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Special Issue “Organophosphorus Chemistry: A
New Perspective”
Jakub Adamek 1,2
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2 Biotechnology Center, Silesian University of Technology, B. Krzywoustego 8, 44-100 Gliwice, Poland

The European Chemical Society (EuChemS) and the European Parliament (Science and
Policy Workshop, 25 May 2023) recognize phosphorus as one of the key chemical elements
in daily life. It is not only a component of the human body but also a foundation of the
agrochemical industry. Today, it is often said that we are living in “the golden age of phos-
phorus chemistry”. In this context, organophosphorus chemistry is also gaining importance
as one of the fastest-growing branches of organic chemistry. In the laboratory, phosphorus-
containing compounds (also called P-compounds) are widely used as reagents (starting
materials, precursors of active intermediates such as ylides or iminium-type cations, etc.),
catalysts (PTC, organocatalysis), and solvents (PILs) [1–4]. Due to the interesting properties
of P-compounds (especially their biological activity), they are used on a large scale in
medicine (e.g., bone disorder drugs, anticancer and antiviral agents, and antihelminthics
in veterinary applications), agriculture (e.g., pesticides), and industry (e.g., production of
lubricants or plastic materials) [5–7]. However, in the age of much-needed care for the
natural environment, we face new challenges. Innovative approaches to the synthesis
and isolation of P-compounds (taking into account the aspects of green chemistry and
sustainability), followed by their responsible use and disposal (neutralization), may prove
crucial in the near future.

In this Special Issue, seven original research articles and three reviews covering aspects
of recent advances in the synthesis, transformation, and properties of organophosphorus
compounds were published.

The first two articles concern phosphonium salts and the properties of the phospho-
nium moiety [8,9]. In a review article, Adamek et al. collected information on the synthesis
and reactivity of 1-aminoalkylphosphonium derivatives [8]. As shown, these types of com-
pounds can be considered not only as smart synthetic equivalents of N-acyliminium-type
cations in the α-amidoalkylation reaction but also as convenient reagents in cyclizations or
effective precursors of ylides in the Wittig reaction. In turn, Grymel et al. described the
synthesis and, subsequently, the cytotoxicity and antibacterial activity of triphenylphos-
phonium derivatives of betulin [9]. In total, nine new molecular hybrids of betulin with
covalent linkage of the alkyltriphenylphosphonium moiety to the parent skeleton were
obtained, with good to excellent yields. They showed high cytotoxicity (greater than
natural betulin) toward the cell lines tested (HCT 116 and MCF-7), as well as antimicro-
bial properties against the Gram-positive reference Staphylococcus aureus ATCC 25923 and
Staphylococcus epidermidis ATCC 12228 bacteria.

The next two articles address bisphosphoric systems, together with their synthe-
sis and application [10,11]. Kuźnik et al. disclosed a simple and effective strategy for
the synthesis of N-protected bisphosphoric analogs of protein and non-protein α-amino
acids [10]. Indeed, the method based on the three-component reaction of 1-(N-acylamino)-1-
ethoxyphosphonates with triphenylphosphonium tetrafluoroborate and triethyl phosphite
allowed for the acquisition of 14 compounds with yields in the range of 40–96%. The
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proposed methodology can also be used in the synthesis of unsymmetric bisphospho-
ric compounds via the sequential formation of C-P bonds with different phosphorus
nucleophiles. The importance of research on bisphosphonates was also emphasized by
Demadis et al. in their manuscript on drug-inclusive, inorganic–organic hybrid systems for
the controlled release of zoledronate [11]. Two coordination polymers containing alkaline
earth metal ions (Sr2+ and Ba2+) and zoledronate (ZOL, the anti-osteoporotic drug) were
synthesized and characterized. On the basis of the conducted studies, the influences of
the type of cation on both the initial rate of drug release and the final value of the plateau
release were determined.

The other articles are related to phosphonate compounds, their synthesis, reactivity,
and biological properties [12–16]. Moilanen et al. prepared an interesting review article
about the applications of α-aminophosphonates, -phosphinates, and -phosphine oxides
as extraction and precipitation agents for rare earth metals, thorium, and uranium [12].
The authors described the most important methods for the synthesis of the abovemen-
tioned organophosphorus compounds and characterized their ability as extractants and
precipitation agents. Some future perspectives related to the tunability of the solubility and
coordination affinity of the α-amino-functionalized organophosphorus compounds were
also discussed. Olszewski et al. described the deamination of 1-aminoalkylphosphonic
acids in reaction with HNO2 [13]. Mechanistic research and analysis of the obtained prod-
ucts allowed the authors to propose a plausible mechanism reaction with the formation
of 1-phosphonoalkylium ions as reactive intermediates. Vicario et al. presented a general
strategy for the synthesis of a wide family of α-aminophosphonate analogs of aspartic acid
with tetrasubstituted carbons via the aza-Reformatsky reaction of α-iminophosphonates,
generated from α-aminophosphonates [14]. In total, more than 20 such compounds were
synthesized. Their cytotoxicity was also evaluated, and the structure–activity profile was
determined. A one-pot lithiation–phosphonylation protocol to prepare heteroaromatic
phosphonic acids was reported by Chmielewska et al. [15]. The scope of application and
limitations of the proposed method were explored. The antiproliferative activity of the
compounds obtained was also tested. Kiełbasiński and Janicki described the application
of alkyl di-(1,1,1,3,3,3-hexafluoroisopropyl)phosphonoacetates in the highly Z-selective
Horner–Wadsworth–Emmons olefination as modified Still–Gennari-type reagents [16].
Excellent results, with an up to a 98:2 Z:E product ratio and up to quantitative yield, were
achieved using the abovementioned reagents in the olefination of aromatic aldehydes.

Finally, the review article prepared by Bałczewski et al. introduces readers to the chem-
istry of linearly fused aromatics, called acenes [17]. This study is not only a retrospective
investigation but also a presentation of the current state of knowledge on the synthesis,
properties, and applications of phosphorus (PIII, PIV, PV)-substituted acenes.

In conclusion, organophosphorus chemistry continues to attract the unwavering in-
terest of many research groups. The level of the research presented is high, and its subject
matter attracts great attention, as evidenced by increasing metrics (citations, views). There-
fore, I would like to thank all the authors who chose to report their results in this Special
Issue and acknowledge the contributions of the Academic Editors: Gabriele Micheletti,
Constantina Papatriantafyllopoulou, Erika Bálint, and György Keglevich; all the peer re-
viewers; and the members of the Editorial Team, especially Marlene Zhang. Your support
has been invaluable.

Conflicts of Interest: The author declares no conflict of interest.
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1-Aminoalkylphosphonium Derivatives: Smart Synthetic
Equivalents of N-Acyliminium-Type Cations, and Maybe
Something More: A Review †
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3 Department of Chemical Organic Technology and Petrochemistry, Faculty of Chemistry,
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* Correspondence: jakub.adamek@polsl.pl; Tel.: +48-032-237-1724; Fax: +48-032-237-2094
† With a special dedication to Roman Mazurkiewicz in honor of the achievements within his career along with

thanks from his scientific pupils.

Abstract: N-acyliminium-type cations are examples of highly reactive intermediates that are willingly
used in organic synthesis in intra- or intermolecular α-amidoalkylation reactions. They are usually
generated in situ from their corresponding precursors in the presence of acidic catalysts (Brønsted
or Lewis acids). In this context, 1-aminoalkyltriarylphosphonium derivatives deserve particular
attention. The positively charged phosphonium moiety located in the immediate vicinity of the N-acyl
group significantly facilitates Cα-P+ bond breaking, even without the use of catalyst. Moreover,
minor structural modifications of 1-aminoalkyltriarylphosphonium derivatives make it possible to
modulate their reactivity in a simple way. Therefore, these types of compounds can be considered as
smart synthetic equivalents of N-acyliminium-type cations. This review intends to familiarize a wide
audience with the unique properties of 1-aminoalkyltriarylphosphonium derivatives and encourage
their wider use in organic synthesis. Hence, the most important methods for the preparation of
1-aminoalkyltriarylphosphonium salts, as well as the area of their potential synthetic utilization,
are demonstrated. In particular, the structure–reactivity correlations for the phosphonium salts are
discussed. It was shown that 1-aminoalkyltriarylphosphonium salts are not only an interesting
alternative to other α-amidoalkylating agents but also can be used in such important transformations
as the Wittig reaction or heterocyclizations. Finally, the prospects and limitations of their further
applications in synthesis and medicinal chemistry were considered.

Keywords: phosphonium salts; N-acyliminium cations; α-amidoalkylation; α-amidoalkylating
agents; ylides; Wittig reaction

1. Introduction

α-Amidoalkylation reactions play an increasingly important role in organic synthesis
as convenient and effective methods for the formation of C-C and C-heteroatom bonds,
particularly of the intramolecular type, allowing the synthesis of carbo- or heterocyclic
systems. In most cases, N-acylimine 2 or N-acyliminium cations 3 are the correct α-
amidoalkylating agents and they are generated from precursors with the relevant structure 1
(Scheme 1) [1–23].

