/kg m−3 (computed)

0.231 0.226 0.140 0.133 0.241 0.231 0.115 0.100

N(nanoparticles) in
dispersion/m−3 (computed) 5.35 × 1017 1.17 × 1018 1.44 × 1018 1.36 × 1018 3.92 × 1017 3.46 × 1017 1.88 × 1017 1.51 × 1017

Hydrodynamic particle diameter
by DLS/nm 181 ± 9 149 ± 10 126 ± 9 206 ± 16 200 ± 8 291 ± 15 301 ± 7 340 ± 21

Polydispersity index (PDI) by DLS 0.32 ± 0.02 0.33 ± 0.01 0.29 ± 0.07 0.35 ± 0.02 0.22 ± 0.14 0.31 ± 0.02 0.29 ± 0.06 0.24 ± 0.12
Zeta potential by DLS/mV +17 ± 2 −16 ± 1 +20 ± 4 −24 ± 6 +20 ± 1 −17 ± 1 +14 ± 1 −12 ± 6

Figure 6. Particle size distribution (by number) of calcium phosphate nanoparticles by dy-
namic light scattering (DLS) (A–D), and differential centrifugal sedimentation (DCS) of Au-AF647
nanoparticles (E).

151



Chemistry 2023, 5

Figure 7. Representative energy-dispersive X-ray spectra (EDX) of calcium phosphate nanoparticles
carrying AF488 (A,B) and AF488 together with Au-AF647 nanoparticles (C,D).

Figure 8. Representative X-ray powder diffractograms of functionalized calcium phosphate nanopar-
ticles. The peaks of crystalline hydroxyapatite (JCPDS No. 00-009-0432) are shown for comparison as
red bars.

The composition of the functionalized nanoparticles comprises the number of attached
cargo molecules on each nanoparticle. This was possible by recording UV–Vis spectra of all
dispersions and quantifying the absorption of each fluorophore with Lambert-Beer’s law.
Previously, calibration curves were recorded for each cargo compound. The molar masses
of AF647-alkyne (910 Da), BSA-AF647-alkyne (67.4 kDa), Hem-AF647-alkyne (65.9 kDa),
AF488-alkyne (774 Da), AF647-azide (940 Da) and AF488-azide (659 Da), were used to
convert mass concentrations into molar concentrations. The molar ratio of cargo molecules
to calcium phosphate nanoparticles then gave the desired loading number.

The number of conjugated gold nanoparticles was determined in the same way. First,
the concentration of gold nanoparticles in the dispersion was computed with the average
gold core diameter of 2 nm that was measured earlier [29]. Each gold nanoparticle con-
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tains approximately 250 gold atoms if assumed as spherical and weighs approximately
250 × M(Au)/NA = 250 × 197 g mol−1/6.023 × 1023 mol−1 = 8.2 × 10−20 g. Again, the con-
centration of AF647 in the dispersion was determined by quantitative UV–Vis spectroscopy.
The molar ratio of AF647 molecules and gold nanoparticles gave the number of AF647 on
each gold nanoparticle with 2.3 (Table 2). The number of gold nanoparticles attached to
each calcium phosphate nanoparticle then followed from the concentrations of gold and
calcium in the dispersion.

Table 2. Gold concentration in dispersion and the number of AF647 molecules attached to each
gold nanoparticle (Au-NP; 2 nm), measured for the functionalized calcium phosphate nanoparticles
CaPpos-AF488-Au-AF647 and CaPneg-AF488-Au-AF647.

w(Au) in
Dispersion

(AAS)/
kg m−3

c(Au) in
Dispersion

(AAS)/
mol m−3

N(Au-NP) in
Dispersion/m−3

c(Au-NP) in
Dispersion/

mol m−3

c(AF647) in
Dispersion/

mol m−3

CaPpos-AF488-Au-AF647 4.00 × 10−2 2.03 × 10−1 4.95 × 1020 8.22 × 10−4 1.89 × 10−3

CaPneg-AF488-Au-AF647 5.75 × 10−3 2.92 × 10−2 7.11 × 1019 1.18 × 10−4 2.71 × 10−4

Table 3 shows the numbers of protein molecules and gold nanoparticles attached to
each calcium phosphate nanoparticle. The number of attached protein molecules differed
considerably between BSA and Hem. The lower number of attached BSA molecules on
negatively charged calcium phosphate nanoparticles may be explained by its negative
charge at the moderately alkaline pH during clicking: The isoelectric point of BSA is 4.5 to
5 [34], and that of hemoglobin is 7.1 to 7.3 [35], i.e., hemoglobin is less negatively charged
than BSA at neutral pH.

Table 3. Number of cargo proteins and nanoparticles on the functionalized calcium phosphate
nanoparticles as computed by calcium phosphate particle concentrations (Table 1) and conjugated
molecule concentrations (by UV spectroscopy).

CaPpos-
BSA-

AF647

CaPneg-
BSA-

AF647

CaPpos-
Hem-
AF647

CaPneg-
Hem-
AF647

CaPpos-
AF488

CaPneg-
AF488

CaPpos-
AF488-

Au-
AF647

CaPneg-
AF488-

Au-
AF647

Protein molecules on each
CaP nanoparticle 385 9 127 99 - - - -

Au nanoparticles on each
CaP nanoparticle - - - - - - 2717 452

AF647 molecules on each
CaP nanoparticle 1385 34 380 297 - - 6250 1040

AF488 molecules on each
CaP nanoparticle - - - - 9320 7920 1310 1210

Molar ratio Ca:Au by AAS - - - - - - 85:15 97:3
Molar ratio Ca:Au by EDX - - - - - - 93:7 95:5

For ultrasmall gold nanoparticles, the ratio of calcium to gold as determined by
AAS and EDX was similar. Due to the presence of glutathione on the surface of the gold
nanoparticles, they are expected to carry a negative charge as well at moderately alkaline
pH. This explains why fewer gold nanoparticles are conjugated to negatively charged
calcium phosphate nanoparticles. In contrast, the number of AF488 molecules clicked to
calcium phosphate did not depend on the particle charge.

Of course, the numbers given in Tables 2 and 3 must be considered as being associ-
ated with a considerable uncertainty. This arises from a number of assumptions such as
monodisperse and spherical nanoparticles. Furthermore, the applied analytical methods
(UV–Vis, AAS) all carry some instrumental uncertainty. It is not possible to quantitatively
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determine all these uncertainties, but it is realistic to assume that the cargo numbers given
in Tables 2 and 3 carry an uncertainty of at least ±30%. Nevertheless, they give at least
an impression on the conjugated cargo and allow to identify trends in the conjugation
efficiency.

To test the efficiency of the calcium phosphate nanoparticles to transport their cargo
across the cell membrane into cells, uptake studies with HeLa cells were performed
(Figure 9). All types of nanoparticles were well taken up by the cells, with a slight preference
for positively charged nanoparticles. The cargo (Hem, BSA, Au-NPs) was well transported
into the cells as indicated by the corresponding fluorescence signals. It has been shown
earlier that many dissolved proteins alone cannot cross the cell membrane [36–39] but
ultrasmall gold nanoparticles are well able to do that [40]. The co-localization of AF488
and AF647 indicates that the gold nanoparticles remained attached to the calcium phos-
phate nanoparticles during the uptake, i.e., that they are not separated and taken up by
cells separately.

Figure 9. CLSM images demonstrate the uptake of functionalized calcium phosphate nanoparti-
cles by HeLa cells. All particle types easily entered the cells. Actin staining with AF568-phalloidin
(magenta; red) or AF488-phalloidin (green), nuclear staining with HOECHST33342 (blue).
(A) CaPpos-BSA-AF647, (B) CaPneg-BSA-AF647, (C) CaPpos-Hem-AF647, (D) CaPneg-Hem-AF647,
(E) CaPpos-AF488-Au-AF647 and (F) CaPneg-AF488-Au-AF647. Scale bars 20 µm.

Calcium phosphate nanoparticles enter eukaryotic cells via endocytosis [41] and end
up in endolysosomes [36–38]. It was suggested that they will dissolve there under the acidic
conditions in an endolysosome to release their cargo. It is very likely that the endolysosome
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bursts due to increased osmotic pressure after the dissolution of calcium phosphate [42],
thus the cargo will eventually reach the cytosol.

Finally, it was shown by an MTT assay that the functionalized calcium phosphate
nanoparticles were not cytotoxic (Figure 10).

Figure 10. Viability of HeLa cells after 24 h incubation. Control groups: Mock = positive control, i.e.,
cells without treatment with nanoparticles. DMSO = negative control, where DMSO was added to
the cells in DMEM instead of nanoparticles. The data show the average of three independent assays
for each sample.

4. Conclusions

The conjugation of proteins to the surface of calcium phosphate nanoparticles via
copper-catalyzed azide-alkyne cycloaddition (CuAAC, click chemistry) leads to a stable
attachment. This was shown for the model proteins hemoglobin (Hem) and bovine serum
albumin (BSA) and can be extended to other proteins, e.g., to antibodies or immunostim-
ulatory proteins. To confirm the binding and to quantify the number of attached protein
molecules, they were fluorescently labelled before the conjugation. Of course, this process
can be skipped if functional particles shall be prepared, e.g., for therapeutic purpose. The
prerequisite for CuAAC conjugation is the presence of an azide or an alkyne group on
the protein. As calcium phosphate nanoparticles can be prepared with the complemen-
tary group, either one is possible. This procedure can be extended to coat large calcium
phosphate nanoparticles (70 nm) with small gold nanoparticles (2 nm). There is a covalent
bond between the two types of nanoparticles, again established via click chemistry. These
super-particles are stable and not separated under cell culture conditions. This opens the
pathway for the synthesis of multifunctional calcium phosphate particles that carry a cargo
inside and functional gold nanoparticles, e.g., carrying biomolecules such as siRNA or
peptides, on the outside.

The charge of the calcium phosphate nanoparticle and the cargo compounds under
the moderately alkaline conditions during clicking influences the conjugation efficiency.
If nanoparticle and cargo have opposite charges, the clicking is less efficient and leads
to fewer clicked cargo units. Thus, a synthesis must be fine-tuned for every protein and
potential cargo molecule or nanoparticle.
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Finally, the fact that calcium phosphate nanoparticles were first conjugated with AF488
molecules and then with ultrasmall gold nanoparticles that attached to the remaining azide
groups shows that it is possible to attach more than one species to the calcium phosphate
surface. Thus, calcium phosphate nanoparticles that carry a range of species on their surface
(e.g., a protein, a dye, and a gold nanoparticles) are easily conceivable. Nevertheless, their
full characterization will involve careful purification, component labelling, and elemental
analysis to ensure a reproducible synthesis with all cargo molecules in a defined ratio
and concentration.
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Abstract: The potential of pretreated sugarcane bagasse (SCB) as a low-cost and renewable source
to yield activated carbon (AC) for chromate CrO4

2− removal from an aqueous solution has been
investigated. Raw sugarcane bagasse was pretreated with H2SO4, H3PO4, HCl, HNO3, KOH, NaOH,
or ZnCl2 before carbonization at 700 ◦C. Only pretreatments with H2SO4 and KOH yield clean AC
powders, while the other powders still contain non-carbonaceous components. The point of zero
charge for ACs obtained from SCB pretreated with H2SO4 and KOH is 7.71 and 2.62, respectively.
Batch equilibrium studies show that the most effective conditions for chromate removal are a low pH
(i.e., below 3) where >96% of the chromate is removed from the aqueous solution.

Keywords: wastewater; water treatment; Cr(VI); heavy metals; adsorption; sugarcane bagasse;
activated carbon; low-cost

1. Introduction

Chromium is a naturally occurring element and the 21st most abundant element in
the earth’s crust [1]. Although chromium in its metallic form was first described in 1797 [2],
its technical applications were limited until the middle of the 20th century. This is due to
the high toxicity of chromium compounds, which was discovered early on. However, with
the advent of the modern industrialized society in the mid to late 1800s, there was a rapidly
increasing need for heat- and corrosion-resistant alloys. Moreover, the textile industry,
another rapidly growing sector, was actively looking into advanced chemical processes
for tanning and dyeing [3–6]. In their well-known book “Handwörterbuch der reinen und
angewandten Chemie” Liebig, Poggendorf and Wöhler stated about the element in 1842 [7]:

“Von dem metallischen Chrom wird noch keine Anwendung gemacht; um
so wichtiger aber sind durch ihre technischen Anwendungen mehrere seiner
Verbindungen geworden. Auf den Organismus wirken sie als Gifte, indessen hat
man sie noch nicht als Arzneimittel anzuwenden versucht.”

“Metallic chromium is not yet used, but several of its compounds have become all the
more important through their technical applications. They act as poisons on the organism,
but no attempt has yet been made to use them as medicines.”

Though numerous applications have been identified and developed for metallic
chromium and its salts since the days of Justus von Liebig, chromium compounds ob-
viously remain harmful. Despite this, chromium compounds can be found in the envi-
ronment all over the planet but foremost in developing countries, where high chromium
levels dramatically endanger entire eco systems [1,6,8]. This is a development that could
probably not have been foreseen by the scientists in Liebig’s time but needs to be faced and
resolved nowadays.
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In terms of toxicity, one of the main challenges of Cr is its chemical versatility.
Chromium can adopt oxidation states between –II and +VI, but Cr(III) and Cr(VI) are
most prominent in natural environments [6]. Cr(III) is an essential nutrient for the human
body and necessary for controlling blood glucose levels and insulin action in tissues [9].
Cr(VI) is a carcinogen, highly mobile in aqueous environments, highly soluble in water,
and 500 times more toxic than Cr(III) [5,10]. Because of its high water solubility and high
mobility in the environment, Cr(VI) can enter the terrestrial food chain and finally end up
in higher animals and humans. Once taken up, Cr(VI) causes liver and kidney damage,
asthma, and skin ulcerations, along with immunotoxic, genotoxic, and neurotoxic effects,
among others [3].

Plants also take up Cr(VI). Consequently, Cr(VI) can be found in plant roots, shoots,
stems, leaves, and seeds [11,12]. Cr(VI) inhibits germination and affects root, stem, and leaf
growth [6]. Moreover, the quality of flowers, crop yields, photosynthesis, respiration, and
symbiotic nitrogen fixation are severely disturbed by Cr(VI) [11]. Therefore, the reduction
of Cr(VI) levels in water bodies is a significant and large-scale problem needing reliable
treatments and solutions [6,13].

Electroplating, leather tanning, dye and pigment, steel and alloy, automobile, am-
munition, paint, and textile manufacturing industries are the most common sources of
Cr(VI) [3–6]. Many of these industries release significant amounts of Cr(VI) into surface
water bodies, which leads to critical Cr(VI) levels around these manufacturing sites [3,10].

Some of the most common methods to control Cr(VI) levels in water are ion exchange,
precipitation, flocculation, reverse osmosis, electrocoagulation, electrodialysis, membrane
filtration, solvent extraction, and adsorption [3,5,10,14,15]. Each of these methods has
advantages and drawbacks. For instance, ion exchange, electrocoagulation, reverse osmo-
sis, electrodialysis, and membrane filtration require a high amount of energy and regular
maintenance [3,6,10]. Industries in developing countries are typically not able to manage
the high costs of those treatments. Additionally, some of these treatments produce tremen-
dous amounts of sludge as a byproduct. Deposited sludge waste then triggers secondary
pollution and requires further management [6,10]. As a result, and because a large number
of these manufacturing sites are located in developing countries [13,16,17], there is an
ever-growing need for effective yet (very) low-cost approaches towards Cr(VI) removal.

Activated carbons (ACs) are very effective adsorbents [13,17,18], but the very high
demand overall and the significant cost of ACs limit their use, especially in developing
countries. Hence, low-cost adsorbents and effective yet cheap activation of suitable raw
materials have become a substantial focus of science and technology [17].

Generally, the effective activation of carbonaceous raw materials involves chemical
or physical modifications that significantly improve the quality of the adsorbents. The
enhanced formation of micro- and mesopores, generation of large surface areas, and the
addition of functional groups to the adsorbent surface are key parameters for improved
performance of (low-cost) ACs [19]. Acids such as H3PO4 [20,21], H2SO4 [22–24], HCl [20],
or HNO3 [19,25], strong bases such as KOH [21,24] or NaOH [20,21], and salts such as
ZnCl2 [21,26], CaCl2 [27], or FeCl3 [21] are popular activators for AC production. Depend-
ing on the treatment, different types of materials are obtained. For instance, NaOH or
HCl pretreatments reduce the silica and ash content, while H3PO4 pretreatments yield
P-containing functional groups and highly microporous materials [20]. H2SO4 produces
acidic surface oxygen species and increases the specific surface area [28], while HNO3
pretreatment yields cellulose nitrate groups and high pore volume [19]. ZnCl2 [26] and
KOH [29] yield smaller pore sizes and higher surface areas in the ACs. Interestingly, the
reasons why these different treatments produce different pore sizes are still largely unclear.

Nowadays, numerous raw materials have been identified as suitable sources for ACs
for water treatment, including agricultural waste [4,30]. Popular raw materials include
pomegranate peel, orange peel, banana peel, corn cobs, rice husks, sugarcane bagasse (SCB),
sawdust, plant leave waste, tea leaves, cottonseed, coconut shell, and rice straw [13,16].
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Further studies suggest that adsorbents prepared from raw or carbonized SCB [31–35],
coconut shell [36], or rice husks [30,37] effectively remove metal ions and dyes.

The current study focuses on SCB as a raw material for ACs for Cr(VI) removal from
water. SCB is one of the most common and cheapest agricultural wastes in the world and is
a major byproduct of the sugar industry [33]. Annually, approximately 54 million tons of
dry SCB are produced worldwide. To avoid further management costs, the majority of the
SCB is burned directly on the sugarcane fields, causing significant air pollution [33].

However, SCB is an interesting raw material because of its high lignin and cellu-
lose content, which is rich in carbonyl, hydroxyl, ether, phenol, amine, and sulfhydryl
groups [33,38]. Being agricultural waste, raw SCB also contains impurities that often re-
quire thorough pretreatment and modification to boost the adsorption capacities of the
resulting ACs [38].

The functional groups present on the surface of SCB-based ACs act as active adsorption
sites that bind different heavy metal ions to the surface [35,38]. Therefore, utilizing SCB
waste as a source of ACs not only combats the global wastewater crisis but also reduces
the volume of agricultural waste. Hence, considering the increasing demand for a low-
cost, sustainable, and easy wastewater treatment process, SCB is an attractive starting
material [33].

A final reason for selecting SCB as the starting material is the fact that there are
regions, such as Bangladesh, that offer a large amount of sugarcane fields and a large textile
industry in close proximity. As a result, SCB as highly abundant agricultural waste and
Cr(VI) contamination, which poses severe environmental and health problems, occurs in
exactly the same geographic region. The current study, therefore, builds on the fact that
local agricultural waste could be used to improve local water quality.

2. Materials and Methods

Chemicals and apparatus. Sulfuric acid (>95% H2SO4), zinc chloride dihydrate
(ZnCl2*2 H2O), ortho-phosphoric acid (85% H3PO4), nitric acid (65% HNO3), hydrochloric
acid (37% HCl), potassium hydroxide pellets (≥90% KOH), sodium hydroxide (≥98%
NaOH), potassium dichromate (≥99% K2Cr2O7), sodium chloride (≥99.99% NaCl), 1,5-
diphenylcarbazide, and acetone were of analytical grade quality and supplied by Merck
(Darmstadt, Germany). All chemicals were used without further purification.

Collection and purification of SCB. Raw SCB was collected from local sugarcane-juice
vendors of Mymensingh, Bangladesh, using a white polyethylene bag for transport. The
raw SCB was cut into small pieces with scissors and soaked in tap water to remove dirt and
sugar. Afterwards, the SCB was washed thoroughly with distilled water until the residual
water was dirt-free (i.e., clear). Next, the washed SCB was dried in a preheated oven at
110 ◦C for 24 h. After drying, the SCB was ground with a Philips HR3655/00 Blender until
the particle size was below 0.50 mm. The particle size below 0.50 mm was ensured by
passing the SCB powder through a 0.50 mm sieve (VEB Metallweberei, Neustadt/Orla).
The ground SCB powders were then stored in an airtight glass bottle until further use.

Pre-carbonization treatment of SCB. A total of 25 g of the clean and dry SCB powder
was mixed with 250 mL of 3M H2SO4 in a three-necked round bottom flask with a condenser
in an oil bath. The oil bath was maintained at 80 ◦C, and the mixture was stirred at 200 rpm
for 24 h. Then the mixture was filtered using vacuum filtration to separate the pretreated
SCB. The SCB was then washed with hot distilled water until the pH was 6–7. After that,
the powder was dried overnight at 105 ◦C, and the dry, treated SCB was kept in an airtight
bottle until further use. The same process was used for treatment with 3M HCl, 30% (v/v)
H3PO4, 30% (v/v) HNO3, 30% (w/v) ZnCl2, 1M KOH, and 1M NaOH.

Preparation of activated carbon. All SCB samples were loaded in a custom-made
pyrolysis oven described previously [39], and the oven was then heated to 700 ◦C at
5 ◦C/min under Argon. The powders were kept for 1 h at 700 ◦C, then the oven was
switched off and left overnight to cool to room temperature. After cooling, all carbonized
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SCB (cSCB) powders were stored in airtight bottles until further use. Table 1 summarizes
all materials studied in this work.

Table 1. Overview of cSCB powders studied in this article.

Material Pretreatment

SCB None (raw SCB after washing and drying, no further pretreatment)

SB1 3M H2SO4

SB2 30% H3PO4

SB3 30% ZnCl2

SB4 30% HNO3

SB5 3M HCl

SB6 1M NaOH

SB7 1M KOH

Characterization and analysis. Infrared spectroscopy was conducted at room temper-
ature on a Nicolet iS5 (Thermo Scientific, Waltham MA, USA) with an iD7 attenuated
total reflection (ATR) unit, a resolution of 1 cm−1, and 32 scans per measurement from
400–4000 cm−1.

Scanning electron microscopy (SEM) was conducted on a JEOL JSM-6510 (JEOL, Freising,
Germany) SEM operated at 5 kV. Prior to imaging, all samples were sputter-coated with
Au/Pd for 75 s and 18 mA using an SC7620 mini sputter coater (Quorum Technologies,
Lewes, UK).

X-ray powder diffraction (XRD) data were collected on a PANalytical Empyrean powder
X-ray diffractometer in a Bragg–Brentano geometry. It is equipped with a PIXcel1D detector
using Cu Kα radiation (λ = 1.5419 Å) operating at 40 kV and 40 mA. θ/θ scans were run
in a 2θ range of 4–70◦ with a step size of 0.0131◦ and a sample rotation time of 1 s. The
diffractometer is configured with a programmable divergence and anti-scatter slit and a
large Ni-beta filter. The detector was set to continuous mode with an active length of 3.0061◦.

Surface area and pore sizes were determined via nitrogen sorption at 77 K using a
Micromeritics Tristar (Micromeritics Instrument Corp., Norcross, GA, USA). Prior to all
measurements, the materials were degassed to about 2 Pa at 353 K for 10 h. The specific
surface area (SSA) was calculated via the Brunauer–Emmett–Teller (BET) approach. Av-
erage pore sizes were estimated from the adsorption branch of the isotherm using the
Barrett–Joyner–Halenda (BJH) method. The pore volume was determined at P/P0 > 0.99.

Determination of the point of zero charge, pHpzc, was performed according to published
protocols [40,41]. First, 50 mL of a 0.01M NaCl solution was transferred to a 100 mL
Erlenmeyer flask, and the initial pH (pHi) was adjusted to 2–12 using (0.1 to 1M) H2SO4
and NaOH. The pH was recorded with a Digital pH meter GPH014 (PCE Instruments
UK Ltd., Hamble-le-Rice, UK, refillable electrode). Then 0.15 g of cSCB was added to the
solution, and the mixture was agitated on a magnetic stirrer for 24 h at 200 rpm. Thereafter
the solution was vacuum–filtered with Whatman® Grade 1 filter paper (diameter 11 cm).
The final pH (pHf) of the solution was measured, and ∆pH = pHf − pHi was plotted vs.
pHi. The point where ∆pH and pHi are zero is pHpzc for the corresponding cSCB adsorbent.

Batch adsorption experiments. All batch adsorption studies were carried out in 50 mL
Erlenmeyer flasks containing 25 mL of an aqueous K2Cr2O7 solution with a concentration
of 1 g/L. After the addition of the cSCB adsorbent, the mixtures were placed on a magnetic
stirrer and stirred at 200 rpm at 30 ◦C for 24 h. The suspension was filtered, and the resid-
ual concentration of Cr(VI) was determined with a Vernier® UV-VIS Spectrophotometer
(Vernier Software & Tech SE, Vernier Science Education, Beaverton, OR, USA) via Method
7196A as published by the US EPA [42]. Calibration was performed with a dilution series of
aqueous K2Cr2O7 with concentrations between 10 and 100 mg/L (R2 > 0.998). The impact
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of solution pH on adsorption was evaluated from adsorption experiments with 20 mg/L
K2Cr2O7 solutions with starting pH from 1 to 11.

The fraction of Cr(VI) removed was calculated using Equation (1)

%R =
(C0 − C f )100

C0
(1)

where %R is the percentage of Cr(VI) removed, while C0 and Cf are the initial and final
Cr(VI) concentrations (mg/L) of the solutions before and after treatment.

The influence of the initial Cr(VI) concentration and the influence of the adsorbent dose
were studied using analogous approaches by either varying the K2Cr2O7 concentration or
the adsorbent dose while keeping all other conditions constant. The adsorption kinetics
were studied by variation of the contact time of the adsorbent and K2Cr2O7 solution. All
experiments were repeated three times, and all spectrophotometric measurements were
duplicates yielding six measurements per experimental condition. Values reported are
mean and standard deviations obtained from these six values.

3. Results

Figure 1 shows X-ray diffraction (XRD) patterns obtained from the raw SCB and the
chemically activated SCBs after pyrolysis. The XRD pattern of raw SCB shows three broad
halos at 16.34 (110), 22.05 (002), and 34.68◦ (004) 2θ. These signals can be assigned to the
presence of cellulose I [43,44].
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All pretreated and carbonized SCBs (cSCBs) only show two broad halos (not three
as in the raw SCB) at around 24 and around 44◦ 2θ that can be assigned to graphitized
carbon [20,45,46]. Moreover, sharp reflections at 21.79 (011) and 36.01◦ (112) 2θ in the
patterns obtained from SB2, SB4, SB5, and SB6 can be assigned to cristobalite (ICDD 98-
003-4933). Additional sharp reflections observed in the XRD patterns obtained from SB3 at
2θ = 31.67 (010), 36.02 (011), 56.199 (110), 62.52, (020), and 67.57◦ (112) 2θ can be assigned to
wurtzite ZnO (ICDD 98-018-2355).

Only SB1 and SB7 (see Table 1 for assignments) show no additional reflections, indicat-
ing that there are no further crystalline (inorganic) compounds present in the materials. The
halos at 2θ = 23.61 (002) and 43.82◦ (011) can be assigned to graphite 2H (ICDD 98-007-6767).
Based on the XRD data, therefore, SB1 and SB7 are the purest carbons produced here (i.e.,
materials without further components visible in the XRD data). As a result, these two
materials were chosen for an in-depth investigation along with the raw carbonized SCB
for comparison.

Figure 2 shows representative IR spectra obtained from raw SCB, SB1, and SB7. Spec-
tra of raw SCB show a broad peak centered at 3614 cm−1, which can be assigned to
the O-H stretching vibration of intramolecular hydrogen bonds in carbohydrates and
lignin [47]. Bands centered at 3029 cm−1 stem from C-H bond vibrations [48]. A small band
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at 1770 cm−1 can be assigned to C=O bond vibrations of aldehydes, ketones, or carboxyl
groups [48,49]. Furthermore, bands at 1612 and 1525 cm−1 are attributed to the aromatic
rings present in lignin and to adsorbed water, while a band at 1281 cm−1 can be assigned
to C-O stretching vibrations in lignin [44,47,49].
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Figure 2. IR spectra obtained from raw SCB, SB1, and SB7 after pyrolysis. IR spectra of all materials
can be found in the Supporting Information. While the spectra vary from material to material, all
IR bands can be assigned to C-C, C=C, C=O, and C-H vibrations stemming from the organic and
carbonized components of the materials. SB6 and SB7 exhibit rather noisy spectra, but also here, all
bands and shoulders can be assigned to vibrations in the activated carbonaceous material.

IR spectra of SB1 show bands at 3323 and 1526 cm−1, which correspond to the N-
H stretching vibration of amines and amides along with nitro groups [50]. A band at
3118 cm−1 originates from C-H stretching vibrations, while a band at 1428 cm−1 can be
attributed to C-H deformation vibrations [47,51]. Bands at 2390 and 1636 cm−1 indicate the
presence of aromatic C=C bonds and C=O bonds in carboxyl groups [13,52]. Furthermore,
the presence of aromatic moieties and amines in SB1 is further corroborated by bands at
1192 and 1024 cm−1 [34,50,51,53].

IR spectra of SB7 show a broad signal centered at 3375 cm−1, which indicates the
presence of O-H bonds, including hydrogen bonding [54]. A band at 1635 cm−1 again
indicates the presence of C=O bonds, likely from ketones, aldehydes, or carboxylates [26].
Further bands between 1200 and 1100 cm−1 can be assigned to C-O vibrations in ether,
alcohol, phenol, acid, or ester moieties [54], while a broad and poorly resolved group of
bands at around 618 cm−1 is from C-H and C-C stretching vibrations [52].

Figure 3 shows representative scanning electron microscopy (SEM) data obtained from
raw SCB, SB1, and SB7. SEM images of SCB show a large variety of particle sizes with
numerous different morphologies. The surface of the particles is rather dense without
much substructure.

SB1 is quite different from raw SCB. SB1 exhibits a very broad size distribution along
with a fraction of smaller particles with sharper edges than those observed in SCB. Moreover,
all particles also exhibit some surface roughness, and there are also large particles with
micrometer-sized pores. All particles show cracks and appear to have a larger fraction
of open surface than raw SCB. The opening and surface roughening can be assigned to
the pre-activation with H2SO4 combined with thermal treatment that removes lignin and
inorganic components, which leaves pores and cavities on the adsorbent surface (and likely
also inside the powders), consistent with previous studies [13,22,52].
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Figure 3. SEM images of SCB (a–c), SB1 (d–f), and SB7 (g–i) at different magnifications.

Likewise, SB7 is quite different from SCB. Again, smaller particles are visible. They
appear finer and somewhat smaller than in SB1, but overall, the material exhibits a very
broad particle size distribution. Additionally, SB7 exhibits sharp edges of the particles, and
cracks and pores are visible in all particles.

Figure 4 shows complementary nitrogen sorption data for the three materials, SCB,
SB1, and SB7. All datasets are very similar and only show a very limited N2 uptake and a
correspondingly small surface area of all materials. SCB is essentially non-porous (note that
nitrogen sorption does not detect macropores, which are visible in the SEM images). The
surface area determined for SB1 is 6–8 m2/g, and SB7 has a surface area of around 30 m2/g.
Overall, these data indicate that the materials are essentially macroporous powders with
negligible mesopore and micropore fractions.

The rather low surface areas observed for these materials are comparable with many
other examples from the literature [14,16,18,19]. Many ACs made from agricultural waste
show surface areas on the order of 10 to ca. 100 m2/g. This likely stems from the fact that
all these ACs are essentially based on carbohydrates and that the original materials have
micrometer-sized features in the plants. Apparently, most treatments are not able to open
up significant amounts of micro- or mesopores, but rather the treatments seem to modify
the surfaces chemically, which in turn then alters the adsorption behavior.

Numerous studies have shown that pH is a crucial parameter when it comes to
adsorption [4,55,56]. Figure 5a illustrates the adsorption efficiency of SB1 and SB7 vs. the
initial solution pH. SB1 removes ca. 96% of the chromate within 24 h at pH 1–3. This is
confirmed by visual inspection: solutions treated with SB1 at pH 1–3 show essentially
no remaining color, Figure 5b, indicating an almost complete Cr(VI) removal. At pH 4
and higher, the fraction of Cr(VI) that is removed decreases and reaches ca. 20% at pH 9
and higher.
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Figure 5. (a) Cr(VI) removal vs. initial pH for SB1 and SB7 (C0 = 20 mg/L, m = 0.1 g,
V = 25 mL, t = 24 h, T = 30 ◦C, rpm = 200). (b) Solution color vs. pH for treatment with SB1. (c) Solu-
tion color vs. pH for treatment with SB7. (d) Determination of pHpzc for SB1 and SB7 (C0 = 0.01 M
NaCl, m = 0.15 g, V = 50 mL, t = 48 h, T = 25 °C, rpm = 200).

In contrast, SB7 only shows a high removal rate of ca. 96% Cr(VI) at pH 1. Already
at pH 3, the removal rate drops to below 40% and reaches ca. 20% at pH 4. Again, this
is corroborated by visual inspection: solutions treated at pH 2 and higher are still yellow,
indicating incomplete Cr(VI) removal, Figure 5c.
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To better quantify and understand this observation, the point of zero charge (pHpzc)
was determined, Figure 5d. The pHpzc is 7.71 for SB1, showing that the surface is positively
charged below pH ca. 7.7. In contrast, the pHpzc of SB7 is 2.62, indicating that SB 7 is only
positively charged below ca. pH 2.6, which is much lower than what is observed for SB1.

Figure 6 shows the effect of the initial Cr(VI) concentration with the SB1 adsorbent at an
initial pH of 3. After 24 h, the highest Cr(VI) removal rate is observed at low concentrations.
Generally, the removal rate decreases with increasing initial Cr(VI) concentration. This is
consistent with previous data [4,13,50,56].
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Figure 7 shows the effects of the adsorbent dose on Cr(VI) removal. Generally, Cr(VI)
removal increases as the adsorbent dose increases. At a dose of 0.1 g/25 mL and higher,
no further color changes (or changes in the absorption data) are observed. The solution
is essentially colorless, and >96% of the Cr(VI) is removed from the solution. Therefore,
0.1 g/25 mL was subsequently used for further batch experiments.

Figure 8 shows the effect of contact time on Cr(VI) removal. The data show a
monotonous increase in Cr(VI) removal up to ca. 8 h. After that, the Cr(VI) removal
is much slower and finally levels off at ca. 96% at around 24 h.
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4. Discussion

As stated in the introduction, low-cost and low-tech approaches towards Cr(VI) re-
moval from aqueous solutions are highly important. The current study proposes a new
approach based on activated carbons from sugarcane bagasse, a high-volume agricultural
waste. In particular, we have identified two promising materials (SB1 and SB7) that are
clean carbon materials that effectively remove dichromate from an aqueous solution. Both
materials show a strong pH dependence on Cr(VI) removal: while SB1 removes up to 96%
of Cr(VI) up to pH 3, SB7 is only effective at pH 1, Figure 5a.

This behavior can be assigned to the different points of zero charge in the two materials,
Figure 5d. Considering the pHpzc of 2.62 that is observed for SB7, these data indicate
that already at pH 2, the charge density and overall charge of the SB7 surface is too
low to produce a strong interaction between the adsorbent surface and the chromate or
dichromate ions in solution. In contrast, the much higher pHpzc of ca. 7.2 of SB7 suggests
that here a much larger window of positive charge exists, and thus, there is a much wider
pH window where the electrostatic interaction between the positively charged adsorbent
surface and the dissolved anions is effective. Such an observation is consistent with previous
studies [4,55–58]. Similarly, low pHpzc values are also consistent with the literature; these
effects have been assigned to surface adsorption of OH- from the pretreatment, with
hydroxides then being released and acting as a buffer and lowering the pHpzc [59].

Once the pH is high enough to supersede the pHpzc, the surface of the adsorbent is
negatively charged. This should result in electrostatic repulsion between adsorbent and
anions in solution, which drives the adsorption capacities down at higher pH. Likely, the
remaining low adsorption of below 20% is then due to effects such as hydrogen bonding or
direct interaction with individual surface groups such as amines.

These data clearly show that acid treatment is more attractive in the current case
because this treatment keeps the pHpzc higher and thus provides a material that is effective
in Cr(VI) removal from pH 1–3, similar to a previous study showing that net negative
charges are advantageous for Cr(VI) removal [23]. Evaluation of the surface areas, Figure 4,
also shows that the dominating effect is indeed the pHpzc and not the surface areas, as they
are very low in all cases investigated here.

As an interesting and technologically relevant observation, it must be noted that the
pH of Cr(VI) containing industrial effluent occurs mostly at around 3 [4,60,61] or even
below 3 [62]. As a result, especially SB1 is a prime candidate for direct use without any
further modifications for Cr(VI) removal from industrial wastewaters. The one remaining
challenge is the fact that the Cr(VI) concentrations in real wastewaters are often much
higher than even the highest concentration studied here, Figure 6. Moreover, the adsorbent
doses and contact times may need to be adjusted to account for a large-scale, real-life system
and may therefore be different from the contact times studied here, Figures 7 and 8. There
is thus a further need to improve the materials and the overall process to be able to directly
use the SB1 material for Cr(VI) removal, but in spite of this, the ease of production, the very
good performance under near-realistic pH conditions, and the low cost of the raw materials
make the materials and the process an attractive candidate for further development.

5. Conclusions

Sugarcane bagasse (SCB) is a suitable raw material for the fabrication of activated
carbons for Cr(VI) removal from synthetic wastewater at conditions that are reminiscent
of real wastewaters from tanning and other industries. Pretreatments with KOH and
H2SO4 remove impurities from the raw materials. After carbonization of these pretreated
raw materials, effective adsorbents for Cr(VI) removal at low pH can be obtained. Acid
activation yields materials that can be used between pH 1 and 3 with good to excellent
removal rates; materials obtained from KOH-treated SCB only remove Cr(VI) at a very low
pH of 1. Overall, pretreated SCB is a cheap and abundant carbon source that can effectively
be converted to AC to remove Cr(VI) from wastewater.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry5020077/s1. IR spectra of SB1 to SB7.
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Abstract: Ethylene glycol (EG) produced from biomass is a promising candidate for several new
applications. In this paper, EG derivatives such as mono- and di-tert-butyl ethers are considered.
However, accurate thermodynamic data are essential to optimise the technology of the direct tert-butyl
ether EG synthesis reaction or reverse process isobutene release. The aim of this work is to measure
the vapour pressures and combustion energies for these ethers and determine the vaporisation
enthalpies and enthalpies of formation from these measurements. Methods based on the First and
Second Law of Thermodynamics were combined to discover the reliable thermodynamics of ether
synthesis reactions. The thermochemical data for ethylene glycol tert-butyl ethers were validated
using structure–property correlations and quantum chemical calculations. The literature results of
the equilibrium study of alkylation of EG with isobutene were evaluated and the thermodynamic
functions of ethylene glycol tert-butyl ethers were derived. The energetics of alkylation determined
according to the “First Law” and the “Second Law” methods agree very well. Some interesting
aspects related to the entropy of ethylene glycol tert-butyl ethers were also revealed and discussed.

Keywords: ethers; combustion calorimetry; enthalpy of formation; transpiration method; vapour
pressure; enthalpy of vaporisation; enthalpy of reaction; quantum chemical calculations

1. Introduction

Producing energy, fuels, and chemicals from renewable biomass is crucial to prevent-
ing global warming by reducing the atmospheric CO2 emissions caused by fossil fuel
consumption. Cellulose, the most abundant biomass source, is currently seen as a promis-
ing alternative to fossil fuels because it is not edible and does not negatively affect the food
market. The most attractive and sustainable route for the use of cellulose could be the direct
conversion into platform chemicals [1]. The catalytic conversion of cellulose into ethylene
glycol (EG), propylene glycol, xylitol, sorbitol, mannitol, etc. offers an alternative route to
these important chemicals, which are used in the food industry as functional additives, as
intermediates in the pharmaceutical industry and as monomers in the plastics industry [2].
An effective route for the one-pot production of EG from renewable cellulose using various
non-expensive catalysts has attracted great interest from both academia and industry [2,3].
Compared to the petroleum-dependent multi-step process, the biomass route offers the
outstanding advantages of a one-pot process and a renewable feedstock.

EG is used in the production of polyester fibres and resins (e.g., polyethylene tereph-
thalate) and is widely applied as a component of antifreeze or coolant systems in cars and
in de-icing fluids for aircraft [4]. Currently, EG is manufactured from petroleum-derived
ethylene in several steps by cracking, epoxidation, and hydration [5]. The fact that EG can
be derived not only from fossil resources but also from biomass [6] makes it a promising
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candidate for various new applications, e.g., for the synthesis of platform chemicals such
as coating solvents and oxygenate additives for gasoline blends. For example, the reaction
of isobutene with EG in the presence of an acid catalyst gives a mixture of mono- and
di-tert-butyl ethers (see Figure 1).
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Figure 1. Alkylation of ethylene glycol with isobutene: synthesis of ethylene glycol mono-tert-butyl
ether (EGM) in the first line and the synthesis of ethylene glycol di-tert-butyl ether (EGD) in the
second line.

The latter are good solvents for paints, inks, and coatings with low toxicity [7]. The tert-
butyl ethers of diols are also potential oxygenate additives for motor gasoline, exhibiting
high anti-knock properties [8]. Isobutene is usually produced by the steam cracking of high-
boiling petroleum fractions and must be separated from the C4 mixture in an additional
purification step by using either sulphuric acid extraction or molecular sieves [9]. An
interesting alternative to these conventional processes is the use of EG as a very good
capture agent for isobutylene from the C4 cracking fraction [10]. The tert-butyl ethers
formed can then be used directly as solvents or oxygenate additives or can be readily
cracked to yield very pure isobutylene, which is needed for the production of a variety of
chemicals and polymers [11].

The kinetics and catalysis of the tert-butylation of EG have been intensively studied
since the 1970s [10–13]. The influence of various homogeneous and heterogeneous acid cat-
alysts and the optimisation of reaction conditions were the focus of these studies. However,
the thermodynamic aspects were not of interest, although the alkylation and dealkylation
of EG are reversible processes and the equilibrium of these reactions takes place under
thermodynamic control. This means that the equilibrium of these reactions can be shifted
towards a high yield of the desired product according to Le Chatelier’s principle. Therefore,
accurate thermodynamic data (e.g., reaction enthalpies, reaction entropies, heat capacities,
etc.) are indispensable to optimise the technology of the direct tert-butyl ether synthesis
reaction or isobutene release in the reverse process. For the distillation of tert-butyl ethers
from the reaction mixture as well as for their purification, reliable data on vapour pressures
and evaporation enthalpies of the pure compounds are also needed. It has turned out that
no thermodynamic data for tert-butyl ethers are available in the literature.

The aim of this work is, therefore, to measure the vapour pressures and combustion
energies of tert-butyl ethers (see Figure 1) and determine the vaporisation enthalpies and
enthalpies of formation from these measurements.

The focus of this study is on the thermochemical properties that are responsible for
the energetics of chemical reactions, as well as for the liquid–gas phase change enthalpy.
The common textbook equations relate these thermochemical properties:

∆fHo
m(g) = ∆fHo

m(liq) + ∆g
l Ho

m (1)

where ∆fHo
m(g) is the gas phase standard molar enthalpy of formation, ∆fHo

m(liq) is the
liquid state standard molar enthalpy of formation, and ∆g

l Ho
m is the standard molar enthalpy

of vaporisation. In thermochemistry, it is common to adjust all of the enthalpies involved
in Equation (1) to an arbitrary but common reference temperature. In this work, we have
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chosen T = 298.15 K as the reference temperature. The energetics of the synthesis reactions
of tert-butyl ethers according to Equations (2) and (3):

Ethylene glycole + isobutylene = EGM (2)

EGM + isobutylene = EGD (3)

is essential for chemical-engineering calculations.
There are two ways to derive the energetics of chemical reactions: according to the

First Law of Thermodynamics or according to the Second Law of Thermodynamics [14].
If the reaction enthalpies are derived from the calorimetrically measured enthalpies of
formation, they are considered to be calculated from the First Law of Thermodynamics.
For thermochemistry, Hess proposed to estimate the enthalpy of reaction as the difference
between the enthalpies of the formation of the reactants and products, which is also
called Hess’s law. If the reaction enthalpies are derived from the temperature dependence
of equilibrium constants, they are considered to be calculated from the Second Law of
Thermodynamics. However, both methods complement each other. The results for a given
reaction obtained by the “First Law” and “Second Law” methods can serve as a valuable
test of the thermodynamic consistency and reliability of the experimental results.

In this work, we combined the methods of the “First Law” and the “Second Law”
to obtain the reliable thermodynamics of the synthesis reactions of ethylene glycol tert-
butyl ethers. The enthalpy of the formation of mono-tert-butyl ether was measured with
high-precision combustion calorimetry and the vaporisation enthalpy was measured with
transpiration and static methods. A sample of ethylene glycol di-tert-butyl ether with suffi-
cient purity for thermochemical measurements was not available, so the thermochemical
data for this ether were derived from the structure–property correlations and quantum
chemical calculations. The results of the equilibrium study of Reactions (1) and (2) from the
literature [15] were evaluated and the thermodynamic functions of these reactions were
derived according to the “Second Law” method. The energetics of Reactions (1) and (2)
determined according to the “First Law” and the “Second Law” methods agree very well.
Finally, some interesting aspects related to the entropy of ethylene glycol tert-butyl ethers
were revealed and discussed.

2. Experimental Methods
2.1. Materials

The sample of ethylene glycol mono-tert-butyl ether (EGM) with a purity >0.99 mass
fraction was of commercial origin (TCI, # E0354). It was further purified by fractional
distillation under reduced pressure. Purity was determined by capillary gas chromatog-
raphy using a flame ionisation detector (FID). No impurities (greater than mass fraction
0.0004) could be detected in the sample used for the thermochemical experiments. Residual
water in the sample was measured using a Mettler Toledo DL38 Karl Fischer titrator with
HYDRANAL™ solvent. The mass fraction of water (865 ppm) was used for the corrections
of the sample masses in the combustion calorimetry experiments.

2.2. Experimental and Theoretical Thermochemical Methods

The vapour pressures over the liquid sample of EGM were measured at different
temperatures using the transpiration method [16]. About 0.5 g of the sample was used to
cover the small glass beads to provide sufficient contact surface with the transporting gas
and to eliminate hydraulic resistance. These covered glass spheres were loaded into the
U-shaped saturator. A stream of nitrogen at a well-defined flow rate was passed through
the saturator at a constant temperature (±0.1 K), and the transported material was collected
in a cold trap. The amount of substance condensed in the cold trap was determined by
gas chromatography and used to derive the vapour pressure according to the ideal gas
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law. The details of this method can be found elsewhere [16–18]. A brief description and the
necessary details can be found in ESI.

Independently, the vapour pressures above the liquid sample of EGM were measured
at different temperatures using the static method [19]. The stainless-steel cylindrical cell
with the sample was kept at a constant temperature. The sample cell was connected to
high-temperature capacitance manometers, which can measure vapour pressures from 0.1
to 105 Pa. The details of this method can be found elsewhere [19,20]. A brief description
and the necessary details can be also found in ESI.

The experimental vapour pressure–temperature dependencies measured by either the
transpiration or static method were used to derive the enthalpies of vaporisation enthalpies,
∆g

l Ho
m, and inserted into Equation (1).
The energy of the combustion of EGM was measured with an isoperibol bomb calorime-

ter. The liquid sample was transferred (in the glove box) with a syringe into the polyethylene
bulb (Fa. NeoLab, Heidelberg, Germany). The neck of the bulb was compressed with
special tweezers and sealed by heating the neck near a glowing wire. The bulb with the
liquid sample was placed in a crucible and burnt in oxygen at a pressure of 3.04 MPa,
according to a procedure described in detail previously [21,22]. The combustion gases were
analysed for carbon monoxide (Dräger tubes) and unburnt carbon, neither of which could
be detected. To detect traces of CO in the combustion exhaust gases, they were passed
through a Dräger tube (glass vial containing a chemical reagent that reacts with CO, with
detection limits of 5 to 150 ppm). The energy equivalent of the calorimeter εcalor was deter-
mined with a standard reference sample of benzoic acid (sample SRM 39j, N.I.S.T.). The
auxiliary quantities used for the data acquisition of combustion experiments are compiled
in Table S1. For the conversion of the energy of the actual bomb process into that of the
isothermal process, and the reduction to standard state, the conventional procedure was
applied [23]. The necessary details can be found in ESI. The standard molar enthalpy of
formation of the liquid state, ∆fHo

m(liq), was derived from their energies of combustion and
inserted into Equation (1).

Quantum chemical (QC) calculations were carried out using the Gaussian 09 se-
ries software [24]. The energies of the most stable conformers were calculated using
the G4 method [25]. The H298 values were finally converted to the theoretical ∆fHo

m(g,
298.15 K)theor values and discussed. Calculations were performed under the assumption
of “rigid rotator”–“harmonic oscillator” and the general procedure was described else-
where [26].

3. Results and Discussion
3.1. Absolute Vapour Pressures

The systematic vapour pressure measurements on EGM were carried out for the first
time. The primary experimental vapour pressures, p, of EGM at various temperatures
measured by the transpiration method are given in Table 1.

Table 1. The absolute vapour pressures, p, and the standard vaporisation enthalpies, ∆g
l Ho

m, and
vaporisation entropies, ∆g

l So
m, as determined by the transpiration method.

T/
K a

m/
mg b

V(N2) c/
dm3

Ta/
K d

Flow/
dm3·h−1

p/
Pa e

u(p)/
Pa f

∆
g
l Ho

m/
kJ·mol−1

∆
g
l So

m/
J·K−1·mol−1

ethylene glycol mono-tert-butyl ether (EGM): ∆g
l Ho

m(298.15 K) = (53.0 ± 0.6) kJ·mol−1

∆g
l So

m (298.15 K) = (129.5 ± 1.1) J·mol−1·K−1

ln(p/pref) =
(306.9±2.1)

R − (77402±648)
RT − 81.7

R ln T
298.15 ; pref = 1Pa

288.3 10.60 1.540 292.0 2.05 143.7 3.6 53.9 132.4
291.3 10.41 1.195 292.8 2.05 181.7 4.6 53.6 131.6
293.2 10.76 1.084 294.8 1.05 207.9 5.2 53.5 131.0
296.2 9.88 0.816 293.2 2.04 251.5 6.3 53.2 129.9
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Table 1. Cont.

T/
K a

m/
mg b

V(N2) c/
dm3

Ta/
K d

Flow/
dm3·h−1

p/
Pa e

u(p)/
Pa f

∆
g
l Ho

m/
kJ·mol−1

∆
g
l So

m/
J·K−1·mol−1

298.1 8.22 0.582 293.6 1.06 293.4 7.4 53.1 129.5
301.0 9.98 0.578 293.0 2.04 357.1 9.0 52.8 128.6
303.0 9.29 0.458 293.2 1.06 419.2 10.5 52.7 128.3
306.0 9.74 0.400 292.2 1.04 501.0 12.5 52.4 127.3
308.0 10.09 0.353 293.4 1.06 589.5 14.8 52.2 127.0
311.0 10.24 0.305 294.0 1.05 690.9 17.3 52.0 125.9
313.0 11.61 0.301 294.4 1.06 794.5 19.9 51.8 125.4
317.9 14.14 0.268 295.6 1.07 1086.5 27.2 51.4 124.2
322.8 19.30 0.261 293.4 1.08 1503.3 37.6 51.0 123.2
327.8 25.70 0.260 293.8 1.08 2006.5 50.2 50.6 122.0

a Saturation temperature measured with the standard uncertainty (u(T) = 0.1 K). b Mass of transferred sample
condensed at T = 273 K. c Volume of nitrogen (u(V) = 0.005 dm3) used to transfer m (u(m) = 0.0001 g) of the sample.
Uncertainties are given as standard uncertainties. d Ta is the temperature of the soap bubble meter used for
the measurement of the gas flow. e Vapour pressure at temperature T, calculated from the m and the residual
vapour pressure at the condensation temperature calculated by an iteration procedure. f Standard uncertainties
were calculated with u(pi/Pa) = 0.025 + 0.025(pi/Pa) and are valid for pressures from 5 to 3000 Pa. The standard
uncertainties for T, V, p, and m are standard uncertainties with 0.683 confidence levels. The uncertainty of the
vaporisation enthalpy U(∆g

l Ho
m) is the expanded uncertainty (0.95 level of confidence) calculated according to the

procedure described elsewhere [17,18]. Uncertainties include uncertainties from the experimental conditions and
the fitting equation and vapour pressures as well as uncertainties from the adjustment of vaporisation enthalpies
to the reference temperature T = 298.15 K.

The primary experimental vapour pressures, p, of EGM at various temperatures
measured by the static method are given in Table 2.

The vapour pressures measured for EGM using the transpiration and static methods
are compared in Figure S1 and are hardly distinguishable from each other. No vapour
pressure measurements for mono and di-tert-butyl ethers can be found in the literature.
Therefore, any additional information is valuable. Thus, we searched for individual ex-
perimental boiling temperatures at different pressures, which are sometimes given in
the literature as the results of the distillation of reaction mixtures after synthesis. Since
these data do not come from specific physico–chemical investigations, the temperatures
are usually given in the range of a few degrees and the pressures are measured with
non-calibrated manometers. However, in our previous work, we showed that reason-
able trends can generally be derived even from such raw data [27]. The experimentally
determined boiling temperatures for EGM at different pressures (see Figure S1) confirm
this conclusion qualitatively (and quantitatively for ∆g

l Ho
m (298.15 K) values as shown in

Section 3.2). The individual experimental boiling temperatures at different pressures taken
from the databases [28,29] are compiled in Table S2 and are used for the evaluation. The
vapour pressure data sets given in Tables 1, 2 and S2 were approximated with the following
equation [16]:

R× ln(pi /pref) = a +
b
T
+ ∆g

l Co
p,m × ln

(
T
T0

)
(4)

In this equation, R = 8.31,446 J·K−1·mol−1; pref = 1Pa; and a and b are adjustable
parameters and ∆g

l Co
p,m is the difference between the molar heat capacity of the liquid and

gas phases; T0 = 298.15 K was adopted in this work. The values of ∆g
l Co

p,m were estimated
for the compound of interest using an empirical correlation [30] based on heat capacities
Co

p,m(liq). The latter values were of experimental origin or were assessed using a group-
contribution method [31] (see Table S3). The parameters a and b fitted to the experimental
vapour pressures were used to derive the thermodynamic functions of vaporisation, as
shown in the next section.
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Table 2. The absolute vapour pressures, p, and the standard vaporisation enthalpies, ∆g
l Ho

m, and
vaporisation entropies, ∆g

l So
m, as determined by the static method.

T/
K

p/
Pa

u(p)/
Pa a

∆
g
l Ho

m/
kJ·mol−1

∆
g
l So

m/
J·K−1·mol−1

ethylene glycol mono-tert-butyl ether (EGM): ∆g
l Ho

m(298.15 K) = (53.1 ± 0.2) kJ·mol−1

∆g
l So

m(298.15 K) = (130.2 ± 0.2) J·mol−1·K−1

ln(p/pref) =
(307.6±0.2)

R − (77513±62)
RT − 81.7

R ln T
298.15 ; pref = 1Pa

284.01 105.0 0.6 54.3 134.2
284.03 105.1 0.6 54.3 134.2
286.39 127.0 0.7 54.1 133.5
288.70 152.1 0.8 53.9 132.8
288.74 152.8 0.8 53.9 132.8
291.10 183.1 1.0 53.7 132.2
293.51 219.7 1.1 53.5 131.5
293.54 219.2 1.1 53.5 131.5
295.90 261.9 1.4 53.3 130.8
298.26 311.6 1.6 53.1 130.2
298.30 310.7 1.6 53.1 130.1
298.33 312.0 1.6 53.1 130.1
300.66 368.2 1.9 52.9 129.5
300.70 370.1 1.9 52.9 129.5
303.10 435.4 2.2 52.7 128.8
303.13 436.7 2.2 52.7 128.8
305.46 513.9 2.6 52.6 128.2
307.93 606.2 3.1 52.4 127.6
307.95 608.2 3.1 52.4 127.6
310.26 707.5 3.6 52.2 127.0
312.74 831.2 4.2 52.0 126.3
312.76 830.7 4.2 52.0 126.3
315.14 967.1 4.9 51.8 125.7
317.51 1120.2 5.7 51.6 125.1

a The uncertainties of the experimental vapor pressures were calculated according to the following equation:
u(p/Pa) = 0.05 + 0.005(p/Pa) and valid for p > 12 Pa. The uncertainties of the vaporisation enthalpies are
expressed as the expanded uncertainty (0.95 level of confidence, k = 2). They include uncertainties from the fitting
equation and uncertainties from the temperature adjustment to T = 298.15 K. The uncertainties in the temperature
adjustment of vaporisation enthalpies to the reference temperature T= 298.15 K are estimated to account for 20%
of the total adjustment.

3.2. Thermodynamics of Vaporisation

The standard molar enthalpies of the vaporisation of EGM and EGD at temperature
T were derived from the temperature dependence of the vapour pressures using the
following equation:

∆g
l Ho

m(T) = −b + ∆g
l Co

p,m × T (5)

The standard molar vaporisation entropies at temperature T were also derived from
the temperature dependences of the vapour pressures using Equation (6):

∆g
l So

m(T) = ∆g
l Ho

m/T + R× ln(p/po) (6)

The primary data on the vapour pressures, coefficients a and b (see Equation (4)),
∆g

l Ho
m(T), and ∆g

l So
m(T) values are compiled in Tables 1, 2 and S2. The vaporisation en-

thalpies derived indirectly from vapour pressure measurements are usually referenced to
Tav, which is defined as the average temperature of the range under study. For comparison,
∆g

l Ho
m(Tav) values are commonly adjusted to T = 298.15 K. The temperature adjustment

was performed according to Kirchhoff’s law:

∆g
l Ho

m(298.15 K) = ∆g
l Ho

m(Tav) + ∆g
l Co

p,m (298.15 K− Tav) (7)
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A summary of the results for ∆g
l Ho

m (298.15 K) is given in Table 3, column 5.

Table 3. Compilation of the enthalpies of vaporisation, ∆g
l Ho

m, derived for ethylene glycol tert-butyl ethers.

M a T-Range ∆
g
l Ho

m (Tav) ∆
g
l Ho

m (298.15 K) b Ref.

K kJ·mol−1 kJ·mol−1

ethylene glycol T 288.3–327.8 52.4 ± 0.6 53.0 ± 0.7 Table 1
mono-tert-butyl ether (EGM) S 284.0–317.5 53.0 ± 0.1 53.1 ± 0.2 Table 2
7580-85-0 BP 323.0–427.0 44.9 ± 0.9 50.8 ± 2.2 Table S2

Tb 52.9 ± 0.5 this work
SP 53.1 ± 0.5 this work

53.1 ± 0.2c

ethylene glycol BP 335.0–444.0 44.3 ± 0.2 53.5 ± 1.8 Table S2
di-tert-butyl ether (EGD) Tb 51.7 ± 2.0 this work

SP 52.3 ± 0.5 this work
52.3 ± 0.2c

a Methods: T = transpiration method; S = static method; Tb = derived from correlation with the normal boil-
ing points (see text); BP = derived from the individual boiling temperatures at different pressures (see text);
SP = derived from empirical structure–property correlations (see text). b Vapour pressures available in the lit-
erature were treated using Equations (4) and (5) with the help of the heat capacity differences from Table S3 to
evaluate the enthalpy of vaporisation at 298.15 K in the same way as our own results in Table 1. The uncertainty
of the vaporisation enthalpy u(∆g

l Ho
m) is the expanded uncertainty (at 0.95 level of confidence, k = 2) calculated

according to a procedure described elsewhere [9,10]. It includes uncertainties from the transpiration experimental
conditions, uncertainties of vapour pressure, uncertainties from the fitting equation, and uncertainties from
temperature adjustment to T = 298.15 K. c Weighted mean value (the uncertainties of the vaporisation enthalpies
were used as a weighting factor). Values in bold are recommended for further thermochemical calculations.

The combined uncertainties of the vaporisation enthalpies ∆g
l Ho

m(298.15 K) from the
transpiration method include the uncertainties of the experimental transpiration conditions,
uncertainties of the vapour pressures, and uncertainties due to the temperature adjustment
to the reference temperature T = 298.15 K, as developed elsewhere [17,18]. The combined
uncertainties of the vaporisation enthalpies ∆g

l Ho
m(298.15 K) from the static method include

uncertainties from the fitting equation and uncertainties from the temperature adjustment
to T = 298.15 K. Uncertainties in the temperature adjustment of vaporisation enthalpies
to the reference temperature T= 298.15 K are estimated to account for 20% of the total
adjustment. The combined uncertainties of the vaporisation enthalpies ∆g

l Ho
m(298.15 K)

obtained from the vapour pressure data collected in the literature (see Table S2) were
calculated in the same way as for the static method.

As shown in Table 3 for EGM, our results for ∆g
l Ho

m(298.15 K) derived from transpi-
ration and static methods are practically indistinguishable. The ∆g

l Ho
m(298.15 K) value

estimated from the individual boiling temperatures found in the literature at different
pressures also agrees with our results and is within the experimental uncertainties. No
comparative data for ∆g

l Ho
m(298.15 K) of EGD were found in the literature.

3.3. Validation of the Vaporisation Enthalpies Using Structure–Property Correlations

The absence of data on vapour pressures and vaporisation thermodynamics for tert-
butyl ethers has prompted an extended validation of the enthalpies of vaporisation using
structure–property correlations as follows.

3.3.1. Correlation with the Normal Boiling Temperatures Tb

A correlation of the enthalpies of vaporisation of organic molecules with their normal
boiling temperatures successfully serves to mutually validate these thermal data [32]. The
chemical family of alkyl ethers is thermally stable even at elevated temperatures near the
boiling points, therefore, numerous reliable normal boiling temperatures for many ethers
have been found in the literature (see Tables 4 and 5).
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Table 4. Correlation of the vaporisation enthalpies ∆g
l Ho

m (298.15 K) of ethylene glycol mono-alkyl
ethers with their Tb (normal boiling temperatures).

R-CH2CH2OH Tb/ a

K
∆

g
l Ho

m(298.15 K)exp/
kJ·mol−1

∆
g
l Ho

m(298.15 K)calc/ b

kJ·mol−1
∆/ c

kJ·mol−1

CH3-CH2CH2OH 397.3 45.2 45.5 −0.3
Et-CH2CH2OH 408.1 48.2 48.1 0.1
Pr-CH2CH2OH 422.9 52.1 51.7 0.4
Bu-CH2CH2OH 444.2 56.6 56.9 −0.3
tBu-CH2CH2OH 428.0 52.9

a Normal boiling temperatures and experimental vaporisation enthalpies are from [33]. The uncertainties of Tb
are ± 0.5 K and the uncertainties of ∆g

l Ho
m (298.15 K) are ±0.2 kJ·mol−1 (expressed as two times the standard

deviation). b Calculated using Equation (8). c Difference between the experimental and calculated values.

Table 5. Correlation of the vaporisation enthalpies ∆g
l Ho

m (298.15 K) of di-alkyl ethers and ethylene
glycol di-alkyl ethers with their Tb (normal boiling temperatures).

R-O-R Tb/ a

K
∆

g
l Ho

m(298.15 K)exp/
kJ·mol−1

∆
g
l Ho

m(298.15 K)calc/ b

kJ·mol−1
∆/ c

kJ·mol−1

Et-O-Et 307.6 27.4 26.4 1.0
Pr-O-Pr 363.1 35.8 36.7 −0.9
Bu-O-Bu 413.5 45.0 46.0 −1.0
tBu-O-tBu 379.9 37.7 39.8 −2.1

RO-CH2CH2-OR

CH3O-CH2CH2-OCH3 358.0 36.5 35.8 0.7
EtO-CH2CH2-OEt 392.5 43.3 42.1 1.2
PrO-CH2CH2-OPr 436.4 50.6 50.2 0.4
BuO-CH2CH2-OBu 479.0 58.8 58.1 0.7
tBuO-CH2CH2-OtBu 444.0 - 51.7

a Normal boiling temperatures and experimental vaporisation enthalpies are from [33]. The uncertainties of Tb
are ±0.5 K and the uncertainties of ∆g

l Ho
m (298.15 K) are ± 0.2 kJ·mol−1 (expressed as two times the standard

deviation). b Calculated using Equation (9). c Difference between the experimental and calculated values.

Numerous reliable experimental data on ∆g
l Ho

m(298.15 K) are also available in the liter-
ature (see Tables 4 and 5) and are ready for correlation with normal boiling temperatures.

For ethylene glycol mono-alkyl ethers R-CH2CH2OH, the following linear correlation
was derived:

∆g
l Ho

m(298.15 K)/
(

kJ·mol−1
)
= −50.9 + 0.2426× Tb with

(
R2 = 0.9956

)
(8)

The uncertainty of the enthalpies of vaporisation calculated with Equation (8) is
estimated to be 0.5 kJ·mol−1 (see Table 4).

For ethylene glycol di-alkyl ethers RO-CH2CH2-OR, the following linear correlation
was derived:

∆g
l Ho

m(298.15 K)/
(

kJ·mol−1
)
= −30.4 + 0.1848× Tb with

(
R2 = 0.9855

)
(9)

The uncertainty of the enthalpies of vaporisation calculated with Equation (9) is
estimated to be 2.0 kJ·mol−1 (see Table 5). The very high R2 correlation coefficients of
Equations (8) and (9) are evidence of the consistency of the data sets on alkyl ethers
included in the correlations. The “empirical” results derived from Equations (8) and (9) are
listed in Table 3 and labelled Tb. These results are valuable in supporting the enthalpy of
vaporisation of EGM derived from other methods, especially for EGD for which no data
are available.
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3.3.2. Correlation with the Enthalpies of Vaporisation of the Parent Structures

Structure–property correlations are a valuable tool to establish the consistency of
experimental data in the series of parent homologues. It is evident that the ethylene glycol
mono-tert-butyl ether studied in this work belongs to a general family of ethylene glycol
mono-alkyl ethers, R-CH2CH2OH, which are structurally parent to the di-alkyl ethers, R-O-
R. In this work, we correlated the experimental ∆g

l Ho
m(298.15 K) values for the homologue

series of R-CH2CH2OH with the experimental vaporisation enthalpies for the homologue
series of di-alkyl ethers, R-O-R. The compilation of experimental data involved in this
correlation is shown in Table 6.

Table 6. Correlation of the vaporisation enthalpies, ∆g
l Ho

m (298.15 K), of ethylene glycol mono-alkyl
ethers and di-alkyl ethers (in kJ·mol−1) a.

R-O-R ∆
g
l Ho

m (298.15 K)exp R-CH2CH2OH ∆
g
l Ho

m (298.15 K)exp ∆
g
l Ho

m (298.15 K)calc
b ∆ c

CH3-O-CH3 19.3 CH3-CH2CH2OH 45.2 44.9 0.3
Et-O-Et 27.4 Et-CH2CH2OH 48.2 48.5 −0.3
Pr-O-Pr 35.8 Pr-CH2CH2OH 52.1 52.3 −0.2
Bu-O-Bu 45.0 Bu-CH2CH2OH 56.6 56.4 0.2
tBu-O-tBu 37.7 tBu-CH2CH2OH 53.1 ± 0.5 d

a The experimental vaporisation enthalpies of both series are taken from [33]. The uncertainties of ∆g
l Ho

m(298.15 K)
are ±0.2 kJ·mol−1 (expressed as two times the standard deviation). b Calculated according to Equation (10).
c Difference between columns 4 and 5 in this table. d The uncertainty is estimated to be 0.5 kJ·mol−1 (expressed as
two times the standard deviation). The value given in bold was recommended for thermochemical calculations.

A very good linear correlation was found for these structurally related series:

∆g
l Ho

m(R− CH2CH2OH, 298.15 K)/kJ·mol−1 = 36.3 + 0.4463 × ∆g
l Ho

m(R−O− R, 298.15 K) with
(

R2 = 0.9963
)

(10)

The very high R2 correlation coefficient can be taken as evidence for the general
consistency of the evaluated vaporisation enthalpies of R-CH2CH2OH with the well-
established set of data for d-alkyl ethers. Consequently, the enthalpy of vaporisation
of ethylene glycol mono-tert-butyl ether (EGM) was derived using Equation (10) as an
independent and complementary result (see Table 6).

A similar correlation was applied to EGD, as follows. The ethylene glycol di-tert-butyl
ether (EGD) belongs to a general family of ethylene glycol di-alkyl ethers, RO-CH2CH2-
OR, which are also structurally related to the series of di-alkyl ethers, R-O-R. Therefore,
we correlated the experimental ∆g

l Ho
m(298.15 K) values for the homologue series of RO-

CH2CH2-OR with the experimental vaporisation enthalpies for the homologue series of
di-alkyl ethers, R-O-R. The compilation of experimental data involved in this correlation is
shown in Table 7.

Table 7. Correlation of the vaporisation enthalpies, ∆g
l Ho

m (298.15 K), of ethylene glycol di-alkyl
ethers and di-alkyl ethers (in kJ·mol−1) a.

R-O-R ∆
g
l Ho

m(298.15 K)exp RO-CH2CH2-OR ∆
g
l Ho

m(298.15 K)exp ∆
g
l Ho

m (298.15 K)calc
b ∆ c

CH3-O-CH3 19.3 CH3O-CH2CH2-OCH3 36.5 36.4 0.1
Et-O-Et 27.4 EtO-CH2CH2-OEt 43.3 43.4 −0.1
Pr-O-Pr 35.8 PrO-CH2CH2-OPr 50.6 50.7 −0.1
Bu-O-Bu 45.0 BuO-CH2CH2-OBu 58.8 58.7 0.1
tBu-O-tBu 37.7 tBuO-CH2CH2-OtBu 52.3 ± 0.5 d

a The experimental vaporisation enthalpies of both series are taken from [33]. The uncertainties of ∆g
l Ho

m(298.15 K)
are ±0.2 kJ·mol−1 (expressed as two times the standard deviation). b Calculated according to Equation (10).
c Difference between columns 4 and 5 in this table. d The uncertainty is estimated to be 0.5 kJ·mol−1 (expressed as
two times the standard deviation). The value given in bold was recommended for thermochemical calculations.

In this case, too, an almost perfect linear correlation (with R2 = 0.9998) was derived for
these structural parent series:
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∆g
l Ho

m(RO− CH2CH2−OR, 298.15 K)/kJ·mol−1 = 19.6 + 0.8682 × ∆g
l Ho

m(R−O− R, 298.15 K) with
(

R2 = 0.9998
)

(11)

The enthalpy of vaporisation of ethylene glycol di-tert-butyl ether (EGD) was, there-
fore, estimated according to Equation (11) and complements the results obtained in this
work with other methods. The “empirical” results obtained from Equations (10) and (11)
are given in Table 3 and marked SP (structure–property). These results help to ascertain the
enthalpy of vaporisation of EGM and EGD determined by other methods.

As a conclusion from the validation of the vaporisation enthalpies performed in
Section 3.3, completely different structure–property correlations were applied to check the
data consistency for EGM and EGD (see Table 3). It was found that the experimental and
empirical results agree very well for both ethers. To provide more confidence, a weighted
average value was calculated for each compound (bold values in Table 3), and these values
were recommended for further thermochemical calculations according to Equation (3)
to derive the gas phase formation enthalpies using the ∆fHo

m(liq) values measured by
combustion calorimetry, as shown in the following section.

3.4. Standard Molar Enthalpies of Formation in the Liquid Phase

The standard specific energy of combustion ∆cuo(liq) of liquid ethylene glycol mono-
tert-butyl ether was determined from six experiments. The results of the combustion
experiments are shown in Table 8.

Table 8. The results of the combustion experiments at T = 298.15 K (p◦ = 0.1 MPa) for ethylene glycol
mono-tert-butyl ether (EGM) a.

Experiment Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6

m (substance)/g 0.325060 0.281828 0.241385 0.325939 0.272169 0.230654
m′ (cotton)/g 0.000962 0.001073 0.001054 0.000959 0.000957 0.001093
m” (polyethylene)/g 0.311926 0.301513 0.389646 0.399094 0.400959 0.424149
∆Tc/K b 1.69089 1.56374 1.75149 1.96599 1.85448 1.83677
(εcalor)·(−∆Tc)/J −25,020.3 −23,138.8 −25,917 −29,091 −27,441 −27,179
(εcont)·(−∆Tc) /J −27.69 −25.42 −28.98 −33.14 −30.92 −30.54
∆Udecomp HNO3/J 44.2 42.41 46.59 52.56 50.77 50.17
∆Ucorr/J 7.63 6.97 7.93 9.13 8.47 8.35
−m′·∆cu′/J 16.3 18.18 17.86 16.25 16.22 18.52
−m”·∆cu”/J 14,460.05 13,977.33 18,062.94 18,500.92 18,587.38 19,662.4
∆cuo(liq)/(J·g−1) −32,362.8 −32,357.8 −32,357.9 −32,353.6 −324,366.2 −32,386.4

∆cu◦(liq)/(J·g−1) a 32,364.1 ± 4.8 c

∆cHo
m(liq)/(kJ·mol−1) b −3833.3 ± 1.5 d

∆fHo
m(liq)/(kJ·mol−1) b −528.6 ± 1.7 d

a Results are referenced to T = 298.15 K (p◦ = 0.1 MPa). The definition of the symbols are assigned according to [23]
as follows: m (substance), m′ (cotton) and m” (polyethylene) are, respectively, the mass of compound burnt, the
mass of fuse (cotton), and the mass of auxiliary polyethylene used in each experiment; masses were corrected
for buoyancy; V(bomb) = 0.33 dm3 is the internal volume of the calorimetric bomb; pi(gas) = 3.04 MPa is the
initial oxygen pressure in the bomb; mi(H2O) = 1.00 g is the mass of water added to the bomb for dissolution
of combustion gases; εcalor = (14,797.1 ± 1.0) J·K−1; ∆Tc = Tf − Ti − ∆Tcorr is the corrected temperature rise
from initial temperature Ti to the final temperature Tf, with the correction ∆Tcorr for heat exchange during the
experiment; εcont is the energy equivalents of the bomb contents in their initial εi

cont and final states εf
cont, the

contribution for the bomb content is calculated with (εcont)·(−∆Tc) =(εi
cont)·(Ti − 298.15) + (εf

cont)·(298.15 − Tf

+ ∆Tcorr.); ∆Udecomp HNO3 is the energy correction for the nitric acid formation; and ∆Ucorr is the correction to
standard states. Auxiliary data are given in Table S1. b The heat exchange correction, ∆Tcorr, was automatically
applied to final temperatures so that the corrected temperature rise was directly calculated as Tf − Ti. c The
uncertainty of combustion energy is expressed as the standard deviation of the mean. d The uncertainties are
expressed as the twice standard deviation of the mean.
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These ∆cuo(liq) values were used to calculate the experimental standard molar en-
thalpy of combustion, ∆cHo

m, (see Table 8) of ethylene glycol mono-tert-butyl ether, which
refers to the reaction:

C6H14O2 + 9.5 O2 = 6 CO2 + 7 H2O (12)

The standard molar enthalpy of formation, ∆fHo
m(liq), (see Table 8) was calculated

based on the ∆cHo
m values of the reaction according to Equation (12) using Hess’s Law and

the molar enthalpies of the formation of H2O(liq) and CO2(g) assigned by CODATA [34].
The total uncertainties of the ∆cHo

m and ∆fHo
m values were calculated according to the

guidelines presented by Hubbard et al. [23] and Olofsson [35]. The uncertainty of combus-
tion energy, ∆cuo(liq), was expressed as the standard deviation of the mean. According
to the thermochemical practice, the uncertainties assigned to the ∆fHo

m(liq) values are
twice the overall standard deviations and include the uncertainties of the calibration, the
combustion energies of the auxiliary materials, and the uncertainties of the enthalpies of
formation of the reaction products H2O and CO2. A summary of the thermochemical data
for the ethylene tert-butyl ethers is given in Table 9.

Table 9. Thermochemical data at T = 298.15 K for the ethylene tert-butyl ethers (p◦ = 0.1 MPa, in
kJ·mol−1) a.

Compound ∆fHo
m(liq)exp ∆

g
l Ho

m
b ∆fHo

m(g)exp ∆fHo
m(g)theor

c

EGM −528.6 ± 1.7 53.1 ± 0.2 −475.5 ± 1.7 −477.2 ± 3.5
EGD (−605.8 ± 3.6) d 52.3 ± 0.6 - −553.5 ± 3.5

a The uncertainties are given as the twice standard deviation. b From Table 3. c Theoretical value calculated with
the G4 method according to the atomisation procedure. d Calculated as the difference between columns 5 and 3 in
this table to give an estimate of the missing experimental value.

The combustion experiments with ethylene glycol mono-tert-butyl ether were carried
out for the first time.

3.5. Standard Molar Enthalpies of Formation in the Gas Phase

The experimental standard molar enthalpy of formation, ∆fHo
m(liq, 298.15 K), of ethy-

lene glycol mono-tert-butyl ether given in Table 9 was used together with the experimental
vaporisation enthalpy, ∆g

l Ho
m(298.15 K), recommended in Table 3, to derive the experimental

standard molar enthalpy of formation in the gas phase, ∆fHo
m(g, 298.15 K), (see Table 9,

column 4) according to Equation (3). This experimental result can now be used for com-
parison with the theoretical value calculated by the high-level quantum-chemical (QC)
composite method G4 [25]. Nowadays, QC methods have acquired the status of a valuable
tool for the mutual consistency of thermochemical results. Therefore, the agreement or
disagreement between the theoretical and experimental ∆fHo

m(g, 298.15 K) values could help
with the attestation of the quality of the experimental and computational procedures.

In a number of our recent studies [36], we have shown that the G4 method is ca-
pable of providing reliable gas phase enthalpies of formation ∆fHo

m(g, 298.15 K) using
the atomisation procedure [26]. Therefore, in the current study, the H298 enthalpies of
the most stable conformers of EGM and EGD were calculated using the G4 method and
converted to the theoretical values using the atomisation procedure (see Table 9, column 5).
The theoretical value ∆fHo

m(g, 298.15 K)theor = −477.2 ± 3.5 kJ·mol−1 for EGM agrees very
well with the experimental result ∆fHo

m(g, 298.15 K)exp = −475.5 ± 1.7 kJ·mol−1 and this
creates confidence in the calculation method. Consequently, we used the theoretical value
∆fHo

m(g, 298.15 K)theor = −553.5 ± 3.5 kJ·mol−1 for EGD and the experimental result for
∆g

l Ho
m(298.15 K) = 52.3 ± 0.6 kJ·mol−1 to calculate the missing liquid phase enthalpy of

formation ∆fHo
m(liq, 298.15 K) = −605.8 ± 3.6 kJ·mol−1 for EGD (see Table 9, column 2).

This completes the development of the data set of thermochemical values (see Table 9) re-
quired for the interpretation of the energetics of chemical reactions according to Equations (1) and (2),
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which represent the synthesis of platform chemicals from ethylene glycol and isobutene. These
energetics are derived and discussed in the next section.

3.6. Energetics of Ethylene Glycol Alkylation Reactions from the “First Law” Method

It is well known that ether synthesis reactions from alcohols and olefins are highly
exothermic [36], and accurate knowledge of the energetics of these reactions is essential for
the safety of industrial processes. The liquid phase reaction enthalpies, ∆rHo

m(298.15 K), of
the EGM and EGD synthesis from EG and isobutene were calculated using Hess´s Law
according to the following equations:

∆rHo
m(liq) = ∆fHo

m(liq)(EGM) − ∆fHo
m(liq)(isobutene) − ∆fHo

m(liq)(EG) = −(36.3± 2.9) kJ·mol−1 (13)

∆rHo
m(liq) = ∆fHo

m(liq)(EGD) − ∆fHo
m(liq)(isobutene) − ∆fHo

m(liq)(EGM) = −(39.6± 4.5) kJ·mol−1 (14)

The experimental data on ∆fHo
m(liq), required for the calculations according to Equa-

tions (13) and (14), are obtained in this work (see Table 9) or taken from the literature (see
Table S4). The uncertainties of these reaction enthalpies include the uncertainties of all
reactants. The enthalpies of Reactions (13) and (14) are quite similar in their experimental
uncertainties. However, the reaction enthalpy of Reaction (14) is slightly more negative
compared to Reaction (13), which is probably because the ethylene glycol di-tert-butyl
ether is more branched and strained than the mono-tert-butyl substituted precursor. Conse-
quently, more energy is required to form this compound. The energetics of Reactions (13)
and (14) are moderate, but large enough to cause a possible reactor temperature runaway
if the mixing of the reactants is disturbed. Therefore, the reliable thermodynamics of
Reactions (13) and (14) evaluated in this work are useful for determining the appropriate
temperature management of chemical reactors.

Another perspective for using the thermodynamic data of EGM and EGD is related to
an interesting technological idea of improving the conversion of iso-olefins in the produc-
tion of methyl tert-butyl ether (MTBE) or methyl tert-amyl ether (TAME). It has been found
that the overall conversion of an iso-olefin can be significantly increased if the iso-olefin is
first reacted with ethylene glycol at 40–70 ◦C and 5–7 atm over sulfonated resin catalysts
and then the resulting ethylene glycol tert-alkyl ethers are reacted with methanol at an
elevated temperature and 1.5–2 atm over the same catalyst [11]. The chemical reactions for
the second step are shown in Figure 2.
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The liquid phase reactions of the MTBE synthesis from EGM or EGD and methanol
are given by Equations (15) and (16):

EGM + Methanol = MTBE + Ethylene glycol (15)

EGD + Methanol = MTBE + EGM (16)
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The liquid phase reaction enthalpies, ∆rHo
m(298.15 K), of the MTBE synthesis from

EGM or EGD and methanol were calculated according to the following equations:

∆rHo
m(liq) = ∆fHo

m(liq)(EG) + ∆fHo
m(liq)(MTBE) − ∆fHo

m(liq)(EGM) − ∆fHo
m(liq)(MeOH) = −(0.7± 3.0) kJ·mol−1 (17)

∆rHo
m(liq) = ∆fHo

m(liq)(EGM) + ∆fHo
m(liq)(MTBE) − ∆fHo

m(liq)(EGD) − ∆fHo
m(liq)(MeOH) = −(2.6± 4.5) kJ·mol−1 (18)

The experimental data on ∆fHo
m(liq) required for the calculations according to Equa-

tions (17) and (18) are obtained in this work (see Table 9) or taken from the literature (see
Table S4). The uncertainties of these reaction enthalpies include the uncertainties of all
reactants. It turned out that, according to our calculations, both Reactions (15) and (16) are
practically thermoneutral and, therefore, technologically less demanding.

3.7. Thermodynamic Functions of Ethylene Glycol Alkylation from the “Second Law” Method

The results of the chemical equilibrium study of Reactions (1) and (2) in the presence
of an acidic catalyst in the liquid phase were reported by Chang et al. [15]. The equilibrium
concentrations of isobutene, EG, EGM, and EGD were measured by gas chromatography,
and the concentration equilibrium constants for Reactions (1) and (2) were derived between
318 K and 393 K. The activity coefficients of the reactants were calculated with the commonly
used UNIFAC method [37]. The concentration equilibrium constants were multiplied by
the activity coefficients and the thermodynamic equilibrium constants Ka (1) and Ka (2)
were estimated. The temperature dependences of Ka (1) and Ka (2) are shown in Figure 3.
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Figure 3. Temperature dependence of the thermodynamic equilibrium constants of the tert-butylation
of ethylene glycol: #—Ka (1) for the reaction according to Equation (1) and •—Ka (2) for the reaction
according to Equation (2). Experimental data are from Chang et al. [15]. Numerical data are compiled
in Table S5.
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The thermodynamic functions, the reaction enthalpies, ∆rHo
m(liq), and reaction en-

tropies, ∆rSo
m(liq), were derived from the temperature dependences of Ka (1) and Ka (2).

The results are given in Table 10.

Table 10. Thermodynamic functions ∆rHo
m and ∆rSo

m of Reactions (1) and (2) in the liquid phase and
the temperature dependences ln Ka = a + b.(T/K)−1 (with correlation coefficient R2).

Reaction
<T-Range> a

a b R2 ∆rHo
m

b ∆rSo
m

b

K kJ·mol−1 J·mol−1 K−1

Equation (1) 318–393 −10.9 4160 0.9743 −34.6 ± 3.7 −91 ± 10
Equation (2) 318–393 −11.2 4395 0.9821 −36.5 ± 3.2 −93.1 ± 9.1

a The temperature range of the equilibrium study. b The values of the enthalpies ∆r Ho
m and entropies ∆rSo

m of
Reactions (1) and (2) were derived for the average temperature of the range given in column 2. It was assumed
that the enthalpies of the reaction hardly change on passing from the average temperature of the experimental
range to T = 298.15 K [36].

It turned out that the thermodynamic functions ∆rHo
m and ∆rSo

m of the synthesis of
ethylene glycol mono-tert-butyl ether (Reaction 1) and the synthesis of ethylene glycol
di-tert-butyl ether (Reaction 2) are hardly distinguishable within their experimental un-
certainties. This finding is rather unexpected, therefore, it is now essential to compare the
“First Law” reaction enthalpies, ∆rHo

m(liq, 298.15 K), for the EGM and EGD synthesis from
EG and isobutene (obtained according to Equations (15) and (16)), with the “Second Law”
results derived from the equilibrium study of Reactions (1) and (2).

To our satisfaction, the energetics of Reactions (1) and (2) determined according to the
“First Law” and the “Second Law” methods agree well and are within their experimental
uncertainties. Even the slightly larger enthalpy of reaction for Reaction (1) observed
according to the “First Law” is supported by a similar trend shown by the “Second Law”
(see Table 10). Such good agreement provides confidence in the reliability of all of the
thermodynamic data sets evaluated in this work and used for comparison according to the
“First Law” and the “Second Law”.

3.8. Entropies of Ethylene Glycol Tert-Butyl Ethers

Within the framework of this study, we were highly motivated by the practical sig-
nificance of the thermodynamic functions of ethylene glycol tert-butyl ethers to optimise
the technology of their production. One of the main goals was to show that, nowadays,
only a reasonable combination of experimental and computational thermodynamics can
reduce the costs of developing new technologies for biomass valorisation. The main focus
of our thermochemical study was on the energetics of the reactions relevant to biomass
valorisation. As shown in Table 10, the alkylation reactions are considerably exothermic so
adequate thermal management is required to avoid the runaway of the chemical reactor.
The reaction entropies ∆rSo

m(liq) of Reactions (1) and (2) derived in Table 10 should be
considered as by-products in this context. Fortunately, however, these new results open up
an unexpected opportunity to gain deeper insights into the structural features of ethylene
glycol tert-butyl ethers, which are investigated in this work.

Indeed, according to Hess’s law, which is applied to Reactions (1) and (2), the following
equations are responsible for their entropy changes:

∆rSo
m(liq, reaction 1) = So

m(liq)(EGM) − So
m(liq)(isobutene) − So

m(liq)(EG) (19)

∆rSo
m(liq, reaction 2) = So

m(liq)(EGD) − So
m(liq)(isobutene) − So

m(liq)(EGM) (20)

where the So
m(liq) values are the standard molar entropies of the corresponding reactants.

Admittedly, the So
m(liq) values for the important platform chemicals isobutene and ethylene

glycol are available in the literature [38–40]. This opens up possibilities for estimating
the unknown values So

m(liq)(EGM) and So
m(liq)(EGD) according to Equations (19) and (20)
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using the experimental reaction entropies ∆rSo
m(liq) given in Table 10. The entropies of

isobutene and EG required for these calculations, as well as the results for EGM and EGD,
are summarised in Table 11.

Table 11. Experimental and estimated entropies of Reactions (1) and (2) participants (at 298.15 K in
J·K−1·mol−1).

Isobutene EG EGM EGD

σ 18 2 243 13122

So
m(liq): exp 194.0 [40] 166.9 [38] 269.9 370.8

add a 223.0 158.7 291.0 375.6
add + (σ-corr) 198.9 153.0 243.4 296.8

So
m(g): exp 293.6 [39] 323.6 [39] 400.1 b 498.0 b

add a 319.0 329.8 477.8 566.3
add + (σ-corr) 295.0 324.1 432.1 487.5
G4 443.8 571.3
G4 + (σ-corr) 398.1 492.2

a Calculated as the sum of corresponding additive contributions. b Calculated as the sum of So
m(liq) from this

table and entropy of vaporisation ∆g
l So

m(298.15 K) derived from the vapour pressure temperature dependences.
Values given in bold were used for calculations in this work.

Considering that the values for So
m(liq)(EGM) and So

m(liq)(EGD) are new, it makes sense
to use another complementary method to assess at least a possible level of these values.
The correct estimation of the entropies of organic molecules is a challenging task. Various
group contribution methods have been developed for this purpose, with Benson’s type [41]
of increments being the most popular in the thermodynamic community. The required
contributions have been analysed and revised by Domalski and Hearing [42], and we used
the numerical values from this compilation for the additive calculations of the entropies
of ethylene glycol tert-butyl ethers. When calculating the entropy of a molecule, it is
important to consider, together with the sum of the contributions, the global symmetry
number σ, which is the number of superimposable configurations that include the outer
symmetry and the inner free rotors; this is described in detail by Benson [41] and helpful
examples are given in [43]. The results of the additive liquid phase and gas phase entropy
calculations, including the σ values, are summarised in Table 11. However, these results
are rather disappointing, because, for simple molecules such as isobutene with only two
inner free rotors and σ = 18 and ethylene glycol with σ = 2, the agreement with the
experimental values is still acceptable for both the liquid and the gas phase. For the
more complicated molecules EGM and EGD, with a considerable number of free rotors
and very large symmetry numbers, the additivity did not lead to entropies comparable
to the experiment (see Table 11) in either the liquid or the gas phase. This significant
disagreement raised the legitimate question of whether the experimental entropies were
correct. To answer this question, we calculated the gas phase entropies of EGM and EGD
using the quantum chemical G4 method. The results are shown in Table 11. At first glance,
it was obvious that the entropies calculated by G4 did not match the experiment either
(see Table 11), but subtracting the symmetry correction (R × lnσ) from the direct G4 result
brought the calculated and experimental values into agreement (see Table 11):

So
m(g, EGM)exp = 400.1 J·K−1·mol−1 is indistinguishable from So

m(g, EGM)G4 = 398.1 J·K−1·mol−1

So
m(g, EGD)exp = 498.0 J·K−1·mol−1 is close to So

m(g, EGM)G4 = 492.0 J·K−1·mol−1

This very good agreement supports the reliability of the experimental liquid and gas
phase entropies of EGM and EGD. At the same time, the difficulties in reconciling the
experimental, additive, and quantum chemical entropies highlighted in this section provide
important insights into the limitations of empirical methods and the positive experiences

187



Chemistry 2023, 5

with quantum chemical methods. So, in this paper, the focus was not on the theory,
rather, we paid attention to the practical thermodynamic aspects of biomass valorisation.
Unexpectedly, however, we were confronted with theory and obtained “cashback” with
theoretical aspects related to the entropy calculations of flexible molecules with a large
number of free rotators.

3.9. Standard Molar Thermodynamic Functions of Ethylene Glycol Tert-Butyl Ethers

Due to the developments in “green chemistry”, EG-tert-butyl ether has been consid-
ered as a large-scale platform chemical produced from cellulose [1]. However, thermody-
namic modelling and optimisation of EG-tert-butyl ether synthesis require knowledge of
the fundamental thermodynamic functions of these compounds. This work has contributed
by evaluating the energetic and entropic properties of EG tert-butyl ethers. Thus, we com-
piled the available experimental values and calculated thermodynamic formation functions
for EG tert-butyl ethers, which are listed in Table 12.

Table 12. Standard molar thermodynamic properties of ethylene glycol tert-butyl ethers at T = 298.15 K.

Compound
State

∆fHo
m

a ∆fS
o
m ∆fG

o
m So

m
b Co

p,m
c

kJ·mol−1 J·K−1·mol−1 kJ·mol−1 J·K−1·mol−1

EGM liquid −528.6 ± 1.7 −883.2 −265.4 269.9 273.5
gas −475.5 ± 1.7 −753.0 −250.8 400.1 191.8

EGD liquid −605.8 ± 3.6 −1327.4 −210.0 370.8 357.2
gas −553.5 ± 3.5 −1200.2 −195.7 498.0 253.7

a From Table 9. b From Table 11. c From Table S3.

The entropies of formation, ∆fSo
m, were calculated based on Reactions (21) and (22):

6 Cgraphite +7 H2(g) + O2(g) = C6H14O2 (g or l) (21)

10 Cgraphite +11 H2(g) + O2(g) = C10H22O2 (g or l) (22)

using the following entropies of formation for Cgraphite (5.74 ± 0.13) J·K−1·mol−1, H2(g)
(130.52 ± 0.02) J·K−1·mol−1, and O2(g) (205.04 ± 0.03) J·K−1·mol−1 recommended in [44].
The Gibbs function of formation, ∆fGo

m, was estimated according to Equation (23) from the
values of ∆fHo

m and ∆fSo
m given Table 12:

∆fGo
m= ∆fHo

m−T × ∆fSo
m (23)

The standard molar thermodynamic functions in the liquid and the gas phase collected
in Table 12 can be used for the optimisation of EG tert-butyl ethers to be processed into
further valuable biobased fuel additivities and platform chemicals.

This article was written for the Justus von Leibig’s 150 years theme issue; to build
a bridge to the main topic, it is worth remembering that the “Liebig cooler” was not in-
vented by Liebig, as is assumed, but became popular through Liebig. We have neither
invented experimental thermochemical tools nor developed sophisticated quantum chemi-
cal methods. Nevertheless, through our work, we try to make “popular” the idea that the
“judicious” combination of experimental, empirical, and quantum chemical methods” is
the only modern way to obtain reliable practical and theoretical thermochemical results.
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Abstract: While the use of L-proline-derived peptides has been proven similarly successful with
respect to enantioselectivity, the physico-chemical and conformational properties of these organocata-
lysts are not fully compatible with transition state and intermediate structures previously suggested
for L-proline catalysis. L-Proline or L-4-hydroxyproline catalysis is assumed to involve proton trans-
fers mediated by the carboxylic acid group, whereas a similar mechanism is unlikely for peptides,
which lack a proton donor. Herein, we prepared an array of hydroxyproline-based dipeptides through
amide coupling of Boc-protected cis- or trans-4-L-hydroxyproline (cis- or trans-4-Hyp) to benzylated
glycine (Gly-OBn) and L-valine (L-Val-OBn) and used these dipeptides as catalysts for a model aldol
reaction. Despite the lack of a proton donor in the catalytic site, we observed good stereoselectivities
for the R-configured aldol product both with dipeptides formed from cis- or trans-4-Hyp at moderate
conversions after 24 h. To explain this conundrum, we modeled reaction cycles for aldol additions
in the presence of cis-4-Hyp, trans-4-Hyp, and cis- and trans-configured 4-Hyp-peptides as catalysts
by calculation of free energies of conformers of intermediates and transition states at the density
functional theory level (B3LYP/6-31G(d), DMSO PCM as solvent model). While a catalytic cycle as
previously suggested with L-proline is also plausible for cis- or trans-4-Hyp, with the peptides, the
energy barrier of the first reaction step would be too high to allow conversions at room temperature.
Calculations on modeled transition states suggest an alternative pathway that would explain the
experimental results: here, the catalytic cycle is entered by the acetone self-adduct 4-hydroxy-4-
methylpentan-2-one, which forms spontaneously to a small extent in the presence of a base, leading
to considerably reduced calculated free energy levels of transition states of reaction steps that are
considered rate-determining.

Keywords: proline catalysis; stereoselective synthesis; catalytic cycle; quantum chemical calculations

1. Introduction

Similar to the catalytic site of an enzyme, the geometric arrangement of nitrogen and
oxygen atoms in the amino acid L-Proline (1) has the potential to catalyze asymmetric
reactions—a discovery that led to a concept awarded with the Nobel Prize in Chemistry
in 2021. In the last forty years, 1 has been used as a catalyst, for example, in the asym-
metric Robinson annulation [1,2], the aldol condensation [3,4], and in the stereoselective
Mannich reaction [5,6]. 1 also catalyzes an unconventional reaction via aldol condensation
of α-hydroxyketones and aldehydes to give α,β-dihydroxyketones [7,8]. Several aspects
have been discussed, such as the small size of 1, its rigidity, inexpensiveness, and ready
availability [9].
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The reaction path of aldol reactions catalyzed by 1 had previously been under debate
with respect to the intermediates and transition states determining the overall reaction
rates and the stereoselectivity, respectively. The Houk–List pathway suggests an enam-
ine intermediate being formed from 1 and the carbonyl substrate (Scheme 1) [10,11]. In
stereoselective C,C-bond formation, proline’s carboxylic acid group helps positioning a
second carbonyl substrate in close proximity to the enamine moiety. While this is the
rate-limiting step of aldol reactions catalyzed by 1 [12], the enamine, which serves as the
activated electron donor, is of particular importance in the understanding of catalysis by
1 and derivatives thereof. Its formation involves different intermediates and transition
states including the formation of a hemiaminal after addition of the first carbonyl substrate
and the tautomerization of a zwitterionic iminium intermediate to the desired enamine.
The latter transition competes with the formation of a bicyclic intermediate [13]. A direct
involvement of this intermediate in stereoselective C–C-coupling has been proposed [14],
but would be incompatible with observed enantio- and diastereoselectivities; therefore,
a bicyclic intermediate is considered a merely parasitic by-product that competes with
enamine formation [15].

Scheme 1. Catalytic cycle of L-proline-catalyzed aldol reaction of an aldehyde and acetone with
intermediates and transition states (TS1 to TS4). TS3a is the transition state for the formation of a
bicyclic parasitic by-product from the iminium intermediate.

Drawbacks of L-proline catalysis are its only moderate stereoselectivity and the neces-
sity for comparably large amounts of catalyst, as the catalytic activity is low. The use of
N-terminal L-proline peptides as organocatalysts seems a promising alternative [16,17]. It
has been shown that some N-terminal L-proline tripeptides considerably increased activity
and stereoselectivity compared to catalysis by 1; however, both activity and stereoselec-
tivity strongly depended on the choice of the L- or D-amino acid residue in addition to
L-proline [18]. Effects on catalytic activity were explained by an optimal relative disposition
of the secondary amine in the terminal L-proline and the carboxylic acid group of an L- or
D-aspartic acid amide in position three. The stereoselectivity depends on the conformation
of the tripeptide [18]; in the case of peptides of the Pro-Pro-Xaa-NH2-type, stereoselectivity
clearly correlates with the trans/cis ratio of the Pro-Pro amide bond [19]. The notion of
optimal distance and stereochemical arrangement in tripeptides is supported by the finding
that neither activity nor stereoselectivity can be improved in tetrapeptides [20]. In the
case of dipeptide catalysts, the reaction path of an aldol reaction may be more similar to
the Houk–List pathway suggested for L-proline catalysis. The presence of a carboxylic
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acid group seems to be beneficial for catalytic activity as the conversion in reactions cat-
alyzed by Pro-NH2 or Pro-Xaa-NH2, where Xaa can be any amino acid, is considerably
lower [11,21,22]. Nevertheless, it could be shown that non-acidic N-terminal L-proline di-,
tri-, tetra-, penta-, and hexapeptides whose C-terminal carboxylic acid group was masked
as a methyl ester were still able to catalyze aldol reactions with moderate to high yield and
moderate to high enantioselectivities [23,24].

Another important aspect is the increased conformational flexibility of peptide cat-
alysts in comparison to 1 which might either stabilize or destabilize the geometry of a
transition state or an intermediate throughout the catalytic cycle. However, if a defined
chiral environment is still provided, it might even enhance selectivity [25,26]. Last but
not least, both the chiral environment in the stereoselectivity-determining transition state
and the rate-determining transition state are affected by the puckering of the proline ring.
Proline adopts basically two preferred puckerings, Cγ-exo and Cγ-endo [27–30], which also
applies to catalytic peptides with an N-terminal proline residue [26].

In cis-4-hydroxyproline (cis-4-Hyp, cis-2, Figure 1), Cγ-endo is the most preferred puck-
ering that would also allow the formation of an intramolecular hydrogen bond between
the cis-4-hydroxy group and the carboxylic acid group. Similarly, 1 has a slight preference
for Cγ-endo. In contrast, in trans-4-hydroxyproline (trans-4-Hyp, trans-2, Figure 1), the
4-hydroxy group imposes a Cγ-exo pucker. This is in accordance with the gauche empirical
rule, an effect that also contributes to the outstanding stability of the collagen triple he-
lix [31,32]. Intuitively, the ring puckering should also affect the stereoselectivity of reactions
catalyzed by hydroxyprolines and related peptides. Surprisingly, in different reactions
tested, the stereochemical outcome of reactions (aldol, Mannich and Michael asymmetric
reactions) catalyzed by cis-2 or trans-2 was similar to 1 catalysis or even lower [33]. These
observations prompted us to study the reaction channels leading to either an R- or an
S-configured product in Hyp-catalysis or catalysis by Hyp-derived dipeptides in further
detail, in particular, with respect to the role of the conformer distribution in organocatalysts,
transition states, and intermediates.

Figure 1. The two diastereomers of L-4-hydroxyproline (2).

We synthesized four Hyp-derived C-terminally protected dipeptides (cis-6, trans-6, cis-
7, trans-7, Scheme 2) and performed the aldol addition of acetone to p-nitrobenzaldehyde (8)
catalyzed by 6 or 7 as model reactions. To investigate whether catalysis of aldol additions
with Hyp and Hyp-derived peptides follow a similar path as previously suggested for
L-proline, we calculated the free energy differences of transition states and intermediates in
Hyp and Hyp-dipeptide catalysis at the density functional theory level.
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Scheme 2. Synthesis of dipeptide catalysts. A protection of the hydroxy groups of cis-3 or trans-3 was
not necessary. Removal of the Boc group from dipeptides in the presence of anisole as a scavenger in
dichloromethane was achieved in quantitative yields.

2. Materials and Methods
2.1. General Experimental Conditions

All reagents were of analytical grade. Solvents were dried by standard methods if
necessary. TLC was carried out on aluminum sheets pre-coated with silica gel 60 F254
(Merck, Darmstadt, Germany). Detection was accomplished by UV light (λ = 254 nm).
Preparative column chromatography was carried out on silica gel 60 (Merck, 40–63 µm).
1H NMR (500.3 MHz) spectra were recorded with a Avance III 500 spectrometer (Bruker,
Ettlingen, Germany). CDCl3 (δ = 7.26 ppm), HDO (δ = 4.81 ppm), and DMSO (δ = 2.50 ppm)
were used as internal standards. 13C{1H} NMR (125.8 MHz) spectra were calibrated with
CDCl3 (δ = 77.00 ppm) and DMSO-d6 (δ = 39.43 ppm) as internal standard. IR spectra were
recorded with a Nicolet IR200 FTIR-spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). HR-MS spectra were measured with a micrOTOF QII mass spectrometer (Bruker
Daltonics, Bremen, Germany). The enantiomeric excess (ee) values of the aldol reaction
products were determined by chiral phase HPLC on an HP 1100 chromatography system
(Agilent Technologies, Santa Clara, CA, USA)) equipped with a Chiralpak AS-H column
(Daicel, Osaka, Japan) using an n-hexane/isopropanol mixture (70:30) as eluent (UV 254 nm,
flow rate 0.7 mL min−1, 25 ◦C).

2.2. Dipeptide Coupling

To a solution of 1.0 eq. of enantiomerically pure amino acid cis-3 or trans-3 (200 mg,
0.87 mmol) in dichloromethane (10 mL), 1.15 eq. of HOBt ( 50 mg, 1.0 mmol) were added,
and the reaction mixture was cooled to 0 ◦C, followed by addition of 1.15 eq. of the N-
terminally unprotected amino acids Gly-OBn (202 mg, 1.0 mmol) or L-Val-OBn (243 mg,
1.0 mmol). Afterwards, 3.0 eq. (263 mg, 2.61 mmol, 361 mL) of triethylamine (TEA) were
added in a single portion and the reaction solution was allowed to stir for 10 min. at 0 ◦C.
Then, 1.15 eq. (192 mg, 1.0 mmol) of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
in dichloromethane (15 mL) were dropped gradually to the solution at 0 ◦C and stirred
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at room temperature overnight. The reaction mixture was extracted with 1 M HCl, sat.
NaHCO3 and finally with sat. NaCl. The collected dichloromethane layer was dried over
anhyd. Na2SO4. The crude product was purified using column chromatography (SiO2).
All products 4 and 5 were characterized by FT-IR and 1H, 13C{1H} NMR spectroscopy, and
ESI-TOF mass-spectrometry (Figures S2–S17).

Dipeptides cis-4 and trans-4 were isolated as colorless viscous oils in a yield of 207 mg
(63%) or 315 mg (96%).

cis-4: 1H NMR (CDCl3) δ = 7.62 (bs, 1H), 7.36–7.18 (m, 5H), 7.05 (bs, 1H), 5.08 (s, 2H),
4.85 (d, J = 8.5, 1H), 4.46–4.11 (m, 2H), 4.08–3.81 (m, 2H), 3.64–3.23 (m, 2H), 2.35–2.00 (m,
2H), 1.36 (s, 9H). 13C NMR (CDCl3, several rotamers) δ 174.09, 171.13, 169.52, 169.18, 155.45,
154.22, 135.20, 128.61, 128.47, 128.33, 80.72, 70.78, 69.81, 67.12, 60.36, 59.99, 59.34, 56.83,
56.00, 41.62, 38.62, 36.39, 28.33, 21.01, 14.18. IR (neat, cm-1): 3307 (OH), 1742, 1667 (CO),
1189, 1131 (C-O). MS (C19H26N2O6): calcd. 379.1869 ([M+H]+), exp. 379.1843 ([M+H]+).

trans-4: 1H NMR (CDCl3) δ = 7.40 (bs, 1H), 7.29–7.19 (m, 5H), 6.86 (bs, 1H), 5.06 (s,
2H), 4.32 (bs, 2H), 4.08–3.84 (m, 2H), 3.82–3.25 (m, 3H), 2.36–1.90 (m, 2H), 1.33 (s, 9H). 13C
NMR (CDCl3, several rotamers) δ = 172.34, 171.64, 170.29, 168.54, 154.78, 153.86, 134.21,
127.60, 127.48, 127.32, 79.79, 68.61, 68.15, 66.09, 59.43, 58.76, 57.68, 53.97, 40.18, 38.49, 36.47,
27.29, 20.02, 13.17. IR (neat, cm−1): 3303 (OH), 1748, 1667 (C=O), 1159, 1127 (C-O). MS
(C19H26N2O6): calcd. 379.1869 ([M+H]+), exp. 379.1865 ([M+H]+).

Dipeptides cis-5 and trans-5 were isolated as colorless viscous oils in a yield of 213 mg,
(59%) or 320 mg (87%).

cis-5: 1H NMR (CDCl3) δ = 7.46 (d, J = 8.4, 1H), 7.32–7.20 (m, 5H), 6.77 (bs, 1H),
5.19–4.97 (m, 3H), 4.53–4.43 (m, 1H), 4.39 (d, J = 8.8, 1H), 4.25 (t, J = 20.2, 1H), 3.59–3.28
(m, 2H), 2.31–1.97 (m, 3H),1.38 (s, 9H), 0.82 (m, 6H). 13C NMR (CDCl3, several rotamers) δ
172.18, 170.16, 154.52, 134.39, 127.56, 127.39, 127.33, 79.57, 69.72, 68.80, 65.93, 59.18, 58.52,
56.69, 56.40, 55.99, 34.54, 30.20, 27.32, 17.88, 16.30. IR (neat, cm-1): 3283 (OH), 1737, 1701,
1664 (C=O), 1155, 1112 (C-O). MS (C22H32N2O6): calcd. 421.2339 ([M+H]+), exp. 421.2338
([M+H]+).

trans-5: 1H NMR (CDCl3) δ = 7.47 (bs, 1H), 7.33–7.11 (m, 5H), 6.63 (bs, 1H), 5.07 (q,
J = 12.2, 2H), 4.55-4.20 (m, 3H), 3.92–3.15 (m, 3H), 2.45–1.77 (m, 3H), 1.35 (s, 9H), 0.81 (d,
J = 6.8, 3H), 0.78 (d, J = 6.9, 3H). 13C NMR (CDCl3, several rotamers) δ = 171.98, 170.95,
170.50, 154.92, 153.93, 134.68, 134.43, 127.55, 127.34, 79.62, 68.68, 68.10, 65.89, 65.58, 59.42,
58.94, 57.54, 56.42, 56.06, 53.98, 53.37, 52.48, 38.70, 35.50, 31.09, 30.15, 27.29, 25.88, 20.01,
18.18, 18.00, 16.84, 16.51, 16.14, 13.17. IR (neat, cm−1): 3307 (OH), 1739, 1667 (C=O), 1158.
MS (C22H32N2O6): calcd. 421.2339 ([M+H]+), exp. 421.2333 ([M+H]+).

2.3. Preparation of N-Deprotected Dipeptides

To a solution of 0.25 mmol of Boc-protected dipeptides cis-4 (95 mg), trans-4 (95 mg), cis-
5 (105 mg), or trans-5 (105 mg) in 1 mL dichloromethane, 0.5 mL of anisole and then 0.5 mL
trifluoroacetic acid (TFA) were added. The reaction mixture was stirred at room temperature
for 1 h. All volatiles were removed at reduced pressure. Dipeptides 6 and 7 were obtained
quantitatively as TFA salts without further purification and were characterized by 1H NMR,
13C{1H} NMR, and FT-IR spectroscopy as well as MS spectrometry (Figures S18–S29).

cis-6: 1H NMR (acetone-d6) δ = 7.45–7.30 (m, 5H), 5.45 (dd, J = 25.9, 7.9, 1H), 5.21
(d, J = 4.2, 1H), 5.19–5.15 (m, 2H), 4.88–4.51 (m, 2H), 4.40–3.98 (m, 3H), 3.72–3.35 (m, 2H),
2.88–2.09 (m, 2H). 13C NMR (CDCl3) δ = 174.04, 169.26, 135.26, 128.73, 128.47, 80.89, 70.91,
67.29, 59.45, 56.97, 41.75, 36.28, 29.77, 28.43. IR (neat, cm-1): 3088 (OH and NH), 1742,
1668 (C=O), 1189, 1133 (C-O). MS (C14H18N2O4): calcd. 279.1345 ([M+H]+), exp. 279.1339
([M+H]+).

trans-6: 1H NMR (CDCl3) δ = 10.14 (bs, 1H), 8.46 (bs, 1H), 7.86 (bs, 1H), 7.38–7.22 (m,
5H), 5.53 (bs, 2H), 5.17–4.98 (m, 2H), 4.81 (bs, 1H), 4.52 (bs, 1H), 4.07 (bs, 2H), 3.63–3.11 (m,
2H), 2.52 (bs, 1H), 1.95 (bs, 1H). 13C NMR (CDCl3) δ 169.66, 169.45, 135.12, 128.76, 128.70,
128.39, 127.23, 70.70, 67.56, 58.89, 54.45, 53.56, 41.66, 38.86. IR (neat, cm-1): 3088 (OH and
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NH), 1745, 1667 (C=O), 1178, 1134 (C-O). MS (C14H18N2O4): calcd. 279.1345 ([M+H]+), exp.
279.1339 ([M+H]+).

cis-7: 1H NMR (CDCl3) δ = 8.03 (d, J = 9.2, 1H), 7.41–7.27 (m, 5H), 5.25–5.04 (m, 2H),
4.52 (dd, J = 9.3, 4.8, 1H), 4.41–4.26 (m, 1H), 3.86–3.71 (m, 1H), 3.12 (dd, J = 11.1, 4.6, 1H),
2.99 (dd, J = 11.1, 1.0, 1H), 2.62–2.36 (m, 2H), 2.33–2.11 (m, 2H), 2.03 (ddd, J = 26.9, 13.4,
10.9, 1H), 0.96–0.81 (m, 6H). 13C NMR (CDCl3) δ = 175.25, 171.98, 135.54, 128.65, 128.46,
128.39, 72.07, 66.97, 59.62, 56.86, 55.25, 39.82, 31.48, 19.12, 17.64. IR (neat, cm-1): 3462, 3343,
3269 (OH and NH), 1741, 1643 (C=O), 1193, 1146 (C-O). MS (C17H24N2O4): calcd. 321.1814
([M+H]+), exp. 321.1809 ([M+H]+).

trans-7: 1H NMR (CDCl3) δ = 8.24 (d, J = 9.2, 1H), 7.40–7.28 (m, 5H), 5.19 (d, J = 12.2,
1H) 5.12 (d, J = 12.2, 1H), 4.49 (dd, J = 9.3, 4.9, 1H), 4.38 (bs, 1H), 4.00 (t, J = 8.4, 1H), 3.03
(d, J = 12.3, 2H), 2.75 (m, 4H), 2.28 (dd, J = 13.8, 8.7, 1H), 2.22–2.11 (m, 1H), 1.92–1.80 (m,
1H), 0.86 (dd, J = 21.9, 6.9, 6H). 13C NMR (CDCl3) δ = 175.28, 171.86, 135.53, 128.67, 128.49,
128.42, 73.10, 67.03, 59.84, 56.64, 55.52, 40.32, 31.33, 19.23, 17.64. IR (neat, cm-1): 3321 (OH
and NH), 1737, 1652 (C=O), 1192, 1147 (C-O). MS (C17H24N2O4): calcd. 321.1814 ([M+H]+),
exp. 321.1809 ([M+H]+).

2.4. Aldol Reactions

To 8 (151 mg, 1.0 mmol) dissolved in 2 mL of an acetone/DMSO mixture (ratio 1:5, v/v)
or in pure acetone, 20 mol-% of the solid catalyst 2, 6, or 7 was added after stirring overnight
at room temperature. In the case of 6 and 7, TEA was added in equimolar amounts to
release the free base from the TFA salt. The reaction mixture was diluted with ethyl acetate
(5 mL) and washed twice with water (2 mL). The organic layer was dried over anhydrous
Na2SO4. The conversion number was determined by 1H NMR spectroscopy. The ee with
respect to (R)-9 was determined by chiral HPLC (see General Experimental Conditions).
The absolute configuration of the major product was determined as R in accordance with
the elution order in previously published data on chiral separations of 9.

Aldol product 9: 1H NMR (CDCl3): δ = 8.21 (d, J = 8.8 Hz, 2H, H-arom), 7.54 (d,
J = 8.6 Hz. 2H, H-arom), 5.26 (dt, J = 3.7 Hz, 7.6 Hz, 1H, CH-O), 3.58 (d, J = 3.3 Hz, 1H,
CO-CHH), 2.85 (dd, J = 3.4 Hz, 6.1 Hz, 1H, CO-CHH), 2.22 (s, 3H, CO-CH3), 1.59 (bs,
1H, OH). 13C NMR (CDCl3): δ = 208.47 (C=O), 149.94 (C-arom), 147.26 (C-arom), 126.37
(2 × C-arom), 123.72 (2 × C-arom), 68.86 (C-O), 51.46 (CO-CH2), 30.68 (CO-CH3).

HPLC retention time (tR): (R)-9: 12.2 min; (S)-9: 15.4 min (Figures S30–S39).