Many examples of α-amidoalkylating agent precursors and their applications in
α-amidoalkylations have been reported in the literature. A brief summary is given in
Table 1. Compared to the precursors described therein, 1-aminoalkylphosphonium deriva-
tives are relatively unknown compounds. However, they have unique structural features

5
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which promote the generation of N-acyliminium-type cations. One of the most important
is the presence of a positively charged phosphonium moiety (which easily departs as
triarylphosphine PAr3) in the immediate vicinity of the acyl group.
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Moreover, the reactivity of 1-aminoalkylphosphonium derivatives can be modulated
by simple structural modifications, e.g., by changing the amino protecting group or by the
introduction of electron-withdrawing substituents to the phosphonium moiety (replacing
Ph3P by (3-C6H4Cl)3P or (4-C6H4CF3)3P; see Figure 1). Depending on the structure of
the phosphonium salt used, the α-amidoalkylations may require a basic or acidic catalyst.
However, the introduction of the abovementioned activating structural modifications
allows one, in many cases, to conduct the reactions under milder and even catalyst-free
conditions. Furthermore, such modifications not only affect the reactivity but also the course
of the reaction (for example, to reduce side reactions), or even make it possible to change
the type of reaction taking place (the α-amidoalkylation reaction vs the Wittig reaction).
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The main purpose of this review paper is to organize and disseminate current knowl-
edge about 1-aminoalkylphosphonium derivatives. To help understand the presented is-
sues, three classes of these P-compounds have been distinguished. Three separate chapters

6
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are dedicated to them, where general properties, the most important methods for prepara-
tion as well as synthetic applications are described. Particularly, the correlation between the
structure and the reactivity of phosphonium derivatives I-III is discussed. Scheme 2 pro-
vides a classification and a brief summary of the chemistry of 1-aminoalkylphosphonium
derivatives.
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2. 1-Aminoalkyltriarylphosphonium Derivatives
2.1. 1-(N-acylamino)alkylphosphonium Salts

Compounds with general formula 4 (Figure 2) are often called 1-(N-acylamino)alkylph
osphonium salts, because a lot of the described models are amide derivatives (e.g., R1 = H,
Me, Et, t-Bu, Ph, Bn, etc.; R3 = H). It is not an exact name because this group also includes
lactams (e.g., R1, R3 = (CH2)3), carbamates (R1 = t-BuO, BnO; R3 = H) or urea derivatives
(e.g., R1 = NMe2, R3 =H). In the α-position, there may be hydrogen (R2 = H), alkyl (R2 = Me,
Et, i-Bu, etc.), aryl (R2 = Ph, 2-thienyl, 1-naphtyl, etc.) or more complex substituents (e.g.,
CH2CO2-t-Bu, CH2C6H4OBn, PO(OEt)2 etc.). The positively charged triarylphosphonium
group PAr3 (Ar = Ph, 3-C6H4Cl, 4-C6H4CF3) is also directly bonded to Cα.
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Figure 2. General structure of 1-(N-acylamino)alkylphosphonium salts 4.

1-(N-acylamino)alkyltriphenylphosphonium salts 4 (Ar = Ph) are crystalline, stable at
room temperature compounds that can be stored under laboratory conditions for a long
time. They are well soluble in DCM and MeCN, but insoluble in diethyl ether. The most
effective method of their purification is crystallization from DCM/Et2O or MeCN/Et2O
systems. 1-(N-acylamino)alkyltriarylphosphonium salts 4 which are derivatives of tri-
arylphosphines with electron-withdrawing substituents (Ar = 3-C6H4Cl or 4-C6H4CF3)
are less stable. They are usually synthesized just before the reaction and used without
purifiaction. The type of phosphonium group used has a huge impact on the reactivity of
the whole molecule, which will be discussed later in this review.

2.1.1. Preparation

In the last century, most of the methods for the synthesis of 1-(N-acylamino)alkyltriaryl
phosphonium salts 4 concerned 1-(N-acylamino)methyltriphenylphosphonium salts (4a,
R2 = H, Scheme 3). Between 1972 and 1991, Drach, Brovarets and co-workers [24–27]
showed that 1-(N-acylamino)methylphosphonium chlorides (4a, X = Cl) can be obtained,
in a simple reactions, by alkylation of triphenylphosphine (but also tributylphosphine
PBu3 or hexaethylphosphorus triamide P(NEt2)3) with N-(chloromethyl)amides (5, Z = Cl)
(Scheme 3, Method A). They also used N-(hydroxymethyl)amides (5, Z = OH) as alkylating
agents, that were N-(chloromethyl)amides precursors (Scheme 3, Method A) [27]. In 1974,
Devlin and Walker reported similar reactions, which were carried out at room temperature,
using AcOEt as a solvent. They obtained 1-(N-benzoylamino)methyltriphenylphosphonium
bromide or chloride (4a, X = Br or Cl) from N-(bromomethyl)benzamide or N-(chloromethyl)
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benzamide, respectively, in 54% and 69% yield (Scheme 3, Method A) [28]. Triphenylphos-
phine was also alkylated with N-(methoxymethyl)urea derivative 6 (Scheme 3, Method B).
Reactions were carried out in methanol by bubbling HCl gas through the substrate solution
or by treating it with aqueous HBr or HI [29]. 1-(N-alkoxycarbonyl)methyltriphenylpho
sphonium chlorides or bromides (4a, R1 = OR, X = Cl or Br) were obtained by Kozhushko
et al. in the reaction of triphenylphosphine with chloromethylisocyanate or bromomethyliso-
cyanate and further hydrolysis of the isocyanate group (Scheme 3, Method C) [30,31]. In
analogous reactions, the corresponding triphenylphosphonium iodides (4a, R1 = OR, X = I)
were also obtained by adding methyl iodide in the first step of the synthesis [32]. The same
authors also described reactions in which phosphonium salts 4a (R1 = OR, X = Cl) were
obtained by alkylation of triphenylphosphine with N-(chloromethyl)carbamates 10, that
were previously generated from alcohol and methyl isocyanide (Scheme 3, Method D) [33].
In turn, Zinner and Fehlhammer described the two-stage method for the synthesis of
1-(N-formylamino)methyltriphenylphosphonium chloride 4a (R1 = H, X = Cl). Initially,
they conducted the alkylation of triphenylphosphine using trimethylsilyl isocyanide in
the presence of hexachloroethane in THF. The acidic hydrolysis of indirectly formed iso-
cyanomethyltriphenylphosphonium chloride 11 finally yielded the expected phosphonium
salt 4a (Scheme 3, Method E) [34]. However, the authors did not report the yield of the
hydrolysis step.
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Only a few of the described methods for synthesizing 1-(N-acylamino)methyltriphenyl
phosphonium salts 4a were based on other approaches than the alkylation of triphenylphos-
phine by N-(halomethyl)amides, their precursors or related compounds. One of these meth-
ods involved the alkylation of methyl carbamate with hydroxymethyltriphenylphospho-
nium chloride 12, which resulted in the production of 1-(N-methoxycarbonyl)aminomethylt
riphenylphosphonium chloride 4a (R1 = OMe, X = Cl) in 73% yield (Scheme 3, Method F) [35].
Devlin and Walker demonstrated that the treatment of 2-bromo-2-nitrostyrene 14 with
triphenylphosphine in methanol gave the phosphonium salt 15 in 47% yield. The vacuum
pyrolysis of salt 15 at 150 ◦C, reduction with NaHBF4 in methanol or refluxing in chloro-
form with addition of bromine led to a mixture containing 1-(N-benzoylamino)methyltriph
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enylphosphonium bromide 4a (R1 = Ph, X = Br) as the main product (Scheme 3,
Method G) [28,36].

There are few data available in the literature on the synthesis of 1-substituted phos-
phonium salts 4. In 1975, Drach et al. demonstrated that the reaction of triphenylphosphine
with N-(1-benzoyl-1-chloromethyl)amides 16 led to triphenylphosphonium salts 17 with
a benzoyl group at the 1-position. However, salts 17 turned out to be hygroscopic and
unstable. Thus, the authors decided to transform them into more stable oxazolones 18
(Scheme 4) [37].
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Scheme 4. Synthesis of 1-(N-acylamino)benzoylmethyltriphenylphosphonium chlorides 17.

Next, Drach et al. described the route for the synthesis of various 1-(N-acylamino)-
substituted vinylphosphonium salts 22, which was based on the condensation of triph-
enylphosphine with N-polychloroalkylamides 19 [38,39]. As reported by the authors, in
the first step, the salts 20 were probably formed, which further split off hydrogen chlo-
ride, resulting in the formation of the corresponding vinylphosphonium salts 22, typically
in yields above 90% (Scheme 5). 1-(N-acylamino)vinylphosphonium salts (AVPOSs) 22
are unique reagents for various types of heterocyclization, which was comprehensively
discussed by Drach, Brovarets, and co-workers in 2002 [39].
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Scheme 5. Synthesis of 1-(N-acylamino)vinylphosphonium salts (AVPOSs) 22.

At about the same time, Mazurkiewicz et al. started more extensive research on the syn-
thesis of structurally diverse 1-(N-acylamino)alkyltriarylphosphonium salts 4. Wherein, the
common feature of these methods was the raw materials, which was N-protected α-amino
acids. The use of α-amino acids or their derivatives as substrates was greatly advantageous,
due to almost unlimited availability and structural diversity of such compounds.