2.5. Quantum Chemical Calculations

Conformers of free catalysts and the intermediates of the aldol reaction cycle with cis-2,
trans-2, cis-6, and trans-6 were modeled using the conformer search algorithm in SPARTAN
(Wavefunction, Inc., Irvine, CA, USA).). Geometries of transition states formed from cis-2
and trans-2 were modeled based on transition state geometries previously published for
1 [34,35]. All geometries were optimized at the B3LYP/6-31G(d) level with a polarized
continuum model (PCM) for DMSO in GAUSSIAN 16 [36], whereby the level of theory
was chosen as a compromise between accuracy and computational cost for the number
of conformers that had to be optimized for this study. Geometries of transition states
formed from cis-6 and trans-6 were modeled using the transition states from cis-2 and
trans-2 as templates replacing the carboxylic acid –OH by Gly-OBn. Conformers were
generated using a constrained conformer search with a frozen core structure, in which
dihedrals were only freely rotatable for the 4-hydroxy group (provided it was not involved
in the transition state) and the Gly-OBn group. Geometry optimizations at the density
functional theory level were performed in a two-step procedure, first constrained (with
frozen core structure) and thereafter unconstrained. Transition geometries without any
precedence for L-proline such as the stereoselective step (TS4) and the alternative path
for enamine formation presented in this study were modeled using the STQN method
for locating transition structures [37]. TS4 geometries were modeled as transition states
leading to an R-configured product (TS4pro R) and to an S-configured product (TS4pro S),
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respectively, where for TS4pro R and TS4pro S each two core structures were modeled: one
with an s-anti orientation of the enamine, and one with an s-syn orientation. Additional
conformers with respect to 4-OH and Gly-OBn were modeled as given above. Duplicate
intermediate and transition structures were identified based on their individual interatomic
distance distribution pattern as described elsewhere [38], and removed using a script in
MATLAB (MathWorks, Inc., Natick, MA, USA). From the transition structures, only those
were kept that exhibited one imaginary frequency after frequency calculations (same level
as optimizations). From the transition states with a single imaginary frequency, only those
were kept, where the frequency was clearly associated with a vibration along a bond to be
formed or broken in the course of the transition. For the calculation of standard free energies
(G) from statistical thermodynamics in GAUSSIAN, all frequencies were uniformly scaled
by 0.97. Average values for G according to the Boltzmann weights of each contributing
conformer and energy barriers were calculated in MATLAB.

Theoretical enantiomeric ratios (er) R:S were calculated from the ratios of the theo-
retical rate constants kR and kS for the R- or an S-selective reaction steps in each modeled
reaction cycle [39]. These ratios were obtained from the difference of the energy barriers
∆Gpro R or ∆Gpro S, i.e., the difference between free energies (Boltzmann-weighted average
over different conformers) calculated for TS4pro R or TS4pro S, respectively, and the free
energy of the enamine intermediate:

er =
kR
kS

= e−
∆Gpro R−∆Gpro S

RT

For all theoretical er values, we assumed a reaction temperature of 298.15 K.

3. Results

As a model reaction for asymmetric aldol additions, we used the addition of acetone
to 8 to give the chiral β-hydroxyketone 9 where acetone acted both as a solvent and as a
reactant. The use of a solvent mixture with DMSO (ratio DMSO/acetone 5:1, v/v) ensured
that all reactants and catalyst were fully dissolved, as it has been shown that the catalytic
cycle only involves soluble proline complexes or soluble proline adducts [40]. All reactions
were carried out in the presence of 20 mol-% of the catalyst as evidenced from earlier studies
as the optimal catalyst concentration [33]. After 24 h of stirring at room temperature, the
overall conversion was determined by 1H NMR spectroscopy and the ee by chiral phase
HPLC (see Experimental Section and Figures S30–S39). 1, trans-4-Hyp (trans-2), and cis-4-
Hyp (cis-2) were used as references to evaluate the efficiency of 6 and 7 as catalysts. The
results are summarized in Table 1.

Like well-known aldol additions in the presence of 1, catalysis with cis-2 and trans-2
results in virtually full conversion (>98%) after 24 h with moderate enantioselectivities in
favor of the R-configured product (48% ee with cis-2 and 40% with trans-2).

The highly similar stereochemical outcome of both conversions suggests only a little
influence from the 4-hydroxy group on enantioselectivity confirming previous observa-
tions [33]. Theoretical models from previous studies on proline catalysis have shown
that the stereoselectivity is determined by the relative arrangement of the double-bonded
methylene group of the enamine intermediate (Scheme 1) and the carbonyl group of the
substrate. Here, a coordination of the carbonyl oxygen by the carboxylic acid group of the
enamine intermediate in TS4 clearly favors an R-configured product (TS4pro R) as the energy
barrier via TS4pro R is lower than via a transition state TS4pro S with opposite arrangement.

To evaluate the plausibility of a similar mechanism with cis-2 and trans-2, in analogy
to previously published models for catalysis with 1, we modeled different conformers of
the enamine intermediates and of transition states TS4pro R and TS4pro S toward product 9
with both cis-2 and trans-2 (lowest-energy conformers of TS4pro R are depicted in Figure 2).
We calculated their respective standard free energies (G◦) at the B3LYP/6-31G(d)-level
with an implicit solvent model for DMSO and determined theoretical stereoselectivities
for both catalysts from the ∆G◦ values calculated with both catalysts (Table 1). The full
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consideration of conformational space would require modeling numerous reaction channels
for individual substrate, transition state, and product conformers and the calculation of
rotational barriers to model the interconversion between different conformational species.
Hence, even for systems with limited conformational space, any attempt of calculating a full
reaction profile would be hardly manageable. Therefore, instead of considering free energy
levels of individual conformers, we calculated free energy profiles based on Boltzmann-
weighted average values of G◦. This approach may be a source of error, if a reaction step
going through a short-lived intermediate conformer would proceed considerably faster to
the next intermediate than its accommodation in a lower-lying intermediate conformer, i.e.,
the energy barrier by the subsequent transition state is lower than the involved rotational
barriers. In all other cases, focusing on the low-lying species within a limited set of
conformers appears as a good approximation, at least to obtain a qualitative picture of the
energy barriers in the catalytic cycle.

Table 1. Aldol reaction of acetone and 8 in DMSO/acetone solvent mixture of ratio 5:1 (v/v).
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Conversion 

(%) a ee (%) b er (exp.) b er (calc.) c 

1 1 >98 64 82:18 n. d. 

Conversion (%) a ee (%) b er (exp.) b er (calc.) c

1 1 >98 64 82:18 n. d.

2 cis-2 >98 48 74:26 91:9

3 trans-2 >98 40 70:30 93:7

4 cis-6 <5 98 99:1 >99:1

5 trans-6 40 98 99:1 >99:1

6 cis-7 36 94 97:3 n. d.

7 trans-7 42 98 99:1 n. d.
In the case of 6 and 7, triethylamine (TEA) was added in equimolar amounts to release the non-protonated
catalysts from the TFA salt. a Determined by 1H NMR. b Determined by chiral HPLC. c Calculated from forward
rates of the stereoselective step obtained from DFT calculations.

Figure 2. Transition states of the stereoselective step in the synthesis of 9 leading to an (R)-configured
product (TS4pro R) formed from cis-2 (A) and trans-2 (B).
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As a first benchmark for the catalytic cycles with cis-2 and trans-2, we calculated
∆G◦ between enamine intermediate/substrate and TS4pro R or TS4pro S, respectively. The
predicted er values according to the calculated ∆G◦ values are somewhat higher (91:9
with cis-2 and 93:7 with trans-2) than what had been observed experimentally. Still, given
the low level of theory used for our calculation and the above-mentioned focus on low-
lying conformers, this is in the range of the stereochemical outcome expected for proline-
catalyzed aldol reactions. Taken together, transition state geometries analogous to what had
been suggested previously for aldol reactions catalyzed by 1 seem to apply as well for aldol
additions catalyzed by cis- or trans-2. Depending on reaction conditions, however, the ee of
such reactions may be moderate, as the difference between energy barriers going through
TS4pro R and TS4pro S is small. Interestingly, but in accordance with the experiment, the
4-hydroxy-group has little impact on the transition states shown in Figure 2, yet may have
implications on ring puckering, which leads to different geometries of the lowest-energy
conformers of TS4pro R with cis-2 (Figure 2A) and trans-2 (Figure 2B).

With both cis-2 and trans-2, we observed virtually full conversion (>98%) after 24 h.
While C,C-bond formation is rate-limiting [12], the rate of this second-order step also
depends on the concentration of the enamine intermediate, whose formation itself had
previously been discussed as rate-limiting for proline-catalyzed aldol reactions [41]. To
obtain a full picture of formation of enamine in the aldol reaction catalyzed by cis-2 in
comparison to trans-2, we also modeled geometries of the preceding intermediates and
transition states (TS1, TS2, and TS3), from formation of the hemiaminal from catalyst
and acetone through the iminium intermediate to the enamine (Figure 3). To provide
a rough estimate of the error due to our treatment of the conformer problem, we also
plotted respective ∆G◦ with highest- and lowest-energy conformers as ‘whiskers’ attached
to each substrate, intermediate, transition, or product state. As given in Scheme 1, we
also included a parasitic side path to a putatively formed bicyclic byproduct from the
iminium intermediate via TS3a in our models of reaction cycles with cis-2 and trans-2. The
calculated energy barriers are reasonable in the boundaries of the accuracy of the model
and are like what had been obtained for proline-catalyzed reactions previously. Differences
in the energy profile of the cis-2 and trans-2 reaction cycle are small, except for the energy
of the iminium intermediate being slightly lower in the cis-2 cycle. However, as the energy
associated with hemiaminal formation, whose rate is additionally limited by concentration
of reactants and the corresponding frequency factor (not considered in Figure 3), is the
highest, minor differences in subsequent reaction steps should not be rate-determining.
Therefore, it is not surprising that we observe very similar conversion with both catalysts
after 24 h.

Reactions with catalysts cis-6 and trans-6 show with 5 and 40% low conversion after
24 h yet are highly enantioselective (98% ee). Reactions catalyzed by cis-7 and trans-7
confirm the moderate conversion (36% and 42%) and high enantioselectivities (94% and
98% ee, respectively).

In analogy to cis-2 and trans-2, we also modeled conformers of the enamine intermedi-
ates and the transition states TS4pro R and TS4pro S with cis-6 and trans-6. Due to the flexible
benzylglycinate moiety, in comparison to catalysis with 1 or 2, conformational space is
considerably larger. To take this into account, we modeled 47 conformers of the cis-enamine
and 99 of the trans-species and altogether 12 transition structures for the cis species (4 for
TS4pro R and 8 for TS4pro S) and 24 for the trans-species (9 for TS4pro R and 15 for TS4pro S).
Different from 1 and 2 catalysis, with 6, conformers may exist that are energetically favor-
able, but incompatible with the transition state, for example, due to steric interference of
the flexible benzylglycinate terminus with the catalytic site. Nevertheless, the theoretical
rates for formation of (R)-9 vs. (S)-9 calculated based on Boltzmann-averaged ∆G◦ show a
clear preference for the R-product (er > 99:1), which agrees with the high enantioselectivity
observed experimentally. While the energy barriers associated with TS4pro R and TS4pro S
highly vary according to the respective transition geometry conformers, the aldol reaction
seems to occur predominantly via low-lying conformers of TS4pro R.
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Figure 3. Standard transition free energies (∆G◦, represented by blue arrows) of the aldol reaction
cycle catalyzed by cis-4-Hyp (cis-2) (A) and trans-4-Hyp (trans-2) (B) calculated at the B3LYP/6-
31G(d) level with a solvent model for DMSO. The G◦ levels indicated by black horizontal bars are
Boltzmann-averaged over the number of conformers given in Tables S1 and S2. The whiskers (vertical
lines with bars) indicate G◦ values obtained with the lowest- and highest-energy conformers of each
intermediate or transition state.

Since the proline catalysis-derived transition states of the stereoselective step of cis-
6 and trans-6 catalysis successfully predict the actually observed enantioselectivities, in
analogy to catalysis with 2, we also modeled the preceding steps of aldol additions catalyzed
by cis-6 and trans-6 (Figure 4). In comparison to 1 or 2, the involved energy barriers are
considerably higher, in particular, the one that corresponds to hemiaminal formation. The
high barriers are due to the fact that proton transfers that are mediated by the carboxylic
acid group in 1 and 2 must be undertaken by an amide in cis-6 and trans-6. Given the high
pK associated with amide deprotonation (approximately 25 in DMSO) [42], intermediary
formation of an amidate in analogy to a carboxylate, as with 1 or 2, is very unlikely. Such
proton transfers would be involved in TS1, formation of the hemiaminal (Figure 5A),
and in TS2, elimination of water from the hemiaminal to form an iminium zwitterion.
Our attempts to model TS1 involving proton transfer from the amide failed (Figure S1);
however, we were able to obtain an alternative transition geometry as previously suggested
by Rankin et al. for proline [35], where the hydroxylate formed upon nucleophilic attack
of the nitrogen to the carbonyl takes up the proton directly from the amine instead of the
amide (Figure 5B). Still, given the high energy barrier of more than 50 kcal mol−1 that must
be overcome for the formation of a hemiaminal from the peptide and acetone (Figure 4), a
catalytic cycle as in Scheme 1 appears highly unlikely, as such a reaction would not take
place at room temperature. Therefore, the whole catalytic cycle, starting with hemiaminal
formation to formation of the crucial enamine intermediate, must be different in aldol
additions catalyzed by peptides, in particular, those that do not feature a residue that could
act as a proton donor.
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Figure 4. ∆G◦ profile of the aldol reaction cycle catalyzed by cis-6 (A) and trans-6 (B) calculated at
the B3LYP/6-31G(d)/PCM (DMSO) level. The ∆G◦ values (blue arrows) are the differences between
G◦ levels, Boltzmann-averaged over the number of conformers given in Tables S3 and S4 (black
horizontal bars). The whiskers indicate G◦ values obtained with the lowest- and highest-energy
conformers of each intermediate or transition state.

Figure 5. Models for transition structures towards hemiaminal formation (TS1) with a 4-Hyp peptide
catalyst (here: peptide of trans-2). (A): hemiaminal formation involves proton transfer from the amide
(in analogy to proton transfer from the carboxylic acid groups as with free amino acid catalysts).
(B): direct proton transfer from the secondary amine as modeled for 1 in reference [35].

If proton transfer is not mediated by the peptide catalyst, it must occur from some-
where else. Considering the solvent DMSO as a poor proton donor, possible proton donor
candidates present in the reaction solution are triethylammonium (from deprotonation of
TFA salt present after Boc deprotection) or water molecules (released and taken up during
reaction cycle). However, for statistical reasons, involvement of either of these very weak
acids in TS1 is not very likely, as the collision frequency of three molecules in such a single
third-order reaction step is expected to be very low. Furthermore, it has been shown that
the presence of water has an inhibitory effect on proline-catalyzed aldol additions [43]. The
last remaining candidate for a proton donor in TS1 would be the substrate, acetone, itself.
A clear acetone dependence of conversion in aldol additions has been demonstrated for
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formation of 9 catalyzed by L-prolineamide, a catalyst lacking a proton-donating group
such as 6 and 7: while the yield was <10% at 20 vol% acetone [44], an increase to 80%
had been observed in neat acetone [45]. As a transition state where one acetone molecule
protonates the other in a third-order reaction step appears highly unlikely, we abandoned
the idea of considering acetone itself as a proton donor. Nevertheless, an acetone content-
dependent conversion would still be observed, if, instead of acetone itself, some kind of
‘auxiliary substrate’ with proton donor properties was fed into the catalytic cycle, whose
concentration depends on acetone content. A promising candidate for such an auxiliary is
the acetone self-adduct 10, which is formed from two acetone molecules halfway to trimeric
acetone 11 (Scheme 3). In the presence of a base (here 6), 10 should be present to a certain
extent (equilibrium constant of K = 0.04) [46,47].

Scheme 3. Aldol self-reaction of acetone.

Assuming that with a peptide catalyst, a hemiaminal is not formed from catalyst and
acetone, but from acetone and 10, proton transfer would be conveniently mediated by
the β-hydroxy group of 10. Due to reduced symmetry of 10 in comparison to acetone,
such a transition state could be modeled with four different configurations, of which
two transition state configurations lead to an R-configured hemiaminal, and two to an
S-configured hemiaminal (Figure 6). Each of the four configurations allow a comparably
‘relaxed’ transition geometry comprising a six-membered ring formed from the atoms that
are involved in C,C-bond formation and proton transfer.

Figure 6. Four possible configurations (A, B, C, D) of TS1 (structure of transition state towards
formation of a hemiaminal) formed from 4-Hyp-peptide catalyst (here shown for the trans-species)
and 10. Bonds that are formed or broken form a cyclic transition involving six atoms (dashed lines).
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Similarly, starting from either an R- or an S-configured hemiaminal intermediate, for-
mation of the enamine could as well occur via a cyclic transition state (Scheme 4). This way,
the enamine is formed without the necessity of proton transfer via amide deprotonation,
which would also make the formation of a parasitic bicyclic by-product less likely.

Scheme 4. Formation of enamine intermediate.

We calculated the transition states and intermediates from Figure 6 and Scheme 4
with 4-hydroxy-N-methyl-L-prolinamide (12) as a model peptide (Figure 7). Indeed, with
33.2 kcal/mol for TS1 (configuration A) with cis- and 36.6 kcal/mol for TS1 (configuration
A) with trans-12, the energy barriers associated with hemiaminal formation are much lower
than those found with transition geometries as in Figure 5B. Therefore, the mechanism
involving 10 as a mediator does present a plausible alternative, albeit coming at the cost of
a low proportion of active intermediates, as only small amounts of 10 are available. This
is reflected by the considerably lower conversion observed with peptides instead of free
amino acids (Table 1). With the concentration of 10 being a crucial determinant of rate
and conversion, any parameter with an influence on the proportion of 10 may have an
impact on conversion, such as temperature, catalyst solubility, acid/base conditions in
the reaction vessel (avoiding the term ‘pH’ in the context of a DMSO solution), and the
amount of excessive acetone. As particularly the latter can be easily modified, we also
performed conversions in the presence of 6 and 7 in pure acetone (Table 2). As expected,
the overall conversion slightly increases. Furthermore, differences in conversion between
cis- and trans-configured catalysts vanish, which suggests that the very first step, the one
that depends on acetone concentration, is rate-determining.

Table 2. Aldol reaction of acetone and 8 in pure acetone.

Conversion (%) a ee (%) b er b

1 cis-6 45 98 99:1

2 trans-6 44 98 99:1

3 cis-7 85 6 47:53

4 trans-7 73 6 47:53
a Determined by 1H NMR. b Determined by chiral HPLC.

For the aldol additions catalyzed by cis-6 and trans-6, the high stereoselectivity re-
ported above is fully retained in pure acetone. In contrast, it is virtually lost with both
diastereomers of 7, the catalyst with a sterically demanding L-Val sidechain. Furthermore,
despite high substrate conversion, considerable formation of by-products was observed
both in the presence of cis-7 and trans-7 (Figures S38 and S39). Possibly, in pure acetone,
where higher amounts of 10 or even trimer 11 are present, alternative pathways may exist
involving acetone self-adduct intermediates even at the stereoselective C,C-coupling step.
If this was the case, different behavior between peptide catalysts with a more- and less
sterically demanding environment around the catalytic site would be plausible.

204



Chemistry 2023, 5

Figure 7. Energy barriers (∆G◦, blue arrows) in modeled catalytic pathways towards the enamine
intermediates with cis-12 (A) and trans-12 (B) calculated at the B3LYP/6-31G(d)/PCM (DMSO) level.
The different colors indicate different reaction channels through the four different configurations
from Figure 6, two of which are going through a hemiaminal intermediate with R- and two with
an S-configured hydroxy group. The whiskers represent G◦ values obtained with the lowest- and
highest-energy conformers of each intermediate or transition state. In comparison to Figure 4, the
energy barrier associated with formation of a hemiaminal from peptide catalyst and 10 is much lower
than for the formation of a hemiaminal from acetone.

4. Discussion

Proline and hydroxyprolines catalyze stereoselective aldol additions through a highly
stereospecific transition geometry consisting of a catalyst-enamine intermediate and the
substrate. The enamine intermediate is formed via several reaction steps involving proton
transfer to and from the carboxylic acid group of the catalyzing amino acid. An analogous
catalytic cycle with peptide catalysts such as 6 and 7, which lack a proton donor, is not very
plausible, as the energy barrier for formation of a hemiaminal intermediate from peptide
catalyst and the electrophilic aldol component (here: acetone) is too high to be overcome at
room temperature. Still, aldol additions occur with excellent stereoselectivities, albeit lower
conversion in model reactions after 24 h. Our DFT calculations suggest a modified pathway
that is entered by an acetone self-adduct instead of acetone in peptide-catalyzed reactions.
Here, the hydroxy group of the self-adduct acts as a ‘proton-wire’, thereby easing the
transfer of the proton from the catalyst nitrogen to the substrate oxygen atom. Increasing
the proportion of acetone provides more acetone self-adduct, thereby increasing conversion.
However, this may come at the cost of decreased stereoselectivity, which suggests that
the true catalytic cycle is even more complex than the one depicted by our calculations,
which demands deeper computational and experimental kinetic analyses in the future.
Still, the consideration of self-adduct intermediates provides a hitherto-neglected aspect in
peptide-catalyzed aldol additions and might help in the design of synthetic pathways.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry5020081/s1: Supplementary computational data (Figure
S1), analytical data (Figures S2–S29), chiral phase HPLC data (Figures S30–S39), and model geometries
from DFT calculations (Tables S1–S6).
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Abstract: A styrylpyridine-containing cyclophane with diethylenetriamine linkers is presented as a
host system whose association with representative nucleotides was examined with photometric and
fluorimetric titrations. The spectrometric titrations revealed the formation of 1:1 complexes with log
Kb values in the range of 2.3–3.2 for pyrimidine nucleotides TMP (thymidine monophosphate), TTP
(thymidine triphosphate) and CMP (cytidine monophosphate) and 3.8–5.0 for purine nucleotides
AMP (adenosine monophosphate), ATP (adenosine triphosphate), and dGMP (deoxyguanosine
monophosphate). Notably, in a neutral buffer solution, the fluorimetric response to the complex
formation depends on the type of nucleotide. Hence, quenching of the already weak fluorescence
was observed with the purine bases, whereas the association of the cyclophane with pyrimidine bases
TMP, TTP, and CMP resulted in a significant fluorescence light-up effect. Thus, it was demonstrated
that the styrylpyridine unit is a useful and complementary fluorophore for the development of
selective nucleotide-targeting fluorescent probes based on alkylamine-linked cyclophanes.

Keywords: fluorescent dyes; nucleotide recognition; heterocycles; host–guest chemistry

1. Introduction

Nucleotides play a crucial role in several biological processes, for example as essen-
tial building blocks in DNA replication and RNA synthesis [1,2]. Furthermore, they are
essential in cell signaling, metabolism, and enzyme reactions as cofactors for NAD+ and
FAD and as energy carriers in the form of triphosphate nucleotides [3,4]. Therefore, the
detection and monitoring of nucleotides are important tasks to contribute to the assessment
and understanding of biochemical processes in living organisms [5–9]. Along these lines,
photometric and electrochemical analysis, as well as 1H NMR spectroscopic analysis, are
routinely used methods for nucleotide detection; however, elaborate protocols, relatively
expensive equipment, and limited sensitivity are drawbacks of these methods [10,11]. For
this purpose, fluorescence spectroscopy is a useful and easily accessible analytical tool
because it enables the efficient and sensitive detection of biologically relevant analytes
with suitable fluorescent probes (chemosensors), which change their emission proper-
ties upon analyte binding [12–20]. Along these lines, fluorescent probes that can detect
nucleotides by means of emission quenching or emission enhancement (light up) have
been reported [21–24]. However, selective chemosensors for particular nucleotides are still
needed, so the development of such fluorescent probes still represents a rewarding and
challenging research field in chemistry [25–27].

The most abundant nucleotide is adenosine triphosphate (ATP), which plays an im-
portant role in the energy transport in living organisms [28,29] and as a main biochemical
component in cancer cells, where it can either enhance or suppress tumor growth, depend-
ing on the concentration [30]. Consequently, several different methods and approaches for
the efficient and selective detection of ATP have been reported [31–38]. On the contrary,
the selective analysis and sensing of other nucleotides has been scarcely reported so far.
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For example, the selective photometric detection of thymidine triphosphate (TTP) relative
to other mono-, di-and triphosphate nucleotides has been realized with gold nanoparticles
and a p-xylylbis(Hg2+-cyclen) complex [39]. Likewise, cytidine triphosphate (CTP) has
been shown to induce selective luminescence quenching of a terbium(III)-organic frame-
work [40], and a polyhydroxy-substituted Schiff base receptor has been reported to be a
selective fluorescent chemosensor for CTP and ATP [41]. More recently, a bisnaphthalimide
receptor with a pyridine spacer has been introduced as a selective fluorescent probe for
CTP [42]. Moreover, anthracene derivatives with two appended imidazolium groups have
been reported whose emission is efficiently quenched by GTP [43].

In this context, fluorescent cyclophanes have been established as useful scaffolds for
the development of host systems for inorganic and organic anions and may be applied in
chemosensing, bioimaging, and drug delivery [44–52]. In particular, several phenyl- [53,54],
naphthalene- [55], anthracene- [56–58], and acridine-based [59] cyclophanes, as well as met-
allocyclophanes [60], have been reported as hosts that strongly bind to nucleotides [25,61].
In seminal work, bisnaphthalenophanes with six amino-functionalities in the linking chains
have been introduced as ideal host molecules for the efficient recognition of organic and
inorganic phosphates [55]. Likewise, it has been shown that similar anthracene- [62] and
pyrene-based [63–65] cyclophanes have the ability to discriminate between different nu-
cleotide triphosphates by the selective complex formation and that these interactions may
be used for fluorimetric detection of nucleotides [44,61]. Besides the recognition of single
nucleotides, cyclophanes are also apt to bind preferentially to nucleobases in mismatched
and abasic site-containing DNA [66–69].

Although some cyclophanes are already available for fluorimetric nucleotide detection,
there is still room for further development. Specifically, variations of the aromatic unit
appear promising because this part of the host molecule provides an essential binding site
for π stacking with the nucleic base. Surprisingly, most employed aromatic subunits are
fused polycyclic fragments with limited conformational flexibility, such as naphthalene or
anthracene, whereas more flexible scaffolds with resembling π surface, such as stilbenes or
styryl-substituted hetarenes, have not been employed for this purpose, so far. Along these
lines, we proposed that the known 2-styrylpyridine unit may serve as a useful, complemen-
tary aromatic component in nucleotide-binding cyclophanes because it provides a flexible
aromatic surface, which may enable a more variable π stacking, along with a decent dipole,
which may increase the binding affinity by dipole-dipole interactions with the nucleic
base. Herein, we report on the synthesis of a bis-styrylpyridine-based cyclophane, and
demonstrate that it may be used for fluorimetric detection and differentiation of nucleotides
at physiological pH.

2. Results
2.1. Synthesis

The known dibromostyrylpyridine derivative 1 [70] was formylated by lithium-
halogen exchange with n-BuLi and subsequent reaction with DMF to the corresponding
styrylpyridine bis-carbaldehyde 2 in 63% yield (Scheme 1, see Supplementary Materi-
als). Condensation of the latter with diethylenetriamine and subsequent reduction of the
tetraimine intermediate 3 with NaBH4 gave the macrocyclic polyamine 4 in a yield of 23%.
The known derivative 1 was synthesized by a varied procedure and identified by compar-
ison with the literature data [71], and the new compounds 2 and 4 were identified and
fully characterized by NMR spectroscopy (1H, 13C, COSY, HSQC, and HMBC), elemental
analyses, and mass spectrometry (Figures S2–S7). In all cases, the E-configuration of the
alkene units in compounds 1, 2, and 4 were indicated by characteristic coupling constants
of the alkene protons (3JH–H = 16 Hz).

210



Chemistry 2023, 5

Chemistry 2023, 5, FOR PEER REVIEW 3 
 

 

and fully characterized by NMR spectroscopy (1H, 13C, COSY, HSQC, and HMBC), 
elemental analyses, and mass spectrometry (Figures S2–S7). In all cases, the E-
configuration of the alkene units in compounds 1, 2, and 4 were indicated by characteristic 
coupling constants of the alkene protons (3JH–H = 16 Hz). 

 
Scheme 1. Synthesis of cyclophane 4. 

2.2. Solvent and pH-Dependent Absorption and Emission Properties 
In the MeOH solution, cyclophane 4 exhibited an absorption maximum at λabs = 314 

nm and a fluorescence maximum at λfl = 379 nm with low emission quantum yield (<0.01) 
(see supplementary materials). 

The pH dependence of the absorption properties of cyclophane 4 was determined by 
spectrometric acid-base titrations in Britton-Robinson buffer (Figure 1). At neutral pH, the 
absorption maximum was at λabs = 314 nm. The absorbance increased both at lower (pH < 
5) and higher pH (>8) values, with the highest absorbance at pH 2. The absorption 
maximum also shifted with varying pH, from λabs = 321 nm at pH 2 to λabs = 314 nm at pH 
7 and to λabs = 318 nm at pH 12. Furthermore, a slight shoulder at λabs = 364 nm was 
observed at pH 2, which steadily disappeared with increasing pH. 

 
Figure 1. Photometric (A) and fluorimetric (B) acid–base titrations of cyclophane 4. Blue line: 
beginning of titration (pH = 2.0); green line: absorbance and emission at pH 7.2; red line: end of 
titration (pH = 12.6). Insets: plot of the absorbance at 320 nm (A) and fluorescence at 414 nm (B) 
versus pH. In all cases: c = 10 µM, in Britton-Robinson buffer with 5% DMSO, λex = 313 nm. 

The data from the photometric titration were used to determine the pKa values of 5.2 
and 9.4. Another pKa value was estimated to be in the range of 2–3, as has been usually 
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Scheme 1. Synthesis of cyclophane 4.

2.2. Solvent and pH-Dependent Absorption and Emission Properties

In the MeOH solution, cyclophane 4 exhibited an absorption maximum at λabs = 314 nm
and a fluorescence maximum at λfl = 379 nm with low emission quantum yield (<0.01) (see
Supplementary Materials).

The pH dependence of the absorption properties of cyclophane 4 was determined
by spectrometric acid-base titrations in Britton-Robinson buffer (Figure 1). At neutral pH,
the absorption maximum was at λabs = 314 nm. The absorbance increased both at lower
(pH < 5) and higher pH (>8) values, with the highest absorbance at pH 2. The absorption
maximum also shifted with varying pH, from λabs = 321 nm at pH 2 to λabs = 314 nm at
pH 7 and to λabs = 318 nm at pH 12. Furthermore, a slight shoulder at λabs = 364 nm was
observed at pH 2, which steadily disappeared with increasing pH.
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Figure 1. Photometric (A) and fluorimetric (B) acid–base titrations of cyclophane 4. Blue line: begin-
ning of titration (pH = 2.0); green line: absorbance and emission at pH 7.2; red line: end of titration
(pH = 12.6). Insets: plot of the absorbance at 320 nm (A) and fluorescence at 414 nm (B) versus pH.
In all cases: c = 10 µM, in Britton-Robinson buffer with 5% DMSO, λex = 313 nm.

The data from the photometric titration were used to determine the pKa values of
5.2 and 9.4. Another pKa value was estimated to be in the range of 2–3, as has been
usually observed for resembling cyclophanes with the same diethylenetriamine linker [62];
however, no adequate fit was obtained for this region, so a more accurate value was
not available.

The emission spectrum of cyclophane 4 revealed a broad maximum at λfl = 410 nm at
pH 2. With increasing pH to 4, the emission intensity firstly increased by a factor of ca. 2
and reached the highest intensity with a bathochromic shift of ∆λfl = 5 nm. With the further
addition of base (pH > 4), the fluorescence was strongly quenched by about 70% with a
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hypsochromic shift of the emission maximum of ∆λ = 27 nm at pH 8.5. At pH > 9, the
emission intensity remained low, with a slight increase in the emission after pH > 10. Most
notably, at neutral pH, the emission of the styrylpyridine is already sufficiently quenched
so this compound may be used as a fluorescence light-up probe for target nucleotides at a
physiological pH range, that is, under conditions usually found in real biological samples.

2.3. Nucleotide-Binding Properties of 4

The association of the macrocyclic polyamine 4 with selected nucleotides was investi-
gated by photometric and fluorimetric titrations with adenosine monophosphate (AMP),
ATP, deoxyguanosine monophosphate (dGMP), thymidine monophosphate (TMP), TTP,
and CTP in cacodylate buffer solution at pH 7.2, that is, conditions at which the emission
is already very low (Figures 2 and 3). Upon addition of AMP, ATP, and dGMP to 4, the
absorbance (λmax = 314 nm) decreased with the formation of a red-shifted absorption
band (∆λ = 5 nm) and isosbestic points at λ = 323 nm, 320 nm, and 320 nm, respectively
(Figure 2A). In the presence of these nucleotides, the already weak fluorescence of the cy-
clophane 4 was further quenched with different efficiencies, that is, with I/I0 of 0.46 (AMP),
0.59 (ATP), and 0.04 (dGMP) at saturation (Figures 2B and 4A). Moreover, the fluorescence
maximum of styrylpyridine 4 was blue-shifted with ∆λ = 34 nm on the addition of AMP
and ATP, whereas no shift of the fluorescence maximum was observed with dGMP.
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Figure 3. Photometric (A) and fluorimetric (B) titrations of cyclophane 4 (c = 10 µM) with TMP (1),
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changes in absorption and emission upon the addition of nucleotides. Inset: plot of the absorption at
314 nm versus nucleotide concentration.
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The binding constants were determined from the experimental binding isotherms
of the photometric titrations. Thus, the experimental data were reasonably fitted to a 1:1
binding stoichiometry of nucleotide and 4 with logKb values of 4.1, 5.0, and 3.8 for AMP,
ATP, and dGMP, respectively (Table 1). These values are in the same range of logKb values
for two resembling pyrene-based diethylenetriamine-cyclophanes with logKb values of 3.00
and 4.15 with AMP, 5.48 and 5.55 with ATP and 3.51 and 4.50 with dGMP [63] and slightly
higher than those observed with the resembling anthracene-based cyclophane with a logKb
value of 3.38 with ATP [62]. In comparison with mono- and triphosphate nucleotides,
higher binding constants were also obtained with ATP as compared with AMP [63].

Table 1. Absorption and emission properties of cyclophane 4 and its complexes with nucleotides,
and the corresponding binding constants, logKb.

λabs/nm [a] ∆λabs/nm λfl/nm [a] ∆λfl/nm logKb
[b] I/I0

4 314
(4.67) [c] – 429

(<0.01) [d] – – –

4/TMP 317 3 384 −45 2.8 ± 0.1 2.72
4/TTP 317 3 384 −45 3.2 ± 0.1 2.43
4/CMP 314 – 388 −41 2.3 ± 0.1 1.23
4/AMP 319 5 395 −34 4.1 ± 0.1 0.48
4/ATP 319 5 395 −34 5.0 ± 0.1 0.54

4/dGMP 319 5 429 – 3.8 ± 0.1 0.10
[a] In cacodylate buffer, pH 7.2; T = 20 ◦C. [b] Determined from the analysis of the fluorimetric titration data
with Specfit/32TM with adequate fits for complexes with 4:nucleotide ratio 1:1. K in M−1. [c] Molar extinction
coefficient ε, given as lg ε, ε in cm–1 M–1. [d] Fluorescence quantum yield, relative to naphthalene (φfl = 0.23 in
cyclohexane, ref. [72]), λex = 280 nm, estimated error: ± 10% of the given value.

Titrations of the cyclophane 4 with TMP and TTP decreased the absorbance with red
shifts of ∆λ = 3 nm (Figure 3A). However, in contrast to titrations with the other nucleotides
(see above), the addition of TMP and TTP resulted in a significant increase and blue shift
(∆λ = 45 nm) of the fluorescence band (Figure 3B). The fluorescence light-up effect is more
pronounced with TMP (I/I0 = 2.72) than with TTP (I/I0 = 2.43), respectively (Figure 4A).
Upon the addition of CMP to 4, the absorption band remained essentially unchanged. At
the same time, a fluorescence light-up effect was observed upon the addition of CMP along
with a blue shift of the fluorescence maximum of ∆λ = 41 nm; however, the increase of
the fluorescence intensity (I/I0 = 1.23) was less pronounced than the one with TMP and
TTP (Figure 4). Notably, the increased emission intensity of compound 4 upon complex
formation with the pyrimidine nucleotides can be seen with the naked eye (Figure 4B).
From the fluorimetric titration data, the limit of detection (LOD) of 4 was estimated to be
0.09 µM, 0.02 µM, and 0.04 µM for TMP, TTP, and CMP, respectively (Table S1).

The binding isotherms were determined from the fluorimetric titration data as logKb = 2.8,
3.2, and 2.3 for 1:1 complexes with TMP, TTP, and CMP, respectively (Table 1, Figure S1).
For comparison, the reported logKb values of resembling pyrene- and anthracene-based
cyclophanes are 4.77 and 5.16 [63], and 3.60 [62] for complexes with TTP, that is, somewhat
higher than the values for cyclophane 4. Furthermore, the binding constants for cyclophane
4 are higher for the complexes with purine nucleotides than for the pyrimidine nucleotides,
which is in accordance with a literature-known pyrene-based cyclophane [63].

3. Discussion

The pKa values of 2–3, 5.2, and 9.4 for cyclophane 4 are assigned to the eight available
protonation sites, namely the amine and pyridine functionalities. Specifically, the pKa
values of the secondary amines fall in the range of the ones of similar, known amino-
containing macrocyclic structures [63]. Accordingly, the pKa values of the two central
amino groups are estimated to be in the range of 2–3, and the pKa value of 9.4 is assigned to
the four lateral amino groups. In addition, the pKa value of 5.2 relates to the two pyridine
units, which is in accordance with the known pKa value of 5.0 for 2-styrylpyridine [73].
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Overall, the acid-base titrations revealed the expected protolytic equilibrium result-
ing from the protonation of the amino functionalities and the pyridine unit in an acidic
medium (Scheme 2). In particular, as has been shown for resembling fluorophore-containing
polyamine-linked cyclophanes [62,74], the emission of the styrylpyridine is efficiently
quenched by a photoinduced electron transfer (PET) reaction of the electron-donating
amine functionalities with the excited fluorophore, whereas upon protonation this de-
activation pathway is suppressed and the emission intensity increases significantly [75].
Apparently, the pyridine unit does not interfere with this general process; however, under
acidic conditions, the formation of the corresponding pyridinium may be responsible for
the shifts of the emission maximum at lower pH values [76].
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Scheme 2. Protolytic equilibrium of cyclophane 4.

As compared with resembling anthracene- and pyrene-based cyclophanes, which
show a fluorescence light-up effect upon complexation of TTP, CTP, and ATP and fluo-
rescence quenching with GTP [62,63], cyclophane 4 exhibits a different dependence of
the fluorimetric response on the type of nucleotide. Namely, a fluorescence enhancement
occurs upon binding of pyrimidine nucleotides TMP, TTP, and CMP, whereas an effective
quenching of the fluorescence results from association with purine nucleotides AMP, ATP,
and dGMP. This observation may be explained by the specific pH- and structure-dependent
emission properties of the cyclophane 4. Firstly, the amino functionalities of the linker units
quench the emission of such cyclophanes by a PET reaction (see above) [62], which readily
explains the low emission at the applied pH of 7.2. More importantly, cyclophane 4 exhibits
two different emission maxima: a fluorescence maximum at λ = 429 nm in the unbound
state and a blue-shifted one around λ = 384 nm upon complexation of the nucleotides. As
it has been observed already with similar aminoalkyl-linked cyclophanes that these com-
pounds tend to form emitting excimers [63], it is proposed that the red-shifted emission of
4 also originates from an intramolecular excimer formation between the two styrylpyridine
units (Scheme 3). This proposal is in agreement with the excimer formation of resembling
azastilbene-type derivatives, which is accompanied by a red shift of the emission maxi-
mum [77–80]. Upon binding of the pyrimidine nucleobases with the cyclophane 4, the
emission increases as a result of the formation of the host-guest complexes, presumably
because the complexation of the nucleotide involves hydrogen bonding with the amino
functionalities [81,82], which in turn suppresses the PET quenching of the photoexcited
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fluorophore and leads to increased fluorescence intensity. In addition, the accommodation
of the nucleotide in the cavity of the cyclophane also inhibits the excimer formation so
only the blue-shifted monomer emission is detected. In contrast, the binding of purine
nucleobases leads to emission quenching of cyclophane 4. This fluorescence quenching of
cyclophane 4 by purine nucleotides may be explained by a different binding mode of the
purine nucleotides ATP, AMP, and dGMP, as compared with one of pyrimidine nucleotides,
which leads to a fluorescence enhancement upon formation of the cyclophane-nucleotide
complex [83–85]. At the same time, it cannot be excluded that the purine nucleotides bind
in a similar mode as the pyrimidine nucleotides and that the fluorescence quenching by
ATP, AMP, and dGMP is just the result of a stronger quenching efficiency of the purine
bases. Accordingly, the latter have a much lower reduction potential than the pyrim-
idine bases [86,87] and can, therefore, induce an efficient fluorescence quenching by a
photoinduced electron transfer reaction with the excited styrylpyridine.
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Scheme 3. Formation of excimer complex of cyclophane 4 and proposed binding mode of pyrimidine
nucleotide TMP (green) with 4 (* indicates the excited state).

To the best of our knowledge, this is the first reported cyclophane-based fluores-
cent probe that can discriminate between purine and pyrimidine nucleobases based on a
clear light-up effect induced by the latter. Nevertheless, a resembling anthracene-based
derivative bearing two imidazolium-containing alkyl chains is known to show these prop-
erties [43]. Because of the significant light-up effect of 4 upon binding to TMP and TTP,
cyclophane 4 may be employed as a fluorescent probe for the detection of thymine-based
nucleotides. Notably, the detection of nucleotides is accomplished under physiological
conditions at pH 7.2, rendering cyclophane 4 also interesting for biological applications. For
comparison, only a few examples of cyclophanes have been explicitly reported that enable
the detection of nucleotides at neutral pH [54,88], so there is still a demand to develop such
recognition systems for nucleotides, that is, as the one reported herein, which operate in a
physiological pH range.

4. Conclusions

The spectroscopic investigation of the nucleotide-binding properties of the cyclo-
phane 4 revealed that purine bases AMP, ATP, and dGMP are binding upon fluorescence
quenching, whereas in contrast, with pyrimidine bases TMP, TTP, and CMP, a clear, distin-
guishable fluorescence light-up effect was observed. Overall, we have demonstrated that
the styrylpyridine unit is a useful and complementary fluorophore for the development of
selective nucleotide-targeting fluorescent probes based on alkylamino-linked cyclophanes,
especially considering the observation that this probe operates at the physiological pH
range. Therefore, further studies of the particular binding modes as well as systematic
variations of the substitution pattern, should enable the development of efficient chemical
sensors for bioanalytical applications.

5. Materials and Methods

The commercially available chemicals (Alfa, Merck, Fluorochem, or BLDpharm) were
of reagent grade and used without further purification. Nucleotides ATP (adenosine-5′-
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triphosphate disodium salt) and CMP (cytidine-5′-monophosphate disodium salt) were
purchased from Feinbiochemika (Heidelberg, Germany), and nucleotides TMP (thymidine-
5′-monophosphate disodium salt hydrate), TTP (thymidine-5′-triphosphate tetrasodium
salt), AMP (adenosine-5′-monophosphate sodium salt) and dGMP (2′-deoxyguanosine-
5′-monophosphate sodium salt hydrate) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). 1H NMR spectra were recorded with a JEOL ECZ 500 (1H: 500 MHz and
13C: 125 MHz) and a Varian VNMR S600 (1H: 600 MHz and 13C: 150 MHz) at T = 25 ◦C. The
1H NMR and 13C{1H} NMR spectra were referenced to an internal standard in CDCl3 [TMS:
δ(1H) = 0.00 ppm, δ(13C) = 0.00 ppm]. Structures were assigned with additional information
from gCOSY, gHSQC, and gHMBC experiments, and the spectra were processed with
the software MestreNova. The mass spectra were recorded with a Finnigan LCQ Deca
(driving current: 6 kV, collision gas: argon, capillary temperature: 200 ◦C, support gas:
nitrogen) and an Orbitrap mass spectrometer Thermo Fisher Exactive (driving current:
3.5 kV, capillary temperature: 300 ◦C, capillary voltage: 45 V, injection rate: 5 µL/min,
scanning range: 150−750 m/z, and resolution: ultra-high) and processed with the software
Xcalibur. The CHNS analysis data were determined in-house with a HEKAtech EuroEA
combustion analyzer. The melting points were measured with a melting point apparatus
BÜCHI 545 (Büchi, Flawil, CH) and are uncorrected. The absorption spectra were recorded
on a Varian Cary 100 Bio absorption spectrometer with Hellma quartz glass cuvettes 110-QS
(layer thickness d = 10 mm). The emission spectra were recorded on a Varian Cary Eclipse
fluorescence spectrometer with Hellma quartz glass cuvettes 115 FQS (layer thickness
d = 10 mm). All measurements were recorded at T = 20 ◦C as adjusted with a thermostat
if not stated otherwise. The sample solutions in the titration experiments were mixed
with a reaction vessel shaker Top-Mix 11118 (Fisher Bioblock Scientific). E-Pure water was
obtained with an ultrapure water system D 4632-33 (Wilhelm Werner GmbH, Leverkusen,
D) with filters D 0835, D 0803, and D 5027 (2×).

Synthesis of (12E,25E)-11,3,6,9,141,16,19,22-Octaazapentacyclo-1,14(3,6)-dipyridina-11,24(1,4)-
dibenzenacyclo-hexacosaphane-12,25-diene (4)

Under an argon gas atmosphere, a solution of 2 (100 mg, 420 µmol) in CH2Cl2 (15 mL)
and MeCN (55 mL) was added dropwise to a solution of ethylentriamine (45.4 µL, 43.5 mg,
420 µmol) in MeCN (30 mL) at room temperature, and the mixture was stirred for 4 d at
room temperature. Approximately half the volume of the solvent was removed under re-
duced pressure, and the precipitated solid was filtered off, washed with MeCN (2 × 10 mL),
dried under reduced pressure (0.5 mbar, 1 h), and suspended in a mixture of CH2Cl2 (5 mL)
and MeOH (2.5 mL). NaBH4 (100 mg, 2.66 mmol) was added, and the mixture was stirred at
room temperature for 3 h under an argon gas atmosphere. The solvent was removed under
reduced pressure, and the remaining residue was dissolved in aqueous NaOH (20 mL,
1.0 M) and extracted with CHCl3 (3 × 20 mL). The combined organic layers were dried
with K2CO3 and filtered, and the solvent was removed under reduced pressure. The crude
product was dissolved in CHCl3 (5 mL), precipitated with hexane (25 mL), filtered off
and recrystallized from toluene to give the product 4 as light yellow amorphous solid
(60 mg, 97 µmol, 23%); mp 184–187 ◦C.-1H NMR (500 MHz, CDCl3): δ = 1.74 (br s, 6H,
6 × NH), 2.76–2.82 (m, 8H, 4 × CH2, γ-H, δ-H, fornumbering, see Scheme 1), 2.83–2.92 (m,
8H, 4 × CH2, β-H, ε-H), 3.77 (s, 8H, 4 × CH2, α-H, ζ-H), 7.11, 7.12 (2 × d, 3J = 16 Hz, 2H,
1′-H), 7.16, 7.23 (2× d, 3J = 8 Hz, 2H, 5-H), 7.26, 7.28 (2× d, 3J = 8 Hz, 4H, 2′′-H, 4′′-H), 7.43,
7.45 (2 × d, 3J = 8 Hz, 4H, 1′′-H, 5′′-H), 7.52–7.57 (m, 2H, 4-H), 7.57, 7.60 (2 × d, 3J = 16 Hz,
2H, 2′-H), 8.52 (s, 2H, 2-H).-13C NMR (125 MHz, CDCl3): δ = 48.3, 2 × 48.4 (4 × C, Cγ,
Cδ), 48.8, 2 × 48.9 (4 × C, Cβ, Cε), 51.0 (2 × C, Cζ), 53.6 (2 × C, Cα), 121.8, 121.9 (2 × C,
C5), 127.1, 127.2 (4 × C, C1′′, C5′′), 127.4, 127.5 (2 × C, C1′), 2 × 128.4 (4 × C, C2′′, C4′′),
132.0, 132.1 (2 × C, C2′), 2 × 134.2 (2 × C, C3), 2 × 135.4 (2 × C, C6′′), 136.2, 136.3 (2 × C,
C4), 140.7, 140.8 (2 × C, C3′′), 2 × 149.4 (2 × C, C2), 154.5, 154.6 (2 × C, C6).-MS (ESI+):
m/z (%) = 617 (100) [M + H]+.-El. Anal. for C38H48N8 × H2O calc. (%): C 71.89, H 7.94, N
17.65, found: C 72.11, H 7.68, N 17.07.
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of 1; Figure S4: 1H-NMR spectrum of 2; Figure S5: 13C-NMR spectrum of 2; Figure S6: 1H-NMR
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Abstract: In this work, we explored the synthesis and characterization of Pt(II) complexes bearing
different tri- and tetradentate luminophores acting as CˆN*N- and CˆN*NˆC-chelators. Thus, we
investigated diverse substitution patterns in order to improve their processability and assessed
the effects of structural variations on their excited state properties. Hence, a detailed analysis of
the different synthetic pathways is presented; the photophysical properties were studied by using
steady-state and time-resolved photoluminescence spectroscopy. We determined the absorption
and emission spectra, the photoluminescence efficiencies, and the excited state lifetimes of the
complexes in fluid solutions at room temperature and frozen glassy matrices at 77 K. Finally, a
structure–property relationship was established, showing that the decoration of the bridging unit on
the tridentate luminophores only marginally affects the excited state properties, whereas the double
cyclometallation related to the tetradentate chelator prolongs the excited state lifetime and increases
the photoluminescence quantum yield.

Keywords: soluble triplet emitters; synthesis of Pt(II) complexes; (time-resolved)
photoluminescence spectroscopy

1. Introduction

In recent years, triplet emitters have received increasing attention due to their range
of different applications relying on their balance between solubility and tendency towards
aggregation [1–6]. Among organometallic compounds, Pt(II) complexes represent a special
case where the intrinsic high ligand field splitting (LFS) and strong spin-orbit coupling
(SOC) on the metal center lead to desirable photophysical properties, such as long excited
state lifetimes and high photoluminescence quantum yields [7–13]. In addition, the d8

configuration of the Pt(II) center leads to square planar coordination geometries, leav-
ing the dz

2 orbitals available for intermolecular coupling of the metal atoms. Hence, the
aggregation properties of these complexes can be exploited in the context of supramolecu-
lar approaches by harnessing the unique characteristics of triplet states delocalized over
dimeric species [14–16]. These concepts have been used for OLED fabrication [17–22], pho-
tocatalysis [7,23–26], bioimaging [27–29], and sensing technologies [30–33], among others.

As mentioned above, a high LFS plays an important role, as it increases the energy of
dissociative metal-centered (MC) excited states to prevent thermally activated deactivation
processes involving radiationless pathways that shorten the excited state lifetimes while
reducing the efficiency of more desirable mechanisms [34]. In this regard, phenide-based
σ-donors (cyclometalated aryl-functions) are widely used to increase the LFS due to their
negative charge [35]. In addition, the rigidity of the chromophoric ligand contributes
to the overall performance; hence, complexes bearing tri- and tetradentate chelators are
preferred [34]. While tetradentate ligands lead to highly stable complexes and show an
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overall better performance, complexes with tridentate ligands can show tunable proper-
ties depending on the monodentate co-ligand, which can be adjusted depending on the
intended outcome [14–16,36].

Huo et al. reported on studies focused on the optimization of the coordination en-
vironment derived from tri- and tetradentate ligands for Pt(II). Hence, they synthesized
complexes with a combination of five- and six-membered metalacycles (including bis-
cyclometalation for the tetradentate ligands) displaying interesting photophysical proper-
ties (Figure 1) [37,38]. Inspired by the work of Huo et al., we explored different alternative
concepts. For instance, we decorated the cyclometalating unit with fluorine atoms to adjust
the emission wavelength as well as the aggregation behavior (Figure 1) [39].

Chemistry 2023, 5, FOR PEER REVIEW 2 
 

 

contributes to the overall performance; hence, complexes bearing tri- and tetradentate che-
lators are preferred [34]. While tetradentate ligands lead to highly stable complexes and 
show an overall better performance, complexes with tridentate ligands can show tunable 
properties depending on the monodentate co-ligand, which can be adjusted depending 
on the intended outcome [14–16,36]. 

Huo et al. reported on studies focused on the optimization of the coordination envi-
ronment derived from tri- and tetradentate ligands for Pt(II). Hence, they synthesized 
complexes with a combination of five- and six-membered metalacycles (including bis-cy-
clometalation for the tetradentate ligands) displaying interesting photophysical proper-
ties (Figure 1) [37,38]. Inspired by the work of Huo et al., we explored different alternative 
concepts. For instance, we decorated the cyclometalating unit with fluorine atoms to ad-
just the emission wavelength as well as the aggregation behavior (Figure 1) [39]. 

 
Figure 1. Selected Pt(II) complexes from previous studies. Top: C^N*N^C-based complexes with 
phenyl-amine (left) [37], 4-hexylphenyl-amine (center) [39], and secondary amine (right) [40] 
bridges. Bottom: N*N^C complexes with phenyl-amine (left) and [38] propyl-amine connectors 
(right; [PtCl(L0)]) [41]. 

In 2019, we reported the synthesis of a bis-cyclometalated Pt(II) complex bearing a 
tetradentate ligand with a secondary amine bridge (Figure 1) [40]. Additionally, in 2020, 
the synthesis of Pt(II) complexes with C^N*N luminophores based on thiazol moieties was 
reported (Figure 1) [41]. In the present work, we aimed at an improvement of their rather 
low solubility while maintaining the planar coordination environment, and we designed 
a synthetic route to introduce a secondary amine that is subsequently functionalized by 
an alkylation step. Since the range of commercially available alkyl-bromides is wide, the 
alkylation reaction could provide a versatile tool to enable a vast range of decoration pat-
terns. In this report, the impact on the chemical and photophysical properties of the re-
sulting complexes was also investigated. 

2. Experimental Section 
General information about experimental procedures including instrumental and syn-

thetic methods, structural characterization of the ligand precursors and the complexes, as 
well as photophysical measurements are provided in the Supplementary Materials.  

N

NN

S

C
Pt

Cl

N

N

C
Pt

Cl

N

N

N

C
Pt

N

C

N

N

C
Pt

N

C

H
N

N

C
Pt

N

CF

F

F

F

F

FF

F

Huo et al. Strassert et al. Strassert et al.

[PtCl(L0)]
Strassert et al.Huo et al.

Figure 1. Selected Pt(II) complexes from previous studies. Top: CˆN*NˆC-based complexes with
phenyl-amine (left) [37], 4-hexylphenyl-amine (center) [39], and secondary amine (right) [40] bridges.
Bottom: N*NˆC complexes with phenyl-amine (left) and [38] propyl-amine connectors (right;
[PtCl(L0)]) [41].

In 2019, we reported the synthesis of a bis-cyclometalated Pt(II) complex bearing a
tetradentate ligand with a secondary amine bridge (Figure 1) [40]. Additionally, in 2020,
the synthesis of Pt(II) complexes with CˆN*N luminophores based on thiazol moieties was
reported (Figure 1) [41]. In the present work, we aimed at an improvement of their rather
low solubility while maintaining the planar coordination environment, and we designed
a synthetic route to introduce a secondary amine that is subsequently functionalized by
an alkylation step. Since the range of commercially available alkyl-bromides is wide, the
alkylation reaction could provide a versatile tool to enable a vast range of decoration
patterns. In this report, the impact on the chemical and photophysical properties of the
resulting complexes was also investigated.

2. Experimental Section

General information about experimental procedures including instrumental and syn-
thetic methods, structural characterization of the ligand precursors and the complexes, as
well as photophysical measurements are provided in the Supplementary Materials.

Materials: All chemicals were used as purchased from commercially available sources.
For the photophysical measurements, spectroscopic-grade solvents (Uvasol®) were used.

Synthesis: The detailed synthetic procedures and analytical data are provided in
the Supplementary Materials. Each new compound was characterized by 1H, 13C, and
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2D nuclear magnetic resonance spectroscopies (NMR, see Figures S1–S106) as well as mass
spectrometry (EM-ESI-MS or MALDI-MS). The metal complexes were further analyzed by
steady-state and time-resolved photoluminescence spectroscopy.

X-ray diffractometry: Suitable single crystals for X-ray diffraction measurements were
obtained by slowly evaporating the solvent from a saturated DCM solution or by the
diffusion of cyclohexane into such a solution; in the case of [PtCl(L4)], the complex was
crystallized from diethylether. The full set of data is given in the Supplementary Materials
(Tables S1–S4; Figures S107–S114), as well as in the CCDC database (CCDC-Nr. 2252944
(I1), 2252945 (A4), 2252950 (A3), 2252953 ([PtL6]), 2252954 ([PtCl(L4)]), 2252967 ([PtCl(L2)]).
The graphical representation of the molecular structures was realized by using the Mercury
software package from CCDC [42].

3. Results and Discussion

With the selected precursors (A5, A6), we were able to establish a three-step syn-
thesis route, based on our previous report [41], yielding complexes bearing tri- and
tetradentate ligands.