The first approach was based on using 4-triphenylphosphoranylidene-5(4H)-oxazolones
24 or 4-alkyl-4-triphenylphosphonio-5(4H)-oxazolones 25, obtained from glycine
(Scheme 6) [40]. Phosphoranylidene-5(4H)-oxazolones 24, were hydrolyzed at room tem-
perature in the presence of HBF4 to N-acyl-α-triphenylphosphonioglycines 26 (R2 = H,
Scheme 6/A). Similarly, phosphonium iodides 25 were exposed to water in the mixture
of THF/DCM, but without any acidic catalyst. Under these conditions, compounds 25
were transformed, in a few days, into N-acyl-1-triphenylphosphonio-α-amino acids 26
(R2 = Me, Scheme 6/B). In the next stage, 1-triphenylphosphonio-α-amino acids 26 were
heated at 105–115 ◦C under reduced pressure (5 mmHg) or treated with diisopropylethy-
lamine in DCM at 20 ◦C, which resulted in their decarboxylation to corresponding 1-(N-
acylamino)alkyltriphenylphosphonium salts 4, usually in good yields (Scheme 6/C). The
authors also showed, that in the case of hydrolysis of 4-alkyl-4-triphenylphosphonio-5(4H)-
oxazolones 25 with a bulky substituent in the 4-position, the reaction proceeded with simul-
taneous decarboxylation and gave the expected 1-(N-acylamino)alkyltriphenylphosphonium
salts 4 in one reaction step (Scheme 6/D) [41,42].
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Scheme 6. Synthesis of 1-(N-acylamino)alkylphosphonium salts 4 from oxazolones.

However, the two most important and general methods for the synthesis of 1-(N-
acylamino)alkylphosphonium salts 4 were developed by Mazurkiewicz and Adamek in
the last 10 years (Scheme 7) [43,44].
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Scheme 7. Modern strategy in the synthesis of 1-(N-acylamino)alkylphosphonium salts 4; Method
A–Synthesis based on the electrochemical alkoxylation; Method B–Non-electrochemical synthesis
based on the one-pot, three components coupling.

The first, three-stage method begins with the appropriate protection of α-amino
acid functional groups (the NH2 group and other groups susceptible to electrochemical
oxidation). Next, electrochemical decarboxylative α-methoxylation (or more generally,
alkoxylation) takes place. As the authors noted, the electrochemical oxidations could be
carried out in methanol with the addition of sodium methoxide as a base or in the presence
of a solid-supported base (SiO2-Pip); wherein the latter process (based on a solid-supported
base) proceeded in excellent yields and had a less complicated work-up. Recently, a simpler
and even more efficient, standardized method for preparation of N,O-acetals 30 using the
commercially available ElectraSyn 2.0 setup (graphite electrodes, Et3N as a base, room
temp.) was described [45].

The last step is the substitution of the methoxy group in the reaction of N,O-acetals
30 with various types of phosphonium salts (Ar3P·HX, Scheme 7; Method A). The pro-
posed method allows high yields (up to 99%) to be obtained not only for the simplest
1-(N-acylamino)alkylphosphonium salts 4 (e.g., R2 = H), but also for much more com-
plex structure, including derivatives of phosphine with various substituents (Ar = Ph,
3-C6H4Cl, 4-C6H4CF3) [43,46]. Moreover, the raw material base can be expanded, since
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N-methoxyalkyl derivatives can be obtained by electrochemical oxidation of amides, carba-
mates or lactams. However, this is a less efficient process and an aqueous work-up of the
reaction mixture is necessary [47].

In 2021, a procedure for the prepartion of N-protected aminoalkylphosphonium salts
(including 1-(N-acylamino)alkylphosphonium ones) in one reaction step from aldehy-
des and either amides, carbamates, lactams, or urea in the presence of phosphonium
salts 33 -Ar3P·HX (Scheme 7; Method B) was described [44]. Using a one-pot method-
ology, the simple work-up of the reaction mixture (no chromatography) makes 1-(N-
acylamino)alkylphosphonium salts obtainable in high yields under relatively mild condi-
tions (even at room temperature, but usually at 50 ◦C for 1 h). So far, it is the only general
method of obtaining N-protected aminoalkylphosphonium salts without the use of electro-
chemical techniques [44]. Mechanistic studies showed that in the first step of the transforma-
tion, aldehydes and phosphonium salts (Ar3P·HX) form 1-hydroxyalkylphosphonium salts
34, which then react with amide-type substrates 31 to give the desired 1-(N-acylamino)alkylp
hosphonium salts 4 in good to excellent yields [44].

Next, it was shown that by conducting the reaction step-by-step and changing the
order of the reacting compounds, 1-(N-acylamino)alkylphosphonium salts 4 could also be
obtained. However, the procedure is effective only for formaldehyde (or paraformalde-
hyde). Hydroxymethylamides 35, already mentioned in the introduction (see also Table 1),
are generated during such a transformation (Scheme 8). This method works well for the
synthesis of N-protected aminomethyltriarylphosphonium salts 4a, but requires a catalyst
(NaBr) and elevated temperatures (70–135 ◦C) [48].
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Scheme 8. Step-by-step procedure for the synthesis of N-protected aminomethylphosphonium
salts 4a.

The presented methods (Schemes 7 and 8) are based on a wide and diverse base of raw
materials (α-amino acids, amide-type compounds, aldehydes), and provide easy access to
structurally diverse 1-(N-acylamino)alkylphosphonium salts 4 also in the synthesis on a
larger gram-scale [44,48].

2.1.2. Synthetic Utilization

Synthetic applications of 1-(N-acylamino)alkylphosphonium salts 4 are summarized
in Figure 3. The high reactivity of such compounds is mainly related to the possibility of
easy cleaving of the Cα-P+ bond (Scheme 9).

The strength of the Cα-P+ bond can be further reduced by introducing electron-
withdrawing substituents to the phosphonium moiety (Scheme 10, Ar = 3-C6H4Cl and
4-C6H4CF3). The equilibrium in such systems was examined and described in 2018 [46]. As
can be seen, it is shifted toward more stable and less reactive 1-(N-acylamino)alkylphosphon
ium salts (reactivity: PS-CF3 > PS-Cl > PS-H; stability: PS-CF3 < PS-Cl < PS-H).

The ease of formation of iminium-type cations 3 from phosphonium salts 4 was es-
sential in the α-amidoalkylation reactions of various types of nucleophiles (C-nucleophiles
and heteronucleophiles). In many cases, the generation of such reactive intermediates can
proceed without the use of any catalysts, which is an amazing advantage compared to
other α-amidoalkylating agents described in the literature (e.g., N-(1-methoxyalkyl)amides,
α-amido sulfones, or N-(benzotriazolylalkyl)amides) [12,20].
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One of the most widely described α-amidoalkylation reactions involving 1-(N-acylam
ino)alkylphosphonium salts is the reaction with P-nucleophiles: phosphites, phospho-
nites, or phosphinites. The products of these transformations are called phosphorus
analogs of α-amino acids 37 (more precisely: 1-aminoalkanephosphonic acid derivatives,
1-aminoalkanephosphinic acid derivatives, or 1-aminoalkylphosphine oxide derivatives),
and they are extremely interesting in terms of their biological activity [49].

Initially, the Michaelis–Arbuzov-type reaction with a double catalytic system was used
for the synthesis of such compounds. A base (e.g., the Hünig’s base-(i-Pr)2EtN) facilitates
the cleavage of the Cα-P+ bond and the formation of corresponding N-acylimine. In turn,
the iodide anion (introduced as methyltriphenylphosphonium iodide) enables dealkyla-
tion of the intermediate alkoxyphosphonium salt 36 (Scheme 11) [50–52]. Further studies
showed that the reaction could be carried out also under a catalytic-free conditions [46,52].
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It was also possible, for the first time, to isolate and characterize one of the intermediates 36
(R1 = t-Bu; R2 = Me; R3, R4 = OR = OEt, Scheme 11), thus proving the reaction mecha-
nism [46].
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Scheme 11. Michaelis–Arbuzov-type reaction of 1-(N-acylamino)alkylphosphonium salts 4 with
P-nucleophiles.

Unfortunately, the major disadvantage of these reactions is the complete racemiza-
tion of the products. However, two solutions were proposed to overcome this drawback.
The first was enzymatic kinetic resolution of products using Penicillin G acylase from
Escherichia coli (Scheme 12, Method A) [53,54]. The second was changing the synthetic ap-
proach and to conduct organocatalytic α-amidoalkylation of P-nucleophiles (e.g., dimethyl
phosphite; Michaelis–Becker-type reaction) by 1-(N-acylamino)alkyltriphenylphosphonium
salts in PTC systems using Cinchona alkaloid derivatives 38 and 39 as catalysts (Scheme 12,
Method B) [55].
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Scheme 12. Methods for the obtaining of enantiomerically enriched phosphorus analogs of α-amino
acids 37 via 1-(N-acylamino)alkyltriphenylphosphonium salts 4 based on enzymatic kinetic resolution
(Method A) or organocatalytic α-amidoalkylation of P-nucleophiles in PTC systems (Method B).

Further research on phosphorus analogs of α-amino acids 37 revealed the possibility
of transforming them into bisphosphoric acid esters 43, which also exhibit important
biological activity (Scheme 13) [56,57].
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Scheme 13. Synthesis and applications of 1-(N-acylamino)-1-triphenylphosphoniumalkylphosph
onates 42. Reagents and conditions: (A) R3R4POR (e.g., P(OEt)3, MeP(OEt)2, Ph2P(OMe), etc.),
(i-Pr)2EtN, Ph3P+Me I−, 20–60 ◦C, 0.3–6 h; (B) KCN, 18–crown–6, 20 ◦C, 24 h; (C) (i-Pr)2EtN, 20 ◦C,
5 h; (D) MeC(O)CF3, K2CO3, 18-crown-6, 50 ◦C, 4 h.

Electrochemical alkoxylation of compounds 37 followed by substitution of the alkoxy
group leads to 1-(N-acylamino)-1-triphenylphosphoniumalkylphosphonates 42. They can
be also synthesized in a multi-stage procedure from imidate hydrochlorides 40 (Scheme 13).

As shown, the high reactivity of the phosphonium salts 42 can be used not only in
the α-amidoalkylation reactions of phosphorus or carbon nucleophiles (Scheme 13, route
A and B) but also in the elimination (Scheme 13; route C) or Wittig reaction (Scheme 13,
route D) [57].

In the years between 2012 and 2021, Mazurkiewicz (triphenylphosphonium deriva-
tives) and then Adamek (phosphonium salts with weakened Cα-P+ bond) explored the
possibility of α-amidoalkylation of various other heteronucleophiles (Scheme 14) [46,51,58].
They demonstrated that, under appropriate conditions, N-protected 1-aminoalkyltriarylpho
sphonium salts 4 react with a wide variety of nucleophiles including mercaptans (PhCH2SH),
phenol (PhOH), amines (PhCH2NH2), phthalimide, benzotriazole (BtH) or its salts (BtNa),
and sodium aryl sulfinates (Ar2SO2Na) [46,51].

Initially, reactions were carried out at an elevated temperature (60 ◦C) in the pres-
ence of Hünig’s base (for 1-(N-acylamino)alkyltriphenylphosphonium salts 4, Ar = Ph,
Scheme 14) [51]. The use of 1-(N-acylamino)alkyltriarylphosphonium salts 4 with a weak-
ened Cα-P+ bond strength (Ar = 3-C6H4Cl, 4-C6H4CF3, Scheme 14) made it possible to
conduct these reactions at room temperature without the use of catalysts [46].

The extraordinaryα-amidoalkylating properties of 1-(N-acylamino)alkylphosphonium
salts 4 also allow the α-amidoalkylation of “non-nucleophilic” bases, such as DBU (1,8-
diazabicyclo(5.4.0)undec-7-ene), DBN (1,5-diazabicyclo(4.3.0)non-5-ene) or TBD (1,5,7-
triazabicyclo(4.4.0)dec-5-ene; Scheme 14). The corresponding 1-(N-acylamino)alkylamid
inium or guanidinium salts 52 are products in these reactions. They can be isolated but
show limited stability; for example, salts 52 with a hydrogen at the β-position underwent
transformation to enamides 53. As shown, enamides 53 can also be obtained directly from
phosphonium salts 4 with an appropriate structure (hydrogen at the β-position) by an
elimination reaction (Scheme 14) [58].

Interestingly, the 1-(N-acylamino)alkylphosphonium salts 4 can be converted to other
α-amidoalkylating agents such as N-[1-(benzotriazol-1-yl)alkyl]amides 50 or α-amido
sulfones 51. So far, they have been synthesized mainly in a three-component condensation
of aldehyde with an amide-type substrate (amides, lactams, urea derivatives, etc.) in the
presence of benzotriazole (BtH) or aryl sulfinates, respectively [12,20].
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The proposed methodology extended the base of raw materials with N,O-acetals
30 obtained from α-amino acids or amide-type substrates in electrochemical oxidation
(alkoxylation). As shown, 1-(N-acylamino)alkylphosphonium salts 4 do not have to be
isolated in this type of transformation (Scheme 15A, see also Section 2.1.1, Scheme 7) [47,59].
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yl)alkyl]amides 50 or α-amido sulfones 51, 56 via phosphonium salts.

Such transformations gained attention and were used for the preparation of sub-
strates for α-amido sulfone-based intermolecular Mannich addition in the stereodivergent
synthesis of lankacyclinol (Lankacidin antibiotics; Scheme 15/B) [60–62].

High reactivity of 1-(N-acylamino)alkylphosphonium salts 4 is also revealed in reac-
tions with C-nucleophiles leading to the formation of β-aminocarbonyl systems 58 and 60.
In the case of 1,3-dicarbonyl compounds 57 (dimethyl or diethyl malonate, ethyl acetoac-
etate, and ethyl 2-methylacetoacetate), it was necessary to use bases (DBU or LDA-lithium
diisopropylamide) as catalysts to produce enolate anions [46,51]. However, the use of
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1-(N-acylamino)alkyltriarylphosphonium salts 4 with a weakened Cα-P+ bond made it
possible to conduct the reaction under slightly milder conditions (Scheme 16/A). This was
similar in the reaction with 1-morpholinocyclohexene 59; replacing the triphenylphospho-
nium residue (Ar = Ph) with a triarylphosphonium group (Ar = 3-C6H4Cl or 4-C6H4CF3)
facilitates the transformation (Scheme 16B) [46,51].

Molecules 2022, 27, 1562 14 of 34 
 

 

 

Scheme 16. Conditions and yields for reactions of 1-(N-acylamino)alkyltriarylphosphonium salts 4 

with 1,3-dicarbonyl compounds (A) or 1-morpholinocyclohexene (B). 

In 2018, Adamek et al. examined the reactivity of 1-(N-acylamino)alkyltri-

arylphosphonium salts 4 towards various aromatic systems (Scheme 17/A). It was demon-

strated that phosphonium salts 4 react with arenes or heteroarenes under non-catalytic 

conditions. Reactions of triphenylphosphonium salts 4 (Ar = Ph, Scheme 17) required an 

elevated temperature and led to the formation of 1-arylalkylphosphonium salts 63 (non-

classical α-amidoalkylation products). In turn, the use of 1-(N-acylamino)alkyltri-

arylphosphonium salts 4 with a weakened Cα-P+ bond made it possible to carry out the 

transformations to the expected classical products-N-(1-arylalkyl)amides 62 at room tem-

perature. Moreover, it was found that 1-arylalkylphosphonium salts 63 are formed from 

N-(1-arylalkyl)amides 62 in the consecutive-type reaction what is included in the plausible 

mechanism proposed by the authors (Scheme 17/B) [63]. 

Scheme 16. Conditions and yields for reactions of 1-(N-acylamino)alkyltriarylphosphonium salts 4
with 1,3-dicarbonyl compounds (A) or 1-morpholinocyclohexene (B).

In 2018, Adamek et al. examined the reactivity of 1-(N-acylamino)alkyltriarylphospho
nium salts 4 towards various aromatic systems (Scheme 17/A). It was demonstrated that
phosphonium salts 4 react with arenes or heteroarenes under non-catalytic conditions.
Reactions of triphenylphosphonium salts 4 (Ar = Ph, Scheme 17) required an elevated
temperature and led to the formation of 1-arylalkylphosphonium salts 63 (non-classical
α-amidoalkylation products). In turn, the use of 1-(N-acylamino)alkyltriarylphosphonium
salts 4 with a weakened Cα-P+ bond made it possible to carry out the transformations to
the expected classical products-N-(1-arylalkyl)amides 62 at room temperature. Moreover,
it was found that 1-arylalkylphosphonium salts 63 are formed from N-(1-arylalkyl)amides
62 in the consecutive-type reaction what is included in the plausible mechanism proposed
by the authors (Scheme 17/B) [63].

The spontaneous generation of reactive N-acyliminium cations from 1-(N-acylamino)
alkyltriarylphosphonium salts 4 (under catalyst-free conditions) was also used in reactions
with silyl enolates 66 or 67, to provide N-protected β-amino esters 68, as well as N-protected
β-amino ketones 69 in good to excellent yields (Scheme 18/A). As Październiok-Holewa
et al. demonstrated, the process can be carried out in THF at 50 ◦C or 60 ◦C using conven-
tional heating or microwave irradiation. The proposed mechanism of the transformation
included, in the first stage, the formation of the reactive N-acyliminium cation 3, which
further reacts with the silyl enolate to give silyloxy-substituted carbenium ion 70, which
fast undergoes a desilylation reaction to give β-amino carbonyl compounds 68 or 69
(Scheme 18/B) [64].
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Scheme 17. Reaction of 1-(N-acylamino)alkyltriarylphosphonium salts 4 with aromatic compounds:
(A) synthetic routes, (B) plausible mechanism.