3.1. Tridentate Coordination

The first step in the synthesis of the tridentate ligands involves the alkylation of the
secondary amine A5 by a previously described procedure [41]. Due to the tautomeric equilib-
rium involving the 2-amino thiazole unit, this reaction produces both an amine (Ax) and an
imine (Ix) [41,43,44]. The observed ratios of A/I yields suggest that the formation of imines is
favored when bulkier alkylbromides are employed. The molecular structures in the single
crystals of I1 and A3 are depicted in Figure 2; both show a coplanar orientation of the hete-
rocycles (for further information, see Figures S107–S108 and Table S1 in the Supplementary
Materials). The two isomers can be easily distinguished by the 3JHH-coupling constant in the
1H-NMR spectrum, as the amine has a value of 3JHH = 3.6 Hz, whereas the imine reaches
3JHH = 4.8 Hz. Interestingly, the coordination of the thiazole on the metal center leads to a
constant of around 3JHH = 4.1 Hz (vide infra). The formation of the two species was one of
the main drawbacks of these reactions, due to the loss of significant amounts of potential
products. Therefore, we explored the post-functionalization of the secondary amino group
by acylation. By dissolving A5 in hot valeric anhydride, the formation of the amide A4 was
achieved without the formation of the imine-like tautomer; the moderate yields are due to
the incomplete conversion of the precursor. The amide A4 is a crystalline white solid, its
molecular structure in the single crystal is shown in Figure 2 (see also Figure S109 in the
Supplementary Materials, as well as Table S1), and it is clear that the thiazolyl moiety is
coplanar with the amide, whereas the pyridine is bent out of plane. Subsequent attempts to
reduce the amide to yield an amine failed with various reagents (LiAH, NaBH4, BH3·THF,
SiEt3H), as only the secondary amine A5 was obtained. Nonetheless, with the four amine
precursors in hand, the versatile Suzuki–Miyaura coupling reactions with suitable boronic
acids led to the four tridentate ligand precursors (LxH). For the alkyl-substituted precursors
(L1H-L3H), the final cyclometallation step was carried out using well-established reaction
conditions (i.e., glacial acetic acid as a solvent at reflux paired with K2[PtCl4]), which suc-
cessfully yielded the complexes [PtCl(LX)]. The low yield of [PtCl(L1)] can be attributed to
the worse solubility and higher retention time during column chromatographic purification.
In the case of [PtCl(L3)], the low yield seems to originate from the acid-mediated lability of
the benzylic group [45]. On the other hand, the acylated ligand precursor L4H was unstable
under the cyclometallation conditions and only the complex [PtCl(L5)] was formed, as the
amide was cleaved towards the complex with a secondary amine. In order to obtain the
desired amide-substituted complex [PtCl(L4)], milder conditions were used (i.e., MeCN/H2O
at reflux). The synthesis scheme is summarized in Figure 2 [46]. Regarding the solubility of
these compounds, compared to the already published propyl-substituted complex [41], the
methyl-substituted species ([PtCl(L1)]) and the free secondary amine ([PtCl(L5)]) presented
poorer solubility; quite surprisingly, the 3,3-dimethyl-butyl complex ([PtCl(L2)]) is comparable
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to the already-reported compound. The last two complexes ([PtCl(L3)], [PtCl(L4)]) showed
better solubility than the other exemplars; unfortunately, they correspond to the least stable
ligands under the explored reaction conditions.
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We were able to obtain the molecular structures of [PtCl(L2)] and [PtCl(L4)] in single
crystals by X-ray diffractometry, as shown in Figures 3 and 4, respectively (further details
are found in the Supplementary Materials, Figures S110–S113 and Tables S2 and S3). The
crystal structure of [PtCl(L2)] corresponds to the P21/c space group and confirms the
square planar coordination environment with a chlorido unit as the fourth ligand. The
overall coordination geometry is practically square planar, in agreement with the previously
reported propyl-substituted complex [PtCl(L0)]. Also in the present study, the formation
of head-to-tail dimers is apparent. However, in this case, the 3D packing arises from the
interactions between the π system and the hydrogen atoms, rather than being a chain
evolving from stacked dimers in one direction supported by H-π interactions [41].
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The crystal structure of the complex [PtCl(L4)] involves three distinguishable conform-
ers of the monomeric units, which crystallize in the P1 space group. The coordination of
the Pt(II) center in the case of [PtCl(L4)] (i.e., one tridentate chromophore and one chlorido
co-ligand) shows that the forced planarity of the amide bridge leads to an increased sterical
demand for the chain and results in the bending of the chelating ligand. To release the
sterical strain, the phenylpyridine and the thiazole moiety bend out of the coordination
plane, which is visible in the higher deviation of the bond angle (N20-Pt1-C32 = 168.36◦; for
[PtCl(L2)] = 175.97◦) from the optimal 180◦ coordination geometry. The main differences
between the three conformers are the placement and orientation of the alkyl group. The
main intermolecular interactions for the 3D structure are the π–π interactions from the
phenylpyrindine luminophores, combined with van der Waals interactions. Overall, no
significant Pt-Pt coupling can be traced. The higher sterical strain, if compared with the
alkyl-substituted analogs, in combination with the intrinsic reactivity of the amide in the
presence of acids, may lead to the lability of the ligand during the cyclometalating reaction.

3.2. Tetradentate Coordination

The remarkable photophysical properties of Pt(II) complexes with CˆN*NˆC-type
ligands are attributed to the large LFS and rigidity of the coordination environment [38].
For these luminophoric chelators, the Buchwald–Hartwig reaction limits the substitution
pattern to aryl-amines and restricts the potential of substituents to enhance the process-
ability of the complexes. In this sense, hexyl-phenyl substituents were necessary to attain
meaningful solubility in organic solvents [39,40].

We therefore developed a synthetic approach similar to the one used for the herein-
described tridentate thiazole-based compounds, but with a proper adaptation for tetraden-
tate bis-cyclometalating ligand precursors. In this way, the Buchwald–Hartwig cross-
coupling is avoided while giving access to alkyl-substitution on the bridging nitrogen atom.
The di(bromo-pyridine)amine precursor is known from the literature [40,47] and can be
modified as in the case of A5. The alkylation can be achieved by following the procedure re-
ported in the literature, using an alkylbromide and NaH in DMF at room temperature, thus
yielding A6 [47]. The second step again involves a Suzuki–Miyaura cross-coupling towards
the tetradentate ligand precursor L6H2. Unfortunately, the incomplete conversion leads
to a product mixture of the di-substituted L6H2 and the mono-substituted L6BrH species.
This explains the relatively low yields; nonetheless, the remaining bromine atom could
represent a versatile intermediate where a second functionalization step could provide an
asymmetric tetradentate chelator with interesting photophysical properties [48]. In the final
step, the cyclometalation yielded the complex [Pt(L6)]; due to the double cyclometalation,
the reaction time needs to be adjusted to ensure a reasonable yield (from 16 h to 48 h; the
synthesis is summarized in Figure 5). From pure DCM, we were able to obtain suitable
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crystals for X-ray diffractometry (the molecular structure in the crystal is shown in Figure 6;
more details can be found in the Supplementary Materials, see Figure S114 and Table S4).
The crystal structure shows a packing resembling [PtCl(L2)], as both crystalize in a P21/c
space group, forming head-to-tail-dimers where the 3D packing results from interactions
between the π systems and the hydrogen atoms.
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50% probability.

3.3. Photophysics

The photophysical properties of all the complexes are summarized in Table 1; the
absorption and photoluminescence spectra in fluid solutions at 298 K and in frozen glassy
matrices at 77 K are shown in Figure 7 (as representative examples including [PtCl(L5)]
and [Pt(L6)]; the complete set of spectra, photoluminescence decay plots, as well as the
uncertainties and the multiexponential lifetime components are found in the Supplementary
Materials, see Table S5 and Figures S115–S137).

The assignment of the absorption bands by comparison with related compounds [37–39]
indicates that the higher-energy bands with strong absorption coefficients below 350 nm
correspond to transitions into 1ππ* configurations (i.e., with ligand-centered character). The
lower-energy bands around 375 nm and above can be generally assigned to transitions into
mixed charge-transfer states. The UV/Vis spectra (Figure S115) for [PtCl(L1-3)] and [PtCl(L5)]
strongly resemble the reported profile of [PtCl(L0)], suggesting that the alkyl groups have
no significant effect on the optical transitions. However, for the amide-substituted com-
plex [PtCl(L4)], a small red shift (∆λ ≈ 8 nm) is observable, indicating that the electron-
withdrawing effect of the amide substituent affects the energy of the excited electronic
states. For complex [Pt(L6)], the bands have distinct features: they are more intense and a
low-energy band with an intense absorption at λabs = 404 nm becomes visible, suggesting
a higher charge-transfer character in the excited state. The complexes bearing tridentate
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ligands and a chlorido co-ligand exhibit very weak luminescence at room temperature, due
to the low LFS caused by the monodentate moiety that acts as an efficient π-donor. This
leads to emission spectra with poor signal-to-noise ratios for [PtCl(L4)] while impairing
the measurement of reliable photoluminescence data at room temperature. As a result of
the bis-cyclometalation with an intrinsically higher LFS and rigidity from the tetradentate
chromophore, [Pt(L6)] shows the best performance.

Table 1. Selected photophysical data for the complexes. A complete set of data is provided in the
Supplementary Materials (see Table S5).

Complex λabs / nm (ε / 103 M−1 cm−1) Medium (T / K) λem / nm τav
a ΦL ± 0.02 / ± 0.05 b

[PtCl(L0)] [40] 246 (12.5), 266 (20.1), 278 (18.1), 316 (8.1),
348 (8.3), 370 (5.2)

DCM, Ar (298) 496 19.1 ns <0.02
Glassy matrix (77) 487 31.8 µs 0.98

[PtCl(L1)] 266 (17.8), 279 (17.4), 314 (6.7), 348 (6.6),
370 (3.7)

DCM, Ar (298) 495 14.58 ns <0.02
Glassy matrix (77) 483 23.52 µs 0.98

[PtCl(L2)] 266 (19.9), 280 (17.4), 291 (13.5), 315 (8.2),
349 (8.3), 371 (5.0)

DCM, Ar (298) 495 15.94 ns <0.02
Glassy matrix (77) 487 32.86 µs 0.98

[PtCl(L3)] 267 (30.1), 267 (27.7), 316 (10.9), 348 (11.7),
368 (6.7)

DCM, Ar (298) 496 25.7 ns <0.02
Glassy matrix (77) 484 24.879 µs 0.98

[PtCl(L4)] 273 (17.7), 293 (15.0), 345 (5.4), 378 (3.3) DCM, Ar (298) 504 n.d. n.d.
Glassy matrix (77) 487 12.42 µs 0.98

[PtCl(L5)] 262 (22.6), 276 (20.9), 288 (16.1), 313 (9.0),
346 (8.6), 370 (5.1)

DCM, Ar (298) 493 0.2695 µs <0.02
Glassy matrix (77) 488 45.7 µs 0.98

[Pt(L6)] 274 (43.9), 290 (33.0), 318 (23.5), 334 (22.1),
366 (16.8), 404 (7.2)

DCM, Ar (298) 510 4.2035 µs 0.54
Glassy matrix (77) 500 11.436 µs 0.97

(a) λexc = 376 nm, expressed as amplitude-weighted averaged lifetimes according to the suggestions from the
relevant literature [49] (the single exponential components, relative amplitudes, and uncertainties are listed in the
Supplementary Materials, see Table S5). (b) The uncertainty for the glassy matrix is estimated as ± 0.05 due to the
measurement setup.

Figure 7. Selected normalized photoluminescence spectra (λexc ≈ 370 nm) for [PtCl(L5)] (black)
and [Pt(L6)] (red). Measured in Ar-purged fluid DCM at 298 K (left) or in frozen glassy matrices
(DCM/MeOH 1:1) at 77 K (right).

As the emission maxima peak at around λem = 495 nm, with a typical vibrational
progression, excited state lifetimes (τav) in the ns range, and photoluminescence quantum
yields (ΦL) below the detection limit of our equipment at room temperature, the com-
plexes [PtCl(L1-5)] reproduce the already-reported properties observed for [PtCl(L0)]. For
[PtCl(L0-4)], the deactivation of the luminescent triplet state is too fast to be affected by
oxygen. Only [PtCl(L5)] shows a longer lifetime (τav(Ar) = 0.2695 µs), but it is also not
affected by the presence of oxygen. Upon switching from fluid solution at RT to a glassy
matrix at 77 K (DCM:MeOH = 1:1), we observed a blue shift (∆λ ≈ 10 nm) of the emission
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maxima, due to the loss of solvent stabilization resulting in an enhanced ligand-centered
character for the excited state. The long excited state lifetimes also point to a primarily
ligand-centered character for the emissive states (τav = 23.5 µs–45.7 µs); only the amide-
substituted complex [PtCl(L4)] shows a faster decay of τav = 12.42 µs. We assume that the
bent coordination plane observed in the molecular structure causes a faster deactivation
of the excited state. At 77 K, all complexes show ΦL close to unity, meaning that the fast
relaxation at room temperature can be (mostly) attributed to the radiationless deactivation
via thermally accessible metal-centered states; in fact, our previous report showed that this
can be overcome by increasing the LFS with a suitable co-ligand, e.g., a cyanido unit acting
as a π acceptor. Nonetheless, the nearly invariant photophysical properties suggest that
the substitution pattern at the bridging amine group has a negligible effect on the excited
state character and the concomitant deactivation rates.

The complex with the tetradentate ligand, [Pt(L6)], shows a completely different
behavior at room temperature compared to the tridentate chelation pattern. The emission
maximum is red-shifted (∆λ ≈ 15 nm) and the vibrational progression is less pronounced.
Moreover, the excited state of this complex show a strong sensitivity to the presence
of oxygen with a prolonged lifetime (τav = 0.2354 µs to τav = 4.2035 µs) and enhanced
photoluminescence intensity (ΦL = 0.02 to ΦL = 0.53) upon deoxygenation of the solution.
This distinct behavior can be attributed to the higher LFS, in combination with a higher
degree of metal-to-ligand charge-transfer character in the excited state resulting from the
exchange of the thiazol and chlorido σ-donors by a second phenylpyridine arm. Still, in
the glassy matrix at 77 K, a blue shift (∆λ ≈ 10 nm) was observed compared to room
temperature. Due to the lack of thermally accessibly metal-centered states at 77 K, the ΦL
increases to almost unity with τav = 11.436 µs. These observations and values are in line
with other reports [38,40,50].

4. Conclusions

Five coordination compounds bearing tridentate cyclometallated CˆN*N ligands and
one Pt(II) complex with a tetradentate bis-cyclometalated CˆN*NˆC luminophore were
synthesized and characterized. In summary, we were able to modify the substitution
patterns and solubilities without affecting the excited state properties. The complexes
with a tridentate ligand show emission from mostly ligand-centered states, leading to
fast radiationless deactivation via thermally accessible metal-centered states due to the
low LFS resulting from the chlorido co-ligand; however, upon cooling down to 77 K,
unitary quantum yields were achieved. On the other hand, the complex [Pt(L6)] with the
tetradentate chelator displays higher efficiencies (ΦL = 0.53) and longer lifetimes in fluid
solutions at room temperature, mostly due to a higher rigidity and ligand field splitting
resulting from cyclometallation and enhanced metal participation in the excited state, which
in turn hampers radiationless deactivation pathways and improves the phosphorescence
rate, respectively.

The alkylation step constitutes a bottleneck due to the intrinsic amine–imine tau-
tomerism related to the 2-amino-thiazol moiety. However, the attempted acylation fol-
lowed by the reduction of the amide to the alkylamine failed due to the relatively high
lability of the acylated species. In the future, milder reducing will be explored, such
as diborane [51,52], as the product should be stable under acidic workup conditions. If
successful, the tautomerism-related limitation could be overcome. The synthetic strategy
will facilitate future efforts involving tailored substitution patterns for applications such
as bioimaging. In this sense, special attention will be devoted to the complex [PtCl(L5)].
Hence, the secondary amine bridge can be modified to avoid harsh reaction conditions
linked to cyclometallation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemistry5020084/s1, Figure S1: 1H-NMR spectrum (400 MHz,
DCM-d2) of A1. Figure S2: 13C{1H}-NMR spectrum (101 MHz, DCM-d2) of A1. Figure S3: 1H/1H-COSY-
NMR spectrum (400 MHz/400 MHz, DCM-d2) of A1. Figure S4: 1H/13C-gHSQC-NMR spectrum (400
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MHz/101 MHz, DCM-d2) of A1. Figure S5: 1H/13C-gHMBC-NMR spectrum (400 MHz/101 MHz, DCM-d2)
of A1. Figure S6: 1H-NMR spectrum (500 MHz, DCM-d2) of I1. Figure S7: 13C{1H}-NMR spectrum (101 MHz,
DCM-d2) of I1. Figure S8: 1H/1H-COSY-NMR spectrum (400 MHz/400 MHz, DCM-d2) of I1. Figure S9:
1H/13C-gHSQC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of I1. Figure S10: 1H/13C-gHMBC-NMR
spectrum (400 MHz/101 MHz, DCM-d2) of I1. Figure S11: 1H-NMR spectrum (500 MHz, DCM-d2) of A2.
Figure S12: 13C{1H}-NMR spectrum (126 MHz, DCM-d2) of A2. Figure S13: 1H/1H-COSY-NMR spectrum
(500 MHz/500 MHz, DCM-d2) of A2. Figure S14: 1H/13C-gHSQC-NMR spectrum (500 MHz/126 MHz,
DCM-d2) of A2. Figure S15: 1H/13C-gHMBC-NMR spectrum (500 MHz/126 MHz, DCM-d2) of A2. Fig-
ure S16: 1H-NMR spectrum (400 MHz, DCM-d2) of I2. Figure S17: 13C{1H}-NMR spectrum (101 MHz,
DCM-d2) of I2. Figure S18: 1H/1H-COSY-NMR spectrum (400 MHz/400 MHz, DCM-d2) of I2. Figure
S19: 1H/13C-gHSQC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of I2. Figure S20: 1H/13C-gHMBC-
NMR spectrum (400 MHz/101 MHz, DCM-d2) of I2. Figure S21: 1H-NMR spectrum (400 MHz, DCM-d2)
of A3. Figure S22: 13C{1H}-NMR spectrum (101 MHz, DCM-d2) of A3. Figure S23: 1H/1H-COSY-NMR
spectrum (400 MHz/400 MHz, DCM-d2) of A3. Figure S24: 1H/13C-gHSQC-NMR spectrum (400 MHz/101
MHz, DCM-d2) of A3. Figure S25: 1H/13C-gHMBC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of A3.
Figure S26: 1H-NMR spectrum (400 MHz, DCM-d2) of I3. Figure S27: 13C{1H}-NMR spectrum (101 MHz,
DCM-d2) of I3. Figure S28: H/1H-COSY-NMR spectrum (400 MHz/400 MHz, DCM-d2) of I3. Figure S29:
1H/13C-gHSQC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of I3. Figure S30: 1H/13C-gHMBC-NMR
spectrum (400 MHz/101 MHz, DCM-d2) of I3. Figure S31: 1H-NMR spectrum (400 MHz, DCM-d2) of A4.
Figure S32: 13C{1H}-NMR spectrum (101 MHz, DCM-d2) of A4. Figure S33: 1H/1H-COSY-NMR spectrum
(400 MHz/400 MHz, DCM-d2) of A4. Figure S34: 1H/13C-gHSQC-NMR spectrum (400 MHz/101 MHz,
DCM-d2) of A4. Figure S35: 1H/13C-gHMBC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of A4. Figure
S36: 1H-NMR spectrum (500 MHz, DCM-d2) of L1H. Figure S37: 13C{1H}-NMR spectrum (126 MHz, DCM-
d2) of L1H. Figure S38: 1H/1H-COSY-NMR spectrum (500 MHz/500 MHz, DCM-d2) of L1H. Figure S39:
1H/13C-gHSQC-NMR spectrum (500 MHz/126 MHz, DCM-d2) of L1H. Figure S40: 1H/13C-gHMBC-NMR
spectrum (500 MHz/126 MHz, DCM-d2) of L1H. Figure S41: 1H-NMR spectrum (500 MHz, DCM-d2) of L2H.
Figure S42: 13C{1H}-NMR spectrum (101 MHz, DCM-d2) of L2H. Figure S43: 1H/1H-COSY-NMR spectrum
(400 MHz/400 MHz, DCM-d2) of L2H. Figure S44: 1H/13C-gHSQC-NMR spectrum (400 MHz/101 MHz,
DCM-d2) of L2H. Figure S45: 1H/13C-gHMBC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of L2H.
Figure S46: 1H-NMR spectrum (400 MHz, DCM-d2) of L3H. Figure S47: 13C{1H}-NMR spectrum (101
MHz, DCM-d2) of L3H. Figure S48: 1H/1H-COSY-NMR spectrum (400 MHz/400 MHz, DCM-d2) of L3H.
Figure S49: 1H/13C-gHSQC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of L3H. Figure S50: 1H/13C-
gHMBC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of L3H. Figure S51: 1H-NMR spectrum (500 MHz,
CDCl3) of L4H. Figure S52: 13C{1H}-NMR spectrum (126 MHz, CDCl3) of L4H. Figure S53: 1H/1H-COSY-
NMR spectrum (500 MHz/500 MHz, CDCl3) of L4H. Figure S54: 1H/13C-gHSQC-NMR spectrum (500
MHz/126 MHz, CDCl3) of L4H. Figure S55: 1H/13C-gHMBC-NMR spectrum (500 MHz/126 MHz, CDCl3)
of L4H. Figure S56: 1H-NMR spectrum (500 MHz, DMSO-d6) of [PtCl(L1)]. Figure S57: 13C{1H}-NMR
spectrum (126 MHz, DMSO-d6) of [PtCl(L1)]. Figure S58: 195Pt-NMR spectrum (107 MHz, DMSO-d6)
of [PtCl(L1)]. Figure S59: 1H/1H-COSY-NMR spectrum (500 MHz/500 MHz, DMSO-d6) of [PtCl(L1)].
Figure S60: 1H/13C-gHSQC-NMR spectrum (500 MHz/126 MHz, DMSO-d6) of [PtCl(L1)]. Figure S61:
1H/13C-gHMBC-NMR spectrum (500 MHz/126 MHz, DMSO-d6) of [PtCl(L1)]. Figure S62: 1H-NMR
spectrum (400 MHz, DCM-d2/MeOD-d4) of [PtCl(L2)]. Figure S63: 13C{1H}-NMR spectrum (101 MHz, DCM-
d2/MeOD-d4) of [PtCl(L2)]. Figure S64: 195Pt-NMR spectrum (107 MHz, DCM-d2/MeOD-d4) of [PtCl(L2)].
Figure S65: 1H/1H-COSY-NMR spectrum (400 MHz/400 MHz, DCM-d2/MeOD-d4) of [PtCl(L2)]. Figure
S66: 1H/13C-gHSQC-NMR spectrum (400 MHz/101 MHz, DCM-d2/MeOD-d4) of [PtCl(L2)]. Figure S67:
1H/13C-gHMBC-NMR spectrum (400 MHz/101 MHz, DCM-d2/MeOD-d4) of [PtCl(L2)]. Figure S68: 1H-
NMR spectrum (500 MHz, DCM-d2) of [PtCl(L3)]. Figure S69: 13C{1H}-NMR spectrum (101 MHz, DCM-d2)
of [PtCl(L3)]. Figure S70: 195Pt-NMR spectrum (107 MHz, DCM-d2) of [PtCl(L3)]. Figure S71: 1H/1H-
COSY-NMR spectrum (400 MHz/400 MHz, DCM-d2) of [PtCl(L3)]. Figure S72: 1H/13C-gHSQC-NMR
spectrum (400 MHz/101 MHz, DCM-d2) of [PtCl(L3)]. Figure S73: 1H/13C-gHMBC-NMR spectrum (400
MHz/101 MHz, DCM-d2) of [PtCl(L3)]. Figure S74: 1H-NMR spectrum (400 MHz, DCM-d2) of [PtCl(L4)].
Figure S75: 13C{1H}-NMR spectrum (101 MHz, DCM-d2) of [PtCl(L4)]. Figure S76: 195Pt-NMR spectrum (86
MHz, DCM-d2) of [PtCl(L4)]. Figure S77: 1H/1H-COSY-NMR spectrum (400 MHz/400 MHz, DCM-d2) of
[PtCl(L4)]. Figure S78: 1H/13C-gHSQC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of [PtCl(L4)]. Figure
S79: 1H/13C-gHMBC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of [PtCl(L4)]. Figure S80: 1H-NMR
spectrum (400 MHz, DMSO-d6) of [PtCl(L5)]. Figure S81: 13C{1H}-NMR spectrum (101 MHz, DMSO-d6)
of [PtCl(L5)]. Figure S82: 195Pt-NMR spectrum (86 MHz, DMSO-d6) of [PtCl(L5)]. Figure S83: 1H/1H-
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COSY-NMR spectrum (400 MHz/400 MHz, DMSO-d6) of [PtCl(L5)]. Figure S84: 1H/13C-gHSQC-NMR
spectrum (400 MHz/101 MHz, DMSO-d6) of [PtCl(L5)]. Figure S85: 1H/13C-gHMBC-NMR spectrum
(400 MHz/101 MHz, DMSO-d6) of [PtCl(L5)]. Figure S86: 1H-NMR spectrum (400 MHz, DCM-d2) of A6.
Figure S87: 13C{1H}-NMR spectrum (101 MHz, DCM-d2) of A6. Figure S88: 1H/1H-COSY-NMR spec-
trum (400 MHz/400 MHz, DCM-d2) of A6. Figure S89: 1H/13C-gHSQC-NMR spectrum (400 MHz/101
MHz, DCM-d2) of A6. Figure S90: 1H/13C-gHMBC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of
A6. Figure S91: 1H-NMR spectrum (500 MHz, CDCl3) of L6H2. Figure S92: 13C{1H}-NMR spectrum (126
MHz,CDCl3) of L6H2. Figure S93: 1H/1H-COSY-NMR spectrum (500 MHz/500 MHz, CDCl3) of L6H2.
Figure S94: 1H/13C-gHSQC-NMR spectrum (500 MHz/126 MHz, CDCl3) of L6H2. Figure S95: 1H/13C-
gHMBC-NMR spectrum (500 MHz/126 MHz, CDCl3) of L6H2. Figure S96: 1H-NMR spectrum (400 MHz,
DCM-d2) of L6BrH. Figure S97: 13C{1H}-NMR spectrum (101 MHz, DCM-d2) of L6BrH. Figure S98: 1H/1H-
COSY-NMR spectrum (400 MHz/400 MHz, DCM-d2) of L6BrH. Figure S99: 1H/13C-gHSQC-NMR spectrum
(400 MHz/101 MHz, DCM-d2) of L6BrH. Figure S100: 1H/13C-gHMBC-NMR spectrum (400 MHz/101
MHz, DCM-d2) of L6BrH. Figure S101: 1H-NMR spectrum (500 MHz, DCM-d2) of [PtL6]. Figure S102:
13C{1H}-NMR spectrum (101 MHz, DCM-d2) of [PtL6]. Figure S103: 195Pt-NMR spectrum (86 MHz, DCM-d2)
of [PtL6]. Figure S104: 1H/1H-COSY-NMR spectrum (400 MHz/400 MHz, DCM-d2) of [PtL6]. Figure S105:
1H/13C-gHSQC-NMR spectrum (400 MHz/101 MHz, DCM-d2) of [PtL6]. Figure S106: 1H/13C-gHMBC-
NMR spectrum (400 MHz/101 MHz, DCM-d2) of [PtL6]. Figure S107: Molecular structure of compound I1
in a single crystal and display of the packing. Figure S108: Molecular structure of compound A3 in a single
crystal and display of the packing. Figure S109: Molecular structure of compound A4 in a single crystal
and display of the packing. Figure S110: Molecular structure of compound [PtCl(L2)] in a single crystal and
display of the packing. Figure S111: Molecular structures of compound [PtCl(L4)] in a single crystal and the
display of the distortion of the coordination plane for all three different molecules. Figure S112: Asymetric
cell of the crystal structure of [PtCl(L4)]. Figure S113: Display of the crystal packing of [PtCl(L4)]. Figure
S114: Molecular structure of compound [Pt(L6)] in a single crystal and display of the packing. Figure S115:
Molar absorption coefficient of [PtCl(L1)], [PtCl(L2)], [PtCl(L3)], [PtCl(L4)], [PtCl(L5)] and [Pt(L6)]. Figure
S116: Excitation and emission spectra of [PtCl(L1)] at 298 K in fluid DCM and at 77 K in a frozen glassy
DCM/MeOH matrix. Figure S117: Left: Raw (experimental) time-resolved photoluminescence decay of
[PtCl(L1)] in fluid DCM at 298 K (air-equilibrated), including the residuals. Figure S118: Left: Raw (experi-
mental) time-resolved photoluminescence decay of [PtCl(L1)] in fluid DCM at 298 K (Ar-purged), including
the residuals. Figure S119: Left: Raw (experimental) time-resolved photoluminescence decay of [PtCl(L1)] in
a frozen glassy DCM/MeOH matrix at 77 K, including the residuals. Figure S120: Excitation and emission
spectra of [PtCl(L2)] at 298 K in fluid DCM as a solid and at 77 K in a frozen glassy DCM/MeOH matrix.
Figure S121: Left: Raw (experimental) time-resolved photoluminescence decay of [PtCl(L2)] in fluid DCM at
298 K (air-equilibrated), including the residuals. Figure S122: Left: Raw (experimental) time-resolved photolu-
minescence decay of [PtCl(L2)] in fluid DCM at 298 K (Ar-purged), including the residuals. Figure S123: Left:
Raw (experimental) time-resolved photoluminescence decay of [PtCl(L2)] in a frozen glassy DCM/MeOH
matrix at 77 K, including the residuals. Figure S124: Excitation and emission spectra of [PtCl(L3)] at 298
K in fluid DCM, at 77 K in a frozen glassy DCM/MeOH matrix and as a solid. Figure S125: Left: Raw
(experimental) time-resolved photoluminescence decay of [PtCl(L3)] in fluid DCM at 298 K (air-equilibrated),
including the residuals and IRF. Figure S126: Left: Raw (experimental) time-resolved photoluminescence
decay of [PtCl(L3)] in fluid DCM at 298 K (Ar-purged), including the residuals and IRF. Figure S127: Left: Raw
(experimental) time-resolved photoluminescence decay of [PtCl(L3)] in a frozen glassy DCM/MeOH matrix at
77 K, including the residuals. Figure S128: Excitation and emission spectra of [PtCl(L4)] at 298 K in fluid DCM
and at 77 K in a frozen glassy DCM/MeOH matrix. Figure S129: Left: Raw (experimental) time-resolved
photoluminescence decay of [PtCl(L4)] in a frozen glassy DCM/MeOH matrix at 77 K, including the residuals.
Figure S130: Excitation and emission spectra of [PtCl(L5)] at 298 K in fluid DCM, at 77 K in a frozen glassy
DCM/MeOH matrix and as a solid. Figure S131: Left: Raw (experimental) time-resolved photoluminescence
decay of [PtCl(L5)] in fluid DCM at 298 K (air-equilibrated), including the residuals. Figure S132: Left: Raw
(experimental) time-resolved photoluminescence decay of [PtCl(L5)] in fluid DCM at 298 K (Ar-purged),
including the residuals. Figure S133: Left: Raw (experimental) time-resolved photoluminescence decay of
[PtCl(L5)] in a frozen glassy DCM/MeOH matrix at 77 K, including the residuals. Figure S134: Excitation and
emission spectra of [Pt(L6)] at 298 K in fluid DCM, at 77 K in a frozen glassy DCM/MeOH matrix and as
a solid. Figure S135: Left: Raw (experimental) time-resolved photoluminescence decay of [Pt(L6)] in fluid
DCM at 298 K (air-equilibrated), including the residuals. Figure S136: Left: Raw (experimental) time-resolved
photoluminescence decay of [Pt(L6)] in fluid DCM at 298 K (Ar-purged), including the residuals. Figure S137:
Left: Raw (experimental) time-resolved photoluminescence decay of [Pt(L6)] in a frozen glassy DCM/MeOH
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matrix at 77 K, including the residuals. Table S1: Parameters and data from the single crystal measurements.
Table S2: Selected bond lengths and angles for [PtCl(L2)]. Table S3: Selected bond lengths and angles for
[PtCl(L4)]. Table S4: Selected bond lengths and angles for [Pt(L6)]. Table S5: Complete emission data and
ΦL, as well as exited state lifetime data for each complex in DCM at 298 K and in frozen glassy matrix of
DCM/MeOH at 77 K. References [41,47] are cited in the Supplementary Materials.
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Abstract: A new synthetic route to 1H-1,2,3-triazole-4,5-dithiols (tazdtH2) as ligands for the co-
ordination of NiII, PdII, PtII and CoIII via the dithiolate unit is presented. Different N-protective
groups were introduced with the corresponding azide via a click-like copper-catalyzed azide-alkyne
[3 + 2] cycloaddition (CuAAC) and fully characterized by NMR spectroscopy. Possible isomers
were isolated and an alternative synthetic route was investigated and discussed. After removal of
the benzyl protective groups on sulfur by in situ-generated sodium naphthalide, complexes at the
[(dppe)M] (M = Ni, Pd, Pt), [(PPh3)2Pt] and [(η5-C5H5)Co] moieties were prepared and structurally
characterized by XRD analysis. In this process, the by-products 11 and 12 as monothiolate deriva-
tives were isolated and structurally characterized as well. With regioselective coordination via the
dithiolate unit, the electronic influence of different metals or protective groups at N was investi-
gated and compared spectroscopically by means of UV/Vis spectroscopy and cyclic voltammetry.
Complex [(η5-C5H5)Co(5c)] (10), is subject to a dimerization equilibrium, which was investigated by
temperature-dependent NMR and UV/Vis spectroscopy (solution and solid-state). The thermody-
namic parameters of the monomer/dimer equilibrium were derived.

Keywords: dithiolene complex; 1,2,3-triazole ligands; click chemistry; CuAAC; thiol protective groups

1. Introduction

The award of the Nobel Prize to Sharpless, Meldal and Bertozzi in 2022 represents an
accolade for click chemistry as a powerful synthetic method [1]. The concept of click chemistry
was established as early as 2001 and describes a rapid and precise synthesis of molecules
following the example of nature. The advantages of the method are high atomic efficiency, very
few by-products and high yields while only the use of cheap and simple chemicals and short
reaction time are needed [2]. Classically, click chemistry often includes Diels–Alder reactions,
addition reactions on carbon–carbon double bonds, and especially copper-catalyzed Huisgen
cycloaddition, which can be used for the synthesis of 1H-1,2,3-triazoles [3–5]. Sharpless and
coworkers presented first protocols for the [3 + 2] cycloaddition of azides with terminal
alkynes under Cu-catalyzed reaction conditions [5]. A [3 + 2] cycloaddition between azides
and acetylenes are not regioselective [6–8]. Two regioisomeres with a substituent in 4- or
5-position are formed. Only in the case of electrophilically activated acetylenes is high
regioselectivity possible [5,9,10]. The copper-catalyzed azide-alkyne [3 + 2] cycloaddition
(CuAAC) opens a way for the regioselective synthesis of triazoles. In addition to various
alkyl and aryl substituents, donors such as phosphanes, amines, sulfur and seleniums could
be introduced into the 1H-1,2,3-triazole system as well [11–16]. Introduction of thiol groups
at both 4- and 5-position of the triazole would result in a new ligand with five potential
coordination sites in the form of the dithiolene unit and the N atoms. Both through the
aromatic properties of the 1H-1,2,3-triazole ring and through the specific electronic situation
of the dithiolene unit, the 1H-1,2,3-triazole-4,5-dithiolate (tazdt2−) could serve as a versatile
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bridging ligand between several metal centers. In particular, the electronic properties appear
potentially interesting due to the non-innocent character of the dithiolene unit [17–19]. In
contrast to many other triazoles, a synthesis of 1H-1,2,3-triazole-4,5-dithiols by means of a
click-like copper-catalyzed azide-alkyne [3 + 2] cycloaddition is not known to the best of our
knowledge. So far, synthesis of 1H-1,2,3-triazole-4,5-disulfides was reported in a Ru-catalyzed
[3 + 2] cycloaddition of an azide and a bis(alkylsulfanyl) acetylene at high temperatures
under inert gas atmosphere [16,20]. Alternatively, this synthesis can be carried out with
[(NHC)CuI] (NHC = 1-benzyl-3-n-butyl-1H-benz[d] imidazolylidene) as catalyst. The latter
is easier to use, but the yields are lower compared with the Ru-based catalyst. In addition,
1H-1,2,3-triazoles have been synthesized in an Ir-catalyzed [3 + 2] cycloaddition of internal
mono(alkylsulfanyl)alkynes with an azide [21]. Herein, we present a substantially improved
synthesis of 1H-1,2,3-triazole-4,5-disulfides under CuAAC click conditions using the terminal
benzylsulfanylacetylene. Pitfalls of the reductive removal of S-protective benzyl groups are
identified by isolation of respective thiolato complexes. Finally, we describe coordination of
the corresponding dithiols to group 10 metals and CoIII. The influence of the metal and the
N-protective groups at the triazole on the electronic properties will be discussed.

2. Materials and Methods
2.1. Chemical Reagents and Instruments

Materials, details on physical measurements, X-ray determination data, original NMR
and IR spectra of all products and preparative procedures as well as spectroscopic data of
the only organic products (1–4) are provided in the ESI.

2.2. Synthetic Protocols
2.2.1. General Synthesis of 5

A solution of 2a–c (1 mmol) in THF (50 mL) was treated with sodium (5 mmol) and
naphthalene (2.5 mmol). The red-brown suspension was stirred overnight, then cooled to
0 ◦C. MeOH (10 mL) was added and the mixture was stirred until gas evolution ceased.
For purification, the solution was dried in vacuo, taken up in H2O (40 mL) and washed
three times with Et2O (10 mL aliquots). The aqueous fraction was filtered over celite in a
G3 frit and subsequently acidified with aqueous HCl (pH = 3–4), leading to the formation
of a beige precipitate. The suspension was extracted four times with CH2Cl2 (aliquots of
10 mL). The organic fraction was dried over Na2SO4, filtered and dried in vacuo to isolate
5 as crude products. According to NMR, the samples are not analytically but sufficiently
pure for successful complex synthesis. Potential by-products were characterized in the
form of stable complexes as well (see compounds 11 and 12).

H2-5a, 1.049 g (2.42 mmol) 2a, 0.284 g (12.35 mmol) sodium, 0.777 g (6.06 mmol)
naphthalene: yield 0.174 g (28%, crude product). 1H NMR (CDCl3, δ, ppm, 300 MHz,
298 K): 7.25–7.22 (m, 2 H, H-o-(4-MOB)), 6.92–6.89 (m, 2 H, H-m-(4-MOB)), 5.45 (s, 2 H,
NCH2), 3.81 (s, 3 H, CH3) + additional by-product signals. IR (CH2Cl2, ν̃, cm−1): 3686 (m),
2978 (s), 2873 (s), 2362 (w), 1604 (m), 1510 (m), 1384 (m), 1274 (s), 1110 (s), 763 (s), 697 (s).

H2-5b, 0.649 g (1.401 mmol) 2b, 0.165 g (7.174 mmol) sodium, 0.834 g (6.507 mmol)
naphthalene: yield 0.323 g (40%, crude product). 1H NMR (CD2Cl2, δ, ppm, 300 MHz,
298 K): 7.20–7.17 (m, 1 H, H-(2,4-dMOB)), 6.51–6.48 (m, 2 H, H-(2,4-dMOB)), 5.56 (s, 2 H,
NCH2), 3.82 (s, 3 H, CH3), 3.79 (s, 3 H, CH3) + additional by-product signals. IR (CH2Cl2, ν̃,
cm−1): 2994 (s), 2890 (s), 2824 (s), 2496 (w), 1618 (s), 1509 (s), 1465 (m), 1300 (s), 1210 (s),
1157 (s), 1067 (s), 1038 (s), 901 (s), 840 (m), 697 (m).

H2-5c, 0.632 g (1.53 mmol) 2c, 0.173 g (7.52 mmol) sodium, 0.496 g (3.87 mmol) naph-
thalene: yield 0.356 g (76%, crude product). 1H NMR (THF-D8, δ, ppm, 300 MHz, 298 K):
4.57–4.31 (m, 2 H, NCH2), 1.32–1.18 (m, 2 H, CH2TMS), 0.07 (s, 9 H, CH3-TMS) + additional
by-product signals.
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2.2.2. General Synthesis of the Metal Complexes 6 and 7

In a 50 mL flask 1 equivalent [(dppe)MCl2] (M = Ni, Pd) was suspended in 15 mL
H2O. A solution of 1.1 equivalents 5b in CH2Cl2 (25 mL) and 3 equivalents KOH were
subsequently added. In the two-phase system, a color change from red to green (Ni) or
colorless to violet (Pd) was observed in the lower phase. The reaction system was stirred for
3 days at room temperature. To purify the product, the aqueous phase was removed and the
organic fraction washed four times with H2O (15 mL), dried over Na2SO4 and filtered and
the solvent was removed in vacuo. A column chromatographic purification was carried out
with a CH2Cl2/MeOH solvent mixture (20/1) as a mobile phase. Suitable crystals for X-ray
structure analysis were obtained from a CH2Cl2 solution by slow diffusion of n-pentane.

[(dppe)Ni(5b)] (6), 0.115 g (0.22 mmol) [(dppe)NiCl2], 0.077 g (1.37 mmol) KOH, 0.068 g
(approx. 0.24 mmol) 5b: yield, 0.086 g (54%). Anal. Calcd. for C37H35N3NiO2P2S2: C, 60.18;
H, 4.78; N, 5.69; S, 8.68%. Found: C, 59.79; H, 4.71; N, 5.77; S, 8.57%. 1H NMR (CDCl3, δ, ppm,
300 MHz, 298 K): 7.83–7.75 (m, 8 H, H-Ph), 7.52–7.43 (m, 12 H, H-Ph), 6.93 (d, 3JH,H = 8.3 Hz,
1 H, H-o-(2,4-dMOB)), 6.32 (d, JH,H = 2.4 Hz, 1 H, H-m’-(2,4-dMOB)), 6.28 (dd, 3JH,H = 8.3 Hz,
JH,H = 2.4 Hz, 1 H, H-m-(2,4-dMOB)), 5.20 (s, 2 H, NCH2), 3.73 (s, CH3), 3.61 (s, CH3),
2.40–2.22 (m, 4 H, CH2-dppe). 13C NMR (CDCl3, δ, ppm, 75 MHz, 298 K): 160.3 (s, C-(2,4-
dMOB)), 158.0 (s, C-(2,4-dMOB)), 156.7 (s, C-tazdt), 145.5 (d, 3JC,P = 17.3 Hz, C-tazdt), 133.6
(dd, 3JC,P = 10.6 Hz, JC,P = 2.2 Hz, C-Ph), 131.6 (s, C-Ph), 130.3 (s, C-(2,4-dMOB)), 129.1 (dd,
1JC,P = 46.9 Hz, 3JC,P = 16.1 Hz, C-Ph), 129.0 (dd, 2JC,P = 10.7 Hz, JC,P = 2.8 Hz, C-Ph), 117.5 (s,
C-(2,4-dMOB)), 104.2 (s, C-(2,4-dMOB)), 98.3 (s, C-(2,4-dMOB)), 55.4 (s, CH3), 55.4 (s, CH3),
45.5 (s, NCH2), 27.5–26.8 (m, CH2-dppe). 31P NMR (CDCl3, δ, ppm, 122 MHz, 298 K): 60.5
(d, 2JP,P = 47.9 Hz, P-dppe), 58.7 (d, 2JP,P = 47.9 Hz, P-dppe). IR (CH2Cl2, ν̃, cm−1): 2963 (w),
1614 (m), 1508 (m), 1437 (m), 1261 (s), 1208 (m), 1103 (m), 739 (s), 691 (m), 532 (m).

[(dppe)Pd(5b)] (7), 0.161 g (0.28 mmol) [(dppe)PdCl2], 0.055 g (0.98 mmol) KOH,
0.084 g (approx. 0.30 mmol) 5b: yield 0.097 g (44%). 1H NMR (DMF-D7, δ, ppm, 300 MHz,
298 K): 8.03–7.87 (m, 8 H, H-Ph), 7.66–7.61 (m, 12 H, H-Ph), 6.88 (d, 3JH,H = 8.4 Hz, 1 H,
H-o-(2,4-dMOB)), 6.60 (d, JH,H = 2.3 Hz, 1 H, H-m’-(2,4-dMOB)), 6.49 (dd, 3JH,H = 8.4 Hz,
JH,H = 2.3 Hz, 1 H, H-m-(2,4-dMOB)), 5.17 (s, 2 H, NCH2), 3.83 (s, 6 H, CH3), 3.03–2.86 (m,
4 H, CH2-dppe). 13C NMR (DMF-D7, δ, ppm, 75 MHz, 298 K): 160.9 (s, C-(2,4-dMOB)),
158.0 (s, C-(2,4-dMOB)), 154.5 (dd, 3JC,P = 10.8 Hz, JC,P = 3.9 Hz, C-tazdt), 143.3 (dd,
3JC,P = 12.3 Hz, JC,P = 3.7 Hz, C-tazdt), 133.9 (dd, 3JC,P = 11.4 Hz, JC,P = 7.0 Hz, C-Ph),
132.1 (d, JC,P = 2.4 Hz, C-Ph), 130.7–129.9 (m, C-Ph), 129.4 (s, C-(2,4-dMOB)), 129.3 (dd,
2JC,P = 10.7 Hz, JC,P = 7.3 Hz, C-Ph), 117.3 (s, C-(2,4-dMOB)), 104.8 (s, C-(2,4-dMOB)), 98.4
(s, C-(2,4-dMOB)), 55.6 (s, CH3), 55.3 (s, CH3), 44.6 (s, NCH2), 28.2–27.5 (m, CH2-dppe).
31P NMR (DMF-D7, δ, ppm, 122 MHz, 298 K): 58.4 (d, 3JP,P = 18.0 Hz, P-dppe), 56.1 (d,
3JP,P = 18.0 Hz, P-dppe). MS (ESI-TOF, 9:1 MeOH:H2O with 0.1% HCOOH, m/z): 786 (M +
H+). IR (CH2Cl2, ν̃, cm−1): 3043 (w), 1647 (m), 1437 (m), 1259 (s), 739 (s), 705 (s).

2.2.3. Synthesis of [(dppe)Pt(5b)] (8)

In a 50 mL Schlenk flask [(dppe)PtCl2] (0.088 g, 1.326 mmol) was dissolved in MeOH
(10 mL). A solution of 5b (0.042 g, approx. 1.484 mmol) and KOH (0.017 g, 0.303 mmol)
in MeOH (10 mL) was added. The yellow suspension was diluted with CH2Cl2 (15 mL)
and stirred for 3 days at room temperature. After drying in vacuo the purification was
carried out chromatographically with a CH2Cl2/MeOH solvent mixture (20/1) as mobile
phase. Crystals suitable for X-ray structural analysis were obtained from a saturated
CH2Cl2 solution with n-pentane: yield 0.088 g (75%). 1H NMR (CD2Cl2, δ, ppm, 300 MHz,
298 K): 7.85–7.75 (m, 8 H, H-Ph), 7.52–7.49 (m, 12 H, H-Ph), 6.87 (d, 3JH,H = 8.3 Hz, 1 H,
H-o-(2,4-dMOB)), 6.40 (d, JH,H = 2.4 Hz, 1 H, H-m’-(2,4-dMOB)), 6.33 (dd, 3JH,H = 8.3 Hz,
JH,H = 2.4 Hz, 1 H, H-m-(2,4-dMOB)), 5.18 (s, 2 H, NCH2), 3.75 (s, 3 H, CH3), 3.70 (s, 3 H,
CH3), 2.51–2.45 (m, 4 H, CH2-dppe). 13C NMR (CD2Cl2, δ, ppm, 75 MHz, 298 K): 161.0
(s, C-(2,4-dMOB)), 158.3 (s, C-(2,4-dMOB)), 134.0 (dd, 2JC,P = 11.0 Hz, JC,P = 1.1 Hz, C-Ph),
132.3–132.2 (m, C-Ph), 130.0 (s, C-(2,4-dMOB)), 129.2 (dd, 2JC,P = 11.0 Hz, JC,P = 2.4 Hz,
C-Ph), 117.3 (s, C-(2,4-dMOB)), 104.5 (s, C-(2,4-dMOB)), 98.6 (s, C-(2,4-dMOB)), 55.8 (s, CH3),
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55.7 (s, CH3), 45.8 (s, NCH2), 29.4–28.6 (m, CH2-dppe). 31P NMR (CD2Cl2, δ, ppm, 122 MHz,
298 K): 45.7 (d, 3JP,P = 10.3 Hz, P-dppe, Pt-satellites: dd, 1JP,Pt = 2854.1 Hz, 3JP,P = 10.3 Hz),
45.4 (d, 3JP,P = 10.3 Hz, P-dppe, Pt-satellites: dd, 1JP,Pt = 2782.8 Hz, 3JP,P = 10.3 Hz). MS
(ESI-TOF, 9:1 MeOH:H2O with 0.1% HCOOH, m/z): 874.1354 (M + H+). IR (CH2Cl2, ν̃,
cm−1): 3049 (w), 1437 (m), 1269 (s), 1105 (w), 748 (s), 721 (s), 533 (m).

2.2.4. General Synthesis of 9

In a 50 mL Schlenk flask 1 equivalent [(PPh3)2PtCl2] was suspended in MeOH (10 mL).
A solution of 1.1 equivalents 5a–c and 3 equivalents NaOMe in MeOH (10 mL) and CH2Cl2
(10 mL) was added. After stirring for 3 days at room temperature, the clear yellow solution
was dried in vacuo and purified by column chromatography with CH2Cl2/MeOH solvent
mixture (20/1) as mobile phase. Crystals suitable for X-ray structural analysis were obtained
from a saturated CH2Cl2 solution with n-pentane.

[(PPh3)2Pt(5a)] (9a) and (12), 0.207 g (0.26 mmol) [(PPh3)2PtCl2], 0.034 g (0.63 mmol)
NaOMe, 0.074 g (approx. 0.30 mmol) 5a: yield 0.088 g (76%, 9a). 12 could be isolated from
the first fraction of the same chromatography. 1H NMR (CD2Cl2, δ, ppm, 500 MHz, 298 K):
7.50–7.47 (m, 13 H, H-Ph), 7.38–7.35 (m, 4 H, H-Ph), 7.24–7.18 (m, 13 H, H-Ph), 7.10 (d,
3JH,H = 8.7 Hz, 2 H, H-o-(4-MOB)), 6.76 (d, 3JH,H = 8.7 Hz, 2 H, H-m-(4-MOB)), 4.99 (s, 2 H,
NCH2), 3.78 (s, 3 H, CH3). 13C NMR (CD2Cl2, δ, ppm, 125 MHz, 298 K): 159.7 (s, C-(4-MOB)),
154.7 (d, 3JC,P = 10.8 Hz, C-tazdt), 142.7 (d, 3JC,P = 12.0 Hz, C-tazdt), 135.4 (dd, 3JC,P = 8.3 Hz,
JC,P = 1.9 Hz, C-Ph), 131.2 (dd, JC,P = 3.6 Hz, JC,P = 1.9 Hz, C-Ph), 130.4 (s, C-(4-MOB)) 130.3
(dd, 1JC,P = 59.0 Hz, 3JC,P = 9.2 Hz, C-Ph), 128.1 (dd, 2JC,P = 11.1 Hz, JC,P = 4.5 Hz, C-Ph),
114.0 (s, C-(4-MOB)), 55.6 (s, CH3), 51.0 (s, CH2). 31P NMR (CD2Cl2, δ, ppm, 202 MHz,
298 K): 17.2 (d, 3JP,P = 21.0 Hz, P-dppe, Pt-satellites: dd, 1JP,Pt = 2914.9 Hz, 3JP,Pt = 20.8 Hz),
17.1 (d, 3JP,P = 21.0 Hz, P-dppe, Pt-satellites: dd, 1JP,Pt = 2943.3 Hz, 3JP,Pt = 20.8 Hz). IR
(CH2Cl2, ν̃, cm−1): 1436 (m), 1259 (s), 1094 (m), 738 (s), 708 (s), 525 (m).

[(PPh3)2Pt(5b)] (9b), 0.192 g (0.24 mmol) [(PPh3)2PtCl2], 0.046 g (0.85 mmol) NaOMe,
0.069 g (approx. 0.24 mmol) 5b: yield 0.103 g (42%). Anal. Calcd. for C47H41N3O2P2PtS2:
C, 56.39; H, 4.13; N, 4.20; S, 6.41%. Found: C, 56.66; H, 4.27; N, 4.27; S, 6.63%. 1H NMR
(CD2Cl2, δ, ppm, 500 MHz, 298 K): 7.53–7.43 (m, 12 H, H-Ph), 7.38–7.34 (m, 6 H, H-Ph),
7.23–7.18 (m, 12 H, H-Ph), 6.86 (dd, 3JH,H = 7.98 Hz, JH,H = 0.56 Hz, 1 H, H-o-(2,4-dMOB)),
6.36 (t, JH,H = 2.41 Hz, 1 H, H-m-(2,4-dMOB)), 6.33 (d, JH,H = 2.41 Hz, 1 H, H-m’-(2,4-
dMOB)), 5.03 (s, 2 H, NCH2), 3.78 (s, 3 H, CH3), 3.65 (s, 3 H, CH3). 13C NMR (CD2Cl2,
δ, ppm, 125 MHz, 298 K): 161.0 (s, C-(2,4-dMOB)), 158.5 (s, C-(2,4-dMOB)), 154.2 (dd,
3JC,P = 14.2 Hz, JC,P = 3.2 Hz, C-tazdt), 143.3 (dd, 3JC,P = 16.0 Hz, JC,P = 3.6 Hz, C-tazdt),
135.4 (t, JC,P = 10.8 Hz, C-Ph), 131.2 (dd, JC,P = 12.3 Hz, JC,P = 2.4 Hz, C-Ph), 130.8 (s,
C-(2,4-dMOB)), 130.4 (ddd, 1JC,P = 56.4 Hz, 3JC,P = 29.3 Hz, JC,P = 1.7 Hz, C-Ph), 128.1
(d, 2JC,P = 11.1 Hz, C-Ph), 117.0 (s, C-(2,4-dMOB)), 104.5 (s, C-(2,4-dMOB)), 98.5 (s, C-(2,4-
dMOB)), 55.8 (s, CH3), 55.7 (s, CH3), 45.5 (s, NCH2). 31P NMR (CD2Cl2, δ, ppm, 202 MHz,
298 K): 17.7 (d, 3JP,P = 21.0 Hz, P-dppe, Pt-satellites: dd, 1JP,Pt = 2996.7 Hz, 3JP,Pt = 20.8 Hz),
16.7 (d, 3JP,P = 21.0 Hz, P-dppe, Pt-satellites: dd, 1JP,Pt = 2835.2 Hz, 3JP,Pt = 20.8 Hz). IR
(CH2Cl2, ν̃, cm−1): 3055 (m), 1437 (m), 1268 (s), 1094 (w), 738 (s), 710 (s), 526 (m).

[(PPh3)2Pt(5c)] (9c), 0.260 g (0.33 mmol) [(PPh3)2PtCl2], 0.067 g (1.24 mmol) NaOMe,
0.080 g (approx. 0.34 mmol) 5c: yield 0.238 g (80%). Anal. Calcd. for C43H43N3P2PtS2Si: C,
54.30; H, 4.56; N, 4.42; S, 6.74%. Found: C, 54.37; H, 4.39; N, 4.29; S, 6.43%. 1H NMR (CD2Cl2,
δ, ppm, 500 MHz, 298 K): 7.53–7.47 (m, 12 H, H-Ph), 7.37–7.34 (m, 6 H, H-Ph), 7.23–7.19 (m,
12 H, H-Ph), 3.96–3.92 (m, 2 H, NCH2), 1.05–1.01 (m, 2 H, CH2TMS), −0.06 (s, 9 H, CH3-
TMS). 13C NMR (CD2Cl2, δ, ppm, 125 MHz, 298 K): 154.5 (dd, 3JC,P = 13.7 Hz, JC,P = 3.1 Hz,
C-tazdt), 142.1 (dd, 3JC,P = 15.9 Hz, JC,P = 3.0 Hz, C-tazdt), 135.4 (dd, JC,P = 10.7 Hz,
JC,P = 6.2 Hz, C-Ph), 131.2 (s, C-Ph), 130.6 (s, C-Ph), 128.1 (dd, 2JC,P = 10.7 Hz, JC,P = 5.5 Hz,
C-Ph), 44.4 (s, NCH2), 17.8 (s, CH2TMS), -1.8 (s, CH3-TMS). 31P NMR (CD2Cl2, δ, ppm,
202 MHz, 298 K): 17.4 (d, 3JP,P = 21.0 Hz, P-dppe, Pt-satellites: dd, 1JP,Pt = 2861.0 Hz,
3JP,Pt = 20.9 Hz), 16.9 (d, 3JP,P = 21.0 Hz, P-dppe, Pt-satellites: dd, 1JP,Pt = 2988.1 Hz,
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3JP,Pt = 20.9 Hz). 29Si-NMR (CD2Cl2, δ, ppm, 99 MHz, 298 K): 0.6–0.1 (m, Si-TMS). IR
(CH2Cl2, ν̃, cm−1): 3056 (w), 2967 (w), 1437 (m), 1259 (s), 1094 (m), 724 (s), 526 (m).

2.2.5. Synthesis of 10

In a 50 mL Schlenk flask, 5c (0.081 g, approx. 0.35 mmol) were dissolved in THF
(50 mL). Next, [(η5-C5H5)Co(CO)I2] (0.142 g, 0.35 mmol) and NEt3 (0.11 mL, 0.76 mmol)
were added to the solution. The blue solution was stirred for 4 days at room temperature.
The purification was carried out chromatographically with a CH2Cl2/MeOH solvent
mixture (20/1) as mobile phase. Crystals suitable for X-ray structural analysis were obtained
from a saturated CH2Cl2 solution with n-pentane: yield 0.053 g (43%). 1H NMR (dimer,
CDCl3, δ, ppm, 500 MHz, 298 K): 4.80 (s, 5 H, H-Cp), 4.42–4.30 (m, 2 H, NCH2), 1.49–1.33
(m, 2 H, CH2TMS), 0.16 (s, 9 H, CH3-TMS). 13C NMR (dimer, CDCl3, δ, ppm, 125 MHz,
298 K): 156.0 (C-tazdt), 151.2 (C-tazdt), 88.7 (C-Cp), 45.7 (NCH2), 18.1 (CH2TMS), −1.6
(CH3-TMS). 29Si NMR (dimer, CDCl3, δ, ppm, 99 MHz, 298 K): 1.1–0.4 (m, Si-TMS). MS
(ESI-TOF, 9:1 MeOH:H2O with 0.1% HCOOH, m/z): 356 (M + H+), 710 (M2). IR (CH2Cl2, ν̃,
cm−1): 2968 (w), 2879 (w), 1483 (w), 1267 (s), 846 (s), 748 (s), 708 (s), 558 (m).

2.2.6. Synthesis of 11

In a 50 mL Schlenk flask, a solution of 5a (0.103 g, approx. 0.41 mmol) in THF (30 mL)
was treated with [(η5-C5H5)Co(CO)I2] (0.165 g, 0.41 mmol) and NEt3 (0.12 mL, 0.90 mmol).
The blue solution was stirred for 5 days at room temperature. The purification was carried
out chromatographically with a CH2Cl2/MeOH solvent mixture (20/1). Compound 11
was isolated from the first blue fraction. Crystals suitable for X-ray structural analysis were
obtained from a saturated CH2Cl2 solution with n-pentane. Yield: 0.008 g (1%).

3. Results and Discussion
3.1. Ligand Synthesis

In contrast to the [3 + 2] cyclization reaction using bis(sulfanyl)acetylene described
in a recent publication, mono(sulfanyl)ethyne was used to check whether an insertion of
the second benzylsulfanyl group is more advantageous at the cyclized triazole than at the
alkyne [16]. The synthesis of the sulfur-substituted triazole derivatives 1a–g was carried out by
a CuAAC reaction with an azide bearing the N-protective groups 4-methoxybenzyl (4-MOB),
2,4-dimethoxybenzyl (2,4-dMOB), 3,4-dimethoxybenzyl (3,4-dMOB), 2-(trimethylsilyl)ethyl
(TMS-C2H4), 2,6-dimethylphenyl (Xy), benzyl (Bn) or 2-picolyl (2-Pic) and benzylsulfany-
lacetylene (Scheme 1, Table 1). Simply, CuSO4 · 5 H2O was used here as the catalyst system,
which was reacted in situ with sodium ascorbate (NaAsc) to obtain the catalytically active CuI

(Scheme 1) [5,10,22,23].
After purification by column chromatography, the N-protected 1H-1,2,3-triazole-4-

monosulfides were isolated in yields of 36% to 97% (Table 1) and were characterized by
NMR spectroscopy. It should be noted that the regioselective cyclization led exclusively
to the 4-sulfido derivative, which is in accord with observations of Meldal and Sharp-
less. [5,24] The introduction of the second sulfur substituent is carried out analogously to
synthesis of bis(benzylsulfanyl)acetylene described in the literature. [25] For this purpose,
the corresponding triazoles 1a–g were deprotonated with n-butyllithium at −78 ◦C, reacted
with elemental sulfur and subsequently trapped with benzyl bromide (Scheme 1). After
purification by column chromatography, the corresponding triazoles 2a–e were isolated in
yields between 38% and 89% (Table 1).

In the 1H NMR spectra, 2 new signals were observed at a chemical shift between
3.55 ppm and 3.79 ppm for the CH2 protons of the introduced benzyl group, while the
triazole proton of 1a–g between 7.05 ppm and 7.68 ppm had disappeared (Figures S32–S46).
In the case of compound 1g, the introduction of sulfur at 5-position failed.
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[5,24] The introduction of the second sulfur substituent is carried out analogously to 
synthesis of bis(benzylsulfanyl)acetylene described in the literature. [25] For this purpose, 
the corresponding triazoles 1a–g were deprotonated with n-butyllithium at −78 °C, 
reacted with elemental sulfur and subsequently trapped with benzyl bromide (Scheme 1). 
After purification by column chromatography, the corresponding triazoles 2a–e were 
isolated in yields between 38% and 89% (Table 1). 
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Due to the electron-withdrawing pyridine substituent in the 2-picolyl protective group,
the acidity of the methylene proton is higher than that of the triazole proton. Accordingly,
deprotonation and subsequent methylation with MeI occurs at the N-2-picolyl group to
give 3, as can be observed by the doublet 1H NMR signal at 1.88 ppm for the methyl
group attached to the N-protective group (Figure S49). Also in a [3 + 2] cycloaddition of
bis(benzylsulfanyl)acetylene and 2-picolyl azide with CuSO4/NaAsc as catalyst 2a was
not isolated. A terminal acetylene is necessary for an end-on coordination of the CuI to
catalyze the [3 + 2] cycloaddition [10].
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Nevertheless, this new two-step method for the generation of a disulfide unit on
the 1H-1,2,3-triazole shows clear advantages in comparison with the synthesis described
in the literature. Thus, sensitive and expensive catalyst systems [(NHC)CuI] and [(η5-
C5Me5)(cod)RuCl] are dispensable [16]. Moreover, anaerobic and anhydrous conditions
are not necessary in the first reaction steps and the overall yields are higher. While
Schallenberg et al. achieved a yield of 39% with the benzyl group, a yield of 65% was
realized with the new route [16]. Accordingly, it was also investigated whether the disul-
fide unit can be introduced stepwise into a 1,2,3-triazole by the direct method. For this
purpose, the unsubstituted 1-(4-methoxybenzyl)-1H-1,2,3-triazole was deprotonated with
n-butyllithium and subsequently reacted with elemental sulfur and benzyl bromide for
alkylation (Scheme 1). After chromatographic purification, the 1H NMR spectrum of the iso-
lated product 4 revealed a methylene singlet at 3.67 ppm and a triazole proton at 7.48 ppm,
indicating introduction of the sulfur in 5- instead of 4-position (Figure S52). Interestingly, a
preference for the 5-substituted derivatives was also observed by Fokin et al. by ruthenium-
catalyzed [3 + 2] cycloadditions of terminal alkynes with azides [26–28]. The regioselective
deprotonation can be explained by the greater stabilization of the carbanion in 5-position
due to resonance (Figure 1). Consistently, a subsequent introduction of the second sulfur
substituent at 4-position by the same procedure proved unsuccessful. Respective attempts
always led to the recovery of the starting material, which can be attributed to a lack of
resonance stabilization in the carbanion.
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To enable coordination via dithiolene unit, the benzyl protective groups on sulfur 
must be removed. Due to having the best yields, compounds 2a–c were used for 
coordination experiments. As we previously reported, this could readily be achieved by 
reductive removal with elemental sodium in presence of naphthalene in THF [16]. After 
an acidic work-up, the corresponding dithiols 5a–c were isolated as yellow oils in 
reasonable yields (Scheme 1). The samples are not analytically but sufficiently pure for 
coordination experiments (vide infra). 

3.2. Synthesis of Metal Complexes 
Coordination experiments with 1H-1,2,3-triazoles-4,5-dithiols were performed with 

particular attention to the regioselective dithiolate over N-coordination. The dithiols H2-
5a–c were reacted with the first-row and group-10 transition metals CoIII, NiII, PdII and PtII. 
The CoIII complex 10 was synthesized by reacting the ligand H2-5c with [(η5-
C5H5)Co(CO)I2] in THF in presence of NEt3 (Scheme 2). The reaction progress could be 
observed by a decrease of the CO band in IR spectroscopy and the reaction solution 
turning blue. 

Figure 1. Mesomeric structures after deprotonation.

To enable coordination via dithiolene unit, the benzyl protective groups on sulfur must
be removed. Due to having the best yields, compounds 2a–c were used for coordination
experiments. As we previously reported, this could readily be achieved by reductive removal
with elemental sodium in presence of naphthalene in THF [16]. After an acidic work-up, the
corresponding dithiols 5a–c were isolated as yellow oils in reasonable yields (Scheme 1). The
samples are not analytically but sufficiently pure for coordination experiments (vide infra).

3.2. Synthesis of Metal Complexes

Coordination experiments with 1H-1,2,3-triazoles-4,5-dithiols were performed with par-
ticular attention to the regioselective dithiolate over N-coordination. The dithiols H2-5a–c
were reacted with the first-row and group-10 transition metals CoIII, NiII, PdII and PtII. The
CoIII complex 10 was synthesized by reacting the ligand H2-5c with [(η5-C5H5)Co(CO)I2] in
THF in presence of NEt3 (Scheme 2). The reaction progress could be observed by a decrease
of the CO band in IR spectroscopy and the reaction solution turning blue.

In contrast to the free dithiol H2-5c, the corresponding complex could be purified
by flash chromatography, such that a dark purple compound was isolated and identified
as the Co-complex 10. Further, the dppe-complexes 6 and 7 with group-10 metals were
obtained either by reaction of H2-5b in a two-phase system (CH2Cl2/H2O) with KOH
and the precursors [(dppe)MCl2] {M = Ni, Pd; dppe = 1,2-bis(diphenylphosphino)ethane}
or with [(dppe)PtCl2] and [(PPh3)2PtCl2], respectively, in MeOH using NaOMe as a base.
After aqueous work-up and chromatographic purification, a green Ni compound (6), a
reddish Pd compound (7) and yellow Pt compounds (8 and 9a–c) were isolated.

In addition to the main products, by-products were surprisingly isolated from the reac-
tion mixtures with the crude dithiol H2-5a and corresponding metal precursors (Scheme 3).
From the reaction with [(η5-C5H5)Co(CO)I2], a tetranuclear complex 11 and from the
reaction with [(PPh3)2PtCl2] the by-product 12 were isolated and crystallized.
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3.3. Molecular Structure of the Complexes

The molecular structures of all complexes 6–12 were determined by single-crystal
XRD analysis (Figures 2, 3, S4 and S5). With the exception of the complexes 11 and 12,
which are by-products, all complexes exhibited an exclusive dithiolato coordination. The
molecular structures of the group-10 metals showed the expected square planar geometry,
including a planar dithiolate unit. The deviation from the SCCS planarity fell between
1.0(5)◦ and 3.1(3)◦, which is very much in accordance with the values described in the
literature [29]. Table 2 lists selected bond lengths and angles. In comparison to classical
dithiolene complexes, a larger obtuse bite angle and, related to that, somewhat longer
metal–sulfur bonds are evident [30–33]. The former follows the geometric requirements of
a five-membered backbone ring, in which a regular internal angle leads to a formal C–C–S
angle of 126◦. In addition, comparison of the metric parameters in compounds 9a and 9b
does not show any influence by the protective group on nitrogen in the bonding situation
at the dithiolate unit.
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Table 2. Comparison of essential bond lengths [Å] and bite angles [◦].

C–S C–S C–C M–S1 M–S2/M–S2* S1–M–S2

6 1.726(4) 1.747(4) 1.368(6) 2.199(1) 2.187(1) 95.80(4)
[(dppe)Ni(tazdt-Bn)] [16] 1.719(3) 1.750(3) 1.370(4) 2.1982(8) 2.1925(8) 96.09(3)

7 1.725(5) 1.748(6) 1.381(5) 2.354(2) 2.334(1) 92.99(5)
[(dppe)Pd(tazdt-Bn)] [16] 1.7333(15) 1.7400(17) 1.377(2) 2.3475(4) 2.3397(4) 92.90(1)

8 1.741(6) 1.736(4) 1.369(5) 2.349(1) 2.335(1) 92.15(4)
[(dppe)Pt(dmit)] [34] 1.710(11) 1.716(11) 1.366(16) 2.315(3) 2.308(3) 90.0(1)
[(dppe)Pt(dddt)] [35] - - - 2.3157(13) 2.3235(15) 88.25(5)

9a 1.724(3) 1.739(3) 1.373(3) 2.3344(7) 2.3487(7) 90.82(2)
9b 1.725(5) 1.752(3) 1.369(6) 2.3536(9) 2.336(1) 91.08(4)

[(PPh3)2Pt(dmit)] [36] 1.722(4) 1.750(4) 1.349(6) 2.3319(11) 2.3192(11) 89.22(4)
10 1.718(5) 1.751(7) 1.380(8) 2.278(2) 2.271(1)/2.269(1) 93.81(5)

[(η5-C5H5)Co(Cl3bdt)] [33] 1.734(11) 1.765(11) 1.384(18) 2.211(2) 2.214(3)/2.270(3) 89.61(12)
[(η5-C5H5)Co(bdt)] [32] 1.757(4) 1.783(3) 1.382 2.246(1) 2.230(1)/2.272(1) 89.73(4)

11 1.739(2) 1.739(2) 1.739(2)/1.379(3) 2.2601(7) 2.2721(6) -
12 1.747(3) 1.379(4) 2.3274(7) -

dddt = 5,6-dihydro-1,4-dithiin-2,3-dithiolate; dmit = 1,3-dithiole-2-thione-4,5-dithiolate.

Moreover, when replacing the metal center from NiII (6) to PdII (7) or PtII (8), the
dithiolate moiety does not show significant differences in the bond lengths C1–C2 with
1.368(6) Å to 1.381(5) Å or C1–S1 and C2–S2, which are between 1.725(5) Å and 1.748(6) Å.
On the other hand, the M–S bond lengths show a distinct elongation by going from NiII to
PdII and PtII, which is essentially related to the increasing size of the metal atom. However,
the bond lengths Pd–S in 7 {2.354(2) Å and 2.334(1) Å} and Pt–S in 8 {2.349(1) Å and 2.335(1)
Å} are virtually equal. This effect is well-known and is attributed to the relativistic effect of
the Pt atom and the resulting shrinking of the d orbitals [34].

The molecular structure of 10 in the solid state reveals a dimerization, in which not
only is the CoIII center coordinated by one dithiolate unit, but a third sulfur atom of a
neighboring dithiolate moiety is bound to cobalt and vice versa. The observed dimerization
to (10)2 can be rationalized by fulfilling the 18 valence electron rule. On the other hand,
the monomer constitutes a 16 valence electron complex, which is less stable but more
readily solvated due to the free coordination site. Such dimerization equilibria are regularly
observed in related [(η5-C5H5)Co(dithiolene)] complexes [32,33,37–40].

If the η5-C5H5 ring is considered as occupying a single coordination site, the CoIII

centers show a τ-parameter of 0.76, which is close to τ = 1 of a tetrahedron [41]. The bond
length M–S2* of 2.269(1) Å is comparable to that of M–S1 {2.278(2) Å} and M–S2 {2.271(1)
Å}. In studies on the compounds [CpCo(Cl3bdt)]2 and [CpCo(bdt)]2 (bdt = benzene-1,2-
dithiolate), the Co-S bond lengths fall between 2.211(2) Å and 2.246(1) Å and are again
slightly shorter than the bond lengths determined in 10. [32,33] Accordingly, as described
in the literature, the distance between the Co centers between 3.212(6) Å and 3.2893(4) Å is
slightly shorter than the distance determined in 10 with 3.3055(9) Å. None correspond to a
direct Co-Co bond of 2.32 Å. [21].

A by-product of the reaction of H2-5a with [(η5-C5H5)Co(CO)I2] was isolated after
chromatography and crystallization. The crystal structure of 11 undisclosed an unex-
pected tetranuclear complex, in which the CoIII ions are linked in a cyclic fashion by
N-4-methoxybenzyl-1,2,3-tiazole-5-thiolate ligands (Figure 2). Herein, each CoIII is coordi-
nated by a thiolate of one triazole and by a nitrogen atom in the third position of another.
The coordination sphere of each CoIII center is saturated by one iodide and one η5-C5H5
ligand. This structural motif uncovered the loss of one thiolate substituent at 4-position of
the 1,2,3-triazole ligand.
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Likewise, the triazole ligands in the by-product 12 do not contain a dithiolate unit.
Instead, the two triazole ligands in 12, next to two trans-standing triphenylphosphine ligands,
are coordinated via one remaining thiolate in 4-position in a quadratic planar geometry around
a PtII center. A comparison of complex 12 with 9a with respect to the influence of cis/trans
configuration is interesting, because the ligands are highly similar. The trans arrangement
leads to longer Pt–P1/P1* bonds (2.3220(8) Å) in 12 compared to the cis arrangement in 9a
with Pt–P1/P2: 2.2853(7) Å/2.2944(7) Å, which reflects some symbiotic π-bonding effect in
9a. The successful isolation of low-yield by-products 11 and 12 indicate limitation of side
reactions in the reductive removal of the thiol protective groups. Remarkably, the cleavage of
the whole benzylthiolate is possible both at 4- and 5-position.

3.4. NMR Spectroscopy of Metal Complexes

The phosphine ligands in the complexes 6–8 and 9a–c are valuable probes for the
electronic situation of the metal, which can be investigated by 31P NMR spectroscopy.
The Ni complex 6 as well as the Pd compound 7 show two doublets at chemical shifts of
58.7/60.5 ppm, and 56.1/58.4 ppm, respectively. The observed doublets result from the C1
symmetry and the related chemical non-equivalence of the phosphorus atoms. Consistently,
a slightly smaller coordination chemical shift ∆δ of the Pd-dppe signals is combined
with a lower 31P/31P coupling constant of 18.0 Hz. The Ni-dppe complex 6 shows a
substantially larger coupling constant of 47.9 Hz. The doublet signals for the corresponding
PtII compound 8 were detected at 45.4 ppm and 45.7 ppm, with a coupling constant of
10.5 Hz confirming the trend JP,P(Ni) > JP,P(Pd) > JP,P(Pt) and δ(Ni) > δ(Pd) > δ(Pt). Related
observations were already reported for [(dppe)M(mnt)] (mnt = maleonitriledithiolate)
serving as a selected example [29].

With the change of the ligand dppe to PPh3 in compounds 9a–c, two doublets are observed
at the chemical shift between 16.7 ppm and 17.7 ppm. In addition to the 31P/31P coupling
(JP,P = 21.0 Hz), 31P/195Pt coupling constants between 2861 Hz and 2998 Hz are observed
(Table 3), which are in good agreement with other dithiolene-Pt compounds [31,42,43].

Table 3. Chemical shifts in 31P NMR spectroscopy and the respective coupling constants.

M δ [ppm] JP,P [Hz] JP,Pt [Hz]

6 Ni 60.5/58.7 47.9 -
7 Pd 58.4/56.1 18.0 -
8 Pt 45.7/45.4 10.5 2778/2760
9a Pt 17.2/17.1 21.0 2915/2943
9b Pt 17.7/16.7 21.0 2862/2998
9c Pt 17.4/16.9 21.0 2861/2988

Here, the PPh3 is particularly well-suited for observing changes in the electronic
situation of the complex by means of 31P-NMR spectroscopy [42]. The individual N-
protective group in 9a–c exerts only a minor influence on the 31P/195Pt coupling constant.
However, the slightly differing trans effect of the asymmetric dithiolate on the phosphines
is reflected in the variance of the 31P/193Pt coupling constant, spanning ∆J range from
28 Hz (9a) to 136 Hz (9b).

3.5. Electronic Structure Elucidation

The different electronic situation in compounds 6–8 is revealed by UV/Vis spec-
troscopy and cyclic voltammetry. Figure 4 shows the UV/Vis spectra of compounds 6,
7 and 8. In the visible range between 400 and 700 nm characteristic absorption bands at
409 nm (8), 523 nm (7) and 602 nm (6) are observed, which are responsible for the charac-
teristic color of the compounds: green (6), red (7) and yellow (8). According to TD-DFT
calculations, the underlying excitation can be assigned to a dithiolate-π to metal-d tran-
sition. Hence, the trend 6 > 7 > 8 in λ reflect the increasing ligand field splitting in the
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order Ni, Pd, Pt. Consistently, in cyclic voltammetry, a reduction process requires lower
potentials for heavier metals. The Ni compound 6 shows a reversible NiII/NiI reduction
with a half-step potential of −1.79 V, while an irreversible signal at a potentials of −2.14 V
and −2.60 V, respectively, are observed for complexes 7 and 8. DFT calculations on re-
lated Ni and Pd dppe complexes of N-2,6-dimethylphenyltriazole-4,5-dithiolate and the
corresponding anions resulted that the reversible reduction NiII,I is based on a substantial
distortion to tetrahedral, which is not relevant for Pd and Pt. Accordingly, the calculated
∆G value for the reduction are higher for Pd and Pt compared with Ni. [16].
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3.6. Investigation of Dimerization

The dimerization of complex 10 to form (10)2 found in the solid state could be of great
interest for the assembly of coordination polymers on multiple N-coordinated triazole lig-
ands at one metal ion. Therefore, the dimerization equilibrium in solution was investigated
by 1H NMR and UV/Vis spectrometry as well as cyclic voltammetry. Variable temperature
1H NMR demonstrated that at concentrations of about 0.02 mol/L, the dimer at 4.79 ppm
prevails (Figure 5, right), while the monomer is detected at 5.48 ppm. A dimerization
constant KD of 290 L/mol was determined at 25 ◦C and a Van’t-Hoff plot of KD at de-
creasing temperatures resulted a ∆H value of −10.63 kcal/mol and ∆S of −23.6 cal/mol·K
(Figure S89). In contrast, in UV/Vis spectroscopy at about 2 × 10−4 mol/L in CH2Cl2 the
monomer is dominant. The violet crystals yielded a dark blue solution. Two absorption
bands, at 485 nm and 619 nm, respectively, were observed in the visible range. For the
solid state, reflectance UV/Vis spectroscopy was carried out (Figure 5, left). The absorp-
tion bands at 351 nm and 510 nm apparently belong to the dimer (10)2. Accordingly, the
strongest absorption band at 619 nm is assigned to a dithiolate-π to CoIII charge trans-
fer in the monomer 10. Compared to the complex [(η5-C5H5)Co(bdt)] (λ = 566 nm), the
band is bathochromicly shifted by 1500 cm−1. [44] This difference can be attributed to the
stronger dithiolate character in 1H-1,2,3-triazole-4,5-dithiolate ligands compared with the
benzene-1,2-dithiolate, which shows a stronger conjugation to the aromatic system due to
better electronegativity matching. Comparable charge transfer bands were reported for
many other semi-sandwich complexes with a cobalt dithiolene ligand. [45–47] As expected,
the equilibrium between the monomer and the dimer can be influenced by changing the
temperature between 0 ◦C and 40 ◦C. An increased temperature results in an increased
concentration of the monomer at 619 nm.

The cyclic voltammograms of 10 were measured at a concentration range, at which
the dimer (10)2 is the main species (Figure 6). The signal at a potential E1/2 of −0.99 V
for the CoIII/CoII redox couple exhibits quasi-reversible features. The peak difference
increases from 370 mV at a scan rate of 100 mV/s to 520 mV at 300 mV/s, which supports a
weakly coupled two-electron process for (10)2. In addition, irreversible oxidation at about
+0.8 V causes the appearance of a new signal at slightly higher potential compared with the
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original CoII/CoIII couple. This can reasonably be assigned to the monomer, because, being
easier to reduce, the 16 valence electron monomer 10 should exhibit a higher potential.
Apparently, one-electron oxidation leads to a release of the monomer 10.
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4. Conclusions

In this publication, a new synthetic route for the assembly of 1H-1,2,3-triazole-4,5-
dithiolenes was presented, which made use of click chemistry. Instead of complicated,
expensive and sensitive catalysts, very high yields of the mono-substituted triazole sulfides
1 could be achieved using CuSO4 in CuAAC. The second sulfur substituent could be
introduced by facile deprotonation of the triazole ring and subsequent reaction with
sulfur and benzyl bromide, yielding the triazole disulfides 2. Nevertheless, this new
synthetic method for the generation of a dithiolene unit at the 1H-1,2,3-triazole shows clear
advantages in comparison with the synthesis described in the literature. [16] In addition,
all attempts at a direct introduction of both sulfide substituents into the prototype 1H-
1,2,3-triazole led exclusively to the monosulfide isomers 4. Subsequent reductive removal
of the S-protective groups with sodium in THF in the presence of naphthalene yielded
the desired dithiol derivatives. However, by-products indicating a competing removal
of the whole benzyl thiolate at either 4-or 5-position, respectively, were isolated in form
of CoIII and PtII complexes (11 and 12). In coordination experiments with the dithiols,
several complexes with NiII, PdII, PtII and CoIII could be isolated and fully characterized. It
was shown that dithiolate coordination dominates the coordination behavior. Neither the
coordinated metal (6, 7, 8) nor the protective group at the nitrogen atom of the triazole (9a–c)
have a strong effect on the electronic situation at the dithiolate unit. With coordination
of the [(η5-C5H5)Co] moiety, a 16 valence electron CoIII center could be introduced at the
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dithiolate unit giving complex 10. Instead of a conceivable coordination of a triazole N
atom, this complex showed a dimerization via dual µ-sulfur coordination in the solid state.
By means of a temperature-dependent NMR and UV/Vis spectroscopic measurements
completed by cyclic voltammetry, the thermodynamic parameters of the monomer–dimer
equilibrium were determined.
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Abstract: Copper(II) clusters of the type [CuII
4OCl6L4] (L = ligand or solvent) are a well-studied

example of inverse coordination compounds. In the past, they have been studied because of their
structural, magnetic, and spectroscopic features. They have long been believed to be redox-inactive
compounds, but recent findings indicate a complex chemical equilibrium with diverse mononuclear
as well as multinuclear copper(I) and copper(II) compounds. Furthermore, depending on the ligand
system, such cluster compounds have proven to be versatile catalysts, e.g., in the oxidation of cyclo-
hexane to adipic acid. This report covers a systematic study of the formation of [CuII

4OCl6(TPP)4] and
[CuII

4OCl6(TPPO)4] (TPP = triphenylphosphine, PPh3; TPPO = triphenylphosphine oxide, O=PPh3)
as well as the redox equilibrium of these compounds with mononuclear copper(I) and copper(II)
complexes such as [CuIICl2(TPPO)2], [{CuIICl2}2(TPPO)2], [{CuIICl2}3(TPPO)2], [{CuII

4Cl4}(TPP)4],
and [CuICl(TPP)n] (n = 1–3).

Keywords: coordination chemistry; copper clusters; inverse coordination; µ4-oxido copper clusters;
TPP; TPPO

1. Introduction

Copper(II) clusters of the type [CuII
4OCl6L4] (L = ligand or solvent) are a well-studied

example of inverse coordination compounds [1–3]. The first example of these compounds
was reported for [CuII

4OCl6(TPPO)4] (TPPO = triphenylphosphine oxide) by Bertrand et al.
in 1966 [4]. In the past, such compounds mainly have been investigated regarding their
magnetic properties [4–8]. Although these clusters were initially not considered to be of in-
terest concerning their reactivity, recent findings indicate their catalytic activity, for example,
in the conversion of cyclohexane to adipic acid [9–13]. However, studies of the reactivity of
such compounds can be challenged by the complex chemical equilibrium through which
they are linked to other mononuclear and multinuclear compounds [14–16]. With this in
mind, we were particularly interested in [CuII

4OCl6(TPP)4] (TPP = triphenylphosphine)
and [CuII

4OCl6(TPPO)4]. To date, it is unknown if these compounds are also a part of
such a complex chemical equilibrium. Yet, it is known that the redox reaction of simple
Cu(II) salts with phosphines leads to Cu(I) and TPPO [17–19]. This redox reaction already
occurs if traces of H2O and/or O2 are present and leads to a number of mononuclear
and dinuclear copper complexes. E.g., Makáňová et al. described the mononuclear Cu(I)
complexes [CuICl(TPP)n] (n = 1, 2, 3) as well as the Cu(II) complex [CuIICl2(TPPO)n)]
(n = 2, 4) as products of the reaction of CuCl2 with TPP in acetone under inert conditions.
Interestingly, [CuII

4OCl6(TPPO)4] was also found in this mixture, which already hints at a
complex chemical equilibrium of mononuclear and multinuclear compounds [17]. Both
TPP and TPPO are widely used ligands in coordination chemistry. TPP and its derivatives
are mainly studied for the luminescent properties of their copper(I) complexes [20–24],
which makes the chemical equilibrium with other copper compounds of interest.

In general, the preference of Cu(I) for TPP and Cu(II) for TPPO (as predicted by the
HSAB concept) results in a high number of Cu(II)-TPPO and Cu(I)-TPP complexes. In

Chemistry 2023, 5, 1288–1301. https://doi.org/10.3390/chemistry5020087 https://www.mdpi.com/journal/chemistry
252



Chemistry 2023, 5

contrast, few Cu(II)-phosphine complexes are known. In addition to [CuII
4OCl6(TPP)4] [25],

one exception is [CuII(hfac)2PR3] with the chelating ligand hfac = hexafluoroacetylaceto-
nate [26].

In this report, a systematic study concerning the formation of [CuII
4OCl6(TPP)4] and

[CuII
4OCl6(TPPO)4] is presented. Furthermore, the chemical equilibrium with other Cu(I)

and Cu(II) compounds is investigated. Therefore, three synthetic procedures that are known
to yield [CuII

4OCl6L4] (L = ligand with amine donor or solvent) have been investigated
with regard to the possible formation of [CuII

4OCl6(TPPO)4] and [CuII
4OCl6(TPP)4]. Our

results establish the complex redox equilibrium of mononuclear and multinuclear Cu(I)
and Cu(II) compounds and expands the already known set of TPP- and TPPO-containing
compounds that are part of this equilibrium.

2. Materials and Methods

Preparation of [CuII
4OCl6(MeOH)4]. [Cu4

IIOCl6(MeOH)4] was prepared according to
procedures described in the literature and under inert conditions (under N2 atmosphere,
dried solvents) [25]. CuCl2 (6.72 g, 50.0 mmol) and CuO (1.43 mg, 18.0 mmol) were
suspended in absolute MeOH (20 mL) and heated to reflux for 5 h. Then, insoluble solid
was filtered off the hot reaction mixture. The solvent of the filtrate was removed, which
yielded an ochre-colored solid that was dried in vacuum. Yield: 2.47 g (4.03 mmol, 24%).

Preparation of [CuII
4OCl6(CH3CN)4]. Synthesis was carried out under inert conditions.

CuCl2·2H2O (0.60 g, 3.52 mmol, 1.0 eq.), CuCl2 (3.20 g, 23.8 mmol, 6.9 eq.), and sodium
tert-butylate (0.75 g, 7.50 mmol, 2.1 eq.) were suspended in absolute CH3CN (20 mL). After
heating to reflux for 2 h, the precipitate was filtered off the hot suspension and discarded.
The red filtrate was stored at 4.5 ◦C. Based on previous experience (yield ca. 90%) the
concentration was estimated to be 0.34 mol·L−1.

Preparation of [CuII
4OCl6(TPP)4] (1). Preparation of 1 was carried out according to

procedures described in the literature [25]. Synthesis was carried out under inert conditions.
[CuII

4OCl6(MeOH)4] (350 mg, 0.57 mmol, 1 eq.) was dissolved in absolute diethyl ether
(50 mL). A solution of TPP (681 mg, 2.60 mmol, 4.6 eq.) in diethyl ether (10 mL) was added
dropwise, which yielded a black-brownish precipitate. This solid was filtered off, washed
with diethyl ether (10 mL), dried under vacuum, and stored under inert conditions. Yield:
439 mg (0.28 mmol, 50%).

Preparation of 1-crude. CuCl2 (2.22 g, 16.5 mmol, 2.8 eq.), CuO (0.47 g, 5.90 mmol,
1 eq.), and TPP (5.90 g, 22.5 mmol, 4.1 eq.) were suspended in dry methanol (15 mL)
under inert conditions and heated to reflux for 3 h. After hot filtration, the filter cake was
discarded. Removal of the solvent yielded a dark green solid.

Preparation of 1a–1c. A fixed amount of CuCl2·2H2O (100 mg, 0.57 mmol, 1 eq.) was
dissolved in acetone (3 mL) under atmospheric conditions and a varying amount of TPP
(0.5–4 eq.) in acetone (2–4 mL) was slowly added. After a few minutes, a precipitate
formed, which was filtered, washed with a small amount of acetone (6 mL), and dried
under vacuum. [CuICl(TPP)] (1a): Addition of 0.5 eq. TPP (78 mg, 0.29 mmol). Yield: 13 mg
(0.035 mmol, 12%). Alternatively: addition of 1 eq. TPP (153 mg, 0.58 mmol). Yield: 77 mg
(0.21 mmol, 37%). [CuICl(TPP)2] (1b): addition of 2 eq. TPP (308 mg, 1.17 mmol). Yield:
235 mg (0.36 mmol, 63%). [CuICl(TPP)3] (1c): addition of 4 eq. TPP (613 mg, 2.35 mmol).
Yield: 435 mg of 1c that contained 1.5 eq. of acetone (0.48 mmol, 84%, corrected yield for
pure 1c: 78%).

Preparation of [CuII
4OCl6(TPPO)4] (2). Recrystallization of 2-crude from acetone via a

diethyl ether diffusion yielded red crystals of 2. The yield was not determined.
Preparation of 2-crude. CuCl2 (1.11 g, 8.24 mmol, 2.8 eq.), CuO (0.24 g, 2.98 mmol,

1 eq.), and TPPO (3.15 g, 11.3 mmol, 3.8 eq.) were suspended in dry methanol (10 mL)
under inert conditions and heated to reflux for 3 h. After filtration of the hot suspension,
the solvent was removed from the dark green filtrate, which yielded an ochre-colored
solid (2.7 g).
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Preparation of [CuIICl2(TPPO)2] (2a). Recrystallization of 1-crude from acetone via a
diethylether diffusion yielded yellow crystals of 2a. The yield was not determined.

Preparation of [CuIICl2(TPPO)2]·[{CuIICl2}2(TPPO)2] (2a·2b). We obtained 2a·2b by
recrystallization of 2-crude via diethyl ether diffusion from CH3CN under atmospheric
conditions. Yield: A few green crystals.

Preparation of [{CuIICl2}3(TPPO)2] (2c). Recrystallization of 2-crude from a mixture of
DCM:MeCN (8:1) via diethyl ether diffusion at 4.8 ◦C yielded a few green crystals of 2c.

Preparation of [{CuI
4Cl4}(TPP)4] (3). Recrystallization of 1-crude from acetone via a

diethyl ether diffusion under inert conditions yielded colorless crystals of 3. Yield: 34.0 mg.

3. Results

There are three synthetic routes that are known to yield [CuII
4OCl6L4] (L = ligand):

(a) template reactions of the solvento cluster [CuII
4OCl6(MeOH)4] (MeOH = methanol)

with the corresponding ligand L [5,25]; (b) the reaction of CuO, CuCl2, and L in a dry and
refluxing solvent, e.g., methanol [25]; and (c) the reaction of CuCl2·2H2O with L in methanol
under atmospheric conditions [14,15]. With the exception of the preparation of 1 via a
template synthesis, none of these synthetic protocols has been tested for L = TPP/TPPO
before. In the following, the results of all three procedures are described for L = TPP/TPPO.

3.1. Template Reactions of [CuII
4OCl6(MeOH)4] with TPP/TPPO

The literature describes the preparation of [CuII
4OCl6(TPP)4] (1) under inert condi-

tions via the template reaction of the solvento cluster [CuII
4OCl6(MeOH)4] with TPP [5,25].

Following this procedure, we were able to obtain 1 from the reaction of the solvento cluster
[CuII

4OCl6(MeOH)4] with TPP; however, the choice of solvent (and possibly remaining
traces of H2O) was of great importance for the success of this synthesis: According to the
literature, when [CuII

4OCl6(MeOH)4] was suspended in diethyl ether and TPP (dissolved
in diethyl ether) was added, 1 precipitated as amorphous black solid and could be iso-
lated. We additionally repeated this procedure in methanol and, in contrast, when mixing
[CuII

4OCl6(MeOH)4] with TPP in methanol, the solution turned dark for a few seconds
and then decolorized to form a colorless precipitate, a behavior that has not been described
as yet. This precipitate turned out to be a mixture of diverse [CuICl(TPP)n] (n = 1: 1a, n = 2:
1b, n = 3: 1c) complexes. These complexes have been described previously by Makáňová
et al.; however, they had obtained them from the reaction of pure CuCl2 with TPP in dry
acetone [17]. Similarly, 1c has been described by Jardine et al., who obtained 1c by heating
CuCl2·2H2O and TPP in ethanol to reflux [27].

We characterized 1 via IR spectroscopy and elemental analysis (see Supplementary
Materials). Despite much effort, it was not possible to obtain crystals suitable for X-ray
diffraction analysis. Instead, if the diethyl ether solution was stored for a longer time period,
colorless crystals formed that were isolated and determined to the already known cubane
cluster [{CuI

4Cl4}(TPP)4] (3, Figure 1). Similarly, as for 1a–1c, the formation of 3 has already
been described for the reaction of CuCl2·2H2O with TPP (1:1.5) in hot ethanol [27]. Thus,
even though this reactivity has not been observed for clusters of the type [CuII

4OCl6L4],
the reduction of Cu(II) to Cu(I) fits with previously described observations in the literature,
which describe the reduction of Cu(II) to Cu(I) by an excess of TPP [17–19].

The spectroscopic and spectrometric characteristics of 3 are in accordance with previ-
ously reported characteristics and are listed in the Supplementary Materials. Interestingly,
few red crystals of 2 also occurred as side product.

To obtain pure 2, a similar procedure as for the preparation of 1 was applied. Therefore,
TPPO was added to a solution of [CuII

4OCl6(CH3CN)4] in CH3CN. However, and despite
the solvent used, it was not possible via this attempt to isolate pure 2. Instead, this attempt
led to [CuII

4OCl6(CH3CN)4-n(TPPO)n], a mixture of heteroleptic and homoleptic µ4-oxido
clusters with varying amounts of CH3CN/TPPO ligands, which will be reported elsewhere.
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Figure 1. Molecular structure of 3. Thermal ellipsoids at 50%. Hydrogen atoms omitted for clarity.

3.2. Reaction of CuO, CuCl2, and TPP/TPPO

Another common synthetic route for the preparation of [CuII
4OCl6L4] starts from the

simple Cu(II) salts CuO and CuCl2. Here, CuO, CuCl2, and the ligand are suspended in a
dry solvent, e.g., methanol, and are heated to reflux [25]. To date, the preparation of either
one of 1 or 2 has not been tested via this procedure. To obtain 2, we mixed CuO, CuCl2,
and TPPO in dry methanol and heated it to reflux for 3 h. We obtained an ochre-colored
crude product (2-crude), from which several Cu(II) complexes could be obtained. For this,
we recrystallized 2-crude from diverse solvents via diethyl ether diffusion. Depending on
the solvent used (e.g., acetone, dichloromethane, CH3CN or CHCl3), we obtained different
complexes that are described below. When using acetone, red cubic crystals of 2 (Figure 2)
were obtained.
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Crystallization of 2 occurred in the cubic space group F
−
43c and was first described in

1966 by Bertrand and Kelley, who obtained 2 by recrystallization of [CuIICl2(TPP)2] from
methyl isobutyl ketone [4]. The central oxide is inversely coordinated by four Cu(II) centers,
yielding a tetrahedron, in which the four Cu(II) centers occupy the corners. Each Cu(II)
center is coordinated by three additional Cl- anions in the equatorial plane and one TPPO
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ligand in the axial position, thus generating a trigonal bipyramidal coordination geometry
for each Cu(II) center. The parameters determined are in good agreement with parameters
already published (see Supplementary Materials) and are not discussed herein. Even
though such µ4-oxido copper clusters are known to be sensitive to moisture [14,25,28,29], 2
can be stored under atmospheric conditions for weeks without being hydrolyzed. In fact,
we even observed the formation of 2 under air when mixing CuCl2·2H2O with TPP (vide
infra). One reason for this behavior could be the shielding of the central oxide by the rather
bulky TPPO ligands; however, as highlighted by the space-filling model of 2 (Figure 2b),
the central oxide remains accessible. Accordingly, the shielding effect by TPPO cannot be
the main reason for the comparatively high stability against moisture.

Interestingly, when storing the crystallization solution (acetone) for a couple of weeks,
the yellow-colored and already known complex [CuIICl2(TPPO)2] (2a, Figure 3) slowly
co-crystallized. Instead of the preferred square-planar coordination geometry for Cu(II)
ions, a slightly elongated tetrahedron is observed in 2a. Depending on the severity of
tetragonal distortion, two isomers, α and β, with distinct spectroscopic features, can be
distinguished [30,31]. The yellow-colored α-[CuIICl2(TPPO)2], which also is described
within this report, is thermodynamically more stable.
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Figure 3. (a) Molecular structure of 2a. Thermal ellipsoids set at 50%; (b) space-filling model of 2a.
Chosen bond distances: Cu1-O1: 1.9627(19) Å, Cu1-O2: 1.9711(19) Å, Cu1-Cl1: 2.1827(8) Å, Cu1-Cl2:
2.1870(8) Å.

Goodgame and Cotton first obtained 2a in 1961 and studied its configuration [32].
They obtained 2a by the reaction of CuCl2·H2O and TPPO in ethanol with subsequent
recrystallization from butanone. Additionally, 2a has been prepared from the reaction of
CuCl2 and TPP in an ethanol/acetone mixture at room temperature [17]. The spectroscopic
features of 2a are in accordance with those described in the literature and are listed in the SI.

When using a mixture of CH2Cl2 or CHCl3 and CH3CN (ratio 4:1) for the recrys-
tallization of 2-crude, again, 2a was obtained. By increasing the amount of CH3CN in
the CH2Cl2/CH3CN solvent mixture, we obtained two similar and as yet unknown com-
pounds, which only differ in the number of {CuCl2} units. Recrystallization of 2-crude
from pure CH3CN led to green needles of [CuIICl2(TPPO)2]·[{CuIICl2}2(TPPO)2] (2a·2b). In
contrast, a mixture of CH2Cl2/CH3CN (8:1) yielded green needles of [{CuIICl2}3(TPPO)2]
(2c, Figure 4).
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Compound 2b forms individual complex units that pack in a 1:1 ratio with molecules of
2a in the crystal structure. Both Cu(II) centers show a distorted square-planar coordination
geometry, which also is observed for 2a; however, in 2a, the distortion is much more
pronounced, as indicated by the τ4 value of 0.59, which even suggests a rather distorted
tetrahedral geometry [33]. In 2b, the τ4 value is 0.36 and, thus, much closer to the ideal
square-planar geometry (τ4 = 0) than to a tetrahedron (τ4 = 1). As a consequence of
the dinuclearity of 2b, the Cu-Cl bond distances in the central {Cu2Cl2} diamond are
elongated by appr. 3.6% in comparison to the terminal Cu-Cl bond distances. The latter
are comparable to the Cu-Cl bond distances in 2a. Additionally, the Cu-O bonds in 2b
are shorter by appr. 2.8% than in 2a. In contrast to 2a and 2b, 2c forms zigzag-like
chains, in which the [{CuIICl2}3(TPPO)2] units are linked via the terminal copper centers
of the {Cu3Cl6} units (Figure 5). As a result, the terminal Cu(II) centers display a trigonal-
bipyramidal coordination geometry with two Cl− anions and the oxygen atom of TPPO
in the equatorial plane. The central Cu(II) center shows a square-planar geometry and
lies in the same plane as the other two Cu(II) centers. In general, copper(II) halides are
known to form chain-like structures with repeating {CuX2} units; e.g., for CuCl2 and
CuBr2, researchers involved in this study have previously reported similar compounds
with CH3CN instead of TPPO as ligands [15,16].

To complete our investigations, we repeated the synthetic experiment with TPP instead
of TPPO. Thus, instead of mixing CuO and CuCl2 with TPPO, we added TPP and heated
the suspension in dry methanol to reflux for 3 h. After filtration and removal of the solvent
from the filtrate, a green-colored solid (1-crude) was obtained. Recrystallization of 1-crude
from acetone yielded 2a as the main product. The formation of 2a can be explained by
the redox reaction of the redox pairs Cu(II)/Cu(I) and TPP/TPPO; however, the origin of
oxygen is not certain. It is known that traces of H2O in dry solvents leads to the oxidation
of TPP to TPPO [17], but at the same time, CuO could have been the oxidant and origin
of the oxygen atom. In accordance with the oxidation of TPP to TPPO, the reduction of
Cu(II) to Cu(I) was observed: Additionally to 2a, colorless crystals of CuCl and the new
compound CuCl·CH3CN (Figure 6) were found in the sample. In contrast to pure CuCl,
CuCl·CH3CN crystallized as a zigzag ladder structure of {Cu2Cl2} diamonds, in which
the copper(I) ions are coordinated by three chloride ions. The additional CH3CN ligand
completes the tetrahedral coordination geometry. The Cu-Cl bond distances are 2.390(6) Å
and thus, slightly elongated in comparison to those of pure CuCl (d(Cu-Cl): 2.339(6) Å).
The structure is isostructural with the previously reported structure of CuBr·CH3CN [15].
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Interestingly, similar structures containing TPP or triethylphosphine (PEt3) are known;
however, [{CuIBr}4(TPP)4], [{CuII}4(TPP)4], and [{CuIBr}4(PEt3)4] are described as tetramers
with a step configuration and not as coordination polymer [18,34–36]. A similar ladder-like
structure with phosphine is only known for tetraphosphine ligands that yield octanuclear
complexes with CuX (X = Cl, Br, I) [37].
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Interestingly, when refluxing CuO, CuCl2, and TPP in acetone instead of methanol, a
gray-colored [CuICl(TPP)n] (n = 1, 2, 3) precipitate also appeared. After separation from the
liquid, 3 could be crystallized from the filtrate via diethyl ether diffusion. In general, it is
known that even at room temperature, simple Cu(II) and Cu(I) complexes are in a chemical
equilibrium with multinuclear species [14,15]. Here, the formation of the main products can
be influenced by the stoichiometric ratio of the reactants [14,15]. A similar observation was
described by Makáňová et al., who investigated the reactivity of CuCl2 with TPP in acetone
with the ratios 1:1 and 1:4 [17]. When using equimolar amounts of CuCl2 and TPP, the Cu(I)
compounds [CuICl(TPP)] (1a), [CuICl(TPP)2] (1b), and [CuICl(TPP)3] (1c) were obtained.
However, when applying an excess of TPP, the Cu(II) compounds [CuIICl2(TPPO)2] (2a),
[CuIICl2(TPPO)4]·2H2O, and [CuII

4OCl6(TPPO)4] (2) were obtained. In contrast, in our
studies, we could observe a mixture of Cu(II) and Cu(I) compounds without varying the
stoichiometric ratios but varying the reaction conditions/starting materials.

3.3. Reaction of CuCl2·2H2O and TPP/TPPO under Atmospheric Conditions

It is known that depending on the ligand, [CuII
4OCl6L4] can be prepared by simply

mixing L with CuCl2·2H2O in methanol [14,15]. Here, it is important to carry out the
reaction under atmospheric conditions to provide an oxygen source. Additionally, the
stoichiometric ratio of the reactants governs the reaction outcome because of the complex
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chemical equilibrium of [CuII
4OCl6(L)4] with simple copper complexes [14,15]. As de-

scribed above, the outcome of the reaction between CuCl2 and TPP under inert conditions
can be influenced by the stoichiometric ratio of the reactants as well [17]. Thus, to complete
our studies, we carried out similar reactions to Makáňová et al. In contrast to Makáňová
et al., we used non-dry copper(II) chloride, carried out the reactions under atmospheric
conditions, and expanded the range of the stoichiometric ratio by the inclusion of the
ratios (Cu:TPP) 0.5:1 and 1:2. Therefore, we added TPP in various ratios to a solution of
CuCl2·2H2O in acetone at room temperature. Table 1 summarizes the products that could
be isolated from these reaction mixtures.

Table 1. Stoichiometric ratios and products isolated from the reaction of CuCl2·2H2O with TPP under
atmospheric conditions in acetone.

Entry Cu(II):TPP Isolated Product Yield

1 1:0.5 [CuII
4OCl6(TPPO)4] (2)

[CuICl(TPP)] (1a)
Few crystals

12%
2 1:1 [CuICl(TPP)] (1a) 37%
3 1:2 [CuICl(TPP)2] (1b) 63%
4 1:4 [CuICl(TPP)3] (1c) 78%

Even though our reaction setup differed, the results mainly agree with those described
by Makáňová et al. The already described trend that an excess of TPP reduces Cu(II) to
Cu(I) could be confirmed, as well [17,18]. When CuCl2·2H2O was added in excess (Table 1,
entry 1), red crystals of 2 occurred as the main product. Additionally, small amounts of
[CuICl(TPP)] (1a) were obtained as gray precipitate. When using equimolar amounts of
CuCl2·2H2O and TPP (Table 1, entry 2), 1a was obtained as the main product. In contrast,
when using a slight excess of TPP (Table 1, entry 3), a colorless solid precipitated that was
identified as [CuICl(TPP)2] (1b) formed. When the amount of TPP was further increased
(Table 1, entry 4), [CuICl(TPP)3] (1c) was obtained as colorless precipitate. The remaining
filtrate was left for crystallization. Via diethyl ether diffusion, colorless crystals of 1c could
be obtained that were suitable for X-ray diffraction analysis (Figure 7). As known from
previous analysis [38,39], the Cu(I) center displays a tetrahedral coordination geometry. Co-
crystallization of 1c occurs with acetone solvent molecules, whose presence corresponds to
the traces of acetone in the IR spectrum (see Supplementary Materials) and minor deviations
of the elemental analysis (see Supplementary Materials). In general, minor deviations in
the elemental analysis results of 1a–1c are caused by remaining solvent molecules.
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To complete our investigations, we repeated the experiments described above by
adding TPPO instead of TPP to the CuCl2·2H2O solution. Notably, it was only possible to
isolate a product when excess of TPPO (1:4) was added. Here, yellow crystals of 2a and
red crystals of 2 appeared. In all other cases, CuCl crystallized as the only product even
though the solution colors changed from an initial slightly blue color to brown or orange
(ratio 1:4). A change of the solvent to either methanol or ethanol did not lead to any isolable
complexes. Even 2 and 2a could not be isolated from the alcoholic mixtures.

4. Discussion

To date, only the reactivity of simple copper salts towards TPP/TPPO had been in-
vestigated: it is known that under inert conditions, an excess of TPP reduces CuCl2 to
form [CuICl(TPP)n] (n = 1: 1a, n = 2: 1b, n = 3: 1c). Depending on the stoichiometric
ratio of the reactants, [CuII

4OCl6(TPPO)4] (2) and [CuIICl2(TPPO)2] (2a) were found as
by-products [17,18]. However, it is not known to what extent µ4-oxido copper clusters
[CuII

4OCl6L4] behave similarly to simple copper salts and, for example, form multinuclear
Cu(I) compounds during the reaction with TPP. Further, it is unknown to what extent
multinuclear Cu(I) and Cu(II) species are in equilibrium with the aforementioned, largely
mononuclear complexes and, thus, behave analogously to µ4-oxido copper clusters with
amine ligands known from the literature [14–16]. Therefore, building on previous results,
we investigated the formation of [CuII

4OCl6(TPP)4] and [CuII
4OCl6(TPPO)4] as well as the

reactivity of [CuII
4OCl6L4] (L = MeOH, CH3CN) towards TPP/TPPO. With these experi-

ments, we sought to elucidate the complex redox equilibrium of TPP/TPPO containing
Cu(I) and Cu(II) compounds and thus, to complete the set of already known compounds
that form this equilibrium. For this purpose, we have chosen three synthetic routes for
our investigations, which are known to generally lead to the formation of µ4-oxido copper
clusters with amine donors. To date, only the first approach had been described in the
literature as a synthetic route for the preparation of 1.

In our experiments, we could obtain a huge variety of mononuclear as well as multi-
nuclear copper(II) and copper(I) compounds; these included three new compounds (2b,
2c, CuCl·CH3CN) that could be crystallographically characterized. Furthermore, due to
the systematic variation of the reaction conditions, we could show that the reaction be-
tween copper(II) chloride and TPP/TPPO yields a complex chemical redox equilibrium of
Cu(I)/TPP and Cu(II)/TPPO compounds, which, in contrast to previous studies, does not
only include 2 and mononuclear compounds but also multinuclear compounds such as
1, 2b, 2c, and 3. Furthermore, we could show that the solvent clusters [CuII

4OCl6(solv)4]
(solv = methanol, CH3CN) show a similar reactivity towards TPP as that of CuCl2. De-
pending on the crystallization conditions, individual compounds can be crystallized, as
described below.

The template synthesis of [CuII
4OCl6(solv)4] (solv = methanol, CH3CN) yielded 1,

2, and 3. Using acetone instead of methanol and CH3CN as solvent, pure 3 could be
crystallized, thereby confirming our assumption that multinuclear Cu(I) compounds are
also involved in the chemical equilibrium. Additionally, [CuICl(TPP)n] (n = 1, 2, 3) was
obtained from the reaction of [CuII

4OCl6(MeOH)4] with TPP in methanol, which, as yet,
had only been reported for the reaction of CuCl2 and TPP. It is known that the redox
instability of such copper(II) phosphine complexes formed from CuCl2 and TPP results
in their decomposition to form Cu(I) complexes [19,25,27], which goes in hand with the
reduction of Cu(II) to Cu(I) by an excess of TPP at room temperature [17]. The oxidized
product of this reaction is TPPO, which is known to be formed if traces of H2O are in
the reaction solution [17]. The driving force of this reaction is the formation of the P=O
bond [40] that is one of the strongest double bonds with 575 kJmol−1 bond energy [18,41].
However, in general, the autoxidation of arylphosphines is slow because of the high stability
of the intermediate phosphoranyl radical PH3

.
PO2R [42].

In our experiments, the trend to form Cu(I) compounds was even more pronounced
in the reaction of CuO, CuCl2, and TPP under inert conditions at 60 ◦C, from which 2a
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was obtained as the main product as well as the copper(I) compounds CuCl, CuCl·CH3CN
(from CH3CN), and 3 (from acetone); of these Cu(I) compounds, CuCl·CH3CN could be
crystallographically characterized for the first time. When carrying out the same reaction
with TPPO instead of TPP, a variety of copper(II) compounds (2, 2a, 2b, and 2c) were
obtained, which extends the known set of CuCl2-TPPO complexes by 2b and 2c and
highlights the tendency of CuCl2 to form multinuclear complexes that are bridged via
chloride ions.

The reaction of CuCl2·2H2O and TPP under atmospheric conditions and at room
temperature yielded diverse copper(I) complexes 1a–1c, which already are known to be
formed due to the reaction of CuCl2 and TPP under inert conditions. As to be expected, the
number of TPP ligands increased with increasing excess of TPP. Additionally, 2 formed over
a long standing time in the reaction mixture with CuCl2·2H2O in excess. Similar studies
with TPPO instead of TPP only yielded CuCl and 2a, whereby the reaction yielding Cu(I)
under these conditions is not known. The results of all experiments are presented in Table 2.
In general, at least concerning the copper(I) complexes 1a-1c, indeed, the reaction outcome
can be influenced by the stoichiometric ratio of the starting compounds. However, with
regard to the copper(II) compounds as well as the multinuclear compounds 1, 2, and 3,
the choice of solvent for the preparation as well as for the recrystallization governs the
reaction outcome.

Table 2. Overview of compounds obtained depending on the reaction conditions.

Entry Starting Compound Ligand Added Products

1 [CuII
4OCl6(MeOH)4] TPP

[CuICl(TPP)n] (n = 1–3, 1a–1c)
[CuII

4OCl6(TPP)4] (1)
[CuII

4OCl6(TPPO)4] (2)
[{CuI

4Cl4}(TPP)4] (3)
2 [CuII

4OCl6(CH3CN)4] TPPO [CuII
4OCl6(CH3CN)n-4(TPPO)n]

3 CuO, CuCl2 TPP
[CuIICl2(TPPO)2] (2a)
[{CuI

4Cl4}(TPP)4] (3)
CuICl·CH3CN

4 CuO, CuCl2 TPPO

[CuII
4OCl6(TPPO)4] (2)

[CuIICl2(TPPO)2] (2a)
[{CuIICl2}2(TPPO)2] (2b)
[{CuIICl2}3(TPPO)2] (2c)

5 CuCl2·2H2O TPP

[CuII
4OCl6(TPPO)4] (2)

[CuICl(TPP)] (1a)
[CuICl(TPP)2] (1b)
[CuICl(TPP)3] (1c)

6 CuCl2·2H2O TPPO
[CuII

4OCl6(TPPO)4] (2)
[CuIICl2(TPPO)2] (2a)
CuCl

We characterized the compounds prepared via IR spectroscopy, melting points, ele-
mental analysis, and, if possible, X-ray diffraction analysis (see Supplementary Materials).
Even though only few IR data have been reported to date [25,43,44], IR spectroscopy is
a suitable method for the differentiation of the compounds named above. In general, all
compounds show similar vibration bands; however, they can be differentiated by the
characteristic νCuII

4O, νCuI
4Cl4, νC-P, and νP-O in the IR spectra. Compounds 1, 2, and 3

display characteristic vibrations of the metal core at 540 cm−1, 572 cm−1, and 542 cm−1,
respectively, whereby the values for 1 and 2 correspond well to those described in the
literature (see Supplementary Materials Figure S15) [4,17,18,25]. In the free TPPO ligand,
νC-P (542 cm−1) is blue-shifted in comparison to the free TPP ligand (513 cm−1). Hence,
νC-P of the TPPO-containing compounds 2 (536 cm−1) and 2a (544 cm−1) falls into the
range of the metal core vibrations of 1 and 3 (see Supplementary Materials, Figure S16).
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However, the confusion of these bands, and hence compounds, can be excluded by compar-
ison with the range 1300 cm−1–1050 cm−1, where only the TPPO-containing compounds 2
and 2a show the characteristic νP-O (2: 1198 cm−1, 2a: 1143 cm−1, free TPPO: 1190 cm−1,
see Supplementary Materials, Figure S17). Furthermore, 1, 2, and 3 show 3 characteristic
absorption bands for δC-Harom. (out of plane) in the range 775 cm−1–650 cm−1, whereas
1a–1c only show 2 characteristic bands (see Supplementary Materials, Figure S18). Again,
the TPPO-containing compounds 2 and 2a as well as free TPPO show three absorption
bands (see Supplementary Materials, Figure S19); thus, a clear differentiation of 1, 1a–1c,
2, 2a, and 3 based on IR spectroscopy alone is only possible via the appearance/absence
of νP-O.