1-(N-acylamino)alkyltriarylphosphonium salts 4 are bifunctional compounds and
their reactivity is not related only to the phosphonium moiety. Already in the 1980s,
the transformation of N-acylaminomethyltriphenylphosphonium salts 4a into imidoyl
chlorides 71 was described [26]. They turned out to be valuable reagents in cyclization
reactions, in which heterocyclic systems such as oxazole, imidazole, tetrazole, or quina-
zolinone derivatives 72–76 can be obtained (Scheme 19/A–D) [26,65,66]. The presence of a
triphenylphosphonium group enables further modification of the synthesized heterocycles,
which was demonstrated in the example of the quinazolinones 75 (a structural motif of
N-acylaminoalkylphosphonium salt can also be indicated here). These compounds undergo
a reduction under mild conditions (Scheme 19/E). They can also be used as ylide precursors
in the Wittig reaction with 4-nitrobenzaldehyde (Scheme 19/F) [26,65,66].
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2.2. 1-Imidoalkyltriarylphosphonium Salts

Structures of the 1-imidoalkylphosphonium salts 79 described in the literature are
based on a phthalimide (A = 1,2-C6H4) or succinimide (A = (CH2)2) ring (Figure 4). Two
electron-withdrawing carbonyl groups connected to the nitrogen atom reduce the electron
density at Cα, thus increasing its electrophilicity. In the α-position there may be hydrogen
(R2 = H), alkyl (R2 = Me, Et, i-Bu) or aryl (R2 = Ph) substituent. Cα is also directly bonded
to the triarylphosphonium group PAr3 (Ar = Ph, 4-C6H4Cl, 3-C6H4Cl, 4-C6H4CF3), which
is positively charged and can act as a nucleofugal group.
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In most cases, the 1-imidoalkylphosphonium salts are stable solids that can be stored
under laboratory conditions for a long time. Interestingly, some of them also show biological
activities such as cytotoxic or antimicrobial properties [67–69].

2.2.1. Preparation

In general, there is not much information in the literature on the methods for syn-
thesis of 1-imidoalkylphosphonium salts 79, and most of them concern the simplest ones-
imidomethylphosphonium salts (R2 = H). To the best of our knowledge, the first attempt
to prepare imidomethylphosphonium salts was reported in 1961 by Hellmann and Schu-
macher [70]. It consisted in the reaction of phthalimidomethyltrimethylammonium iodide
with triphenylphosphine in methanol. Such a reaction was later used several times; how-
ever, the structure of the substrate and conditions were slightly modified (mainly the
solvent, temperature, and reaction time, Table 2).

Table 2. Conditions and yields for the synthesis of phthalimidomethylphosphonium salts 79.
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Entry
Substrate 80

Solvent Conditions Yield of 79, % Refs.
X

1 (Me3N)+ I- methanol reflux, 4 h 58 [70]
2 Cl benzene reflux, 2 h - [70]
3 Br acetone reflux, 3 min 80 [24]
4 Br benzene reflux, 22 h 68 [67,71] a

5 Br toluene reflux, 24 h - [72]
a Compound 79 (X = Br) is also formed as a by-product in the reaction with Pd(PPh3)4 (rt, benzene).

After several decades, general methods for the synthesis of imidoalkylphosphonium
salts appeared. The first one consisted of three stages: (A) the protection of amino group
(from amino acids) by smelting phtalic, succinic or 1,8-naphthalic anhydride with the corre-
sponding amino acid at 140–170 ◦C; (B) electrochemical decarboxylative α-methoxylation
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of 1-imidoalkanecarboxylic acids 81; (C) the displacement of the methoxy group by the
triarylphosphine by smelting of the N-(1-methoxyalkyl)imides 82 with triarylphosphonium
tetrafluoroborates in the presence of NaBr as catalyst (Scheme 20) [73].

Molecules 2022, 27, 1562 18 of 34 
 

 

2.2.1. Preparation 

In general, there is not much information in the literature on the methods for synthe-

sis of 1-imidoalkylphosphonium salts 79, and most of them concern the simplest ones - 

imidomethylphosphonium salts (R2 = H). To the best of our knowledge, the first attempt 

to prepare imidomethylphosphonium salts was reported in 1961 by Hellmann and Schu-

macher [70]. It consisted in the reaction of phthalimidomethyltrimethylammonium iodide 

with triphenylphosphine in methanol. Such a reaction was later used several times; how-

ever, the structure of the substrate and conditions were slightly modified (mainly the sol-

vent, temperature, and reaction time, Table 2). 

Table 2. Conditions and yields for the synthesis of phthalimidomethylphosphonium salts 79. 

 

Entry 
Substrate 80 

Solvent Conditions Yield of 79, % Refs. 
X 

1 (Me3N)+ I- methanol reflux, 4 h 58 [70] 

2 Cl benzene reflux, 2 h - [70] 

3 Br acetone reflux, 3 min 80 [24] 

4 Br benzene reflux, 22 h 68 [67,71] a 

5 Br toluene reflux, 24 h - [72] 
a Compound 79 (X = Br) is also formed as a by-product in the reaction with Pd(PPh3)4 (rt, benzene). 

After several decades, general methods for the synthesis of imidoalkylphosphonium 

salts appeared. The first one consisted of three stages: (A) the protection of amino group 

(from amino acids) by smelting phtalic, succinic or 1,8-naphthalic anhydride with the cor-

responding amino acid at 140–170 °C; (B) electrochemical decarboxylative α-methoxyla-

tion of 1-imidoalkanecarboxylic acids 81; (C) the displacement of the methoxy group by 

the triarylphosphine by smelting of the N-(1-methoxyalkyl)imides 82 with tri-

arylphosphonium tetrafluoroborates in the presence of NaBr as catalyst (Scheme 20) [73]. 

 

Scheme 20. Three-step synthesis of 1-imidoalkylphosphonium salts 79 from amino acids. 

Next, 1-imidoalkylphosphonium salts 79 were prepared in the three-component cou-

pling of aldehydes and imides in the presence of triarylphosphonium salts Ar3P·HX 

(Scheme 21). An interesting fact is the formation of an intermediate hydroxy-

alkylphosphonium salt 34 in situ from aldehyde and triarylphosphonium salt (Ar3P·HX) 

during the reaction (see also Section 2.1.1, Scheme 7) [44]. 

Scheme 20. Three-step synthesis of 1-imidoalkylphosphonium salts 79 from amino acids.

Next, 1-imidoalkylphosphonium salts 79 were prepared in the three-component cou-
pling of aldehydes and imides in the presence of triarylphosphonium salts Ar3P·HX
(Scheme 21). An interesting fact is the formation of an intermediate hydroxyalkylphos-
phonium salt 34 in situ from aldehyde and triarylphosphonium salt (Ar3P·HX) during the
reaction (see also Section 2.1.1, Scheme 7) [44].
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Scheme 21. Three-component coupling of aldehydes, imides, and triarylphosphonium salts in the
synthesis of 1-imidoalkylphosphonium salts 79.

As it was demonstrated, 1-imidomethylphosphonium salts 79 can also be obtained
in the step-by-step procedure. This time, at first, formaldehyde (reactions with other
aldehydes are ineffective) and imides form hydroxymethylimides 84 which, after isola-
tion and purification, are reacted with triarylphosphonium salts 33 (Ar3P·HX) in the last
stage (Scheme 22). The use of NaBr as a catalyst had a positive effect on the reaction
(both on reaction time and yield) when Ar3P·HBF4 was used (for Ar3P·HBr no catalyst is
needed) [48].

Molecules 2022, 27, 1562 19 of 34 
 

 

 

Scheme 21. Three-component coupling of aldehydes, imides, and triarylphosphonium salts in the 

synthesis of 1-imidoalkylphosphonium salts 79. 

As it was demonstrated, 1-imidomethylphosphonium salts 79 can also be obtained 

in the step-by-step procedure. This time, at first, formaldehyde (reactions with other alde-

hydes are ineffective) and imides form hydroxymethylimides 84 which, after isolation and 

purification, are reacted with triarylphosphonium salts 33 (Ar3P·HX) in the last stage 

(Scheme 22). The use of NaBr as a catalyst had a positive effect on the reaction (both on 

reaction time and yield) when Ar3P·HBF4 was used (for Ar3P·HBr no catalyst is needed) 

[48]. 

 

Scheme 22. Step-by-step method for the synthesis of 1-imidoalkylphosphonium salts 79 from im-

ides. 

The last two methods allow for the fast synthesis of 1-imidoalkylphosphonium salts 

79 (especially 1-imidomethylphosphonium salts) from readily available substrates, even 

on a larger scale (5–20 g). Besides, the advantage of both strategies is that they rely on non-

electrochemical procedures, thus they are an interesting complement to previously de-

scribed method. 

2.2.2. Synthetic Utilization 

The most important synthetic applications of 1-imidoalkylphosphonium salts 79 are 

summarized in Figure 5. Due to certain structural features (dicarbonyl protecting group 

and thus no NH proton), 1-imidoalkylphosphonium salts 79 can be considered as poten-

tial precursors of ylides in the Wittig reaction. These properties of phthalimidomethyltri-

phenylphosphonium bromide 79 were used by Tan and co-workers in the first stage of 

multi-step synthesis of compounds 85 and 86, which are known to modulate the activity 

of the TAAR1 receptor (the trace amine-associated receptor 1, see Table 3) [72]. 