Compounds 1a-1c can be differentiated by the absorptions in the fingerprint region
(570–475 cm−1) of the IR spectra. The spectra of 1b and 1c show vibrations similar to free
TPP (517 cm−1, 503 cm−1, and 494 cm−1, TPP: 513 cm−1, 500 cm−1, and 494 cm−1), with the
vibration at lowest energy only pronounced as a shoulder. An additional absorption band
is observed at 527 cm−1. The IR spectrum of 1a, however, shows only 2 absorption bands,
at 542 cm−1 and 501 cm−1 in this range (see Supplementary Materials Figure S20). Further
differences for these compounds are observed in the region 1250 cm−1–1050 cm−1. Even
though all three compounds show similar absorption bands to the free TPP ligand, the shift
and intensity of the vibrations are characteristic for 1a, 1b, and 1c (see Supplementary Ma-
terials, Figure S21). The IR spectrum of 1c shows 3 bands of similar intensity at 1221 cm−1,
1184 cm−1, and 1156 cm−1. In contrast, the intensity of the absorption band at 1221 cm−1 is
much lower in 1a and 1b. Furthermore, the spectrum of 1a shows an additional absorption
band at 1121 cm−1 that is not observed either for 1b nor 1c. Unfortunately, because of the
small amounts obtained of 2b and 2c, it was not possible to record IR data.

5. Conclusions

In this paper, the formation of [CuII
4OCl6(TPP)4] and [CuII

4OCl6(TPPO)4] as well
as the reactivity of [CuII

4OCl6(solv)4] (solv = solvent) towards TPP and TPPO was in-
vestigated. In addition, the reactivity of CuCl2 (·2H2O) towards TPP and TPPO was
more extensively reinvestigated. Therefore, the reaction parameters as well as the copper-
containing starting compounds were systematically varied. In doing so, previous reports,
according to which TPP reduces Cu(II) to Cu(I) to yield [CuICl(TPP)n (n = 1–3)] (1a-c) [17],
were also confirmed and could be transferred to the reaction of [CuII

4OCl6(solv)4] with
TPP and of CuCl2·2H2O with TPP under atmospheric conditions. In general, our investi-
gations allowed us to show that the previously described mononuclear complexes 1a–1c,
[CuIICl2(TPPO)4]·2H2O, and [CuIICl2(TPPO)2] are in a chemical redox equilibrium with
several multinuclear compounds such as [CuII

4OCl6(TPP)4] (1), [CuII
4OCl6(TPPO)4] (2),

[{CuI
4Cl4}(TPP)4] (3), [{CuIICl2}2(TPPO)2] (2b), and [{CuIICl2}3(TPPO)2] (2c). Addition-

ally, we identified and crystallographically characterized the three compounds 2b, 2c,
and CuCl·CH3CN for the first time. Taking together our results with a previous study
concerning the solution equilibria of tertiary phosphine complexes of CuCl [45], it can be
assumed that in solution, all compounds are in equilibrium and are obtained as a complex
solid mixture when removing the solvent. The individual compounds can selectively be
crystallized from this mixture by varying the solvent for recrystallization. This variation of
the solvent and subsequent fractional crystallization could, accordingly, prove to be more
suitable for reaction control and product retention than the previous methods, purely based
on variation of the stoichiometric ratio of the reactants.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemistry5020087/s1: Figures S1–S7: Molecular structure of 1c,
2, 2a, 2b, 2c, 3 and CuCl·CH3CN respectfully; Figures S8–S21: IR spectra, Tables S1–S14: Crystal
data and structure refinement and selected bond lengths [Å] and angles [◦] for 1c, 2, 2a, 2a·2b, 2c, 3
and CuCl·CH3CN respectfully; Table S15: Elemental analysis of 1, 1a, 1b, 1c, 2, 2a and 3; Table S16:
Melting points of 1a, 1b, 1c, 2, and 2a. References [46–52] are cited in the Supplementary Materials.

262



Chemistry 2023, 5

Author Contributions: Conceptualization, S.L.F. and S.B.; validation, S.L.F., N.I.D. and S.B.; investi-
gation, S.L.F. and N.I.D.; writing—original draft preparation, S.L.F.; writing—review and editing,
S.B.; visualization, S.L.F. and S.B.; supervision, S.B.; funding acquisition, S.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the SFB/TRR 88 “3MET–Cooperative effects in homo- and
heterometallic complexes”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Additional data (IR spectra, melting points, elemental analyses reports)
are presented in the Supplementary Materials. The cif files of all crystal structures have been
deposited with the Cambridge Structural Database (CSD). All determined parameters such as bond
distances, Uij components, etc., can be retrieved free of charge from the CSD (CCDC and CSD
numbers: 2255472-2255478).

Acknowledgments: The authors thank Jonathan Becker (JLU Gießen) for the crystal measurement.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Haiduc, I. ReviewInverse coordination–An emerging new chemical concept. Oxygen and other chalcogens as coodination centers.

Coord. Chem. Rev. 2017, 338, 1. [CrossRef]
2. Melník, M.; Kabešová, M.; Koman, M.; Macáškova, L.; Holloway, C.E. Copper(II) coordination compounds: Classification and

analysis of crystallographic and structural data IV. Trimeric and oligomeric compounds. J. Coord. Chem. 1999, 48, 271. [CrossRef]
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Abstract: Rare-earth metal sesquioxides (RE2O3) are stable compounds that require high activation
energies in solid-state reactions or strong acids for dissolution in aqueous media. Alternatively,
dissolution and downstream chemistry of RE2O3 have been achieved with ionic liquids (ILs), but
typically with additional water. In contrast, the anhydrous IL 1-butyl-3-methylimidazolium acetate
[BMIm][OAc] dissolves RE2O3 for RE = La–Ho and forms homoleptic dinuclear metal complexes
that crystallize as [BMIm]2[RE2(OAc)8] salts. Chloride ions promote the dissolution without being
included in the compounds. Since the lattice energy of RE2O3 increases with decreasing size of
the RE3+ cation, Ho2O3 dissolves very slowly, while the sesquioxides with even smaller cations
appear to be inert under the applied conditions. The Sm and Eu complex salts show blue and red
photoluminescence and Van Vleck paramagnetism. The proton source for the dissolution is the
imidazolium cation. Abstraction of the acidic proton at the C2-atom yields an N-heterocyclic carbene
(imidazole-2-ylidene). The IL can be regenerated by subsequent reaction with acetic acid. In the
overall process, RE2O3 is dissolved by anhydrous acetic acid, a reaction that does not proceed directly.

Keywords: anhydrous complexes; dinuclear complexes; ionic liquids; photoluminescence; rare-earth
oxides; regeneration; Van Vleck paramagnetism

1. Introduction

Rare earths, such as monazite, bastnasite, loparite and laterite clays, are the nat-
ural source of rare-earth elements and their compounds, which are essential, e.g., for
luminophores, magnets, catalysts, superconductors, biomedical diagnosis, therapy, and
environmental chemistry [1–3]. Although rare-earth elements are not as rare as their name
suggests, their extraction is demanding, which has an impact on both price and environ-
ment. In the first production step, the phosphate mineral monazite is dissolved either
in concentrated H2SO4 at temperatures between 150 and 200 ◦C (acid process) or in 70%
NaOH (basic process) at 140 to 150 ◦C using autoclaves. After this activation step, an
elaborate procedure for the separation of the different metal species follows. Nowadays,
the recycling of industrial and electronic waste has also become an important source of
rare-earth metals. In many of these processes, rare-earth metal oxides occur as interme-
diate or final products. For any downstream chemistry, high temperatures or aggressive
chemicals must again activate these stable oxides.

With the goal of establishing a more sustainable process, much research has been
done in recent years on the chemistry of rare-earth compounds in ionic liquids (ILs) [4–9].
In most investigations, the focus lies on the development of new liquid extraction and
separation techniques. Unfortunately, most ILs successfully tested for this purpose
have severe weaknesses. First-generation ILs, such as [BMIm]Cl·nAlCl3 ([BMIm]+ =
1-n-butyl-3-methylimidazolium), are sensitive to air and moisture, which strongly limits
their usefulness [10]. Super-acidic ILs combined with a stream of chlorine gas also
dissolve rare-earth oxides [11]; however, using a highly toxic gas does not achieve the
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aim of green chemistry. Nevertheless, there are also some existing reports on the direct
dissolution of rare-earth oxides in ILs [12–17]. Water-stable ILs containing Brønsted
acidic groups, in particular the very effective IL [Hbet][NTf2] ([Hbet]+ = betainium,
[NTf2]− = bis(trifluoromethylsulfonyl)imide), are much more suitable. Its excellent
dissolution power for metal oxides is based on the acidity of the [Hbet]+ cation and
the complexation capacity of the conjugate base (bet) [18]. The weakly coordinating
anion [NTf2]−, however, is expensive and ecologically questionable [19]. Moreover, these
IL-based approaches typically involve water as a co-solvent. However, water narrows the
electrochemical window and can have a detrimental effect on the subsequent chemistry.

In this work, we show that the anhydrous IL 1-butyl-3-methylimidazolium acetate
[BMIm][OAc] can dissolve rare-earth oxides. Acetate, [OAc]−, is much cheaper than
[NTf2]− and ecologically harmless. Moreover, it has a complexing effect. Similarly, the
nitrogen atoms in the positions 1 and 3 of the imidazole ring can form N-donor coordination
complexes [20]. The proton at the C2-position of the ring is acidic and can be abstracted
by a base. This generates an N-heterocyclic carbene (imidazole-2-ylidene), which can be
functional in organo-catalytic reactions [21,22]. Imidazolium acetate ILs have been used to
dissolve biomass, e.g., cellulose, and to store CO2 [23–26].

It is known that traces of chloride, which is a strong nucleophile in most ILs, facilitate
the dissolution of metal oxides [27,28] but also of covalently bonded substances such as
red phosphorus [29–31]. We have also applied this here and succeeded in establishing
an effective and inexpensive method for the chemical activation of RE2O3 (RE = La–Ho,
except the radioactive Pm) at moderate temperature, including the recycling of the IL. In
addition, we crystallized anhydrous, homoleptic, dinuclear rare-earth metal complexes
from these solutions and studied the magnetic and luminescence properties of the Eu and
Sm complexes, which were previously synthesized from expensive anhydrous rare-earth
metal trihalides [32].

2. Materials and Methods

Chemicals. The ionic liquids 1-butyl-3-methylimidazolium acetate [BMIm][OAc] (98%),
1-butyl-2,3-dimethylimidazolium chloride [BDMIm]Cl, and 1-butyl-3-methylimidazolium
chloride [BMIm]Cl (99%) were purchased from iolitec (ionic liquids technology GmbH
(Heilbronn, Germany). Potassium acetate (99.9%) was purchased from Merck (Darmstadt,
Germany). [BDMIm][OAc] was synthesized from [BDMIm]Cl and potassium acetate in
ethanol following a literature procedure for the production of [BMIm][OAc] [33]. All ILs
were dried at 110 ◦C under dynamic vacuum (Schlenk line) overnight and transferred
to the glove box before use. HPLC grade ethanol and acetonitrile were obtained from
Merck (Darmstadt, Germany). Acetic acid (100%) was obtained from Carl Roth (Karlsruhe,
Germany). Ce2O3 was synthesized by heating CeO2 and Ce to 1500 ◦C for 24 h in a sealed
tantalum ampule [34]. The other rare-earth oxides (99.9%) were obtained from Fluka
Chemie GmbH (Buchs, Switzerland).

Synthesis of [BDMIm][OAc]. [BDMIm][OAc] was synthesized by mixing 20 mmol
(3.75 g) of [BDMIm]Cl in 10 mL anhydrous ethanol with 50 mL of an ethanolic solution of
4.8 g potassium acetate under vigorous stirring at room temperature [33]. KCl precipitated
quickly, but the solution remained in the stirring bath overnight at room temperature for
a complete reaction. KCl was removed via vacuum filtration, and the resultant filtrate
was dried in a rotatory evaporator at 70 ◦C under reduced pressure. Post-precipitation of
potassium acetate required additional vacuum filtration. The resulting pale yellow liquid
was dried under dynamic vacuum (Schlenk line) at 110 ◦C overnight.

Synthesis of [BMIm]2[RE2(OAc)8]. For RE = La–Eu, 1 mmol of RE2O3 powder was
mixed with 10 mmol of [BMIm][OAc] and 1 mmol of [BMIm]Cl in a round bottom
flask with magnetic stirring at 175 ◦C. For RE = Gd–Ho, the amount of [BMIm]Cl was
increased to 5 mmol and 175 ◦C was applied for 48 h. After cooling the solutions to
room temperature, platelet-shaped crystals of the complex salts [BMIm]2[RE2(OAc)8]
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precipitated within few days. The crystals were separated by centrifugation and washed
several times with acetonitrile.

Regeneration of [BMIm][OAc]. After separation of the [BMIm]2[RE2(OAc)8] precipitate,
the reacted IL contained a large portion of imidazole-2-ylidene, residuals of the dissolved
complex as well as acetonitrile from the washing procedure. The IL was regenerated by
mixing with a 2 mol L−1 solution of acetic acid in acetonitrile at room temperature under
inert conditions. A white precipitate formed, which was centrifuged, and the supernatant
liquid phase was pipetted off. Acetonitrile and excess acetic acid were evaporated off from
the organic phase, first at 70 ◦C using a rotatory evaporator for 3 h and then at 100 ◦C on a
Schlenk line under dynamic vacuum overnight.

Powder X-ray Diffraction. PXRD data were collected on an Empyrean diffractometer
PANalytical (Malvern, Worcestershire, UK) equipped with a curved Ge(111)-monochromator
in Bragg-Brentano geometry at 296 K using Cu-Kα1 radiation (λ = 1.54056 Å). The data were
collected in reflection mode in the range 5◦ ≤ 2θ ≤ 90◦, with a step width of ∆(2θ) = 0.01◦.

Single-Crystal Structure Determination. Single-crystal X-ray diffraction data were
collected on a four-circle Kappa APEX II CCD diffractometer (Bruker, Madison, WI,
USA) with a graphite(002)-monochromator and a CCD detector using Mo-Kα radiation
(λ = 0.71073 Å) under flowing nitrogen gas at T = 100 (2) K. The data were corrected
for background, Lorentz factor, and polarization factor using the APEX III software.
Empirical multi-scan absorption correction was applied [35,36]. The structures were
solved using SHELXT in OLEX2 [37,38]. SHELXL was used for refinement against
F2 [39,40]. Anisotropic displacement parameters were refined for all non-hydrogen
atoms. H atoms were refined without constraints. The structure was visualized with the
Diamond software Version 4.6.8 (Klaus Brandenburg, Bonn, Germany) [41].

NMR Spectroscopy. The samples were dissolved in deuterated DMSO-d6 and filled in
an NMR tube. Measurements were performed on a Bruker Avance (Leipzig, Germany) Neo
WB 300 MHz NMR spectrometer at resonance frequencies of 300 MHz for 1H and 75.5 MHz
for 13C spectra. The chemical shifts were referenced externally according to tetramethylsi-
lane (TMS) and were calibrated with 10% ethylbenzene in CDCl3 as external reference. The
signals in the spectra were assigned with the NMR Predictor from ACD/Labs [42].

UV-Vis Spectroscopy. The sample was a powder consisting of 10 mg of the complex
salt and 100 mg of BaSO4. The spectra were recorded with a solid-state UV-Vis spectropho-
tometer Varian-4000 (Varian BV, Middelburg, The Netherland).

Emission Spectroscopy. Photoluminescence of powder samples was measured on a
spectrofluorometer Fluoro Max-4r (Horiba scientific, Piscataway, NJ, USA). The light source
was a xenon arc lamp with photomultiplier R928P detector.

IR Spectroscopy. FTIR spectra of liquid samples soon after dissolution (no visible
precipitates) as well as a crystal of [BMIm]2[Eu2(OAc)8] were measured on a Bruker Vertex
70 FTIR spectrophotometer (Bruker Optics GmbH, Ettlingen, Germany) with attenuated
total reflection (ATR) accessory in the range from 500 to 4000 cm−1, with 32 scans per
measurement. The data were analyzed using the OPUS 6.5 software (Bruker, Ettlingen,
Germany) [43].

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimeter (DSC). The
thermal stability of several complex salts was investigated with TGA using an STA 409 Luxx
(Netzsch, Selb, Germany). The TGA experiments were carried out in the temperature range
from 25 to 500 ◦C, with a heating rate of 5 K min−1 in an argon stream. The thermal effects
upon heating with 5 K min−1 in an argon stream were determined using a DSC1 (Mettler
Toledo GmbH, Giessen, Germany).

Magnetic Measurement. The magnetic susceptibility of the Sm and Eu complex salts
were measured with helium-cooled mini-CFMS (Cryogenic, The Vale London, UK) equipped
with a vibrating-sample magnetometer (VSM, The Vale London, UK) in the temperature
range from 300 K to 2 K.
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3. Results and Discussion
3.1. Dissolution of RE2O3

In orienting experiments, we tested the dissolution of the comparatively inexpensive
La2O3 in seven phosphonium- or imidazolium-based ILs at 175 ◦C in closed flasks under
argon (Table S1). Only in the case of [BMIm][OAc] was no solid residue found after
48 h. Droplets of water condensed in the upper, colder part of the flask. After cooling the
solution to room temperature, the complex compound [BMIm]2[La2(OAc)8] crystallized
within some days (see below). The only hydrogen source for the formation of water in
this system is the acidic proton at the C2 atom of the imidazolium cation. In fact, La2O3
did not dissolve in 1-butyl-2,3-dimethyl imidazolium acetate, [BDMIm][OAc], which is
methylated at the C2-position and thus has no acidic proton. The reaction is summarized
in Equation (1):

La2O3 + 8 [BMIm][OAc]→ [BMIm]2[La2(OAc)8] + 3 H2O + 6 BMIm-2-ylidene (1)

The deprotonated [BMIm]+ cation is a N-heterocyclic carbene (imidazole-2-ylidene).
This is sensitive to air at the reaction temperature, which leads to decomposition when the
reaction is performed in a system open to the atmosphere. However, at room temperature
the reactivity of the carbene is strongly reduced, allowing handling of the solution and
separation of the solid product in air.

It is known that the basic acetate ion can abstract the acidic proton from the [BMIm]+

cation and form acetic acid [44,45]. Remarkably, La2O3 did not dissolve in neat acetic acid
(100%) at 175 ◦C under argon. However, when La2O3 was mixed with [BDMIm][OAc] and
acetic acid, a vigorous reaction occurred already at room temperature, resulting in a white
microcrystalline precipitate of a lanthanum complex that was soluble in water, partially
soluble in ethanol, and insoluble in acetone (for PXRD see Figure S1). Obviously, the cation
of the IL is necessary for the dissolution; through this, there is enough free acetate in the
solution for the formation of the acetate complex, and a stable salt can be precipitated.

According to Equation (1), the molar ratio of RE2O3 and [BMIm][OAc] must be at least
1:8. Since the IL is not only a reactant but also the solvent, an excess is advisable to avoid
overly high viscosity. To still obtain fairly concentrated solutions, we kept the ratio of 1:10
for the subsequent experiments with RE2O3. In view of the catalytic effect of chloride on
the dissolution of many metal oxides in ILs, we also repeated the dissolution experiments
with admixtures of [BMIm]Cl in diverse molar ratios as the chloride source. A summary of
the dissolution experiments performed can be found in Table S2.

Achieving complete dissolution below 150 ◦C proved difficult, as the viscosity in-
creased with decreasing temperature, which affected the diffusion and wetting behavior
of the IL. In addition, below 120 ◦C, abstraction of the proton from the substituted imida-
zolium cations was hindered [44].

The lighter RE2O3 (RE = La–Nd) dissolved completely, also without the addition of
chloride. However, chloride shortened the reaction time and the quality of the crystals
was improved (Figure S2), although chloride is not a component of the complex salt. For
RE = Dy–Ho, the dissolution took much more time, especially without chloride. RE2O3
with RE = Er–Lu, Sc, or Y did not react with [BMIm][OAc], even when the reaction time,
the temperature, or the concentration of the IL was increased or chloride had been added
(Figure 1). Instead, decomposition of the IL was observed.

Such a dissolution behavior is well known and understood. In the series of RE3+

cations, the effective ionic radius (for coordination number 9) decreases from 1.216 Å (La3+)
to 1.032 Å (Lu3+) [46]. The smaller the RE3+ cation, the shorter the cation–anion distance,
the higher the lattice energy, and the poorer the solubility of the RE2O3. In the underlying
case, the boundary is between 1.08 and 1.07 Å, with Ho (1.072 Å) showing poor solubility
and Y (1.075 Å) and Er (1.062 Å) apparently none. CeO2, which has a much high lattice
energy due to the higher cation charge, did not dissolve at all.
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This behavior can be used for the separation of rare-earth elements. The four equimo-
lar mixtures La2O3/Sc2O3, La2O3/Lu2O3, Eu2O3/Y2O3, and Eu2O3/CeO2 were treated
at 175 ◦C in an IL consisting of [BMIm][OAc] and [BMIm]Cl (molar ratio of 10:1) for few
hours. The unreacted solid was separated from the liquid, washed three times with acetoni-
trile, weighted, and analyzed with PXRD. In all cases, the diffraction patterns showed no
evidence of the soluble oxide (Figure S3), and the weight of the recovered insoluble oxide
was within 1% of the original. From the separated solutions, the [BMIm]2[RE2(OAc)8] salts
(RE = La, Eu) precipitated.

3.2. Regeneration of the Reacted Ionic Liquid

Under prolonged thermal stress, the dialkylimidazolium cations of the corresponding
acetate ILs decompose into alkylated anions and imidazole derivatives [25,47–49] (see also
Section 3.4). The decomposition is the reverse reaction of the quaternization (reversed
Menshutkin-like reaction). Further decomposition products result from the deprotona-
tion of the C2-atom of the imidazolium ring by strong nucleophiles [50], as the resulting
N-heterocyclic carbene reacts either with the IL or with other decomposition products [51].
However, the carbene formation is reversible, and the IL can be regenerated by the addition
of acid. Irreversible decomposition of the IL can be largely avoided by heating at moderate
temperature and for only short periods of time.

The regeneration of used [BMIm][OAc] (Figure S4) was done by reaction with a
solution of acetic acid in acetonitrile at room temperature under inert conditions. After
evaporation of the acetonitrile and excess acetic acid, the recovered IL was analyzed
spectroscopically. The FTIR spectra of neat and regenerated IL are almost identical
(Figure S5). In the 13C and 1H NMR spectra (Figure 2), no residual acetic acid and
acetonitrile was found in the regenerated IL. Generally, the proton signal of acetic
acid lies between 10 and 15 ppm, and that of acetonitrile near 2 ppm [52,53]. The
decomposition products methyl acetate and 1-butylimidazole were also not detected.
While the ester was likely cleaved in the treatment, the alkylimidazole likely precipitated
as a coordination compound (white precipitate, see Materials and Methods).

No solid residue remained after combustion of the regenerated IL in air. The 13C
NMR spectra of regenerated and neat IL showed no difference as long as the freshly
regenerated IL was stored under inert conditions (sample A). After some time in air
(sample B), the 1H NMR spectrum of the regenerated IL showed a broad resonance signal
at 5 ppm, which can be attributed to H2O, and also an up-field shift of the protons at
C2, C4, and C5. The same effect was observed when water was added to the freshly
regenerated IL (Figure S6) as has been reported previously [54,55]. The new signals
marked with asterisks in the spectra of (B) indicate a decomposition product. This is
probably due to the small amount of carbene that is formed by the internal acid–base
equilibrium between [BMIm]+ and [OAc]− (Section 3.4).
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3.3. [BMIm]2[RE2(OAc)8] Complex Salts

After one to four days at room temperature, salts of homoleptic dinuclear rare-earth
metal complexes [BMIm]2[RE2(OAc)8] (RE = La–Pr, Nd, Sm–Ho) crystallized from the
RE2O3 solutions in [BMIm][OAc] (with or without chloride). The yields were between 25
and 84% (Table S2). The powder X-ray diffractogram of [BMIm]2[Eu2(OAc)8] confirms a
single-phase product (Figure S7).

Unlike many other complexes obtained from RE2O3 and ILs, these are anhydrous
compounds. Up to now, such anhydrous complexes were made from anhydrous chlorides,
nitrates, or acetates, i.e., starting materials that must be synthesized and are much more
expensive than the oxides [56–58].

The washed crystals of [BMIm]2[RE2(OAc)8] are air-stable (thick) platelets and appear
colorless, except the light-green Pr salt. In the case of the Pr and Dy compounds, the platelet-
shaped crystals transformed into thin needles within a day when stored in the reacted IL
in air at 10 ◦C (Figure S8). The powder diffractogram and the IR spectra of the platelets
and the needles clearly differ (Figures S9 and S10). Subsequently, the needles turned into
yellowish translucent flakes that decompose into dark brown microscale needles within
several days.

The structure of plate-like crystals was determined with single-crystal X-ray diffrac-
tion (Table S3). As the sum formula suggests, the compounds consist of [BMIm]+ cations
and negatively charged [RE2(OAc)8]2− complexes. Nine oxygen atoms of acetate an-
ions coordinate each RE3+ cation in the shape of a distorted tricapped trigonal prism
(Figure 3). The RE–O bond length develops according to the effective radii of the RE3+ cations
(Table S4). The carboxylate groups of the acetate anions coordinate in three different modes
(Figure 4). The two RE3+ anions are connected through four carboxylate groups.

The salts [BMIm]2[RE2(OAc)8] adopt two different types of crystal structure, de-
pending on the size of the rare-earth (RE) cation. Both structure types have triclinic

symmetry (space group type P
−
1) and contain two formula units in the unit cell; how-

ever, their lattice translations are very different. Bond lengths (Table S5) and the basic
arrangements of the molecules are similar in the two structure types, but they differ
in translational and molecular point symmetry. Figure S11 shows analogous subcells
of the two structure types, reduced to the RE3+ cations. Their positions relative to the
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locations of the inversion centers differ in the two cases. Translational pseudosymmetry
is observed (B-centering for RE = La–Pr and A-centering for RE = Nd–Ho). Yet, there are
clear superstructure reflections that corroborate the primitive Bravais lattices.
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Figure 4. Coordination modes of acetate ions in the [BMIm]2[RE2(OAc)8] complexes. (1) Chelating
(η2 mode), (2) chelating, bridging (µ2—η2: η1 mode), (3) bridging (µ2—η1: η1 mode). η represents
the number of coordinating ligand atoms to the metal atom, and µ represents the number of metal
atoms that are coordinated by the same ligand.

For RE = La–Pr, the anionic [RE2(OAc)8]2− complex is non-centrosymmetric, with
two crystallographically independent RE atoms. However, it has a pseudo-center of
inversion. The two crystallographically distinct [BMIm]+ cations show a combined
disorder. The majority position of one cation is connected to the minority position of
the other cation by the pseudo-inversion. The fact that there are two positions for the
[BMIm]+ cation that can be alternatively occupied without significant impact on the
position of the anions suggests that the complexes form a packing that includes larger
cavities than needed for the organic cations.

In the second structure type, which is adopted by the compounds RE = Nd–Ho, the
[RE2(OAc)8]2− complexes are truly centrosymmetric. The packing is slightly different, and
the [BMIm]+ cations are ordered. Thus, it could be argued that this packing is more efficient
than the first; however, there is no unusual reduction in the volume of the unit cell when
changing the structure type from the Pr to the Nd compound.

3.4. IR and NMR Spectra

Nockemann et al. showed that dinuclear rare-earth betaine complexes [RE2(bet)8(H2O)2]6+

can dissociate into mononuclear units in ILs [59]. It could therefore be argued that, also
in the underlying case, the dissolved species might be mononuclear. Acetates have been
studied extensively with vibrational spectroscopy. Among the 15 active infrared frequencies
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in acetate ions, the symmetric and asymmetric stretching frequencies of the carboxylic
group were analyzed using FTIR spectroscopy. The spectra of various RE2O3 dissolved
in the IL as well as of crystalline [BMIm]2[Eu2(OAc)8] show additional bands along with
shifted and split bands of the neat IL (Figure 5).
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and the neat IL.

The C–H stretching frequencies of the organic cation in neat [BMIm][OAc] lie at about
3000 cm−1, e.g., νas(CH2) = 2952, νas(CH3) = 2932, and νs(CH3) and νs(CH2) = 2873 cm−1.
The asymmetric νas and symmetric νs stretching frequencies of the carboxylic group are
found at 1575 and 1385 cm−1 [60]. For the solutions and the complex salt, the signals of
the carboxylic group are slightly shifted and split or broadened according to the diverse
coordination modes of the acetate ion. Nakamoto et al. showed that the nature of the
acetate coordination is related to the difference of νas–νs [61]. Since the diverse signals
cannot be reliably assigned to the different coordination modes, further evaluation is not
possible. Nonetheless, the differences in the FTIR spectra suggest that the complexes in
solution can differ from the crystallized one [62]. The broad bands at about 3400 cm−1 in
the spectra of the solutions indicate the water formed during the dissolution of the oxides.
When the system was kept open during the reaction, this led to the decomposition of the
IL, as shown by the FTIR spectrum in Figure S12.

Using 13C and 1H NMR spectroscopy (Figure 6), we compared three samples
(Figure S4): the unreacted IL, a freshly prepared solution of La2O3 in [BMIm][OAc]
from which no precipitation had occurred, and the supernatant of a solution from which
the complex salt had precipitated and which had been stored in air for several months.
In addition, a dark solution containing decomposition products of [BMIm][OAc] after
heating La2O3 in the IL for 4 days at 175 ◦C was investigated (Figure S13).

In the 13C and 1H NMR spectra of the freshly reacted solution, methyl acetate
and 1-butylimidazole are identified as decomposition products known from the litera-
ture [25,63,64]. 13C NMR-DEPT-135 spectroscopy (DEPT = Distortionless Enhancement
by Polarization Transfer; Figure S14) supports the assignment of the signals. The 13C
NMR signal of the carboxylic group at 175 ppm is broadened and drastically reduced.
Since the signal of the methyl group of acetate is still intense, we attribute this effect to
the interaction with the La3+ cations. A closer look into the 1H NMR spectrum shows
also the presence of water at 5.7 ppm. However, no sign of the formation of BMIm-2-
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ylidene or its reaction products could be found, although it must have formed at least
intermediately. Although dimerization according to the Wanzlick equilibrium is not
expected for this type of N-heterocyclic carbene [65,66], it cannot be excluded that the
high reaction temperature allows for it.
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The 1H NMR spectrum of the aged supernatant shows only weak and broadened
resonances, while the 13C NMR signals are still sharp. We attribute this to a higher water
content that has accumulated in the hygroscopic IL during the long period of exposure to
the air. With a higher water content, the water signals shift to 4.7 ppm. The influence of the
water concentration on the NMR signal is shown in Figure S6. Remarkably, the 13C NMR
signals of the [BMIm]+ cation are still visible, but no corresponding (carbon-based) anion
can be identified.

3.5. Stability of the Complex Salts

The [BMIm]2[RE2(OAc)8] complexes were obtained as single-phase products, allowing
their further chemical and physical characterization. Since no decomposition was observed
by visual inspections over a period of ten months, the washed crystals can be considered
stable under ambient conditions. In contrast, unwashed samples are degraded to an
unknown product (Figure S15).

The thermal stability in argon atmosphere of washed [BMIm]2[RE2(OAc)8] crys-
tals (RE = Pr, Sm, Eu, Dy) was investigated with a differential scanning calorimeter
(DSC) and thermogravimetric analysis (TGA) in the temperature range from 25 to
500 ◦C. All samples showed a two-step decomposition (Figure 7a), with a uniform
onset temperature of 250 ◦C for first weight loss of 54.3%. Remarkably, the decompo-
sition of imidazolium-based ILs was reported to start at 216 ◦C in argon atmosphere,
resulting in complete evaporation of all fragments at 300 ◦C [67]. In a second step starting
at about 330◦ C and up to the maximum temperature of 500 ◦C, the mass was reduced
further by 8% of the initial mass. The residual of 37.7% of the initial mass matches the
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calculated mass of Eu2O2CO3 (37.5%), whose formation under similar conditions has
been described previously [62]. The PXRD patterns of the solid residual shows a poorly
crystalline material, which could be Eu2O2CO3 (Figure S16). The DSC thermograms of
the [BMIm]2[Eu2(OAc)8 complex salt shows a sharp endothermic transition at 167 ◦C,
which indicates melting of the compound, and a broad endothermic effect starting above
220 ◦C, which is associated with its decomposition (Figure 7b).
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stream of argon.

3.6. Photoluminescence of the Eu and Sm Salts

Isolation of the homoleptic dinuclear rare-earth complexes as single-phase materials al-
lowed us to characterize their optical properties. The UV-Vis spectra of [BMIm]2[Eu2(OAc)8]
and [BMIm]2[Sm2(OAc)8] showed broad absorption bands at 214 and 261 nm (Figure 8).
This absorptions correspond to π→π* transitions of the IL cation [68]. The absorption
bands observed above 350 nm were assigned to the absorption bands of the respective
rare-earth metal cations.
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Figure 8. Solid-state UV-Vis spectra of (a) [BMIm]2[Eu2(OAc)8] and (b) [BMIm]2[Sm2(OAc)8].

Under a UV lamp, [BMIm]2[Eu2(OAc)8] emits red light (Figure 9), [BMIm]2[Tb2(OAc)8]
pale-green light (Figure S17), and [BMIm]2[Sm2(OAc)8] blue light (Figure 9). Rare-earth
metal ions can show strong luminescence due to transitions involving their 4f orbitals.
A narrow emission band is characteristic of metalorganic complexes [69], in which the
organic ligand absorbs energy and the intramolecular transfer of this energy from π* or n*
to the next closest 4f level occurs (antenna effect). The intensity of the photoluminescence
depends on the energy gap between the singlet S1 and the triplet state of the ligand, and the
band gap between the triplet T1 and the 4f resonance states of the metal cation. Geometry
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and electronic features of the rare-earth metal complex influence the emission of spec-
tra [7,70]. The coordination of polar molecules reduces the lifetime of the luminescence and
the quantum yields. The depopulation of excited states takes place through the vibronic
coupling of X-H oscillators (X = N, C, O) [71].
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Figure 9. (a) [BMIm]2[Eu2(OAc)8] and (b) [BMIm]2[Sm2(OAc)8] under UV radiation of 312 nm.

The excitation and emission spectra were measured at room temperature for
[BMIm]2[Eu2(OAc)8] and [BMIm]2[Sm2(OAc)8] (Figure 10). The excitation spectrum of
the Eu compound was monitored at 615 nm, that is, the emission of Eu3+ (5D0 → 7F2).
A series of intense and narrow lines was observed (in nm): 361, 367 (7F0 → 5D4), 374
(7F0/1 → 5Gj), 381, 385 (7F0/1 → 5L7, 5Gj), 396 (7F0 → 5L6), 416 (7F0 → 5D3), and 465
(7F0 → 5D2). The most prominent excitations are at 396 and 465 nm, which is similar to
the excitation spectrum of Eu(DCA)3 [5]. Using the excitation at 396 nm, the emission
spectrum showed lines at (in nm): 580 (5D0→ 7F0), 592 (5D0→ 7F1), 615 (5D0→ 7F2), and
651 (5D0 → 7F3), while the (5D0 → 7F4) transition band composed of two stark sublevels
at 687 nm and 697 nm under the electric field (crystal field) were observed [72–74]. The
very sharp 5D0 → 7F2 transition is more intense than 5D0 → 7F1. This correlates with a
Eu3+ cation in a distorted tricapped trigonal prism [5].
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In the case of the Sm complex salt, the excitation spectra were measured at 455 nm.
The entire excitation spectrum is composed of multiple broad bands, ranging from 270 to
420 nm, most likely due to inefficient energy transfer from the ligand to the Sm3+ cation.
The maximum excitation was observed at 396 nm. The emission lines are also broad, with
overlapping bands ranging from 400 to 700 nm. Commonly, Sm3+ emits orange-red light,
but in [BMIm]2[Sm2(OAc)8], the emission band is in the blue region, which cannot be
explained without further investigations. Energy transfer from the imidazolium cation,
which shows fluorescence between 250 and 400 nm [68], may be involved.

3.7. Magnetism of the Eu and Sm Salts

The rare-earth metal ions show magnetism mainly due to the interelectron repulsion
and spin-orbit coupling. Strong spin-orbit coupling can also affect the degenerate state
of the lanthanides and split them into 2S+1LJ multiplets that further split into Stark
levels through the crystal field. The magnetic property of the rare-earth ions thus
depends on the splitting and thermal population of the resulting states. The magnetic
moment of [BMIm]2[Eu2(OAc)8] and [BMIm]2[Sm2(OAc)8] complexes were measured
from 2 K to 300 K under a DC magnetic field. The temperature dependence of the
molar susceptibility χm (Figure 11) indicates ordinary Langevin paramagnetism for
[BMIm]2[Sm2(OAc)8]. In contrast, for [BMIm]2[Eu2(OAc)8], an increase of the magnetic
susceptibility with decreasing temperature to a plateau below 100 K was observed. This
behavior is consistent with Van Vleck paramagnetism [75], commonly observed for
Eu3+-containing compounds. The increase in χm below 15 K could be explained by traces
of Eu2+ ions, as has been observed in dinuclear europium complexes before [76].
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Figure 11. Temperature dependence of the molar susceptibility of [BMIm]2[Eu2(OAc)8] and
[BMIm]2[Sm2(OAc)8].

Generally, only the electronic ground states are occupied at low and room tempera-
tures in the free rare-earth metal ions due to the larger-than-kBT energy splitting between
the multiplets [77]. However, the Eu3+ (4f6) and Sm3+ (4f5) complexes are exceptions,
as they show temperature-independent van Vleck contributions to the susceptibility.
The indicative sign for this behavior is a significant curvature in the inverse suscepti-
bility [78], which is observed for both samples (Figures S18 and S19). Due to a small
energetic difference between the ground and the first excited state, the latter is substan-
tially populated at higher temperatures [79,80]. At 300 K, χmT is 2.37 emu K mol−1 for
[BMIm]2[Eu2(OAc)8] and 1.24 emu K mol−1 for [BMIm]2[Sm2(OAc)8]. χmT decreases
continuously with decreasing temperature, which is caused by the depopulation of
excited states. At low temperatures, a rigid linear change is still observed, where the
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product χmT remains nonzero due to the thermal population of the first excited state [79].
The effective magnetic moment per Eu3+ ion of 3.02 µB at 0.1 T in the high-temperature
region decreases to 0.15 µB without a field using the molar susceptibility at 300 K. The
effective magnetic moment per Sm3+ ion is 2.40 µB at 0.1 T. Similar values were found in
the literature [58,79,81].

4. Conclusions

A straightforward approach was used for the study of anhydrous dissolution of
RE2O3 in an imidazolium acetate ionic liquid. The fact that the use of water can be
avoided opens up new possibilities for downstream chemistry. The proton source
for the dissolution is the imidazolium cation. Abstraction of the acidic proton at the
C2-atom yields an N-heterocyclic carbene (imidazole-2-ylidene). The used IL can be
regenerated by reaction with acetic acid. Chloride promotes the dissolution, espe-
cially for the heavier RE2O3 (RE = Gd–Ho), although it is not included in the pre-
cipitating salts [BMIm]2[RE2(OAc)8] (RE = La–Ho). The latter contain anhydrous,
homoleptic, dinuclear complexes. The samarium and europium complex salts show
blue and red photoluminescence, respectively. They are paramagnetic, with substantial
van Vleck contributions.
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//www.mdpi.com/article/10.3390/chemistry5020094/s1, Table S1. Results of reactions of 1 mmol
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ters of RE2O3 used in this work. Figure S1. PXRD pattern of the white microcrystalline precipitate
formed by the reaction of La2O3 with [BDMIm][OAc] and acetic acid at room temperature together
with the patterns of some reference compounds. Figure S2. Crystals of [BMIm]2[La2(OAc)8] formed
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Eu2O3/CeO2. Figure S4. Pure [BMIm][OAc], regenerated IL, La2O3 dissolved in the IL, and decom-
posed IL. Figure S5. FTIR spectra of neat and regenerated [BMIm][OAc]. Figure S6. 1H NMR spectra
of regenerated [BMIm][OAc] with different water content. Figure S7. Simulated and measured pow-
der X-ray diffractogram of [BMIm]2[Eu2(OAc)8]. Figure S8. Transformation of [BMIm]2[Dy2(OAc)8].
Figure S9. PXRD diffractogram measured at 100 K of [BMIm]2[Dy2(OAc)8] crystals grown at room
temperature or at 5 ◦C. Figure S10. FTIR spectra of the IL and [BMIm]2[Dy2(OAc)8] crystals grown
at room temperature or at 5 ◦C. Table S3. Crystallographic data for [BMIm]2[RE2(OAc)8] salts at
100(2) K. Table S4. Metal–metal and metal–oxygen bond distances of all complexes studied in this
work. Table S5. Selected interatomic distances in the Eu and La compounds, which belong to dif-
ferent structure types. Figure S11. Analogous sections of the structures of [BMIm]2[Pr2(OAc)8] and
[BMIm]2[Ho2(OAc)8]. Figure S12. FTIR spectra of neat [BMIm][OAc], a fresh solution of La2O3 in the
IL, and a solution with decomposed IL. Figure S13. 13C and 1H NMR spectra of neat [BMIm][OAc], of
a freshly prepared solution of La2O3 in the IL, and of a solution with largely decomposed IL. Figure
S14. 13C NMR spectrum and DEPT 135 13C NMR spectrum of a freshly prepared La2O3 solution in
[BMIm][OAc]. Figure S15. Degradation of [BMIm]2[Dy2(OAc)8] crystals in the reaction mixture after
one month in air. Figure S16. PXRD diffractogram of [BMIm]2[Eu2(OAc)8] samples after DSC or after
TG. Figure S17. Luminescence of [BMIm]2[Tb2(OAc)8] under UV light of 312 nm. Figure S18. χmT
and χm

−1 plots for [BMIm]2[Sm2(OAc)8] and [BMIm]2[Eu2(OAc)8]. Figure S19. Field-dependent
magnetization of [BMIm]2[Sm2(OAc)8] and [BMIm]2[Eu2(OAc)8].
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Thioester Surrogates for Biosynthetic Studies
Sebastian Derra, Luca Schlotte and Frank Hahn *

Department of Chemistry, Faculty Biology, Chemistry and Earth Sciences, Universität Bayreuth,
95447 Bayreuth, Germany; sebastian1.derra@uni-bayreuth.de (S.D.)
* Correspondence: frank.hahn@uni-bayreuth.de

Abstract: Biomimetic N-acetylcysteamine thioesters are essential for the study of polyketide syn-
thases, non-ribosomal peptide synthetases and fatty acid synthases. The chemistry for their prepa-
ration is, however, limited by their specific functionalization and their susceptibility to undesired
side reactions. Here we report a method for the rapid preparation of N-acetylcysteamine (SNAC)
7-hydroxy-2-enethioates, which are suitable for the study of various enzymatic domains of megasyn-
thase enzymes. The method is based on a one-pot sequence of hydroboration and the Suzuki–Miyaura
reaction. The optimization of the reaction conditions made it possible to suppress potential side
reactions and to introduce the highly functionalized SNAC methacrylate unit in a high yield. The
versatility of the sequence was demonstrated by the synthesis of the complex polyketide-SNAC
thioesters 12 and 33. Brown crotylation followed by the hydroboration to Suzuki–Miyaura reaction
sequence enabled the introduction of the target motif in significantly fewer steps and with a higher
overall yield and stereoselectivity than previously described approaches. This is the first report of a
transition-metal-catalyzed cross-coupling reaction in the presence of an SNAC thioester.

Keywords: Suzuki–Miyaura reaction; biomimetic thioesters; polyketide synthases; enzymes; cyclases

1. Introduction

Thioesters are an important functional group in many biosynthetic systems. They often
serve to link biosynthetic acyl intermediates to carrier thiols, which can be free molecules
such as coenzyme A (CoA) or proteins. The important systems working with protein-bound
metabolites are so-called megasynthase enzymes, such as fatty acid synthases, polyketide
synthases (PKS) and non-ribosomal peptide synthetases (NRPS) and their hybrids [1,2].
They are responsible for the formation of polyketide and peptide natural products, includ-
ing some of the most important small-molecule drugs in clinical use, such as erythromycin,
rapamycin or epothilone. The availability of suitable substrate surrogates is essential for
the functional study of such biosynthetic systems (Figure 1A). N-Acetylcysteamine (SNAC)
thioesters are of particular importance for this as they effectively mimic the protein attach-
ment of the substrate via the 4′-phosphopantetheine arm and thus allow simplified studies
with active enzymes (Figure 1B) [3–10].

Acylated SNACs contain an acetamide and a thioester as conserved reactive functional
groups, which afford them problematic properties (Figure 1C) [7,11]. The thioester can
undergo side reactions with external or internal nucleophiles, resulting in the irreversible
loss of substance. Due to its polarity, the acetamide can cause problems during substance
purification and can, as a nucleophilic/protic group, cause undesired side reactions. The
functionalization distance between the acetamide and thioester carries the risk that they
act as a chelate ligand and interact with metals. The synthesis of the SNAC thioester
surrogates of late-stage biosynthetic intermediates is as challenging as the synthesis of
natural products of similar structural complexity but, for the above-mentioned reasons, has
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the challenge of an additional problematic functional group. A useful strategy to overcome
this problem would be to introduce the SNAC moiety at a late stage of synthesis along with
a larger fraction of the polyketide moiety.
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Improving the specific methodology for the synthesis of complex polyketide–SNAC
thioesters is therefore of great interest to the biosynthetic research community. Transi-
tion metal-mediated reactions are well suited to late-stage attachment in the convergent
synthesis of complex biosynthetic thioester surrogates, but have only very rarely been
described in the presence of SNAC thioesters. To the best of our knowledge, the literature
currently only contains a report about olefin cross-metathesis between SNAC–acrylates
and hydroxyolefins catalyzed by the second-generation Grubbs catalyst [12].

The Suzuki–Miyaura reaction (SMR) is a highly versatile Pd-catalyzed cross-coupling
reaction. It allows couplings between halides and non-toxic boronic acid derivatives under
relatively mild conditions (Figure 2) [13,14]. In addition to sp2–sp2 bond formations, it is
now possible to carry out couplings between sp2 and sp3 centers, as well as between two
sp3 centers. Two aspects of the SMR could be problematic when applied to SNAC thioesters.
On the one hand, the use of a base is necessary to accelerate the essential group transfer
from the boronic acid to the Pd during the catalytic cycle (step 3). Moreover, Pd can also
be inserted into the C–S bond of the thioester instead of the C–halide bond (step 1) [15].
This reactivity is so pronounced that it forms the basis of the Liebeskind–Srogl reaction, a
modification of the SMR for the direct synthesis of ketones from thioesters [16,17].
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Figure 2. Mechanism of the SMR.

Among the diverse enzymatic PKS domains, cyclases that form saturated oxygen
heterocycles via intramolecular oxa-Michael addition (IMOMA) stand out due to the
synthetical value of this transformation (Figure 3A) [18,19]. It has been shown that they
catalyze a ring formation with exceptional stereoselectivity and therefore represent a
potential new type of biocatalyst [20–29]. For the study of such enzymes, SNAC-7-hydroxy-
2-enethioates are required as substrate surrogates. The synthetic methodology used for
the selective installation of this structural motif is, however, not well developed, making
the generation of precursor libraries a difficult task. The multi-step routes described in
the literature are either highly elaborate, are not stereoselective or lack flexibility, and are
therefore narrow in their applicability [20–23]. For example, the synthesis of the SNAC
surrogate of 10 in stereochemical pure form was accomplished in eight steps and required
multiple purification procedures [21,22]. Furthermore, a lack of convergence makes it
necessary to carry out the largest part of this sequence using different starter building blocks
to access derivatives with variations in the eastern part of the molecule. Other reported
routes are shorter, but also less flexible due to the choice of larger starting building blocks
or the introduction reaction chosen for the SNAC thioester. Olefin cross-metathesis, for
example, is only possible with SNAC–acrylthioates and not with SNAC–methacrylthioates.
Therefore, we set out to develop a flexible, straightforward and broadly applicable method
for the preparation of SNAC-7-hydroxy-2-enethioates.
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Figure 3. (A) IMOMA cyclases catalyze the intramolecular oxa-Michael addition to oxygen heterocy-
cles. The natural reaction of AmbDH3 is shown as an example. (B) Structure of the target compound
required for our biosynthetic studies.

As a solution, we turned to a sequence of hydroboration and SMR to assemble the
backbone and directly introduce the SNAC moiety. The specific challenge was to effectively
perform the SMR in the presence of the SNAC thioester, which has not been achieved
before to the best of our knowledge. The versatility of the method should be shown on
the example of the synthesis of 12 (Figure 3B). This compound was, on the one hand,
specifically required for our enzymatic studies on new IMOMA cyclases (Figure 3A). On

285



Chemistry 2023, 5

the other hand, it represents a particularly challenging substrate during whose preparation
various detrimental side reactions occur; it is thus a reasonable benchmark.

2. Materials and Methods
2.1. General Methods and Materials

All chemicals and solvents were obtained from Abcr (Karlsruhe, Germany), Acros
Organics (Geel, Belgium), BLD Pharm (Kaiserslautern, Germany), Carbolution (St. Ingbert,
Germany), Eurisotop (Saarbrücken, Germany), Fluorochem (Hadfield, UK), Grüssing
(Filsum, Germany), Roth (Karlsruhe, Germany), Sigma-Aldrich (Schnelldorf, Germany),
TCI (Zwijndrecht, Belgium) Thermo Fisher Chemical (Schwerte, Germany), and VWR
(Rednor, DE, USA) and were, unless otherwise stated, used without further purification.
Dry solvents were obtained from Acros Organics. All reactions were performed under argon
gas using dry solvents and reagents. Light-sensitive substances were handled in brown
glass- or aluminum-foil-wrapped flasks. The reactions were monitored via TLC using
Alugram SilG/UV254 TLC foils from Macherey-Nagel (Düren, Germany). The substances
were detected using UV light and a KMnO4 stain (1.50 g of KMnO4, 10.0 g of K2CO3, 2.50 mL
of 5% NaOH, 200 mL of H2O). Products were purified via flash chromatography on SiO2
(Macherey-Nagel MN Kieselgel 60, 40–63 µm). Semi-preparative HPLC was performed
using a Waters HPLC (600 controller, 2487 Dual wavelength absorbance detector) and a
C18-SP stationary phase (H2O:MeCN = 95:5 {5 min}, Gradient H2O:MeCN 95:5 → 5:95
{20 min}, H2O:MeCN = 5:95 {5 min}, 20 mL/min).

All NMR spectra were recorded using Bruker Avance III HD 500 (Rheinstetten, Ger-
many) with the residual solvent signal as an internal standard: CDCl3 7.26 ppm for 1H
and 77.16 ppm for 13C.2 Signal multiplicities are stated, using the following abbreviations:
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and br = broad. For 13C-NMR,
the following abbreviations were used: q = quarternary, t = tertiary, s = secondary and
p = primary. The chemical shifts are reported as values of the δ-scale in [ppm] and the
coupling constants J in [Hz]. Signal assignments were made with 2D NMR spectra (COSY,
HSQC, HMBC, NOESY). High-resolution mass spectra (HRMS) were obtained using a
Thermo Fisher Scientific Q Exactive (Orbitrap) mass spectrometer. Optical rotation was
recorded on a Jasco P-1020 polarimeter (10 cm cell) from Portman Instruments (Biel-Benken,
Switzerland) using the sodium D line (589 nm). The given value of [α]D represents the
average of 50 individual measurements and is stated as deg·mL·g−1·dm−1. Elemental anal-
yses were carried out using a 2400 CHN elemental analyzer from Perkin-Elmer (Waltham,
MA, USA).

2.2. General Procedures
2.2.1. General Procedure 1: STEGLICH Esterification for SNAC Thioester Formation

A solution of carboxylic acid (GP2, 1.0 eq.) and N-acetylcysteamine (GP1, 1.5 eq.) in
CH2Cl2 (0.2 M) was cooled to 0 ◦C. Subsequently, DMAP (0.1 eq.) and EDC*HCl (1.5 eq.)
were added. After warming to room temperature, the solution was stirred for 2 h, before
diluting with saturated aqueous NH4Cl solution. The resulting phases were separated and
the aqueous one was extracted three times with CH2Cl2. The combined organic phases
were washed with brine, dried over MgSO4 and filtrated. The solvent was removed in
vacuo and the crude thioester (GP3) was purified via flash chromatography.
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2.2.2. General Procedure 2: Protection of Hydroxyls as Silylethers

To a stirred solution of secondary alcohol (GP4, 1.0 eq.) in DMF (1 M), silylchloride
(1.5 eq.) and imidazole (2.5 eq.) were added. After stirring the mixture at room temperature
overnight, pentane and water were added. The resulting phases were separated and the
aqueous one was extracted three times with pentane. Subsequently, the combined organic
phases were washed with brine, dried over MgSO4 and filtrated. The solvent was removed
in vacuo and the crude silylether (GP5) was purified via filtration over a short plug of
silica (pentane).
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2.2.3. General Procedure 3: Hydroboration-SUZUKI-MIYAURI Reaction

A solution of terminal alkene (GP7, 1.5 eq.) in freshly degassed THF (1 M) was cooled
to 0 ◦C and 9-BBN (1.5 eq., 0.5 M in THF) was added dropwise. The mixture was stirred
overnight while being allowed to slowly warm to room temperature. Subsequently, freshly
degassed DMF (total 0.2 M), thioester vinylhalogenide (GP6, 1.0 eq.), PdCl2 (dppf) (5 mol%),
AsPh3 (5 mol%) and Cs2CO3 (2.0 eq.) were added, and the suspension was heated to 50 ◦C.
After the complete consumption of the starting material (TLC), EtOAc was added, and the
mixture was transferred to a separating funnel containing aqueous LiCl solution (10% wt).
After the separation and extraction of the aqueous phase using EtOAc (3×), the combined
organics were washed with brine and dried over MgSO4. After concentration in vacuo, the
crude product (GP8) was purified via flash chromatography.

Chemistry 2023, 5, FOR PEER REVIEW  5 
 

 

2.2. General Procedures 

2.2.1. General Procedure 1: STEGLICH Esterification for SNAC Thioester Formation 
A solution of carboxylic acid (GP2, 1.0 eq.) and N-acetylcysteamine (GP1, 1.5 eq.) in 

CH2Cl2 (0.2 M) was cooled to 0 °C. Subsequently, DMAP (0.1 eq.) and EDC*HCl (1.5 eq.) 
were added. After warming to room temperature, the solution was stirred for 2 h, before 
diluting with saturated aqueous NH4Cl solution. The resulting phases were separated and 
the aqueous one was extracted  three  times with CH2Cl2. The combined organic phases 
were washed with brine, dried over MgSO4 and filtrated. The solvent was  removed  in 
vacuo and the crude thioester (GP3) was purified via flash chromatography. 

 
Scheme 1. General procedure for thioesterification. 

2.2.2. General Procedure 2: Protection of Hydroxyls as Silylethers 

To a stirred solution of secondary alcohol (GP4, 1.0 eq.) in DMF (1 M), silylchloride 
(1.5 eq.) and imidazole (2.5 eq.) were added. After stirring the mixture at room tempera-

ture overnight, pentane and water were added. The resulting phases were separated and 
the aqueous one was extracted three times with pentane. Subsequently, the combined or-
ganic phases were washed with brine, dried over MgSO4 and filtrated. The solvent was 
removed in vacuo and the crude silylether (GP5) was purified via filtration over a short 
plug of silica (pentane). 

 
Scheme 2. General procedure for silylether protection. 

2.2.3. General Procedure 3: Hydroboration-SUZUKI-MIYAURI Reaction 
A solution of terminal alkene (GP7, 1.5 eq.) in freshly degassed THF (1 M) was cooled 

to 0 °C and 9-BBN (1.5 eq., 0.5 M in THF) was added dropwise. The mixture was stirred 
overnight while  being  allowed  to  slowly warm  to  room  temperature.  Subsequently, 
freshly degassed DMF (total 0.2 M), thioester vinylhalogenide (GP6, 1.0 eq.), PdCl2(dppf) 
(5 mol%), AsPh3  (5 mol%)  and Cs2CO3  (2.0  eq.) were  added,  and  the  suspension was 
heated to 50 °C. After the complete consumption of the starting material (TLC), EtOAc 
was added, and the mixture was transferred to a separating funnel containing aqueous 
LiCl solution (10% wt). After the separation and extraction of the aqueous phase using 
EtOAc (3×), the combined organics were washed with brine and dried over MgSO4. After 
concentration in vacuo, the crude product (GP8) was purified via flash chromatography. 

 
Scheme 3. General procedure for SMR. 

   

Scheme 3. General procedure for SMR.

2.2.4. General Procedure 4: Deprotection

The silylether (GP9, 1.0 eq.) was dissolved in HF-containing stock solution (70% HF*pyridine/
pyridine/THF (1:2:8)) at 0 ◦C. After warming to room temperature and the complete
consumption of the starting material according to TLC, the saturated aqueous NaHCO3
solution was added dropwise until no more formation of CO2 was observed. Subsequently,
the phases were separated and the aqueous one was extracted three times using EtOAc. The
combined organics were washed with brine and dried over MgSO4. After concentration in
vacuo, the crude product (GP7) was purified via semi-preparative HPLC.
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3. Results

Thioester-halides are rare substrates in SMRs. The literature, however, contains an
example of the coupling reactions of simple 4-bromothiophenols with 4-tolyl-boronic acid,
in which the bulky acyl unit of the thioesters served as a protecting group for the thiol [15].
We used the reported conditions for the synthesis of an ethylenoate that was sensitive to
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hydrolysis and a base described by Suzuki et al. as the starting point for our studies [30].
These were carried out using the SNAC (E)-3-bromo-2-methylprop-2-enethioate 13a and
the OTBS-protected 3-hydroxyolefin 14 (1.0 equiv. of 13a, 1.1 equiv. of 14, 1.1 equiv. 9-BBN,
5mol% PdCl2(dppf) (dppf: 1,1′-bis(diphenylphosphino)ferrocene) and 2.0 equiv. K2CO3)
(Schemes 1 and 2). Although a basic coupling reactivity was observed, the yields of the
reactions varied hardly reproducibly over a wide range and showed a strong dependence
on even small variations in the amounts of thioester, alkene, borane and Pd catalyst. This
suggests that several side reactions might proceed at rates similar to the desired pathway.
We therefore carried out a systematic optimization study (Table 1, see Supplementary
Materials pages 3–7).