Scheme 22. Step-by-step method for the synthesis of 1-imidoalkylphosphonium salts 79 from imides.

The last two methods allow for the fast synthesis of 1-imidoalkylphosphonium salts
79 (especially 1-imidomethylphosphonium salts) from readily available substrates, even
on a larger scale (5–20 g). Besides, the advantage of both strategies is that they rely on
non-electrochemical procedures, thus they are an interesting complement to previously
described method.
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2.2.2. Synthetic Utilization

The most important synthetic applications of 1-imidoalkylphosphonium salts 79 are
summarized in Figure 5. Due to certain structural features (dicarbonyl protecting group
and thus no NH proton), 1-imidoalkylphosphonium salts 79 can be considered as potential
precursors of ylides in the Wittig reaction. These properties of phthalimidomethyltriph-
enylphosphonium bromide 79 were used by Tan and co-workers in the first stage of
multi-step synthesis of compounds 85 and 86, which are known to modulate the activity of
the TAAR1 receptor (the trace amine-associated receptor 1, see Table 3) [72].
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86

Recently, the possibilities of using 1-imidoalkylphosphonium salts in imidoalkylation
reactions with carbon- or heteronucleophiles have been explored.

In 2017, the Friedel–Crafts-type reaction of 1-imidoalkylphosphonium salts with
various aromatic compounds was described. N-(1-arylalkyl)imides 87 were the main
products of these transformations (Scheme 23) [73].

The presence of the dicarbonyl protection increases the electrophilicity of the Cα. In
addition, the use of phosphonium salts which were derivatives of triarylphosphines with
electron-withdrawing substituents make it easier to cleave the Cα-P+ bond (first step of
the reaction, Scheme 23). Such structural modifications facilitated reactions with aromatic
systems, also with weakly activated anisole and toluene (see Scheme 23 and compare the
relation between the required reaction temperature and the type of phosphonium moiety).

22
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It is worth noting that, contrary to the reaction of the 1-(N-acylamino)alkylphosphonium
salts 4 with arenes described in this review (Section 2.1.2), no consecutive reaction leading
to the so-called non-classical α-amidoalkylation products (1-arylalkylphosphonium salts
63, see also Scheme 17) was observed. The only exception was the reaction of phosphonium
salts 79-CF3 with 1,3,5-trimethoxybenzene (Scheme 24).
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activated aromatic system–1,3,5-trimethoxybenzene.

1-Imidoalkylphosphonium salts have also been used in the synthesis of imidoalka-
nephosphonates, imidoalkanephosphinates, and imidoalkylphosphine oxides. Generally,
these compounds exhibit interesting biological properties, including antibacterial and
antifungal activities or can be used in the synthesis of many bioactive compounds such
as phosphapeptides (acting as enzyme inhibitors), oligonucleotides, cytotoxic agents (for
example Cryptophycin 52) or 2,4,5-imidazolidinetriones (herbicides and plant growth
regulators) [74,75].

The strategy for preparation of P-compounds 90 from phosphonium salts 79 was based
on the Michaelis–Arbuzov-type reaction with the appropriate phosphorus nucleophiles
(Scheme 25) [76].
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phosphorus nucleophiles.

It was observed that the reactivity of phosphonium salts 79 strongly depends on their
structure. Good yields were obtained only from 1-(N-phthalimido)alkylphosphonium salt
derivatives of tris(3-chlorophenyl)phosphine and tris(4-trifluoromethylphenyl)phosphine.
However, a relatively large excess of phosphorus nucleophile and the addition of methyl-
triphenylphosphonium iodide (MePPh3

+I−) as a catalyst that can facilitate the reaction
were required (the most preferred molar ratio of reagents is 1:10:0.25 of phosphonium
salt:P-nucleophile:catalyst).

2.3. N-acyl-1-phosphonio-α-amino Acid Esters

The general structural formula of N-acyl-1-phosphonio-α-amino acid esters 91 is
shown in Figure 6. In most cases, structures of this kind of phosphonium salts described
in the literature are based on a glycinate skeleton (R2 = H), although derivatives of other
proteinogenic and non-proteinogenic α-amino acids, containing in the α position alkyl
(R2 = Me, CH2OMe, CH2CN, CH2CH=CH2) or alkyl-aryl substituent (R2 = CH2Ph, CH2Bt)
are also known. Cα is most often directly bonded to the positively charged triphenylphos-
phonium group (R = Ph), and less often tributhylphosphonium group (R = Bu). In the
structure of the phosphonium salts in question, the carboxyl group is protected as an ethyl
or methyl ester (R3 = Me, Et), while the protected amino group is present as an amide
(R1 = Me, t-Bu, Ph) or carbamate (R1 = MeO, t-BuO, PhCH2O) moiety. The most common
counterion to the positively charged phosphonium group is the tetrafluoroborate, bromide
or iodide anion (X = BF4, Br, I).
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2.3.1. Preparation

For a wide group of compounds belonging to N-acyl-1-triphenylphosphonio-α-amino
acid esters 91, N-acyl-1-triphenylphosphonioglycinates (R2 = H) are the best known ones.
They were prepared for the first time in 1983 by Kober and Steglich from ethyl N-acyl-1-
bromoglycinates 93 by their reaction with triphenylphosphine. The starting 1-bromoglycine
derivatives 93 were previously obtained in situ in the reaction of photochemical bromina-
tion of N-acylglycine ethyl esters 92 with bromine or N-bromosuccinimide carried out in
tetrachloromethane (Scheme 26) [77].
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Scheme 26. Method for the synthesis of N-acyl-1-triphenylphosphonioglycinate bromides 91 from
glycine derivatives 92 via 1-bromoglycinates 93.

In 1996, Mazurkiewicz and Pierwocha developed a simple route for the transformation
of N-acylated glycine 94 into the 4-phosphoranylidene-5(4H)-oxazolones 24 [40]. The
corresponding 5(4H)-oxazolone, obtained here as an intermediate in the reaction of the
starting compound with DCC (N,N′-dicyclohexylcarbodiimide), is phosphorylated in
situ with dibromotriphenylphosphorane (R3PBr2) in the presence of triethylamine. The
resulting phosphoranylidene-5(4H)-oxazolones 24 can be further effectively converted
into N-acyl-1-triphenylphosphonioglycinates (R2 = H), as well as esters of other N-acyl-1-
triphenylphosphonio-α-amino acids 91 (Scheme 27).
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An alternative method for the synthesis of N-acyl-1-triphenylphosphonioglycinates with
an iodide counterion (91, X = I) is a two-stage procedure that consists in the reaction of
phosphoranylideneoxazolone 24 with acetyl iodide performed in acetonitrile, followed by
the subsequent reaction of the acylation product with methanol [78,79]. Similarly, the syn-
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or methanol in the presence of an acidic catalyst was also described (Scheme 27) [81].

In 2004, three methods for the tranformation of N-alkoxycarbonyl-1-hydroxyglycinates
96 into especially interesting N-alkoxycarbonyl-1-triphenylphosphonioglycinates 91
(R1 = MeO, t-BuO, BnO) were developed by Mazurkiewicz et al. The proposed synthetic
routes included the following transformations: phosphorylation of N-alkoxycarbonyl-1-
hydroxyglycinates 96 with Ph3P·Br2 in the presence of Et3N (Procedure A), the reaction
of N-alkoxycarbonyl-1-hydroxyglycinates 96 with DCC and Ph3P·HBF4 in the presence
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of Ph3P as a catalyst (Procedure B), and a new kind of the Mitsunobu reaction using
Ph3P·HBF4 as a nucleophile conjugated acid (Procedure C, Scheme 28) [82].
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Scheme 28. Methodology for the synthesis of N-acyl-1-triphenylphosphonioglycinates 91 via α-
hydroxyglycinates. Reagents and conditions: Procedure A: Ph3P·Br2, Et3N, Ph3P, DCM, rt; Procedure
B: DCC, Ph3P·HBF4, Ph3P, DCM, rt; Procedure C: DEAD (diethyl azodicarboxylate), Ph3P·HBF4,
Ph3P, THF, rt.

2.3.2. Synthetic Utilization

N-Acyl-1-triphenylphosphonio-α-amino acid esters 91 are, in most cases, crystalline
compounds, stable at room temperature, moderately sensitive to moisture, and well sol-
uble in DCM and MeCN, but insoluble in diethyl ether. They can be easily purified by
crystallization consisting of dissolution in DCM or MeCN at room temperature and precip-
itation with diethyl ether [78–82]. It is worth emphasizing that they are easily accessible
from N-acylglycine even at kilogram scale (Schemes 26 and 27). All of these features of
N-acyl-1-triphenylphosphonio-α-amino acid esters, as well as their diverse reactivity make
these compounds interesting reagents in organic syntheses (Figure 7).
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Figure 7. Applications of N-acyl-1-phosphonio-α-amino acid esters 91.

The directions of N-acyl-1-triphenylphosphonio-α-amino acid esters reactivity, and
thus, the possibility of their further applications, were recognized during comprehensive
research on their behavior in the presence of organic bases [83]. Reactions of N-acyl-1-
triphenylphosphonio-α-amino acid methyl esters 91 with DBU and triethylamine were
investigated then as the crucial step of the base catalysed displacement of the triphenylphos-
phonium group by various nucleophiles. Initially, this was observed by Kober, and Steglich,
and later confirmed by Mazurkiewicz and Grymel, that N-acyl-1-triphenylphosphoniog
lycinates 91, upon treatment with bases, were converted into a mixture of the corresponding
N-acyliminoacetate 97 and N-acyl-1-triphenylphosphoranylideneglycinate 98. Both the
iminoacetate 97 and the ylide 98 turned out to be highly reactive, instable compounds that
remained in an equilibrium and reacted slowly with each other providing the fumaric acid
derivative 99. In the case of N-acyl-1-triphenylphosphonio-α-amino acid esters 91 with the
quaternary α-carbon, the α-substituted homologues of N-acyliminoacetate 97 can undergo
further tautomerization into the corresponding enamine 100 (Scheme 29) [83].
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Scheme 29. Various pathways for synthetic applications of N-acyl-1-triphenylphosphonio-α-amino
acid esters 91 in the presence of a base (Et3N or DBU).

The application of N-acyl-1-triphenylphosphonioglycinates 91 as the precursors of
phosphonium ylides 98 in the Wittig reaction with aliphatic or aromatic aldehydes in the
presence of Et3N allowed the development of a simple and efficient procedure for the
synthesis of α,β-dehydro-α-amino acid derivatives 101 (Scheme 29) [84].

On the other hand, methods for the displacement of the triphenylphosphonium group
with a variety oxygen, sulfur, nitrogen and carbon nucleophilic agents, consisting in the
addition of a nucleophile to the activated C=N double bond of the N-acylimino intermediate
97, opened up new routes for the synthesis of biologically important natural and unnatural
non-proteinogenic α-amino acids by double functionalization of the glycine α-position
with electrophilic and nucleophilic reagent (Scheme 30) [78,79,81].
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tions with heteronucleophiles.

N-acyl-1-triphenylphosphonio-α-amino acid esters 91 react easily with a wide va-
riety of oxygen, sulphur and nitrogen nucleophiles including phenol (PhOH), mercap-
tans (t-BuSH, PhSH, PhCH2SH), imidazole, 4-nitroimidazole, pyrazole, benzotriazole,
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phthalimide, cyclohexylamine (Scheme 30) [78,81] and two kinds of carbon nucleophiles:
enolates 103 of activated carbonyl compounds or enamines 105 (Scheme 31) [79]. Reac-
tions were conducted in acetonitrile or methanol at room temperature in the presence of
DBU or triethylamine, and the corresponding α-amino acid derivatives 102, 104, and 106
(including α,α-difunctionalized derivatives) were usually obtained in good to excellent
yields [78,79,81].
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Scheme 31. Synthetic applications of N-acyl-1-triphenylphosphonio-α-amino acid esters 91 in reac-
tions with C-nucleophiles.

This great interest in natural non-proteinogenic α-amino acids results from their di-
verse biological activities as antibiotics, pharmaceuticals, natural pesticides, and growth
regulators, as well as their use in the synthesis of enzymes, hormones, new chemotherapeu-
tics, synthetic immunostimulants, and other protein structured compounds [85,86]. The
importance of α,α-disubstituted α-amino acids has been comprehensively discussed by
many authors [87,88].

As demonstrated by Mazurkiewicz and Kuźnik, N-acyl-1-triphenylphosphonioglycinate
tetrafluoroborates 91 are also convenient starting compounds for the transformation into N-
acyl-α-(dialkoxyphosphoryl)glycinates 108 by the Michaelis–Arbuzow-type reaction with
trimethylphosphite in the presence of methyltriphenylphosphonium iodide as a catalyst
(Scheme 32) [89]. Among others, α-(dialkoxyphosphoryl)glycinates became the crucial syn-
thetic tool commonly used for the synthesis of many natural products (including β-lactam
antibiotics) or α,β-dehydro-α-amino acids by the Wadsworth-Emmons reaction [90–96].
As is known, hydrogenation of the latter compounds using chiral catalysts is considered
to be one of the most general methods for the enantioselective synthesis of α-amino acids,
including non-proteinogenic α-amino acids of diverse biological activities [97–100].
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Scheme 32. Transformation of N-acyl-1-triphenylphosphonioglycinate tetrafluoroborates 91 into
N-acyl-α-(dimethoxyphosphoryl)glycinates 108 and selected examples of their further use in the
synthesis of biologically active compounds.

Although N-acyl-1-triphenylphosphonioglycinates 91 are relatively stable, they un-
dergo interesting transformations at high temperatures. Thermogravimetric investigations
revealed that during the process of the melting of salts 91, they underwent demethoxy-
carbonylation, providing N-acylaminomethyltriphenylphosphonium salts 4a (18–50%),
along with methyltriphenylphosphonium salts (22–68%). When this reaction was per-
formed in the presence of Ph3P and Ph3P·HX (X = Br, BF4, I) the process of demethoxy-
carbonylation for N-acyl-1-triphenylphosphonioglycinate bromides and iodides (X = Br,
I) occured at 95–130 ◦C in good to excellent yields (79–100%); whereas for N-acyl-1-
triphenylphosphonioglycinate tetrafluoroborates 91 (X = BF4) as starting compounds, the
analogous transformation occured at about 170–175 ◦C, giving the corresponding phospho-
nium tetrafluoroborates 4a in much lower yields (34–67%; Scheme 33) [101]. The practical
significance of this process is due to the fact that the obtained 1-(N-acylamino)alkyltriphenyl
phosphonium salts 4a can be used as valuable α-amidoalkylating agents (see
also Section 2.1.2).
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Scheme 33. Thermal stability of N-acyl-1-triphenylphosphonio-α-amino acid esters 91.

The crucial structural motif for N-acyl-1-triphenylphosphonio-α-amino acid esters
(amino, phosphonium and carbonyl groups bonded to the same carbon atom) can be a part
of more complex systems. In this regard, 3-triphenylphosphonio-2,5-piperazinedione 111,
114 can be considered as structurally similar compounds to the phosphonium salts 91. They
can be obtained from dipeptides in multistep procedure described by Mazurkiewicz and
Gorewoda in 2011 [102]. The retention of configuration (position 6) results in the formation
of chiral glycine cation equivalents 111, 114 which can be used for a diastereoselective
nucleophilic substitution of the triphenylphosphonium group with S-, N-, P-, and C-
nucleophiles (Scheme 34). Reactions were conducted at 0 or 25 ◦C in the presence of a
base (i-Pr2EtN or DBU) and were particularly effective (high yields and high de%) for the
proline derivative 111 [102].
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3. Conclusions

1-Aminoalkylphosphonium derivatives are, in most cases, crystalline compounds,
stable at room temperature and well soluble in chloroform, dichloromethane or acetonitrile,
which makes them easy to store (even for a long time) and convenient to use reagents.
On the other hand, they show remarkable reactivity especially towards various kinds
of nucleophiles (both carbon- and heteronucleophiles). Moreover, the structure of such
phosphonium salts is easy to modify by changing the N-protecting group or introducing
electron-withdrawing or electron-donating substituents to the phosphonium moiety by
using appropriately modified phosphines in the key stage of the synthesis. It allows for
the control and, more interestingly, the targeting of the reactivity of these phosphonium
compounds (α-amidoalkylation reaction vs. Wittig reaction).

All these factors make the 1-aminoalkylphosphonium derivatives an interesting group
of “smart-reagents” with great potential as precursors of reactive intermediates such as
N-acyliminium-type cations (generated without the need for any catalysts), or ylides. This
was used in the synthesis of such compounds as phosphorus analogs of α-amino acids,
β-aminocarbonyl systems, 1-arylalkylphosphonium salts or α,β-dehydro-α-amino acids,
which are very important because of their valuable biological and chemical properties.
However, most of the described reactions were intermolecular (did not lead to cyclization)
and were not conducted in a stereocontrolled manner. These two aspects require further
research because such transformations are of great importance in the synthesis of natural,
biologically active compounds. It seems that, especially in this field, the easy ability to con-
trol the Cα-P+ bond strength and introduce structural modifications within phosphonium
salts may be crucial (Figure 8—new challenges/asymmetric synthesis/cyclization). Studies
on cyclization and stereocontrol of reactions involving 1-aminoalkylphosphonium salts are
in progress.

It is worth adding that, not only many of the described compounds obtained from
1-aminoalkylphosphonium salts derivatives, but also some phosphonium salts themselves
show interesting biological properties. However, in this case, the area of potential applica-
tion should also be much more explored. 1-Aminoalkylphosphonium salts derivatives can
be an ideal tool for the modification of already known structures with proven biological
activity. Furthermore, recent reports on mitochondria-targeted phosphonium salts inspire
the design and synthesis of molecular hybrids or conjugates that will use the targeting
properties of the triphenylphosphonium (TPP) group, its biological properties, or both
(Figure 8—new challenges/biological activity).
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Figure 8. 1-Aminoalkylphosphonium derivatives—new challenges. 