Table 1. Optimization of the conditions for the coupling of the SNAC thioester halides 13a/13b and
TBS-protected olefin 14.
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a Br K2CO3 - 50 54
b Br K2CO3 P(o-furyl)3 50 23
c Br K2CO3 AsPh3 50 55
d Br Cs2CO3 - 50 55
e Br K2CO3 - 20 13
f I K2CO3 - 50 55
g I Cs2CO3 AsPh3 50 34
h I Cs2CO3 AsPh3 65 -
i I Cs2CO3 AsPh3 20 78

General reaction conditions: 1. 14 (1.5 eq., 1 M in THF), 9-BBN (1.5 eq., 0.5 M in THF), 0 ◦C to 20 ◦C, o.n.; 2. DMF
(total 0.2 M), 13 (1.0 eq.), base (2.0 eq.), PdCl2dppf (5 mol%), additive (5 mol%), reaction control via TLC. Reaction
scale: 90–100 µmol.

For this, we varied the individual reaction parameters. Since we assumed that the side
reactions of the 3-bromoacryl thioate 13a were a particular problem, we worked with an
excess of 1.5 equiv. of alkene 14 and 9-BBN. Different thioester halides (Br and I), bases
(K2CO3 and Cs2CO3), additives (P(o-furyl)3 and AsPh3) and temperatures (20 ◦C, 50 ◦C and
65 ◦C) were tested. All reactions were carried out on a scale of 90–100 µmol of 13a/13b and
compared based on the isolated yield after column chromatography. The yields in the basic
experiment with an excess of 1.5 equiv. of 14 and 9-BBN (entry a) were fortunately stable
upon repetition in a range slightly above 50%. The variation in the individual parameters
did not lead to a marked increase in this value, whereas the addition of P(o-furyl)3 and
the decrease in the reaction temperature even significantly reduced the yield (entries b
and e). Fortunately, the combined change in several parameters led to a significantly
improved result (entry i). Using 3-iodoacryl thioate 13b, Cs2CO3, AsPh3 and carrying
out the reaction at room temperature gave 15 a yield of 78%. The TBS deprotection of 16
achieved a 52% yield using PPTS under conditions that we identified as successful in the
synthesis of other SNAC-7-hydroxy-2-enethioates [21–23].

Side products that could not be isolated and fully analyzed were regularly detected
in the low-yielding hydroboration SMRs in Table 1. According to TLC, these were highly
polar compounds whose migration behavior suggests that they were derived from SNAC.
We assume that a major part of this is the homocoupling product of the thioester acrylates
13a/13b and the 2-(N-acetamidyl)-ethylketone resulting after the C–S bond insertion of the
Pd, a side reaction described previously for low-functionalized thioesters [15]. The yield
improvement observed in the optimization study is consistent with the suppression of these
side reactions. Cs2CO3 is much more soluble in DMF than K2CO3, leading to a much higher
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effective concentration of carbonate. This should significantly improve the activation of
the ate complex for alkyl group transfer to the Pd (step 3 in Figure 2) and accelerate the
heterocoupling reaction. The iodoacrylate is more reactive towards Pd insertion than the
bromoacrylate, thus favoring this productive reaction (step 1) compared to the insertion
of Pd into the C–S bond. This selectivity is expected to be even more pronounced at room
temperature than at 50 ◦C. The addition of AsPh3 supports these effects by accelerating
both the formation of the active Pd(0) from the Pd(II) species and transmetallation, due to
its lower σ-donor effect than PPh3 [31,32].

We now turn to the coupling between the thioesters 13a/13b and the olefins 17a and
17b, which resemble the sensitive 5-hydroxy-tri-1,3,7-ene in target molecule 12 (Table 2, see
SI pages 7–13). Their higher degree of functionalization makes them more susceptible to
side reactions during the introduction and removal of the protecting group and during the
coupling cascade. In addition to screening the same thioester halides (13a/13b) as in Table 2,
a broader panel of bases (Cs2CO3, K2CO3 and K3PO4) and hydroxyl protection groups
(TBS and TES) on the olefinic coupling partner were examined. Due to the superiority of
the previous optimization, only AsPh3 was applied as an additive and only 20 ◦C and 50 ◦C
were tested as reaction temperatures.

Table 2. Optimization of the conditions for the coupling between 13a/13b and protected trienes
17a/17b, varying protecting group, halogenide, base, additives and temperature.
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higher effective concentration of carbonate. This should significantly improve the activa-
tion of the ate complex for alkyl group transfer to the Pd (step 3 in Figure 2) and accelerate 
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the bromoacrylate, thus favoring this productive reaction (step 1) compared to the inser-
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due to its lower σ-donor effect than PPh3 [31,32]. 
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17b, which resemble the sensitive 5-hydroxy-tri-1,3,7-ene in target molecule 12 (Table 2, 
see SI pages 7–13). Their higher degree of functionalization makes them more susceptible 
to side reactions during the introduction and removal of the protecting group and during 
the coupling cascade. In addition to screening the same thioester halides (13a/13b) as in 
Table 2, a broader panel of bases  (Cs2CO3, K2CO3 and K3PO4) and hydroxyl protection 
groups (TBS and TES) on the olefinic coupling partner were examined. Due to the superi-
ority of the previous optimization, only AsPh3 was applied as an additive and only 20 °C 
and 50 °C were tested as reaction temperatures. 

Table 2. Optimization of  the conditions  for  the  coupling between 13a/13b and protected  trienes 
17a/17b, varying protecting group, halogenide, base, additives and temperature. 

 
Entry  X  PG  Base  Additive  Temperature [° C]  Isolated Yield [%] 

a  Br  TBS  2 eq. K2CO3  -  50  27 
b  Br  TBS  3 eq. K3PO4  -  50  17 
c  Br  TES  2 eq. K2CO3  -  50  25 
d  Br  TES  3 eq. K3PO4  -  50  12 
e  Br  TES  2 eq. K2CO3  -  20  15 

Entry X PG Base Additive Temperature [◦ C] Isolated Yield [%]

a Br TBS 2 eq. K2CO3 - 50 27
b Br TBS 3 eq. K3PO4 - 50 17
c Br TES 2 eq. K2CO3 - 50 25
d Br TES 3 eq. K3PO4 - 50 12
e Br TES 2 eq. K2CO3 - 20 15
f I TES 2 eq. K2CO3 - 50 49
g Br TES 2 eq. Cs2CO3 - 50 80
h Br TES 2 eq. K2CO3 AsPh3 50 77
i I TES 2 eq. K2CO3 - 20 63
j I TES 2 eq. Cs2CO3 AsPh3 20 87

Reaction conditions: 1. 17 (1.5 eq., 1 M in THF), 9-BBN (1.5 eq., 0.5 M in THF), 0 ◦C to 20 ◦C, o.n.; 2. DMF (total
0.2 M), 13 (1.0 eq.), base (2.0 eq.), PdCl2dppf (5 mol%), additive (5 mol%), reaction control via TLC.

Compared to the basic experiments (entries a and c, Table 2), a decrease in the yield
of 18 was observed when the reaction was carried out at 20 ◦C instead of 50 ◦C, or when
K3PO4 was employed as a base (entries a–e). In contrast to the experiments using the
simpler coupling partner 14 (Table 1), the change in one or two reaction parameters led to
an increase in the yield of up to 80% (entries f–i). When these measures were combined
and the reaction was carried out at 20 ◦C, a further increase to an 87% yield of 18b was
achieved (entry j, Scheme 3). The TES group was expected to be more easily removable
than the TBS group (vide infra). As the former demonstrated stability under the conditions
tested, and as both protecting groups gave similar yields in the comparable entries a–d,
the optimization in entries f–j was conducted using the TES protection group. The results
summarized in Table 2 are in agreement with those observed in Table 1 and confirm the
conclusions/interpretations drawn from them.

Numerous side reactions were conceivable during the deprotection of the silyl ethers
18a and 18b, such as eliminations, intramolecular oxa-Michael additions or interferences
with the thioester. The slightly acidic conditions of the standard deprotection protocol
with PPTS (see Table 1, step 2) resulted in the elimination of the alcohol/silylether (entry
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a, Table 3, see SI page 14). With TBAF, the formation of the desired product was also not
observed in any case. No reaction of the TBS ether 18a was found after 1 h at 0 ◦C (entry
b). Decomposition occurred for the TBS ether 18b after overnight reaction at 20 ◦C and for
the TES ether after only 1 h at 0 ◦C (entries c and d). Standard HF*pyridine treatment also
resulted in decomposition (entry e). A successful procedure was finally adopted from a pro-
tocol previously reported by Carreira et al., which relied on using a premixed stock solution
of HF*pyridine in THF supplemented with additional pyridine at 0 ◦C [33]. Deprotection
was successful for both silylethers and led to the attainment of the desired alcohol 19 in
pure form after column chromatography (entries f and g, Scheme 4). The reactions were
continuously monitored by TLC and stopped before noticeable decomposition occurred.
The yield for the TES ether was significantly better than that of the TBS ether, suggesting
that the former is the preferable protecting group for the synthesis of 12.

Table 3. Testing conditions for silylether deprotection.
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Entry  PG  Reagent  Conditions  Result 

a  TBS  PPTS  DMSO, 50 °C, o.n.  Decomposition 
b  TBS  TBAF  THF, 0 °C, 1 h  No reaction 
c  TBS  TBAF  THF, 0 → 20 °C, o.n.  Decomposition 
d  TES  TBAF  THF, 0 °C, 1 h  Decomposition 
e  TBS  HF*pyridine  THF, 0 °C, 3 h  Decomposition 
f  TBS  HF*pyridine, pyridine  THF, 0 → 20 °C, 3 h  51% 

g  TES  HF*pyridine, pyridine  THF, 0 → 20 °C, 3 h  81% 

Entry PG Reagent Conditions Result

a TBS PPTS DMSO, 50 ◦C, o.n. Decomposition
b TBS TBAF THF, 0 ◦C, 1 h No reaction
c TBS TBAF THF, 0→ 20 ◦C, o.n. Decomposition
d TES TBAF THF, 0 ◦C, 1 h Decomposition
e TBS HF*pyridine THF, 0 ◦C, 3 h Decomposition
f TBS HF*pyridine, pyridine THF, 0→ 20 ◦C, 3 h 51%
g TES HF*pyridine, pyridine THF, 0→ 20 ◦C, 3 h 81%

The reaction sequences to 12 were carried out starting from aldehyde 20 (see
Supplementary Materials pages 14–16). Brown crotylation first afforded the highly sensi-
tive hydroxytriene 21 in a yield of 71% and an 86% e.e., which was immediately transformed
into the isolatable TBS and TES ethers 22a and 22b, with yields of 91% and 84% (Scheme 5).
This was followed by the established one-pot two-step cascade of hydroboration and
SMR to give 28a and 28b, which were deprotected under the optimized conditions to give
7-hydroxy-2-ene-SNAC thioate 12 in overall yields of 16–60% (Table 4, see Supplementary
Materials pages 17–19). These results confirm, on the one hand, that TES is the preferable
protecting group compared to TBS as it leads to higher yields in both the coupling and
deprotection reaction (entries a and b). On the other hand, they show the positive effect of
optimizing the SMR conditions, which led to an improvement in the yield from 51% to 74%
in the coupling step (entries b and c).
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Scheme 5. Synthesis of protected hydroxytrienes 22a/22b from aldehyde 20. See SI for the steps
leading to precursor aldehyde 20.

To illustrate the broader synthetic utility of the synthesis of chiral 7-hydroxy-2-ene-
SNAC thioates, we additionally applied the method to the synthesis of octaketide 33
(Scheme 6, see SI pages 20–24). In comparison to 12, this compound exhibits a highly
hydrophobic heptyl chain, an additional chiral secondary alcohol and a relative anti-
configuration at the vicinal stereocenters at C-6 and C-7. Olefin 31 was obtained from
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aldehyde 29 via Brown crotylation and TBS protection. Despite the presence of two ster-
ically demanding TBS groups, the hydroboration to SMR sequence proceeded similarly
well, as in the synthesis of 28b, giving 32 a yield of 79% starting from 31. The deprotection
of 32 was achieved in a 93% yield under the conditions optimized for the synthesis of the
sensitive allylic alcohols 12 and 19. These conditions thus also provide an advantage for the
deprotection of SNAC 2-enethioate silyl ethers devoid of critical (poly)enes, as is evident
from the comparison made with the deprotection of 15 to 16 that was carried out using
PPTS and that led to a yield of only 52%.

Table 4. Two-pot three-step reaction sequence for thioester 12 starting from 13a/13b and 22a/22b. The
coupling step is formulated under the assumption that the SMR proceeds via a Pd(0)/Pd(II) mechanism.
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Entry X PG Conditions Coupling Yield [%] Deprotection Yield [%] Overall Yield [%]

a Br TBS A 30 53 16
b Br TES A 51 86 44
c I TES B 74 81 60

Reaction conditions: A. 22 (1.0 eq., 1 M in THF), 9-BBN (1.0 eq., 0.5 M in THF), 0 ◦C to 20 ◦C, o.n.; 2. DMF (total
0.2 M), 13 (1.5 eq.), K2CO3 (2.0 eq.), PdCl2dppf (5 mol%), 50 ◦C, reaction control via TLC; B. 22 (1.5 eq., 1 M in THF),
9-BBN (1.5 eq., 0.5 M in THF), 0 ◦C to 20 ◦C, o.n.; 2. DMF (total 0.2 M), 13 (1.0 eq.), Cs2CO3 (2.0 eq.), PdCl2dppf
(5 mol%), AsPh3 (5 mol%), 20 ◦C, reaction control via TLC; C. 22 (10.0 mg, 1.0 eq.), 110 µL of HF-containing stock
solution (1 part HF*pyridine, 2 parts pyridine, 8 parts THF).
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and high  stereoisomeric purity. This  represents a  significant  improvement over previ-
ously described routes  to similar compounds, which either required significantly more 
steps or gave lower overall yields (eight steps, 10% overall yield for the SNAC thioester 
analog of 10 starting from propionaldehyde) [21]. Other routes gave SNAC 7-hydroxy-2-
ene thioates in five steps from TBS-protected 1,5-hexanediol with a total yield of 23% [20]. 
The  latter,  however,  only  provided  access  to  racemic  products, which were  also  not 
branched in the α-position. It did also not offer the flexibility in backbone installation that 
the presented method does. 

The SMR-based coupling method presented here is compatible with the presence of 
SNAC thioesters and can be used in the future for the flexible and efficient preparation of 
substrate surrogates for studies of IMOMA cyclases and other enzymatic megasynthase 
domains that act on similar functionalization patterns as those present at C-1–C-6 in 12, 
16, 19 and 33. The method should also be of interest for the synthesis of precursors of non-
enzymatic IMOMA reactions. It has been shown for chemically catalyzed IMOMA reac-
tions that cis-THP stereoselectivity can be more reliably achieved using enethioates rather 
than enoates, meaning that the former are attractive precursors. 

Supplementary  Materials:  The  following  supporting  information  can  be  downloaded  at: 
www.mdpi.com/xxx/s1, The Supplementary Materials contain detailed synthetic procedures and 
analytical data including 1H and 13C NMR spectra in Figures S1–S50. 
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Scheme 6. Synthesis of chiral hydroxythioate 33. See SI for the steps leading to precursor aldehyde 29.

4. Discussion

In summary, a useful method for the rapid assembly of SNAC hydroxyenethioates
that makes use of a cascade of hydroboration to SMR, followed by optimized silylether
deprotection, was developed. The four SNAC hydroxyenethioates 12, 16, 19 and 33 were
synthesized using this strategy. The chiral 12 and 33 were obtained in four synthetic
operations using the aldehydes 20 and 29, respectively, with overall yields of 36% and 57%
and high stereoisomeric purity. This represents a significant improvement over previously
described routes to similar compounds, which either required significantly more steps or
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gave lower overall yields (eight steps, 10% overall yield for the SNAC thioester analog of
10 starting from propionaldehyde) [21]. Other routes gave SNAC 7-hydroxy-2-ene thioates
in five steps from TBS-protected 1,5-hexanediol with a total yield of 23% [20]. The latter,
however, only provided access to racemic products, which were also not branched in the
α-position. It did also not offer the flexibility in backbone installation that the presented
method does.

The SMR-based coupling method presented here is compatible with the presence of
SNAC thioesters and can be used in the future for the flexible and efficient preparation of
substrate surrogates for studies of IMOMA cyclases and other enzymatic megasynthase
domains that act on similar functionalization patterns as those present at C-1–C-6 in 12,
16, 19 and 33. The method should also be of interest for the synthesis of precursors of
non-enzymatic IMOMA reactions. It has been shown for chemically catalyzed IMOMA
reactions that cis-THP stereoselectivity can be more reliably achieved using enethioates
rather than enoates, meaning that the former are attractive precursors.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemistry5020096/s1, The Supplementary Materials con-
tain detailed synthetic procedures and analytical data including 1H and 13C NMR spectra in
Figures S1–S50. References [34–37] are cited in Supplementary Materials.
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Abstract: The discovery of melamine by Justus von Liebig was fundamental for the development
of several fields of chemistry. The vast majority of compounds with melamine or melamine deriva-
tives appear as adducts. Herein, we focus on the development of novel compounds containing
anionic melamine species, namely the melaminates. For this purpose, we analyze the reaction of
SbCl3 with melamine by differential scanning calorimetry (DSC). The whole study includes the
synthesis and characterization of three antimony compounds that are obtained during the deprotona-
tion process of melamine to melaminate with the reaction sequence from SbCl4(C9N18H19) (1) via
(SbCl4(C6N12H13))2 (2) to SbCl(C3N6H4) (3). Compounds are characterized by single-crystal X-ray
diffraction (SXRD), powder X-ray diffraction (PXRD), and infrared spectroscopy (IR). The results
give an insight into the mechanism of deprotonation of melamine, with the replacement of one, two,
or eventually three hydrogen atoms from the three amino groups of melamine. The structure of
(3) suggests that metal melaminates are likely to form supramolecular structures or metal-organic
frameworks (MOFs).

Keywords: melaminate; antimony; melamine; melaminium; deprotonation; crystal structures

1. Introduction

In the 19th century, the foundation of amine-substituted s-triazine derivatives was laid
for the first time by Liebig and Gmelin [1–3] with the synthesis of melamine, melam, melem
and their condensation product called melon. Melamine (1,3,5-triazine-2,4,6-triamine) is
the simplest and most intensively studied C/N/H compound synthesized from potassium
thiocyanate and ammonium chloride for the first time (1834) by Liebig [1,4]. However, it can
also be easily achieved with trimerization of cyanamide (CN2H2), while today, industrial
productions take place from urea in tons [5–7]. Melamine has a relatively high-melting
point for an organic compound and undergoes condensation reactions on heating. The
condensation products melem, melam, and melon (Figure 1) of this ancestry compound
have been studied extensively using various spectroscopy techniques [8,9]. For a long
period, thermal condensation was not fully understood due to the chemical inertness and
low solubility of these products [10]. In 1959, May conducted a study on the pyrolysis
of melamine at temperatures between 200 ◦C and 500 ◦C [11]. Afterward, this process
was investigated by several scientists, particularly by Schnick and Lotsch [12,13]. The
temperature-programmed XRD (TPXRD) was used in the temperature range between
25 ◦C and 660 ◦C to clarify the exact temperatures of formation of condensed products,
which shows that the sublimation temperature of melamine is approximately 360–370 ◦C
at atmospheric pressure. However, TPXRD in semi-closed systems shows that the X-ray
reflections of melamine disappear at 296 ◦C, and then melamine forms melam and melem,
which are stable up to 379 ◦C [13]. Pure melem, which consists of internally hydrogen-
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bonded heptazine molecules, can be obtained at 379 ◦C and is stable up to 500 ◦C. The
polymeric carbon nitride material melon is also achieved with further heating [13].
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Figure 1. Molecular structures of melamine (C3N6H6), melam (C6N11H9) and melem (C6N10H6).

In addition to the many applications melamine has, such as surface coating [14], flame
redundancy [14–17], and heavy metal removal [18,19], it has some unique characteristics
which make it a relevant research topic up to this day. The most important potential of
melamine is its ability to create a metal-organic framework (MOF) [20] or porous-organic
framework (POFs) [21] by the formation of metal melaminates.

Justus von Liebig’s discovery of melamine was essential in the progress of C/N/H
chemistry. Most melamine-containing compounds and their derivatives are found as
adducts. Cationic C/N/H ions are present in various molecular compounds, including
melamine, melam, and melem. These ions are formed by protonating the ring nitro-
gen atoms, which are more basic than the terminal amino groups. The most common
cations are monoprotonated, but di- or trications have also been observed. More re-
search into the chemistry of these substances led to the discovery of melaminium [22–26],
melamium, and melemium salts. By far, the majority of salts were produced by melamine,
including melaminium sulfate [27], melaminium nitrate, melaminium phosphates [16,28],
melaminium chloride [29], organic slats of phthalates [30], benzoates, or citrates [31], and
many inorganic salts containing complex anions [32,33]. On the other hand, a small number
of melamium salts have been studied, such as melamium bromide and iodide [26]. Recently,
melemium salts, namely melemium sulfate, triple protonated melemium methylsulfonate,
and melemium perchlorate, are also discovered [34,35]. Melamine was also reported to
coordinate with metal halides to form organic-inorganic hybrid copper halides such as
Cu2Br2(C3N6H7)]n, [Cu3Cl3(C3N6H7)]n [36], the silver complex [Ag(C3N6H6)(H2O)(NO3)]n,
and the mercury compound (C3N6H7)(C3N6H6)HgCl3 [37], which have biochemical applica-
tions and nonlinear optical properties [38,39].

Regarding the basic property of melamine, protonation is easy, and a great variety of
such compounds, either theoretically or experimentally, have been investigated [25,26,40,41].
A new class of chemistry related to melaminates (deprotonated melamine) has received
less attention until now; however, it is very important from either a chemistry or applica-
tion perspective. The coordination behavior of molecules such as guanidine or melamine,
capable of forming extended hydrogen bonds, can be changed by deprotonation [36,42].
Thus, it is a promising strategy for synthesizing interconnected supramolecular structures
or MOFs. Despite the challenge which arises from the rigidity of its heterocyclic struc-
ture, the affinity of ring-N atoms to act as H-bond acceptors, and the steric hindrance of
neighboring amino groups [35], the deprotonation of melamine seems to be plausible since
guanidine (a stronger base) has already been deprotonated twice [43]. Franklin pioneered
the work on anionic melaminate by synthesizing two compounds of K(C3N6H5)·NH3 and
K3(C3N6H3) [44,45] in liquid ammonia. However, these compounds were only character-
ized using elemental analyses, and no crystallographic structure information was provided.
Later, Dronskowski and coworkers confirmed the presence of the two ammonia adducts,
K(C3N6H5)·NH3 and Rb(C3N6H5)· 12 NH3 by single-crystal X-ray diffraction. Ammonia-free
K3(C3N6H3) has been assigned by its characteristic infrared bands, being compared with

296



Chemistry 2023, 5

calculated bands from density-functional theory (DFT) [42]. There was no further research
reported on these classes of compounds and their properties until the discovery and iden-
tification of the copper melaminate Cu3(C3N6H3) with a layered framework structure by
Meyer & coworkers [20].

In this work, the step-wise deprotonation of melamine in a solid state has been studied
by thermal analysis. Herein, antimony (III) chloride is used for the deprotonation of
melamine due to its low melting point of 73.4 ◦C [46]. The recorded reaction sequence shows
three compounds that were prepared and later characterized by powder X-ray diffraction
(PXRD), single-crystal diffraction, and IR measurements. The structure of SbCl(C3N6H4)
suggests the potential of synthesizing interconnected supramolecular structures or metal-
organic frameworks (MOFs).

2. Materials and Methods
2.1. Materials

The starting materials, melamine (2,4,6-triamino-1,3,5-triazine, purchased from Sigma-
Aldrich, 99%), and antimony(III)chloride (Sigma-Aldrich, 99%), ammonium chloride
(Sigma-Aldrich, 99.99%) were used without further purification. The reaction mixtures
were prepared under an argon atmosphere in a glovebox with moisture and oxygen levels
below 1 ppm and transferred into homemade silica tubing (inner diameter 13 mm and
7 mm) and sealed under vacuum. The reactions were carried out in Simon–Müller and
Carbolite chamber furnaces.

2.1.1. Synthesis

Synthesis of SbCl4(C9N18H19) (1):

Precursors were pestled in an agate mortar with a 1:4 molar ratio of antimony(III)chloride
and melamine. A mixture of antimony(III) chloride and melamine with a total mass
of ≈200.0 mg was transferred into a homemade silica ampule and sealed therein under
vacuum. The ampoule was placed into a Simon–Müller furnace and heated to 200 ◦C for
20 h with a heating rate of 2 ◦C/min and cooling ramp of 0.5 ◦C/min (Figure S1). The reaction
produced a white color product crystallized on the top of the ampule (>90% yield w.r.t Sb). A
temperature gradient seemed to play an essential role in the separation of the product (1).

The solubility of compound (1) has been investigated in acetonitrile, THF, DCM,
ethanol, methanol, and water. The PXRD measurements showed the decomposition of this
product to unknown phases.

Synthesis of (SbCl4(C6N12H13))2 (2):

Similar to the previous preparation, the mixture of antimony (III)chloride and melamine
was mixed in a 1:2 molar ratio (total mass of ≈200.0 mg) and heated to 200 ◦C for 20 h with
a heating and cooling rate of 2 ◦C/min (Figure S1). The product was X-ray amorphous
powder and contained transparent single crystals of (2) (10% w.r.t Sb).

Synthesis of SbCl(C3N6H4) (3):

The structure of (3) was obtained from both (1:2 and 1:4) ratios of antimony(III)chloride
and melamine by heating the 1:2 ratio at 250 ◦C for 20 h, or by heating the 1:4 ratio at 280 ◦C
for 20 h (Figure S1). The beige color product was isolated in 50% yield w.r.t Sb.

The solubility of compound (3) has been studied in many solvents. The powder was
soaked for one hour in acetonitrile, THF, DMF, DCM, ethanol, methanol, water, and diluted
acetic acid. Subsequent PXRD measurements were undertaken. The results showed that com-
pound (3) remains stable in acetonitrile, THF, DMF, DCM, ethanol, and methanol. However,
in water and DMSO, compound (3) decomposes and forms Sb2O3 and an unknown phase,
respectively. The schematic synthesis of all three compounds is presented in Figure S1.

2.1.2. X-ray Powder Diffraction

The X-ray diffraction of prepared powders was recorded with a powder diffractometer
(STOE Darmstadt, STADIP, Ge-monochromator) using Cu-Kα1 (λ = 1.540598 Å) radiation
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in the range of 5 < 2θ < 120◦. Match3! Software [47] was used to compare the patterns with
patterns of the corresponding crystal structures.

2.1.3. Single-Crystal X-ray Diffraction

Single Crystals of (1), (2), and (3) were selected and placed on a single-crystal X-ray
diffractometer (Rigaku XtaLab Synergy-S) with Cu-Kα radiation (λ = 1.54184 Å) and a
mirror monochromator at 150 or 220 K. Crystal structures were solved by direct meth-
ods (SHELXT) [48], followed by full-matrix least-squares structure refinements (SHELXL-
2014) [49]. The absorption correction of X-ray intensities was performed with numerical
methods using the CrysAlisPro 1.171.41.92a software (Rigaku Oxford Diffraction). Hydro-
gen atoms were found in the difference map and refined therefrom isotropically.

2.1.4. Thermoanalytic Studies

Differential scanning calorimetry (DSC) was carried out using a DSC 204 F1 Phoenix
(Fa. Netzsch, Selb, Germany). The starting materials were enclosed under Ar in a glovebox
into gold-plated (5 µm) steel autoclaves with a volume of 100 µL (Bächler Feintech AG in
Hölstein, Switzerland). The reactions of SbCl3 with melamine were analyzed for different
ratios between room temperature and 500 ◦C at a heating and cooling rate of 2 ◦C/min.

2.1.5. Infrared Spectra

The infrared (IR) spectra of samples were recorded with a Bruker VERTEX 70 FT-IR
spectrometer within the spectra range of 400−4000 cm−1. Tablets of KBr were used as a
background.

3. Results and Discussion
3.1. Thermoanalytic Studies

Thermal analyses based on DSC and DTA have been shown to be highly insightful
regarding the examination of reaction sequences [50,51] and for comprehensive studies of
binary or ternary systems [52], especially when combined with PXRD studies. Following
this method, the formation or decomposition of a crystalline species is usually indicated by a
thermal event, and the newly formed species is characterized by X-ray diffraction techniques.

The differential scanning calorimetric (DSC) measurements of 1:2 and 1:4 molar mix-
tures of antimony chloride and melamine are shown in Figure 2, with heating and cooling
rates of 2 ◦C/min. The DSC patterns display a small exothermic peak at around 70 ◦C,
which can be attributed to the melting point of antimony(III)chloride. Figure 2a,b show
multiple exothermic effects between 200 ◦C and 300 ◦C. The resolution of thermal events
in this region is rather poor and cannot be significantly improved by changing the heat-
ing ramp. For example, we have explored different heating rates throughout. At lower
heating rates, the signals were smeared out and were not as sharp as the signals shown
in Figure 2a,b, so the resolution was worse. The presented heating rate is the optimized
heating rate with respect to the signal-to-noise ratio. Moreover, the effects are slightly
different for different ratios of starting materials, with lower reaction temperatures in the
presence of more melamine.

Powder XRD patterns were recorded on samples obtained under conditions given in
the DSC experiments, being interrupted at certain temperatures, especially in the tempera-
ture region between 200 ◦C and 280 ◦C. Compound (1) was already formed at 200 ◦C from
a 1:4 ratio of starting materials, and compound (2) was observed in the XRD pattern from a
1:2 ratio at the same temperature. Compound (3) was identified at around 280 ◦C from a 1:4
ratio of starting materials or, alternatively, at 250 ◦C from a 1:2 ratio. The endothermic peaks
at 370 ◦C indicate the melting/decomposition of (excess) melamine, which appears sharper
for the 1:4 ratio due to the larger amount of melamine. This assignment is confirmed by a
DSC of melamine (Figure S2), which shows a similar endothermic peak with a slight shift
at 361 ◦C. At slightly higher temperatures, compound (3) is decomposed, which is followed
by a strong exothermic peak at 400 ◦C and 417 ◦C for the 1:4 and a 1:2 ratio, respectively.
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These intense exothermic peaks led to the formation of a phase with a yellow color (4) that
looked glassy under the microscope. This was further studied by means of IR spectroscopy
(see the relevant section).
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Figure 2. (a) DSC of the reaction of SbCl3 and melamine in a ratio of 1:4, (b) DTA of the reaction of
SbCl3 and melamine in a ratio of 1:2.

From this study, we note that reactions in the given system proceed very quickly,
almost simultaneously, making the assignment of compounds and their preparations
challenging. This is due to the high reactivity of reaction partners.

3.2. Crystal Structures

Crystal structures of all three compounds (1), (2), and (3) were solved and refined

based on single-crystal X-ray diffraction data with triclinic (P
−
1) and monoclinic (P21/c

and P21/n) space groups, respectively, with crystallographic details summarized in
Table 1 and relevant distances given in Table 2. The asymmetric unit of each compound
is shown in Figure S3.

The crystal structure of (1) is composed of one deprotonated melamine, two protonated
melamine and a single chloride ion besides SbCl3 to make up SbCl4(C3N6H5)(C3N6H7)2.
The crystal structure contains a sequence of three distinct layers stacked on top of each
other (along b); one of them is displayed in Figure 3. Stacking behavior is most common for
melamine-based structures.
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Figure 3. (a) Constituents of one layer in the structure of (1) as SbCl4(C3N6H5)(C3N6H7)2, and (b) a
perspective view of the unit cell of (1) along the b-axis, with the color code: N: blue, C: gray, H: white,
Cl: green, Sb: red).
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Table 1. Crystallographic details of the crystal structure refinement of compounds (1), (2), and (3).

Compound (1) (2) (3)

CCDC code 2201273 2210244 2213381
Formula weight 642.97 1033.67 281.32
Temperature/K 220.0(1) 150.0(1) 150.0(1)
Wavelength/Å 1.54184 1.54184 1.54184

Space group P
−
1 P21/c P21/n

a/Å 9.5878(5) 13.2780(2) 5.3562(2)
b/Å 10.5395(3) 10.6878(1) 10.5432(3)
c/Å 11.4338(5) 24.0953(2) 12.5618(4)
α/◦ 74.011(3) 90 90
β/◦ 79.122(4) 105.860(1) 93.710(3)
γ/◦ 85.602(3) 90 90

Volume/Å3 1090.37(8) 3289.26(7) 707.90(4)
Z 2 4 4

Rint 0.0364 0.0485 0.0312
Goodness-of-fit on F2 1.074 1.044 1.044

wR2 (all data) 0.0660 0.0607 0.0267
wR2 0.0643 0.0603 0.0264

Final R indices
(all data) 0.0339 0.0251 0.0120

R1 0.0278 0.0243 0.0110
θMax./◦ 4.365 3.460 5.483
θMin./◦ 66.585 66.583 70.067

µ/mm−1 14.93 19.478 33.932
∆ρMax./e·Å−3 0.508 2.491 0.322
∆ρMin./e·Å−3 −0.593 −0.597 −0.451

Completeness/% 97.3 100 99.8

Table 2. Selected interatomic distances (pm) of compounds (1), (2), and (3).

Compound (1) Compound (2) Compound (3)

Atom Atom Length/pm Atom Atom Length/pm Atom Atom Length/pm

Sb1 Cl1 276.5(8) Sb1 Cl3 284.7(6) Sb1 N2 241.5(1)
Sb1 N1 253.6(3) Sb1 Cl4 260.6(0) Sb1 N6 208.6(8)
Sb1 Cl2 247.0(0) Sb1 Cl5 248.7(2) Sb1 N4 204.4(6)
Sb1 Cl3 256.8(2) Sb1 Cl1 240.2(1) Sb1 Cl1 254.9(3)
Sb1 N4 204.7(3) Sb2 N1 256.1(3)

Sb2 N4 204.7(3)
Sb2 Cl6 279.2(7)
Sb2 Cl7 247.2(8)
Sb2 Cl8 251.1(1)

The SbCl3 entity in the structure, with its lone pair, is well known from several crystal
structures having average Sb-Cl distances of 260.1 pm [53]. The antimony is connected with
an exocyclic nitrogen atom of the melaminate ion (C3H5N6)− via Sb-N4 (204.7(3) pm) and
an obviously weaker interaction via Sb-N1 (253.6(3) pm). The constituents in each layer in
(1) are interconnected by a network of hydrogen bonds (Figure 3a). An isolated Cl− ion
in the structure is interconnected by hydrogen bridges at dH-Cl = 216.3 pm and 225.6 pm,
consistent with the corresponding value in melaminium chloride dH-Cl = 239.7 pm [29].

The crystal structure of (2) comprises one deprotonated melamine, three protonated
melaminium ions, an SbCl3 unit and an (SbCl5)2− ion to make up (SbCl4)2(C3N6H5)(C3N6H7)3
displayed in Figure 4. The average Sb-Cl distances in SbCl3 are 259.3 pm, and those of SbCl5
are 262.1 pm and 257.8 pm, supporting the presence of Sb3+ throughout. Antimony in SbCl3 is
interconnected with the melaminate ion (C3H5N6)− via Sb-N4 (204.4(6) pm) and an obviously
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weaker interaction via Sb-N1 (256.1(3) pm). Again, the crystal structure features a layered
arrangement and hydrogen bridging within layers.
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Figure 4. (a) Section of the crystal structure of (2) as (SbCl4)2(C3N6H5)(C3N6H7)3 projected on the
bc-plane, and (b) a perspective view along the b-axis with the color code: N: blue, C: gray, H: white,
Cl: green, Sb: red).

The crystal structure of (3) features the presence of (SbCl)2+ and the melaminate ion
(C3N6H4)2− in SbCl(C3N6H4). Unlike the two previous systems, this structure can be
described as an infinite chain structure due to the bridging connectivity of the divalent
melaminate anion, all shown in Figure 5. The (SbCl)2+ (dSb-Cl = 254.9(3) pm) is interconnected
via exocyclic nitrogen atoms of two melaminate ions via Sb-N4 (204.4(6) pm) and Sb-N6
(208.6(8) pm) interactions and an obviously weaker interaction via Sb-N2 (241.5(1) pm).
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Figure 5. (a) Section of a chain section of the crystal structure of (3) and (b) a perspective view of the
unit cell roughly along the a-axis with the color code: N: blue, C: gray, H: white, Cl: green, Sb: red.

The stacking sequences of layers are often dominated by the preference that the N
atom of the triazine ring in one layer is alternating with a C atom of the triazine ring in the
next layer, which is a characteristic feature in copper melaminate [20] and metal cyanurates
as well [54,55]. This is achieved by rotating or shifting C3N3 units in adjacent layers relative
to each other. However, this is not apparent in the structure of compounds (1–3). Layered
arrangements of C3N3 units are quite clearly visible in compounds (1) and (2) but not in
compound (3) (Figures S3–S6). Hence there is the possibility of π-π interactions between
C3N3 units in (1) and (2). Such interactions can play a crucial role in the stabilization of
parallel and antiparallel ring architectures in the crystal structure. The centroid-to-centroid
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distance at which C3N3 rings may be considered representative of π-π stacking interactions
is 360–390 pm in compounds (1) and (2). This distance increases to 560–590 pm in (3) which
might present no π-π interactions between layers in this structure.

The range from 357–393 pm was previously reported for several compounds [38,56,57];
for example, in a zinc(II) complex containing melamine (392.8 pm) [56]. In many other
studies of copper halide complexes (357.2–389.2 pm), we can see the stacking behavior of
twisted melamine rings, which represents the π-π interactions [58].

3.3. X-ray Powder Diffraction and Infrared Spectroscopy

The reaction products were investigated by PXRD, and the XRD patterns of (1), and
(3) are provided in Figures S7 and S8. Therein, the recorded data are compared with the
calculated patterns obtained from the structure refinement based on single-crystal data.
Compound (2) was obtained in low yield; therefore, no powder pattern of this intermediate
could be recorded. This compound was always found in the presence of (3) or melamine
at higher and lower temperatures, respectively. The powder pattern of compound (3) in
Figure S8 shows some unidentified diffraction peaks.

3.4. Infrared Spectroscopy (IR)

The IR spectrum of (1), (3) and (4) has been compared to that of melamine and
melaminium chloride, as presented in Figure 6. Table S1 lists the frequencies associated with
each vibrational mode of these molecules, along with the corresponding bond assignments.
Three IR absorption bands, indicative of the asymmetric and symmetric stretching of
-NH2 groups of melamine, can be found in the 3500–3300 cm−1 range of the melamine
spectrum [29,59]. These vibrations can overlap with the -NH+ in melaminium chloride, and
due to coupling, the peak is broadened [60]. The characteristic bands of -NH2 groups and
-NH+ are also seen in the spectrum of compound (1) at 3462, 3357, and 3433 cm−1. We can
see that the first peak (3462 cm−1) in compound (1) is shifted to lower wavenumbers when
compared to melamine. This shift may be due to the presence of protonated melamine
units in (1). In fact, the presence of hydrogen bonding would shift -NH2 IR bands to
lower wavenumbers, as the hydrogen bond would weaken the NH2 bond and lower its
vibrational frequency [61]. However, due to coupling with the N-H . . . Cl stretching mode
or the presence of heavier atoms (Cl, Sb) in compound (1), the second peak (3357 cm−1)
is shifted to slightly higher wavenumbers and also broadened [29]. Similarly, infrared
spectra for compounds (3) and (4) indicate that the asymmetric and symmetric vibrations of
-NH2 overlap with those of -NH+ in both compounds, as evidenced by the disappearance
of the first peak (3471 cm−1 for melamine) and the broadening of the other two peaks.
The bending mode bands for melaminium chloride and compound (1) are substantially
higher than those for melamine (1652 cm−1) at 1722, 1676, 1649 cm−1 and 1679, 1656, and
1612 cm−1, respectively. This is explained by the fact that melaminium chloride and (1) have
fewer intermolecular interactions than melamine. In compounds (3) and (4), bending modes
are split into multiple bands, showing that -NH2 groups in these compounds have different
vibrational frequencies due to the presence of neighboring atoms and molecular interactions
in these structures. The region below 1500 cm−1 is related to C-N, and C=N ring stretching
modes, C-N side group stretching, N-H rocking, and triazine ring breath and bending
vibrations, which are listed with detailed numbers in Table S1. The exact position of
these peaks can depend on various factors, such as the substitution pattern of the triazine
ring and the nature of the surrounding chemical environment, which agrees well with
the slight shifts in each region for compounds (1), (3), and (4). The strong split-band at
800 cm−1, which is brought on by the sextant-bend of both the triazine and heptazine rings,
provides additional evidence that compound (4) is still either a heptazine- or triazine-based
compound (IR cannot differentiate between triazine and heptazine) [13,22,62], whereas
the yellow emission color of the compound under ultraviolet radiation rather indicates a
heptazine based compound.
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4. Conclusions

The development of metal melaminates is just at its beginning. A preparative concept
for the development of melaminates was recently established for Cu3(C3H3N3) based on
the reaction of CuCl with melamine. The same concept is employed in this study for the
reaction of SbCl3 with melamine. Thermal studies (DSC) reveal a narrow sequence of
thermal events, or rather intertwining reactions that reveal new compounds, following the
sequence (1), (2) and (3) with increasing temperature.

Indeed, the final product of the given reaction cascade is compound (3), observed via
compounds (1) and (2). For a better description of the reaction sequence of compounds,
we use the abbreviation Mel for melamine, with Mel(n−) for melaminate and Mel(+) for
melaminium. The overall reaction representing the formation of compound (3) can be
described as follows:

SbCl3 + Mel→ SbClMel(2−) + 2 HCl↑
The formation of HCl in this reaction can be equivalent to melaminium chloride

(Mel(+)Cl), which is, in fact, present in compound (1) but is lost at elevated temperatures
through sublimation, which indeed has been reported as a side-phase for the corresponding
reaction of CuCl and melamine [20]. This reaction scheme with metal halide and melamine
is indeed a useful way to develop metal melaminates. However, reactions with melamine
are intrinsically difficult due to the high reactivity and condensation behavior of melamine.

The reaction of SbCl3 with excess melamine passes through some intermediate reaction
stages with the formations of melamine derivatives (Mel−, Mel+) that are successively
lost with increasing temperature from (1) to (2) and finally (3). Compound (1) is best
described as SbCl4Mel(−)(Mel(+))2 containing three melamine species per antimony atom,
and compound (2) is given as (SbCl4)2Mel(−)(Mel(+))3 and contains only two melamine
derivatives per antimony atom until only one melaminate is left in (3). The formation of
the expectable compound SbMel(3−) is not observed.
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Abstract: The syntheses of new neutral square-planar pyridine di-imine rhodium and iridium com-
plexes with O- and S-donor (OH, OR, SH, SMe and SPh) ligands along with analogous cationic
compounds are reported. Their crystal and electronic structures are investigated in detail with a
focus on the non-innocence/innocence of the PDI ligand. The oxidation states of the metal centers
were analyzed by a variety of experimental (XPS and XAS) and theoretical (LOBA, EOS and OSLO)
methods. The dπ-pπ interaction between the metal centers and the π-donor ligands was investigated
by theoretical methods and revealed the partial multiple-bond character of the M-O,S bonds. Exper-
imental support is provided by a sizable barrier for the rotation about the Ir-S bond in the methyl
thiolato complex and confirmed by DFT and LNO-CCSD(T) calculations. This was corroborated by
the high Ir-O and Ir-S bond dissociation enthalpies calculated at the PNO-CCSD(T) level.

Keywords: metal–ligand dπ-pπ-interaction; Ir-O,S bond dissociation enthalpies; DFT; P/LNO-
CCSD(T) calculations; oxidation state analysis; metal–ligand charge transfer; non-innocent ligand;
pyridine di-imine ligand

1. Foreword

Contributing to the special issue commemorating the 150-year legacy of Justus von
Liebig is a great honor for us. Liebig’s contributions to all fields of chemistry established
him as a true general chemist. Although not as widely known, Liebig had a remarkable
friendship and collaboration with Friedrich Wöhler, and they shared a common interest
in inorganic chemistry [1]. Together with Auguste Laurent and Friedrich Wöhler, Liebig
developed the “Radikaltheorie” to explain the structure of organic molecules [2], and his
invention of elemental analysis made it possible to determine their constitution [3].

The correspondence author of this publication is an inorganic chemist who obtained
his PhD under the guidance of Hans-Herbert Brintzinger at the University of Konstanz.
Brintzinger himself was a PhD student in Basel under the mentorship of Hans Erlenmeyer,
who was part of the Erlenmeyer line of chemists. Emil Erlenmeyer, in turn, received his
PhD from Justus Liebig, which instilled a deep respect for Liebig’s contributions to the field
of chemistry in all of us [4].

In this publication, we will summarize our research on the synthesis, structure, and
reactivity of rhodium and iridium pyridine di-imine (PDI) complexes with alkoxide and
thiolate ligands. We combine theory and experiment, as exemplified by Liebig, to address
the reactivity of these complexes, revealing new insights into their structure and reactivity.
We hope that this publication will contribute to the ongoing legacy of Justus von Liebig
and inspire further research in the fields of inorganic and general chemistry.

Chemistry 2023, 5, 1961–1989. https://doi.org/10.3390/chemistry5030133 https://www.mdpi.com/journal/chemistry
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2. Introduction

Low-valent, late-transition-metal complexes with π-donor ligands, e.g., anionic amido,
alkoxido, thiolato and fluorido, -NR2, -OR, -SR and -F groups present a special class of
compounds. Their study is primarily motivated by their anticipated unique properties
and reactivities based on the HSAB principle for these mismatched soft–hard metal–ligand
couples. Furthermore, 4-electron-2-orbitaldestabilizing dπ-pπ orbital interactions between
occupied d-orbitals on the metal center and ligand-based lone pairs with π-symmetry
might lead to a weakening of the bonds and hence higher reactivity. The chemistry of these
types of complexes was summarized in several review articles [5–7]; the unique bonding
properties and strengths of the M-OR, M-SR and M-F bonds were also addressed by several
authors [8–12]. A particular focus was placed on alkoxido ligands with β-hydrogen atoms,
e.g., the methoxido group. Initiated by a β-hydrogen elimination step, these complexes
were frequently found to be rather unstable [11,13].

Our group investigates square-planar complexes with pyridine di-imine NNN-donors,
of which we and others have demonstrated the ability to behave as non-innocent ligands
and reasonable π-acceptors [14–20]. Their unique steric and electronic properties enable
the stabilization of highly reactive compounds, such as rhodium and iridium methyl and
terminal nitrido complexes, capable of intra- and intermolecular C-H, H-H, Si-H and even
C-C activation in ferrocene [21–25]. For the synthesis of these methyl and nitrido complexes,
using methoxido ligands as starting materials played a crucial role. We noted that the
particular thermal stability of the rhodium and iridium OMe unit, which is resistant to
β-hydride elimination even at elevated temperatures, was due to push–pull π-interactions
between the oxygen π-donor and the PDI π-acceptor [20,26].

In this paper, we report the synthesis, spectroscopic and crystallographic characteriza-
tion of rhodium and iridium PDI complexes with O- and S-donors. Theoretical methods
are employed to provide insight into their electronic structure with a focus on M-O,S dπ-pπ
interactions.

3. Materials and Methods
3.1. Syntheses
3.1.1. Synthesis of Ligand 2

Tridentate pyridine di-imine NNN-donor ligands are ubiquitous and employed in
main group and transition metal complexes, including both, mono- and dinuclear sys-
tems [27–31]. They are commonly prepared by the Schiff-base condensation of a 2,6-diketo
or dialdehyde pyridine with two equivalents of a desired aniline or amine derivative [27,28].
The most common precursor is 2,6-diacetyl pyridine, which was also mostly employed by
us [27,28]. The ketimine methyl groups in these ligands are rather acidic, and the complexes
can be deprotonated under basic conditions [32]. We therefore switched to the correspond-
ing phenyl and 4-t-butyl-phenyl imine-substituted alternatives and selected N-aryl groups
with 2,6-di-isopropyl substituent groups to increase the solubility of the complexes in
non-polar solvents. The synthesis of 2,6-dibenzoyl pyridine starting material and corre-
sponding PDI ligand is reported in the literature [33]. For the preparation of the 4-t-butyl
phenyl analogue, the required diketo pyridine derivative 1 was obtained in analytically
pure form at 43% yield from the reaction of 2 equiv. 4-tert-butylphenyllithium [34] with
N2,N2,N6,N6-tetramethylpyridine-2,6-dicarboxamide [35] (see Supplementary Materials).
Condensation with 2,6-di-isopropyl aniline under acid-catalyzed Dean–Stark conditions
in toluene then provided the new ligand 2 at 78% yield as yellow crystals (details see
Supplementary Materials).

3.1.2. Synthesis of the Rhodium and Iridium Chlorido Complexes

For the syntheses of the rhodium and iridium chlorido complexes, we followed
our previously established route [20,22,26] by the reaction of the di-µ-chlorido bridged
tetraethylene dimetal precursor [(Rh,Ir(µ-Cl(ethylene)2)2] with 1

2 equiv. of the PDI ligand

308



Chemistry 2023, 5

in THF at RT (Scheme 1). The green rhodium and iridium chlorido complexes 4 and 5 were
thus obtained in moderate to good yields (70–90%).
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Scheme 1. Synthesis of the chlorido, hydroxido and methoxido complexes. 
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The observed sharp signals in the 1H and 13C NMR spectra signaled diamagnetic
complexes as expected for these d8-configured square-planar systems. The presence of
doublets and triplets for the homotopic meta and para protons of the pyridine ring in the
1H NMR spectra were consistent with the (time-averaged) C2v-symmetry of the chlorido
complexes, which was further corroborated by the expected number of 13C NMR resonances
(see Supplementary Materials).

3.1.3. Synthesis of the Rhodium and Iridium Hydroxido and Methoxido Complexes

The hydroxido (6, 7) and methoxido complexes (8, 9) were prepared following our
previously established route by salt metathesis of the corresponding chlorido compounds
with excess cesium hydroxide or sodium methoxide in THF (Scheme 1) [20,26]. The green
hydroxido and methoxido complexes were readily isolated by extraction with toluene due
to their higher solubility. Upon crystallization, the products were available in moderate
to excellent yields. The methoxido complexes are highly water-sensitive, which can be
employed to obtain the hydroxido compounds by reaction with water in quantitative yield
(see Supplementary Materials). The constitution of these complexes was unambiguously
established by elemental analysis and/or X-ray crystallography. While the X-ray crystal
structures revealed Cs-symmetry of the planar N3-M-O-Me,H core units with bent sp2-
hybridized oxygen atoms, the NMR spectra clearly evidenced time-averaged C2v-symmetry
in solution. This is exemplified by the observation of sharp signals for the pyridine para
and meta protons, which appeared as a triplet and doublet in a 1:2 integration ratio for
complexes 6–9. Further support was provided by the fully assigned 13C NMR spectra of
the hydroxido and methoxido compounds, which revealed three resonances for the ortho,
meta and para pyridine carbon atoms and one signal for the carbon atom of the ketimine
unit. This is consistent with our previous results for the analogous complexes with methyl-
substituted ketimines, for which time-averaged C2v-symmetry was also revealed through
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1H and 13C NMR spectra [20,26]. The compounds are readily soluble in aromatic solvents,
pentane and ethers, and readily decompose in dichloromethane to chlorido complexes.

3.1.4. Synthesis of Cationic Rhodium and Iridium PDI Complexes

The cationic complexes 10–13 were prepared in good to excellent yields by protonation
of the hydroxido or methoxido complexes 7–9 using acids with non- or weakly coordinating
counterions (Scheme 2). Depending on the conditions and starting material, either the
cationic aqua (12), methanol (11) or THF (10, 13) square-planar diamagnetic complexes
were obtained. The 1H NMR coordination chemical shifts of the latter ligands in solution
along with sharp resonances and X-ray crystallography in the solid state revealed that the
counterions were not coordinated in any case. In dichloromethane, the cationic complexes
were almost instantaneously converted to the neutral chlorido compounds 4 or 5; in
fluorobenzene, however, they were stable and dissolved well. In THF solution, the solvent
occasionally polymerizes, which can be prevented by the use of the related cyclic ether,
2-methyl tetrahydrofuran.
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3.1.5. Synthesis of the Iridium Thiolato Complexes

For the synthesis of the iridium thiolato compounds 14–16, we followed the established
routes reported in the literature [36,37]. For the methyl and phenyl sulfido compounds 14
and 15, salt metathesis with NaSR (R = Me, Ph) in the chlorido complexes was employed
(Scheme 3). The hydrosulfido compound 16, PDI-Ir-SH, was obtained by the reaction of a
commercial H2S solution in THF with the methoxido complex 9, which was related to the
aforementioned reaction of 8 with the weaker acid water (Scheme 2). Most noticeable is the
violet color of these compounds, which deviates strongly from the green (green–brown)
color observed for all the other square-planar Rh(I) and Ir(I) PDI complexes previously
studied by our group. All of the new sulfido complexes were obtained as diamagnetic
crystalline solids in moderate to excellent yields. The proposed constitution based on NMR
spectroscopy was unambiguously confirmed by X-ray crystallography (vide infra). As will
be discussed below, the observed idealized Cs-symmetrical structure of the PDI-Ir-SMe
core unit in the crystal structure of 14 can also be witnessed in solution by temperature-
dependent 1H NMR spectroscopy (vide infra).
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3.1.6. Synthesis of the Iridium Methyl Complex 18

For comparison, we also synthesized and crystallographically characterized the PDI
iridium methyl complex 18, which carries methyl rather than aryl groups at the ketimine
carbon atom. This diamagnetic compound was prepared from the chlorido complex by
reaction with dimethyl zinc.

3.2. Methods
3.2.1. Theoretical Methods
DFT Calculations

For the geometry optimizations of the ground and transition states, we employed DFT
calculations with the PBE functional [38], including dispersion corrections by Grimme’s
D3 method [39] with Becke–Johnson damping (D3BJ) [40]. Def2-TZVP basis sets were
employed for all atoms [41]. For rhodium and iridium, def2-ECP pseudopotentials were
used (Ir: ECP-60-MWB, Rh: ECP-28-MWB) [42]. The RI-DFT method [43] was used with
the corresponding RIJ-auxiliary basis [44]. For the PW6B95 hybrid functional [45], semi-
numeric exchange ($senex keyword in Turbomole) was employed [46]. Solvation effects
were included within the COSMO formalism [47] using a dielectric constant of ε = 7.6 for
THF. The geometries were fully optimized without geometry or symmetry constraints;
minima were confirmed by the absence of imaginary frequencies in the calculations of
the analytic second derivatives; for the transition states, only one imaginary frequency
was observed. Transition state optimizations were carried out with Kästners DL-FIND
optimizer [48] implemented in TCL-Chemshell 3.7 [49] starting from the transition state ge-
ometries obtained from linear transit searches. IRC calculations were carried out to confirm
that the transition states connected the starting material and product. The calculations were
carried out with version 7.7.1 of the parallelized Turbomole program package [50] on our
local 32-core and 96-core machines equipped with 512 GB and 3 TB RAM, respectively, and
the two 40-core nodes (1 TB RAM) of the “Hummel” computing cluster of the University of
Hamburg computing center (RRZ) employing fast SSD/NVME scratch disk space.

Local Coupled Cluster Calculations

For the closed-shell systems, local natural orbital LNO-CCSD(T) calculations [51] were
carried out with the freely available MRCC (2022) program package using the default
thresholds (lcorthr = normal) [52]. Geometries optimized at the PBE-D3BJ/def2-TZVP level
and def2-TZVPP basis sets in combination with complementary def2-TZVPP/C auxiliary
correlation basis [53,54] sets and def2-TZVP pseudopotentials [42] were employed. For
reference, density-fitted Hartree–Fock calculations def2-QZVPP/JK auxiliary basis were
used [55]. The solvation correction was obtained from the energy differences of two single-
point calculations at the PBE-D3BJ(COSMO(ε = 7.6)/def2-TZVP) and PBE-D3BJ/def2-
TZVP (gas phase) levels. Back-corrections for the LNO-CCSD(T) energies to free enthalpies
(∆G298) were carried out with thermochemical data obtained from the DFT calculations
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at the PBE-D3BJ/def2-TZVP level. A value of 1.011 was taken as the scaling factor from
Truhlars database (ver. 5.0) [56]. The values for the T1 and D1 diagnostics were typically
T1 ≈ 0.015 and D1 ≈ 0.15, signaling single reference cases.

The evaluation of bond dissociation enthalpies requires local couple cluster calcula-
tions of open-shell (S = 1/2) systems. Since this feature is currently not available in MRCC,
we switched to PNO-U(R)-CCSD(T1) calculations [57] with Molpro version 2022.3 with
the domopt = tight setting [58]. The SO-SCI SCF optimization scheme was employed to
converge to the ground state of the Hartree–Fock reference wave function. Enthalpy correc-
tions of the thermochemical data were provided by the “freeh” program of the Turbomole
package from the analytical second derivatives obtained at the UPBE-D3BJ/def2-TZVP
level. A value of 1.011 was taken as the scaling factor from Truhlars database (ver. 5.0). For
single atoms (H, Cl), a value of 5/2 RT was used. The default def2-TZVP pseudopotentials
were employed for rhodium (ECP-28MWB) and iridium (ECP-60MWB). For all atoms, the
corresponding def2-MP2FIT auxiliary density-fitting basis was used [54]. The values for the
T1 and D1 diagnostics were typically T1 ≈ 0.015 and D1 ≈ 0.15, signaling single reference
cases, which was further corroborated by negligible spin contamination (<S**2> ≈ 0.75) of
the Hartree–Fock reference wave functions of the S = 1/2 radicals.

Charge Transfer and Electron Decomposition Analysis

ALMO-EDA & ALMO-CTA: Energy decomposition analysis (EDA) [59] and charge
transfer analysis (CTA) [60] are methods for examining interactions within a chemical
system involving fragments [59]. It allows for the decomposition of the overall interaction
energy into distinct contributions, e.g., permanent electrostatics, Pauli repulsion, dispersion,
and charge transfer. EDA and CTA approaches are applied with great success in theoretical
chemical investigations of electronic structures. A recent variant is ALMO-EDA [61]
implemented in the Qchem program package [62], which builds on absolutely localized
molecular orbitals and enables the analysis of covalently bonded fragments. For our
study, we were particularly interested in the charge transfer to and from the PDI ligand
fragment, which was analyzed with regard to the energetics (in kJ/mol) and transferred
electrons (in me−). The most important contributions were identified by the corresponding
localized orbitals called complementary occupied virtual pairs (COVPs). ALMO-EDA/CTA
calculations were performed with Qchem 6.0 for converged WB97X-D [63] Kohn–Sham
wave functions (def2-TZVP basis and def2-ECP pseudopotentials for rhodium and iridium).

QTAIM analysis: The topology analysis method, a component of quantum theory of
atoms in molecules (QTAIM), studies electron density gradients (ρ) with a focus on critical
points (CPs), where these gradients are zero (∇ρ(CP) = 0) [64]. CPs are further characterized
by negative eigenvalues (λ1, λ2, λ3) of the Hessian matrix. We explored bond critical points
(termed (3, −1)) with two negative eigenvalues, located on bond paths connecting local
maxima in all directions ((3,−3) critical points). The latter aligned closely with nuclear posi-
tions. The size of∇ρ(BCP) and the sign of∇2ρ(BCP) distinguish interaction types (covalent,
ionic, and van der Waals). Bond ellipticity (ε), defined as ε = λ1/λ2 − 1 (|λ1| ≥ |λ2|), re-
veals bonding types. For ε = 0, like cylindrically symmetrical distributions, examples
include the single bond in ethane and the triple bond in acetylene. ε serves as a measure
for π double bonding, reaching 0.45 for ethylene. QTAIM defines atom basins, within
which electronic density integration provides the atomic charge. For the charge transfer
analysis, the aggregated charges of the atoms of the PDI ligand fragment were used. The
QTAIM calculations were performed with the MultiWfn (ver. 3.8) program package [65].
The required wfx file was obtained from a Turbomole-generated Molden file and subse-
quent conversion by Molden2aim [66]. Both basis sets with ECPs (def2-TZVP) and the
x2c-TZVPall all-electron basis sets in combination with the X2C relativistic all-electron
approach were tested and gave essentially identical results.

NBO analysis: Natural bond analysis (NBO) is a computational method to analyze the
electronic structure and chemical bonding within molecules [67]. It focuses on identifying
natural orbitals and Lewis-like orbitals by computing bonding orbitals characterized by
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the highest electron density. NBO helps reveal the nature of chemical bonds, lone pairs,
and charge transfer interactions, providing valuable insights into a molecule’s electronic
characteristics and bonding patterns. The NBO 7.0 calculations [68] were performed with a
FILE47 input file generated by an Orca 5.04 [69] DFT PBE-D3BJ/def2-TZVP single-point
calculation using geometries optimized by Turbomole. Molecular orbital plots (NBO and
ALMO-EDA(COVP)) were generated from cube files with Chemcraft ver. 1.80 [70].

Oxidation State Analysis

For the determination of the (non-physical observable) oxidation states of the metal cen-
ters, three different theoretical methods—(i) the localized orbital bond analysis (LOBA) [71],
(ii) the effective oxidation states (EOS) [72,73] and (iii) the oxidation state localized orbitals
(OSLO) analyses—were employed [74]. The LOBA method was previously promoted by
Head-Gordon et al., but displays deficiencies for systems with strong electron delocaliza-
tion [71]. It was superseded by the OSLO methodology by the same group, which helped to
solve difficult cases [74]. The OSLO method was recently benchmarked with the effective
oxidation state (EOS) analysis [73] developed by Salvador et al., which indicated that both
are robust methods to assign oxidation states based on the defined fragments [74]. For
the oxidation state analyses, Head-Gordon’s WB97X-D functional was employed using
either Qchem 6.018 [62] or Gaussian 16 rev. C01 19 [75] with tight DFT grids (def2-TZVP
basis and def2-ECP pseudopotentials for rhodium and iridium). Oxidation states based
on the LOBA and OSLO method were calculated with a prelease version of Q-Chem 6.1
with either Loewdin or Mulliken charges. The APOST-3D program of Pedro Salvador
Sedano [76] was used to perform the calculations of the oxidation states by the EOS method
using a Gaussian 16 formatted checkpoint file. QTAIM and TFVC charges were employed.

Bond Order Analysis

The AOMIX program package ver. 6.92 was utilized to decompose the Wiberg/Mayer
bond orders into their symmetry components [77–79]. The required Molden input file was
prepared by Turbomole with the tm2aomix program for a PBE-D3BJ/def2-TZVP(def2-ECP)
calculation of an optimized geometry at that level.

Wieghardt’s (Geometric) Analysis of Bonding Metrics

Based on the analysis of a large number of X-ray crystal structures of main group
and transition metal PDI complexes, Wieghardt et al. devised a diagnostic tool to as-
sign the reduction state of the PDI ligand, ranging from neutral PDI to PDI−4, based on
its bonding metrics [16]. For this method, the C-N and C-C distances in the pyridine
and ketimine units (r(Cpy-Npy, r(Cim-Nim) and the exocyclic C-C bond (rCpy-Cim) be-
tween the pyridine and ketimine carbon atoms are condensed into a single parameter,
∆geo = ravg(Cpy-Cim) − (ravg(Cpy-Npy) + ravg(Cim-Nim))/2 (avg: averaged). Combining the
analyzed crystallographic data with other spectroscopic or theoretical findings, Wieghardt
et al. defined ranges for ∆geo corresponding to the reduction state of the PDI ligand. This
method relies on the fact that the occupation of π* orbitals in the reduced PDI ligand leads
to shortening of the exocyclic C-C bonds and lengthening of the C-N bonds in the pyri-
dine and ketimine groups. It should be noted that Wieghardt primarily utilized 3d metal
systems to calibrate the ∆geo parameter. In comparison to their 4d and 5d congeners, 3d
transition metal complexes exhibit a significantly larger variation in the bonding parameter
for reduced PDI ligands.

Local Vibrational Mode Analysis

Cremer and Kraka et al. developed the local mode vibrational theory, which allows
for the derivation of local vibrational force constants based on the Hessian matrix of a QM
calculation [80–82]. The calculations were performed with the LMODEA(F90) program
kindly provided by Elfi Kraka [83]. The required Hessians (and dipole gradients) were
obtained from Turbomole (aoforce) calculations of the analytical second derivatives.
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4. Results and Discussion
4.1. X-ray Crystal Structures

We were able to determine X-ray crystal structures for most of the compounds re-
ported herein. The most important structural parameters are compiled in Table 1, which
includes reference data for related square-planar complexes for comparison. The molecular
structures are presented in Figure 1.

Table 1. Selected averaged bond distances and angles determined by X-ray crystallography with
DFT-optimized values (PBE-D3BJ/def2-TZVP, Rh, Ir, def2-ECP) in parentheses and Wieghardt’s
∆geo parameter.

Cpd./
Parameter

M: Σ of
Angles

[◦]

Nimine-M-
Nimine

[◦]

M-X-R
[◦]

ravg((PDI)Ir-X)
[Å]

ravg
(M-Nimine)

[Å]

ravg(M-
Npyridine)

[Å]

ravg
(Cim-Nim)

[Å]
∆geo [Å] a

IrSPh 15 359.89
(360.10)

157.41
(157.31)

122.38
(124.03)

2.251
(2.252)

2.032
(2.030)

1.914
(1.929)

1.332
(1.349)

0.083
(0.072)

IrSH 16 359.89
(360.0)

157.90
(158.53) (103.54) 2.269

(2.262)
2.019

(2.010)
1.913

(1.922)
1.338

(1.348)
0.082

(0.078)

IrSMe 14 360.04
(359.99)

157.49
(157.63)

118.76
(118.82)

2.241
(2.243)

2.017
(2.020)

1.920
(1.931)

1.340
(1.350)

0.078
(0.074)

IrOMe 9 359.95
(360.01)

158.43
(159.21)

130.50
(129.96)

1.968
(1.954)

2.022
(2.014)

1.893
(1.896)

1.337
(1.348)

0.082
(0.071)

MeIrOMe 17 359.98 159.01 134.24 1.951 2.00 1.870 1.349 0.063

RhOMe d 8
359.96

(360.01)
158.69

(158.73)
134.01

(130.39)
1.942

(1.949)
2.035

(2.028)
1.889

(1.897)
1.327

(1.338)
0.100

(0.088)

IrOH b 7
359.98
(360.0)

159.29
(159.95) (111.16) 2.027

(1.964)
2.00

(2.005)
1.876

(1.892)
1.335

(1.348)
0.054

(0.074)

RhOH 6 359.99
(359.99)

158.76
(159.64) (110.47) 2.012

(1.957)
2.010

(2.015)
1.888

(1.892)
1.325

(1.338)
0.104

(0.095)

IrCl c 5 359.87
(359.99)

158.61
(159.88)

2.256
(2.309)

2.015
(2.008)

1.910
(1.898)

1.333
(1.343)

0.088
(0.087)

RhCl 4 359.95
(359.99)

157.03
(159.60)

2.303
(2.309)

2.075
(2.017)

1.883
(1.897)

1.319
(1.333)

0.113
(0.102)

IrMe 18 359.97
(359.85)

157.54
(157.46)

2.115
(2.086)

2.003
(2.008)

1.933
(1.949)

1.333
(1.340)

0.091
(0.088)

Ir(MeOH)+ 11 359.96
(359.99)

159.56
(160.30)

2.097
(2.130)

2.023
(2.012)

1.891
(1.884)

1.338
(1.336)

0.081
(0.113)

Ir(H2O)+ d 12
360.00

(360.01)
160.26

(161.05)
2.090

(2.137)
2.026

(2.002)
1.873

(1.879)
1.315

(1.335)
0.132

(0.106)

Ir(THF)+ 13 360.18
(360.04)

158.55
(159.59)

2.111
(2.141)

2.033
(2.026)

1.883
(1.889)

1.321
(1.336)

0.108
(0.099)

Rh(THF)+ 10 360.14
(360.02)

158.62
(159.3)

2.181
(2.156)

2.026
(2.036)

1.901
(1.887)

1.308
(1.328)

0.123
(0.111)

IrN 19 360.1
(360.15)

150.86
(149.71)

1.647
(1.699)

2.010
(2.031)

2.003
(2.036)

1.329
(1.347)

0.065
(0.054)

IrNO 20 360.01
(360.01)

156.55
(155.74)

176.36
(179.83)

1.751
(1.783)

1.983
(2.017)

1.886
(1.932)

1.333
(1.354)

0.037
(0.037)

IrNH2 21 360.0
(360.0)

159.51
(158.57)

1.925
(1.938)

2.002
(2.005)

1.886
(1.904)

1.363
(1.346)

0.036
(0.063)

IrCO+ 22 360.0
(360.0)

157.08
(156.82)

180.0
(180.0)

1.846
(1.873)

2.022
(2.028)

1.980
(1.990)

1.308
(1.321)

0.155
(0.135)

a ∆geo = ravg(Cpy − Cim) − (ravg(Cpy − Npy) + ravg(Cim − Nim))/2; b structure of lower quality; c disorder not
resolved; d M and Npy,para on special positions (C2-axis).
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shown at the 50% probability level. Hydrogen atoms except for the OH and SH units, counterions
and solvent molecules are omitted for clarity.

The sum of the angles around the metal centers was approximately 360◦ for all com-
pounds, revealing planar coordination geometries. As previously observed for these types
of four-coordinate Rh and Ir PDI complexes, the angles between the trans imine nitrogen
atoms and the metal centers fell within a narrow range of 157.4–160.3◦, which deviated from
the ideal 180◦ in square-planar geometry due to the short imine C-N double bonds [20].
This deviation has significant implications for the interactions of the dxz and dyz orbitals
and the π*-system of the PDI ligand and is particularly relevant when comparing with
PNP–pincer ligands. Notably, the metal–Nimine bond distances showed only a negligible
variation, with an average of 2.02 ± 0.01 Å. Similarly, the Npyridine-metal bond lengths fell
within a narrow range of 1.88 to 1.92 Å, despite the variation of the trans influences of the
ligands investigated (as compiled in Table 1). The rigidity of these metal PDI geometric
parameters was only broken in the carbonyl and nitrido complexes, which exerted the
strongest trans influence, leading to Ir-Npyridine distances of 1.980 Å and 2.003 Å. This
required a reduction of the Nimine-Ir-Nimine angle to 150.86◦ in the nitrido complex to
maintain a planar structure. In conclusion, all the complexes studied in this work can be
assigned to a pseudo-square-planar coordination geometry. For the sake of clarity, further
on we will refer to this geometry as square-planar.

The forthcoming analysis of the electronic structures of the complexes described herein
will focus on two aspects: (i) the non-innocence of the PDI ligand and the oxidation states
of the metal centers, and (ii) the characterization of the Ir-X bond.
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4.2. Electronic Structure of the Complexes
4.2.1. Non-Innocence of the PDI Ligand

The non-innocence of PDI ligands is well-established and was mostly studied for
3d transition metal systems [14–18]. We have previously analyzed the situation of our
square-planar 4d and 5d PDI transition metal complexes for a wide variety of additional
fourth ligands ranging from strong π-donors to π-acceptors, i.e., nitrido and carbonyl
groups [20]. For these investigations, experimental XPS, XAS and 13C-NMR data were
combined with theory (DFT and CASSCF) including a localized orbital analysis (LOBA) to
assess the oxidation states of the metal centers [19,20,23]. In contrast to their 3d congeners,
in most cases the metal PDI interaction in the Rh and Ir complexes is best described by
back-donation to the π*-acceptor orbital of the PDI ligand. This can be traced to the better
metal–ligand dπ–π* overlap of the larger and more diffuse 4d and 5d orbitals. Nevertheless,
it should be noted that the transition between the limiting back-donation and biradical
scenarios in non-innocent and innocent PDI ligands is continuous [17]. We identified clear
examples with non-innocent, doubly and singly reduced PDI ligands in the nitrido and
nitrosyl iridium complexes ((PDI2−)Ir(III)(N−), (PDI2−)Ir(I)(NO+)) and neutral carbonyl
and dinitrogen compounds ((PDI−)Ir(I)(CO), (PDI−)Rh(I)(N2)). On the other hand, neutral
PDI ligands were established for cationic complexes, while the situation for complexes with
N and O π-donors (NRH: R = H, SiR3 and Ph; OR: R = H, Me) was borderline in terms of
non-innocent PDI ligands. In the course of the analysis of the hydrogenolysis experiments
described herein, we made one more attempt to investigate the electronic situation of the
PDI ligands and included new diagnostic tools based on experimental bonding metrics
and theory.

To analyze the innocence or non-innocence of the PDI ligand by theoretical methods,
we utilized small parent model complexes instead of those with methyl or aryl substituents
of the ketimine units. The Absolutely Localized Molecular Orbitals Energy Decomposition
Analysis (ALMO-EDA) in Q-Chem [61,84] was employed to assess the charge transfer
between the PDI ligand and the M-X units in the (PDI)M-X complexes. Two fragments
were defined: the PDI ligand and the M-X units, and their interaction energies and charge
transfer were analyzed [61,84]. A further attempt to determine the charge transfer between
the PDI ligand and the IrX unit was made by investigating the aggregated QTAIM charges
of the PDI ligand atoms (Table 2). Additionally, the oxidation states of the metal centers
were assessed by three different theoretical methods: (i) the localized orbital bond analysis
(LOBA) [71], (ii) the effective oxidation states (EOS) [72,73] and (iii) the oxidation state
localized orbital (OSLO) analyses [74]. Where available, we also included complementary
experimental XPS and XAS data. Furthermore, the Wieghardt et al. diagnostic geometrical
parameter ∆geo for the PDI ligands was tabulated for the PDI ligand derived from X-ray
crystal structure data along with those from DFT-optimized geometries for the full system
in parentheses [16]. To illustrate the variation for the different complexes, we also compiled
the experimental (X-ray) and DFT-calculated C-N bond distance between the pyridine
and ketimine carbon atoms (rCpy-Cim). Finally, the local force constants for this bond in
the corresponding model complex obtained by local vibrational mode analysis with the
LMODEA program package [80] are compiled in Table 2.
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Table 2. Analysis of the charge of the PDI ligand, (ALMO-EDA) electron transfer from to the PDI
ligand, oxidation states of the metal centers (XPS/XAS, LOBA, EOS, OSLO) and Wieghardt’s ∆geo-
parameter (theoretical value in parentheses). ∆CT equals ∆CT = CT(PDI→MX) − CT(PMX→ PDI)
(values in charge units ∆Q of 1/1000 of an electron: me−). The non-/innocence of the PDI ligand is
indicated by the color-coding (orange: non-innocent; yellow: borderline; green: innocent); for details
see text.

Cpd.
M-X/Method

ALMO-EDA QTAIM Oxidation State Analysis Wieghardt
Analysis

Local
Force

ECT/CT
PDI→

MX
[kJ/mol]/

[me−]

ECT/CT
MX→

PDI
[kJ/mol]
/[me−]

∆CT
[me−]

SPDI
Charge
[me−]

XPS
/XAS

LOBA c

M

EOS
M, X,
PDI

OSLO
M, X,
PDI

∆geo
Parameter

[Å]

r(CpyCim)
X-ray
(calc.)

[Å]

ν
(CpyCim)
[mdyn/Å]

IrNO −383/148 −151/208 −60 −627 +1 +1 +1, +1,
−2

+5, −1,
−4 *

0.037
(0.037)

1.377
(1.403) 6.103

IrN −348/132 −128/157 −25 −530 +3 +3 +3, −1,
−2 b

+3, −1,
−2

0.065
(0.054)

1.424
(1.421) 5.758

IrNH2 −357/126 −169/180 −54 −607 +1 +3 +1, −1,
0 a

+1, −1,
0 *

0.036
(0.063)

1.392
(1.415) 5.536

IrOMe −368/132 −153/150 −18 −487 +3 +1, −1,
0 1, −1, 0 * 0.082

(0.071)
1.444

(1.440) 5.420

IrMe −342/120 −152/154 −34 −469 +1 +1, −1,
0 1, 1, −2 * 0.091

(0.088)
1.445

(1.445) 5.170

IrSMe −365/135 −135/128 7 −464 +1 +1, −1,
0 1, −1, 0 * 0.078

(0.074)
1.439

(1.441) 5.426

RhOMe −251/102 −111/102 0 −376 +1 +1, −1,
0 1, −1, 0 * 0.100

(0.088)
1.451

(1.447) 5.300

IrCl −390/146 −135/117 29 −362 +1 +1 +1, −1,
0

+1, −1,
0 *

0.088
(0.087)

1.438
(1.450) 5.238

RhCl −273/115 −96/78 37 −253 +1 +1, −1,
0

+1, −1,
0 *

0.113
(0.102)

1.459
(1.456) 5.098

IrTHF+ −403/156 −114/91 65 −8 +1 1, 0, 0 1, 0, 0 0.108
(0.099)

1.456
(1.456) 5.190

RhTHF+ −282/125 −81/60 65 +82 +1 1, 0, 0 1, 0, 0 0.123
(0.111)

1.458
(1.461) 5.075

IrCO+ −406/159 −67/42 117 +302 +1 +1, 0, 0 1, 0, 0 0.155
(0.135)

1.481
(1.472) 4.590

a +3,−1,−2 (TFVC scheme); b QTAIM scheme; +1, +1,−2 with Mulliken scheme; +1, +1,−2 (L); c PBE0 functional;
* branching option was used.

4.2.2. ALMO-EDA

The ALMO-EDA was facilitated by the inspection of the complementary occupied/
virtual pairs of orbitals (COVPs) displaying the most significant contributions between
pairs of the interacting fragments. The COVPs for the ligand→metal and metal→ ligand
interactions are exemplified for the methyl thiolato model complex shown in Figure 2.

Inspection of the COVPs for the PDI→ IrSMe charge transfer shown in Figure 2 reveals
the expected σ-donation of the ketimine and pyridine N-donors to the metal center. The
corresponding π-back-donation to the PDI ligand was reflected in the IrSMe→ PDI COVPs.
This interaction was weaker and involved the dxz and dyz orbitals with the approximately
identical energies of −48.3 and −45.0 kJ/mol, respectively. It deserves special mention
that there was also a weaker back-donation from the dxy orbital to a ligand-based orbital.
Energetically, the binding was dominated overall by donation, which can be readily seen
from the aggregated charge transfer energies of −365 kJ/mol for ECT(PDI→ IrSMe) and
−135 kJ/mol for ECT(IrSMe → PDI) (Table 2). This was contrasted by systems with
essentially no charge transfer between the fragments, as in the methyl thiolato model
complex (PDI→ IrSMe: 135 me− vs. IrS→ PDI 128 me−). After this more detailed analysis
of the methyl thiolato model complex, we will turn to the data for the other complexes
compiled in Table 2.
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Firstly, the ALMO-EDA data clearly established a substantially weaker donation of the
PDI ligands in rhodium complexes (ECT(PDI→ RhX) < 300 kJ/mol) compared to the values
for the iridium systems, which ranged from ca. 350 to 400 kJ/mol. This was also observed
for the metal to PDI π-back-donation and is readily explained by stronger bonding in the
heavier 5d iridium metal centers due to relativistic effects; it is also noted for the M-X bond
strengths discussed below (Table 3).

With regard to the charge transfer, the PDI → MX donation showed only a small
variation (Ir: 120–159 me−; Rh: 100–125 me−); as expected, smaller values were observed
for better donors X and larger ones for the cationic systems. This is in contrast to the charge
transfer related to back-donation (MX→ PDI), which displayed a strong dependence on the
MX unit, ranging from 208 me− for the nitrosyl ligand to 42 me− for the IrCO+ fragment in
the cationic carbonyl complex.

Overall, the direction of charge transfer was best analyzed by the difference
∆CT = CT(PDI → MX) − CT(MX → PDI). For the strong donor ligands, X = NO, NH2,
N, Me and OMe; negative values for ∆CT indicate a net charge transfer in the direction
of the PDI ligand in the iridium systems. The values of ∆CT = 7 me− and 0 me− for the
iridium methyl thiolato and rhodium methoxido complex (∆CT = 0 me−), on the other
hand, signal a balanced charged transfer between the PDI and M-SMe,OMe fragments.
Finally, the positive values for ∆CT for the residual chlorido and cationic complexes re-
vealed a charge depletion of the PDI ligands with regard to the MX units. This trend of ∆CT
was also reflected in the aggregated QTAIM charges of the PDI ligand, which were most
strongly negative in the iridium nitrosyl system (−627 me−) and even increased to positive
values for the cationic systems, i.e., +82 and +302 me− for the rhodium THF and iridium
carbonyl complexes. It seems obvious to correlate strongly negative values for ∆CT and
the aggregated PDI ligand charge with the non-innocence of the PDI ligand; accordingly,
clear-cut examples were the amido and nitrosyl complexes.
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Table 3. Binding mode/bond analysis of M-O/S-bonds in (PDI)M-X-R complexes (M = Rh, Ir; X = O,
S; R = H, Me, Ph).

Property/Bond/Complex Rh-OMe Ir-OH Ir-OMe Ir-SH Ir-SMe Ir-SPh Ir-NH2
Full Systems

Bond distance (M-X) [Å]
exp. a 1.942 2.027

1.964
1.968
1.954

2.269
2.262

2.241
2.243

2.251
2.252

1.926
1.929DFT b 1.949

Bond angle (M-X-R) [◦]
exp. a 134.01 n/a c 130.37 n/a c 118.76 122.38

DFT b 130.39 111.16 130.27 103.54 118.82 124.03

Bond Order
Analysis

Wiberg BO 0.7179 0.8547 0.7679 1.0574 1.1407 1.0702

Wiberg/
Löwdin BO 0.967 1.0615 0.9953 1.3923 1.4068 1.3636

Fuzzy BO 1.442 1.4573 1.4115 1.5550 1.5938 1.6791

QTAIM
Analysis

ρ at BCP(M-X) [au] 0.1228 0.1358 0.1364 0.1178 0.1225 0.1191

∇2ρ BCP(M-X)
[au]

0.5853 0.5573 0.5866 0.1878 0.1856 0.1760

ellipticity at
BCP(M-X) 0.1471 0.2055 0.1819 0.3345 0.1961 0.1551

Local Force Constant k(M-X) [mdyn/Å] d 2.543 2.999 3.000 2.083 2.187 2.015

Bond Dissociation Energy
CCSD(T)/def2-TZVPP [kcal/mol] e 69.28 87.90 76.36 79.08 74.36 71.03

small model complexes

Cs-symmetry: Wiberg Bond Order
a′ σ (and π dxy)
a′′ π dxz
C2v-symmetry: Wiberg Bond Order
a1 σ

b1 π dxy
b2 π dxz

0.729 0.872 0.819 1.098 1.165 1.106 0.975

0.50 0.60 0.56 0.78 0.82 0.80 0.62

0.24 0.26 0.26 0.32 0.34 0.32 0.36

0.56

0.06

0.36
a det. by X-ray crystallography; b geometry-optimized (PBE-DB3J/def2-TZVP/def2-ECP); c hydrogen position
could not be determined; d local force constant. e For comparison: BDE((PDI)Rh-Cl): 87.77; BDE((PDI)Ir-Cl): 91.15;
BDE((PDI)Ir-Me): 55.64; all values in kcal/mol.

4.2.3. Oxidation State Analysis

In order to further judge this assumption, we performed an analysis of the oxidation
state of the metal centers and ligands using the LOBA, EOS and OSLO methodologies. For
some of the compounds described herein, we previously employed a LOBA for the metal
centers, which was complemented by an oxidation state assignment based on experimental
XPS and XAS data (Table 2). For our study, we employed the PDI ligand; metal centers
and the residual fourth ligand X were defined as fragments. The results are compiled in
Table 2. For the OSLO method, the branching option in the QChem program package was
employed for borderline cases. For the EOS analysis, different population schemes, e.g.,
Mulliken and TFVC, were tested, which occasionally provided different results, as denoted
in Table 2.

We color-coded Table 2 to indicate the oxidation state of the metal centers and the
reduction state of the PDI ligand. A green color indicates an Rh(I) and Ir(I) oxidation state
and innocent neutral PDI ligands. This correlates well with the results of the ALMO-EDA
and is the case for all complexes with a positive value for ∆CT, i.e., for all systems with a
net charge flow from the PDI ligand to the MX units. For the iridium chlorido complex, this
assignment agrees with the results of the XPS measurements. Note that the methyl thiolato
complex and rhodium methoxido complexes PDI-Rh-OMe belong to this group.
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The Ir methoxido compound, PDI-Ir-OMe, on the other hand, is part of the borderline
cases, which are color-coded in yellow. The latter also includes the methyl and amido
iridium complex PDI-Ir-Me,NH2, for which all negative values were calculated for ∆CT.
Both the OSLO and EOS methods (with the QTAIM scheme) indicated iridium(I) oxidation
states and neutral PDI ligands for these systems. For the amido complex, this assignment
agrees with our findings based on the experimental XAS and XPS data. As previously noted
by Head-Gordon et al., the LOBA method seemed to be less reliable for the delocalized
electronic structures of the PDI systems and provided oxidation states of +III for the
methoxido and amido compound [74]. It deserves special mention that a doubly reduced
PDI2− ligand was derived by the OSLO method, which required a cationic methyl group
to form a neutral complex ([(PDI2−)(Ir+1)(Me1+)]). Furthermore, different oxidation states
were obtained for the amido system, when the EOS (TFVC) scheme was employed. In
this case, the complex was described with an Ir(III) center, and negatively charged NH2

−

and PDI2− ligands, i.e., an [(PDI2−)(Ir+3)(NH2
1−)] electronic structure. This description

comes close to the results of the ALMO-EDA, which displayed the largest amount of
charge transfer to the PDI ligand (CT(IrNH2 → PDI) = 180 me−) and the overall strongest
interaction energy ECT(IrNH2→ PDI) = 169 kJ/mol, as well as the second largest aggregated
QTAIM charge of the PDI ligand (627 me−). Overall, it should be emphasized that the
concept of oxidation states definitely reaches its limit for these highly delocalized systems.

The final group highlighted in orange in Table 2 consists of the nitrosyl and nitrido com-
plexes (X = NO and N), The OSLO and EOS analysis clearly revealed reduced non-innocent
PDI ligands for all these systems. With the EOS method, doubly reduced PDI2− ligands and
Ir(I) and Ir(III) metal centers were derived for the nitrosyl and nitrido complexes, which is
in agreement with previous assignments based on XPS and XAS measurements. For the NO
and nitrido ligands, a positive NO+ and negative N− charge was calculated, which combine
to form (PDI2−)(NO1+)Ir(1+) and (PDI2−)(N1−)Ir(3+). This is in contrast to the results of the
OSLO analysis, which revealed a negative nitrosyl group (NO−) and a quadruply reduced
PDI−4 ligand, i.e., (PDI4−)(NO1−)Ir(5+), in contradiction to the XPS data. Overall, these
results are consistent with the results of the ALMO-EDA and the total QTAIM charges for
the PDI ligand, which showed a large accumulation of charge on the latter.

4.2.4. Bonding Metrics and Local Mode Vibrational Analysis

Furthermore, we considered Wieghardt’s diagnostic parameter ∆geo of the PDI ligand,
which allows for assigning the reduction state of the PDI ligand, ranging from PDI to PDI−4,
based on the value of ∆geo. As the rCpy-Cim bond length is expected to correlate with the
bond order, we also looked into the local vibrational force constant of this C-C bond by aid
of the LMODEA tool (Table 2) [81–83].

The Wieghardt et al. method is based on crystallographic data. While this geometric
approach has great applicability, limitations arise when dealing with poor or distorted
crystal structures. We therefore also calculated the ∆geo parameter for DFT-optimized
geometries (Tables 1 and 2). In agreement with the results of our analysis presented in
Sections 4.2.2 and 4.2.3, small ∆geo parameters in the range of 0.037–0.067 Å were observed
for the doubly reduced PDI ligands in the (PDI)IrX complexes for X = NO, N (orange color
in Table 2). Consistently, these compounds also displayed short rCpyCim bond distances,
which reached the range of C-C double bonds in the nitrosyl complex (rCpyCim = 1.377 Å).
This was also reflected in the high values for the corresponding local vibrational force
constants of these complexes, which lies above 6 mdyn/Å for the nitrosyl compound.

The local vibrational force constant of the rCpyCim bond for the members of the
second group with innocent PDI ligands and strong back-donation (M = Ir, X = NH2, OMe,
Me, color encoded in yellow) was also high, indicating a clear double-bond character.
Unexpectedly, the experimental value of 0.036 Å for the ∆geo parameter in the iridium
amido complex reached the one for the nitrosyl complex. This might be explained by
the rather poor X-ray crystal structure of the amido complex, which is supported by a
comparison of the ∆geo parameters of 0.037 Å (X = NO) and 0.063 Å (X = NH2) for the DFT-
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optimized geometries of the full system. Combining the results of all the diagnostic tools, it
becomes apparent that the amido system is borderline. The PDI ligand experienced a very
strong charge transfer from the IrNH2 unit, but may yet be considered neutral/innocent.
The iridium methoxido and methyl complexes displayed larger values of 0.083 and 0.091 Å,
consistent with a sizable but reduced charge transfer to the PDI ligand. Overall, these
data are therefore consistent with the assignment to the yellow-coded entries in Table 2 for
complexes with PDI ligands on the brink of non-innocence.

The last category encoded in green in Table 2 consists of complexes with innocent
PDI ligands. This is most clear-cut for the cationic complexes, displaying ∆geo parameters
of >0.1 Å for the unambiguously innocent PDI ligands, which was most pronounced for
the (PDI)Ir-CO complex with the CO π-acceptor ligand (∆geo = 0.155 Å). This cationic
carbonyl complex also displayed the longest Cpy-Cim bond distance (rCpyCim = 1.481 Å)
and the smallest local vibrational constant (4.59 mdyn/Å) of all the compounds. On
the other end of this group, complexes with SMe and OMe π-donor ligands were found.
For the iridium methyl thiolato complex 14, the values of 0.078 Å and 1.439 Å for ∆geo
and rCpyCim as well as the corresponding large local vibrational constants of 5.426 and
4.59 mdyn/Å, respectively, reached or surpassed those of the yellow-encoded entries in
Table 2. This clearly signals substantial π back-donation to the PDI ligand, which is only
partially reflected in the results of the ALMO-EDA (vide supra).

In conclusion, a nearly seamless transition can be observed from the cationic iridium
carbonyl complex, characterized by minimal π back-bonding and an innocent, neutral PDI
ligand, to the nitrosyl complex featuring a non-innocent, doubly reduced PDI2− ligand.

4.2.5. Characterization of the M-X Bond

In our initial paper on PDI complexes over two decades ago, we emphasized the
remarkably short Ir-O bond length of 1.949(4) Å in a methoxido iridium complex [26]. At
that time, this bond distance was the shortest among d8-configured square-planar iridium
complexes containing hydroxido, alkoxido, or aryloxido ligands. We hypothesized that
this observation could be attributed, at least partially, to the weaker trans influence of
the pyridine unit in the PDI complexes compared to related L3Ir-OR (R = H, alkyl, aryl)
compounds, which predominantly featured CO or phosphine ligands in the trans position.

One intriguing characteristic of the aforementioned iridium and methoxido PDI com-
plexes is their remarkable thermal stability. When heated in C6D6 for several days, these
compounds exhibited minimal decomposition, with primarily unreacted starting material
remaining. This starkly contrasted the facile β-hydrogen elimination process observed in
square-planar rhodium and iridium complexes in the presence of phosphine donors, as
reported in the literature [6,13]. Relevant theoretical and kinetic studies were also reported
for nickel and palladium methoxido PCP–pincer systems [85].

DFT calculations showed that the β-hydrogen elimination leading to formaldehyde
and the corresponding hydrido complex is highly thermodynamically unfavorable by
more than 30 kcal/mol [26]. This exceptional stability of the M-O bond was attributed
to favorable π-donation of the O-donor rather than a destabilizing 4-electron 2-orbital
destabilization of the occupied dxz orbital and the p-orbital of the oxygen atom, i.e., the
well-known dπ-pπ repulsion between electron-rich late-transition-metal centers and π-
donor ligands [7,10,12,86]. This is due to an empty PDI π* orbital and results in a rotational
barrier for the rotation around the M-O bond. In our previous DFT calculations, we
estimated an activation barrier of approximately 12 kcal/mol for this rotation. Despite our
attempts, (cf below) we have not yet been able to experimentally confirm this hypothesis.

Hence, when we started to look into the chemistry of the corresponding thiolato com-
plexes, we revisited the analysis of the dπ-pπ interaction including more recent theoretical
diagnostics, e.g., NBO [67] and QTAIM [64] analysis. Furthermore, as described below, we
were able to present experimental evidence supporting the existence of a rotational barrier
in the methyl thiolato complex.
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We will begin by comparing the Rh-O, Ir-O and Ir-S bond lengths with values reported
in the literature. Regarding the M-O bond distances, it is worth noting that the value of
2.027 Å observed in the iridium hydroxido complex 7 falls outside the narrow range of
1.94–1.97 Å (Table 1). We attribute this deviation to certain problems encountered during
the X-ray crystal structure determination, as detailed in the Supplementary Materials.
This conclusion is supported by the shorter bond distance of 1.965 Å observed in the
previously studied analogous rhodium hydroxido complex 6 and the value of 1.964 Å
obtained from the DFT-optimized geometry. By comparing our PDI complexes to the
average of 2.05 ± 0.05 Å reported for Rh/Ir-O bonds in the current Cambridge Structural
Database (CSD) for square-planar L3M-OR complexes (M = Rh, Ir, R = H, alkyl, aryl), it
becomes clear that the M-OR bonds in our PDI complexes continue to exhibit exceptionally
short M-O distances within this molecular class. For further information on the CSD search,
please refer to the Supplementary Materials. It is worth mentioning that the Schneider
group observed another instance of a short M-O bond length, measuring 1.935 Å, in a
(PNP)Ir(III) hydroxido complex [87].

The Ir-S bond distances in our PDI Ir sulfido complexes, as described herein, range
from 2.241 Å to 2.269 Å. These values are extremely well-reproduced in the DFT-optimized
geometries (Table 3). The analysis of rhodium and iridium sulfur bond distances in square-
planar complexes reported in the CSD revealed substantially longer bonds averaging at
2.37 ± 0.04 Å (details see Supplementary Materials). There is only one example reported
by Braun et al. for a (POP)Rh-SH pincer complex, which displayed an Rh-S bond dis-
tance of 2.286 Å [37], coming close to the very short values observed in the compounds
described herein.

Taking into consideration the moderate to weak trans influence of the pyridine lig-
and [88,89], the remarkably short Ir-S bond distances in the PDI complexes suggest the
presence of strong Ir-S bonds with a multiple-ligand bond character. This was confirmed by
calculating the Wiberg and Fuzzy bond orders (BOs), which were found to be greater than
1 in the Cs-symmetrical model complexes listed in Table 3. To further analyze the bond
orders, the AOMIX program package was utilized to decompose the Wiberg/Mayer bond
orders into their symmetry components for the corresponding small model complexes [79].

In Cs-symmetry, the contributions of orbitals with a′′ symmetry can be clearly assigned
to Ir-S π-bonding interactions involving the iridium dxz and sulfur pz orbitals. On the other
hand, MOs with a′ symmetry are related to a combination of σ- and π-bonding involving
the dx

2−y
2/dz

2 and dxy orbitals, respectively (using D4h-symmetry notation). Examining
Table 3, it is evident that π-bonding plays a significant role, contributing values exceeding
0.3 to the Wiberg/Mayer bond order, which corresponds to approximately 40%. For
comparison, a similar analysis was performed for the previously isolated C2v-symmetrical
PDI iridium amido complex [22], allowing for a further decomposition of contributions
into their σ- and π-components. This calculation revealed a comparable contribution of the
MOs with dxz participation to the bond order, while those involving dxy orbitals exhibited
a substantial reduction. Additionally, while smaller Mayer bond orders were calculated for
the M-O bonds, partial π-bonding was also identified through the symmetry decomposition
in the metal methoxido and hydroxido complexes (Table 3).

The π-character of the M-O,S bonds was confirmed by the results of the QTAIM
(Quantum Theory of Atoms in Molecules) analysis [64], which identified bond critical
points (BCP(3, −1)) for all M-O and M-S bonds. The corresponding bond ellipticities
deviated significantly from zero, indicating non-rotational symmetry of the electron density
at the BCP and thus confirming the presence of π-bonding [64]. The electron densities at
the bond critical points of the M-O and M-S bonds were substantial (ranging from 0.118 to
0.136 e/Å3). Combined with the positive values for the Laplacian ∇ρ2, this suggests an
ionic character for the M-X bonds [90], which aligns with the electronegativity differences
between the metal centers and the chalcogenides (EN (Pauling scale): Rh: 2.28; Ir: 2.20;
O: 3.44; S: 2.58).
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We have also calculated the bond dissociation energies at the PNO-CCSD(T)/def2-
TZVPP//PBE-D3BJ/TZVP level of theory. In this regard, a previous work by Ess et al.
focusing on the binding of late transition metals (Ru, Rh, Ir, Pt) to heteroatoms deserves
special mention [8]. They employed DFT and canonical CCSD(T) calculations with a small
basis set (6–31 G(d,p)) due to computational and methodological limitations at that time.
However, their study successfully reproduced the experimentally established correlation be-
tween M-X and H-X bond energies [91]. The values of the bond dissociation energies for the
(PDI)M-O and (PDI)M-S ranged from ca. 70–88 kcal/mol, suggesting rather strong bonds
(Table 3). As expected, the M-O bond in the methoxido compounds was ca. 7 kcal/mol
higher in the iridium complex compared to the 4d rhodium congener, which we attribute
to relativistic effects. Furthermore, in agreement with previously established correlations
for H-X with M-X bond dissociation enthalpies [91] (e.g., BDE(H-OH) = 118.9 kcal/mol,
BDE(H-SH) = 91.29 kcal/mol), weaker bonds were observed in the thiolato complexes
(Ir-OH: 87.9 vs. Ir-SH: 79.08 kcal/mol).

Additional support for the π-bonding nature of the M-O and M-S bonds was provided
by NBO (Natural Bond Orbital) analysis of the methoxido and methyl thiolato iridium
model compounds. This analysis revealed clear sp2 hybridization of the oxygen and
sulfur atoms. In the case of the methyl thiolato complex, four doubly occupied lone pairs
(LPs) were assigned to the dxy, dyz, dz

2, and dxz orbitals of the d8-configured iridium(I)
center (see Supplementary Materials). However, the situation is more complex for the
methoxido compound. The leading NBO structure involves only three LPs for the Ir center,
representing the dxy, dyz, and dz

2 orbitals. The dxz orbital is engaged in a π-bonding
interaction with the pyridine nitrogen orbital, with approximately equal contributions from
the nitrogen and iridium atoms (Figure 3).
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tion numbers.

The NBO analysis further revealed an Ir-O σ-bond and two additional lone pairs
of the oxygen atom in the methoxido complex. One of these lone pairs corresponded to
the sp2 orbital located in the square plane, while the other represented a pure pz orbital.
The latter exhibited a strong second-order perturbation interaction of 31.3 kcal/mol and
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contributed to the antibonding combination of the NBO associated with the aforementioned
Npyridine-Ir(dxz) π-bond (Figure 3).

4.3. Experimental Evidence for M-X π-Bonding–M-X-R Rotational Barrier

Due to the partial π-bond character of the M-XR (X = O, S) bond, a rotational barrier
for the M-X bond could be envisaged. In the solid state, the alkoxido and hydroxido as well
as the thiolato compounds display an idealized Cs-symmetry with bent sp2-hybri-dized
M-O,S-R units located in the square plane (Table 1 and Figure 1). In solution, however,
the vT 1H and 13C NMR spectra are consistent with a time-averaged C2v-symmetry of
the complexes for all but the methyl thiolato compound 14. Of particular diagnostic
use in this regard are the protons of the pyridine ring, which exhibit a triplet for the
para proton and a doublet for the (time-averaged) homotopic (or enantiotopic) meta
protons with an integration ratio of 1:2. For the methyl thiolato complex 14, we observed
temperature-dependent 1H spectra, with a splitting of the meta pyridine protons into two
separate diastereotopic resonances (doublets) at <263 K, consistent with the idealized Cs-
symmetrical structure found in the solid state and in the DFT-optimized geometry (Figure 1
and Supplementary Materials). Upon warming, these signals broadened, coalesced at 318 K
in the 400 MHz spectrum and turned into a doublet at elevated temperatures (Figure 4 left
and Supplementary Materials).
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Figure 4. Pyridine section of the vT 1H NMR spectra of the iridium methyl thiolato complex 14 (left)
and Eyring plot for the rate constants derived from line shape analysis of the 1H NMR data (right).

This reversible dynamic process was modeled by line shape analysis (LA) of the vT 1H
NMR spectra in toluene in the temperature range of 268–338 K (details see Supplementary
Materials). It deserves special mention that the derived barrier at the coalescence temper-
ature of ∆G# = 15.7 kcal/mol was consistent with the estimate by the Gutowski–Holm
equation, which gave ∆G318

# = 16.2 kcal/mol. With the fitted rate constants of the LA, we
attempted to obtain the activation parameters from an Eyring plot (Figure 4 right).

Much to our surprise, rather than a linear dependence of ln(k/T) on the reciprocal
temperature, we clearly obtained a curved line, which is an indication of (at least) two
independent processes with different activation parameters [92].

Besides rotation about the M-X bond shown below in Scheme 4 (item a), other processes
(items b–e) were considered to explain the observed time-averaged spectra.
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Scheme 4. a. Rotation about the Ir-X bond.

This further includes:

b. R = H, Me, Ph: ionization and recombination of the ions (PDI)M-XR � (PDI)M+ + XR−

c. R = H: sequence of α-H elimination (IrOH, IrSH) and the microscopic reverse 1,2-H
shift (less likely for R = Me and Ph) (PDI)M-X-H � (PDI)M(H) = X

d. “windshield wiper” process with a C2v-symmetrical transition state and sp-hybridized
oxygen or sulfur atoms

e. R = Me: β-H elimination, (rotation about of the form/thioaldehyde unit) and reinser-
tion (PDI)M-X-H � (PDI)M(H)(η2-CH2X) (� rotation about (PDI)M(H)-(η2CH2X) �
(PDI)M-X-H)

The values for the rotational barriers about the M-X bonds (item a) were estimated from
the corresponding transition states and are compiled in Table 4 for the iridium methoxido
and thiolato complexes.

Table 4. Rotational barriers calculated at the DFT and LNO-CCSD(T) levels according to Scheme 4
(item a) and bond orders and distances in the ground and transition states.

Method/Complex TS(IrOMe) TS(IrSH) TS(IrSMe) TS(IrSMe)THF)

∆E# [kcal/mol]
DFT(PW6B95-D3BJ(def2-TZVP))/

PBE-D3BJ(def2-TZVP)
9.06 13.70 15.43 15.87

∆E# [kcal/mol]
LNO-CCSD(T)(def2-TZVPP)/

PBE-D3B-J(def2-TZVP)
8.76 14.29 15.02 17.22

∆G#
298 [kcal/mol]

LNO-CCSD(T)(def2-TZVPP)/
PBE-D3B-J(def2-TZVP)

8.15 16.08 16.68 18.07

Wiberg Bond Order(GS)/
distance (Ir-X) [Å] 0.768/1.954 1.057/2.264 1.141/2.243 1.141/2.243

Wiberg Bond Order(TS)/
distance (Ir-X) [Å] 0.630/1.980 0.877/2.379 0.884/2.343 0.930/2.325

First of all, the good agreement between the DFT and LNO-CCSD(T) calculations
deserves special mention. There was only a very small rotational barrier of ca. 9 kcal/mol
for the iridium methoxido complex 9. The larger activation energies of ca. 14 (SH) and
15 kcal/mol (SMe) were derived for the thiolato complexes 14 and 16. It is assumed that in
contrast to the methyl thiolato complex 14, the smaller rotational barrier of 14 kcal/mol for
the terminal hydrosulfido ligand in 16 may be just slightly too small to manifest itself in the
vT 1H NMR spectra. The transition state for the methyl thiolato compound 14 depicted in
Figure 5 (left) clearly shows that the S-methyl group is no longer located in the square plane,
but rather oriented perpendicular to it. This leads to an idealized Cs-symmetry, which gives
rise to enantiotopic meta-pyridine protons in the 1H NMR spectrum. Inspection of Table 4
reveals that the Ir-X bonds are elongated in the transition state, which is accompanied by a
sizable reduction of the corresponding bond orders. We anticipate that this is a consequence
of the missing dπ-pπ interaction in the transition state.
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In the search for another process contributing to the non-linear Eyring plot, we identi-
fied an additional five-coordinate transition state, which involved coordination of the THF
solvent to the iridium center in the transition state (Figure 5 right).

The calculated activation energy of 15.87 kcal/mol (DFT) is only slightly larger than
the barrier in the four-coordinate complex (15.43 kcal/mol). Although the energy differ-
ence between these two transition states comes out slightly larger in the LNO-CCSD(T)
calculation, we anticipate that this process is certainly competitive and might hence serve
as a good explanation for the curved Eyring plot.

b. Ionization and recombination

For the ionization process, we calculated the reaction energy ∆E of the full iridium
methyl thiolato complex 14 in THF according to Equation (1) at the DFT PBE-D3BJ(def2-
QZVPPD)/COSMO (ε = 7.6) level.

(PDI)Ir-SMe + THF � (PDI)Ir-THF+ + SMe−, ∆ER = +45.5 kcal/mol (1)

The COSMO dielectric continuum solvation model might not fully and adequately
describe the true picture; therefore, the calculated value of +45.5 kcal/mol has to be consid-
ered an upper limit. It should be noted, however, that ionization is uphill by 28.7 kcal/mol
even for solvation with water (ε = 80). Therefore, we anticipate that the reaction energy is
too endothermic to compete with other processes. This is also in agreement with our previ-
ous molecular conductivity measurements of a PDI iridium complex bearing a significantly
better ionizable triflato ligand, which is only partially ionized in THF solution [26].

c. α-H Elimination and the microscopic reverse step

The α-H elimination and its reverse process, the [1,2] H-shift, is well-established for
alkyl ligands [93], but for oxo and sulfido ligands this reaction is less common [86,94]. We
calculated the thermodynamics for the formation of the hydrido, oxo/sulfido complex
by α-H elimination in the hydroxido and hydrosulfido complexes. The DFT-optimized
geometries of the α-H elimination products revealed slightly distorted square-pyramidal
structures, which are shown in Figure 6. It deserves special mention that the Ir-S bond
distance was only marginally shortened in the product (2.22 vs. 2.24 Å), while the Ir-O
bond length dropped by 0.14 Å.
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Both products shown in Figure 6 are substantially energetically uphill from their
corresponding hydroxido and hydrosulfido educts. The values of +50.9 kcal/mol for the
oxido and +31.4 kcal/mol for the sulfido complex calculated at the DFT level with the
PW6B95-D3BJ functional (def2-TZVP basis) clearly rule out that the α-H elimination step
plays a role in the observed dynamic behavior.

d. “Windshield” wiper process

The “windshield wiper” process refers to the in-plane movement of the O,S-R bond
group (R = H, Me, Ph) from one molecule side to the other. This process was modeled for
the unsubstituted methyl thiolato complex; the corresponding Walsh diagram is presented
in Figure 7.
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e. β-H Elimination and reinsertion 

For the methyl-substituted methoxido and methyl thiolato complexes, ß-hydrogen 
elimination leading to Cs-symmetrical hydrido η2-formaldehyde and thioformaldehyde 
complexes can be envisaged. This process was studied by DFT and LNO-CCSD(T) calcu-
lations; the geometry-optimized structures of the transition states are depicted in Figure 
8. 
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iridium methoxido and methyl thiolato complexes amounted to 16.7 and 23.4 kcal/mol, 
respectively. These barriers are approximately 7 kcal/mol higher than those for the rota-
tion about the M-O and M-S bonds. Therefore, the β-hydrogen elimination processes are 
not considered to be competitive with regard to the observed dynamic behavior. How-
ever, it has to be emphasized that these β-hydrogen elimination barriers are quite low. 
Nevertheless, further elimination of the thio-/aldehyde to yield the hydrido complex was 
not observed. This contrasts with the results of other late-transition-metal alkoxide com-
plexes reported in the literature. Frequently, these compounds exhibit relatively low ther-
mal stability, which is due to β-hydrogen elimination and the consecutive elimination of 
the aldehyde or ketone [9,13,85,95,96]. For the PDI complexes, this difference can be ra-
tionalized by the fact that extrusion of the aldehyde/thioaldehyde is highly thermody-
namically unfavorable (Figure 9). At the LNO-CCSD(T) level, this step is 25.58 (X = O) and 
50.05 (X = S) kcal/mol uphill (Table 5). 

Figure 7. Walsh diagram for the windshield wiper process in the methyl thiolato iridium
model complex.

The windshield wiper process exhibited an activation energy of approximately
40 kcal/mol. The transition state adopted a C2v-symmetrical structure, in which the
hydrogen atoms of the methyl group were disregarded. For the complete system, an even
higher barrier is expected; consequently, it is concluded that this process is not involved in
the observed dynamic behavior.

e. β-H Elimination and reinsertion

For the methyl-substituted methoxido and methyl thiolato complexes, ß-hydrogen
elimination leading to Cs-symmetrical hydrido η2-formaldehyde and thioformaldehyde
complexes can be envisaged. This process was studied by DFT and LNO-CCSD(T) calcula-
tions; the geometry-optimized structures of the transition states are depicted in Figure 8.
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Figure 8. Transition states for ß-hydrogen elimination in the methoxido and methyl thiolato iridium
complexes 9 and 14 with selected distances in Å.

The activation energies calculated at the DFT PW6B95-D3BJ/def2-TZVP level for the
iridium methoxido and methyl thiolato complexes amounted to 16.7 and 23.4 kcal/mol,
respectively. These barriers are approximately 7 kcal/mol higher than those for the rotation
about the M-O and M-S bonds. Therefore, the β-hydrogen elimination processes are not
considered to be competitive with regard to the observed dynamic behavior. However, it has
to be emphasized that these β-hydrogen elimination barriers are quite low. Nevertheless,
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further elimination of the thio-/aldehyde to yield the hydrido complex was not observed.
This contrasts with the results of other late-transition-metal alkoxide complexes reported
in the literature. Frequently, these compounds exhibit relatively low thermal stability,
which is due to β-hydrogen elimination and the consecutive elimination of the aldehyde
or ketone [9,13,85,95,96]. For the PDI complexes, this difference can be rationalized by the
fact that extrusion of the aldehyde/thioaldehyde is highly thermodynamically unfavorable
(Figure 9). At the LNO-CCSD(T) level, this step is 25.58 (X = O) and 50.05 (X = S) kcal/mol
uphill (Table 5).
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Table 5. Energy levels for ß-hydrogen elimination and thio-/formaldehyde extrusion in the iridium
methoxido and methyl thiolato complexes 9 and 14.

STEP/Method
∆E#

rel [kcal/mol]
DFT(PW6B95-D3BJ

(def2-TZVP))

∆E# [kcal/mol]
LNO-CCSD(T)
(def2-TZVPP)

Complex X = O X = S X = O X = S
TS(ß-H elimination) 17.91 24.21 18.27 22.97

intermediate 11.82 18.48 11.71 16.28
product 39.94 70.80 37.29 66.33

product–intermed. 28.12 52.32 25.58 50.05

The reverse association process of formaldehyde is essentially barrierless, as can be
recognized from the inspection of the linear transit for this process shown in Figure 10.

Finally, we investigated the isomerization pathway from the methoxido to the hydrox-
ymethylene complex according to Equation (2).

(PDI)Ir-OCH3 � (PDI)Ir-CH2OH (2)

This type of transformation was reported by Wayland et al. for a rhodium porphyrin
system and was found to be energetically in favor of the hydroxymethylene complex by ca.
6 kcal/mol [97]. We studied this reaction by DFT and LNO-CCSD(T) calculations, which
are summarized in Figure 11.
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Figure 11. Energy profile at the LNO-CCSD(T)/def2-TZVPP//DFT(PBE-D3BJ/def2-TZVP) level for
the transformation of the iridium methoxido complex 9 to the hydroxymethylene and hydroxycarbene
congeners. Selected distances in Å are shown.

In contrast to the porphyrin system, the formation of the hydroxymethylene system
is significantly uphill for both the Rh (+24.2 kcal/mol) and Ir (18.8 kcal/mol) complexes.
We take this as one more hint that the dπ-pπ interaction in the methoxido complexes is
stabilizing. We noted two more interesting features in these calculations. First of all, there is
an apparent α–H–agostic interaction in the hydroxymethylene complexes, as indicated by
the short M. . .H-CHOH interactions of 1.87 (M = Rh) and 1.78 Å (M = Ir) with concomitant
elongated C-H bonds of 1.19 and 1.27 Å (see Figure 11 for M = Ir and ESI for M = Rh). These
C-H bonds are on the brink of α-elimination to the corresponding hydrido hydroxycarbene
complexes. For iridium, the carbene compound lies only 7.7 kcal/mol above the methoxido
complex, while the rhodium carbene system is significantly less stable (+17.7 kcal/mol). As
expected for the multiple-bond character in the hydroxycarbene complexes, the M-C bonds
are shortened with respect to the hydroxymethylene complexes (Ir: 0.05 Å, Rh: 0.08 Å)
(Figure 11 and ESI).

Finally, this section can be concluded by saying that the (PDI)M-O,S-R complexes
(M = Rh, Ir, R = H, Me, Ph) display significant thermal stability, which can be attributed to
partially stabilizing dπ-pπ interactions. Complexes with methoxido and methyl thiolato
ligands are particularly noteworthy. Despite their small barriers for ß-hydrogen elimination,
they are stabilized by the thermodynamically highly unfavorable extrusion of the thio-
/aldehyde in the consecutive step. Finally, it can therefore be concluded that only the
rotational process with or without solvent contribution is involved in the dynamic process.
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5. Conclusions

In this article, we analyzed the bonding situation in square-planar PDI rhodium and
iridium complexes with a particular focus on O,S π-donors. The PDI ligand serves as an
electron acceptor and assists in reducing the destabilizing electron-2 orbital orbital dπ-pπ
interactions between the metal centers and the O,S–heteroatom ligands. Consequently, a
partial Ir-O,S multiple-bond character can be derived, which is also reflected in the observed
sizable Ir-S rotational barrier and the large calculated homolytic BDEs. We are currently in
the final stages of our investigation on the hydrogenation of the hydroxido, methoxido and
thiolato complexes and will provide a comprehensive report in the near future.
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