We hope that the presented data will encourage further research on 1-

aminoalkylphosphonium salt derivatives and will contribute to discovering their full 

potential. 
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64. Październiok-Holewa, A.; Walęcka-Kurczyk, A.; Musioł, S.; Stecko, S. Catalyst-free Mannich-type reaction of 1-(N-
acylamino)alkyltriphenylphosphonium salts with silyl enolates. Tetrahedron 2019, 75, 732–742. [CrossRef]

33



Molecules 2022, 27, 1562

65. Smolii, O.B.; Brovarets, V.S.; Drach, B.S. Reaction of the Chloride of N-(Triphenylphosphoniomethyl)benzimidoyl chloride with
Sodium Rhodanide. Zh. Obshch. Khim. 1987, 57, 2145–2146.

66. Smolii, O.B.; Brovarets, V.S.; Drach, B.S. Reaction of the Chloride of N-(Triphenylphosphoniomethyl)benzimidoyl chloride with
Carboxylic Acid Chlorides. Zh. Obshch. Khim. 1988, 58, 1670–1671.

67. Dubois, R.J.; Lin, C.-C.; Beisler, J.A. Synthesis and antitumor properties of some isoindolylalkylphosphonium salts. J. Med. Chem.
1978, 21, 303–306. [CrossRef]

68. Tessier, D.; Filteau, M.; Radu, I. New Antimicrobial Compositions and Uses Thereof. U.S. Patent US 2015/0201622 Al, 23 July 2015.
69. Tessier, D.; Filteau, M.; Radu, I. Antimicrobial Solution Comprising a Metallic Salt and a Surfactant. International Patent WO

2006105669 A1, 12 October 2006.
70. Hellmann, H.; Schumacher, O. Quartäre Phosphoniumsalze aus tertiären Phosphinen und quartären Ammoniumsalzen. Justus

Liebigs Ann. Chem. 1961, 640, 79–84. [CrossRef]
71. Enzmann, A.; Eckert, M.; Ponikwar, W.; Polborn, K.; Schneiderbauer, S.; Beller, M.; Beck, W. Aminomethyl and Aminoacetyl

Complexes of Palladium(II), Platinum(II), Iron(II) and Rhenium(I) with N-Phthaloyl as Amino Protecting Group and Mechanistic
Studies on the Palladium-Catalyzed Amidocarbonylation. Eur. J. Inorg. Chem. 2004, 6, 1330–1340. [CrossRef]

72. Tan, E.S.; Naylor, J.C.; Groban, E.S.; Bunzow, J.R.; Jacobson, M.P.; Grandy, D.K.; Scanlan, T.S. The Molecular Basis of Species-
Specific Ligand Activation of Trace Amine-Associated Receptor 1 (TAAR1). ACS Chem. Biol. 2009, 4, 209–220. [CrossRef]
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and Karol Erfurt 2

1 Department of Organic Chemistry, Bioorganic Chemistry and Biotechnology, Silesian University of
Technology, B. Krzywoustego 4, 44-100 Gliwice, Poland

2 Department of Chemical Organic Technology and Petrochemistry, Silesian University of Technology,
B. Krzywoustego 4, 44-100 Gliwice, Poland

3 Biotechnology Center, Silesian University of Technology, B. Krzywoustego 8, 44-100 Gliwice, Poland
4 Department of Systems Biology and Engineering, Silesian University of Technology, Akademicka 16,

44-100 Gliwice, Poland
5 Department of Inorganic, Analytical Chemistry and Electrochemistry, Silesian University of Technology,

B. Krzywoustego 6, 44-100 Gliwice, Poland
* Correspondence: miroslawa.grymel@polsl.pl; Tel.: +48-032-237-1873; Fax: +48-032-237-2094

Abstract: For several decades, natural products have been widely researched and their native
scaffolds are the basis for the design and synthesis of new potential therapeutic agents. Betulin is an
interesting biologically attractive natural parent molecule with a high safety profile and can easily
undergo a variety of structural modifications. Herein, we describe the synthesis of new molecular
hybrids of betulin via covalent linkage with an alkyltriphenylphosphonium moiety. The proposed
strategy enables the preparation of semi-synthetic derivatives (28-TPP⊕ BN and 3,28-bisTPP⊕ BN)
from betulin through simple transformations in high yields. The obtained results showed that the
presence of a lipophilic cation improved the solubility of the tested analogs compared to betulin, and
increased their cytotoxicity. Among the triphenylphosphonium derivatives tested, analogs 7a (IC50

of 5.56 µM) and 7b (IC50 of 5.77 µM) demonstrated the highest cytotoxicity against the colorectal
carcinoma cell line (HCT 116). TPP⊕-conjugates with betulin showed antimicrobial properties
against Gram-positive reference Staphylococcus aureus ATCC 25923 and Staphylococcus epidermidis
ATCC 12228 bacteria, at a 200 µM concentration in water. Hence, the conjugation of betulin’s parent
backbone with a triphenylphosphonium moiety promotes transport through the hydrophobic barriers
of the mitochondrial membrane, making it a promising strategy to improve the bioavailability of
natural substances.

Keywords: betulin; triphenylphosphonium cation; anticancer; antibacterial activity

1. Introduction

Advancements in medical science have allowed for the treatment of a wide range of
diseases, however, many disorders lack necessary pharmaceuticals. The high systemic
toxicity of medicinal preparations and increasing resistance of tumor cells to a significant
number of drugs often limits anticancer therapy success. According to World Health
Organization (WHO) reports, cancerous diseases are one of the biggest problems of modern
medicine and are one of the main causes of death in the world in the 21st century [1].
Therefore, drug design is an important issue in modern medicinal chemistry. Despite
many innovative tools that allow for the development of extremely advanced methods
of treatment, many therapies are still based on active substances of natural origin. These
substances act as basic structures that can be subjected to various chemical modifications in
order to improve their physicochemical and pharmacokinetic properties.
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For several decades, natural products (NPs) have been widely researched in terms of
searching for new drugs. It is NPs that are an invaluable source of native scaffolds, which
are the basis for the design and development of new potential therapeutic agents. Naturally
occurring pentacyclic lupane-type triterpenoids have attracted a lot of attention including
betulin (BN, 3-lup-20(29)-ene-3,28-diol), which is one of the most available terpenoids in
the plant kingdom. BN is a cheap, easily accessible natural active substance that can be
readily extracted from the bark of several species of trees, especially white birch (Betula
pubescens) [2,3]. Due to the presence of simply transformable functional groups in its
skeleton (including C3-OH, C28-OH), BN has high synthetic potential for numerous semi-
synthetic derivatives. BN is an interesting example of a biologically attractive natural parent
molecule with a high safety profile and the possibility of making a variety of structural
modifications (Figure 1) [3–5].
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The multidirectional biological activity of natural BN has been confirmed by numerous
research articles. Additionally, the reported derivatives of BN have shown a broad spectrum
of bio-activity in terms of anticancer [4,6–10], antimalarial activity [11], antibacterial [12–14],
antiviral [4,15–17], anti-inflammatory [18,19], or hepatoprotective properties [3]. Moreover,
BN has a positive effect on the treatment of atopic dermatitis [20]. However, despite the
abundance of BN, well-developed isolation methods from plant material as well as many
studies confirming its very good biological properties, its use as a potential therapeutic
agent is limited due to its low bioavailability, high hydrophobicity, and insufficient intracel-
lular accumulation. The pentacyclic molecule and hydrophobic nature of the skeleton of
BN hinders its ability to reach the target in vivo and obtain the desired therapeutic effect in
acceptable therapeutic doses [21].

One of the most promising strategies for the design and synthesis of effective thera-
peutic agents is the conjugation of a native skeleton (e.g., BN) with triphenylphosphonium
cation (TPP⊕) of low molecular weight, which promotes accumulation inside the cell’s mi-
tochondria. Furthermore, the presence of the TPP⊕ group in a molecular hybrid improves
the pharmacokinetic properties including solubility, bioavailability, and intermembrane
transport as well as selectivity in targeting drugs for a specific purpose. The high lipophilic-
ity and large ionic radius of TPP⊕ effectively reduce the activation energy required for
membrane passage. The presence of a delocalized lipophilic cation can accelerate the
transport of biologically active molecules across the mitochondrial membrane [22]. Stud-
ies have shown that, in contrast to other cellular organelles, mitochondria have a high
negative transmembrane potential (∆ψm). This potential is much higher for tumor cells,
providing an opportunity for the selective delivery and accumulation of anticancer agents
in mitochondria-targeted therapies [21–24].

Thus, the TPP⊕ moiety not only affects the physical properties, but also the mechanism
of action of a potential drug. In addition, it increases the selectivity, which often reduces
the drug dose, and in turn diminishes the harmful side effects [24,25]. Therefore, research
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into mitochondria-targeted anticancer drugs is an attractive prospect [24–28]. The strategy
of modification of the native skeleton via conjugating with the TPP⊕ group has been used
successfully for anticancer drugs such as doxorubicin [29], cisplatin [26], chlorambucil [30],
metformin [31], and tamoxifen [32] because it facilitates their transport and selective
accumulation in cancer cells (Figure 2).
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Mitochondria play a vital role in a wide range of physiological and pathological
processes. They are the main source of reactive oxygen species, and at the same time, are
particularly susceptible to oxidative damage, contributing to the development of many
diseases. Due to their functions, mitochondria may be an important molecular target for
anticancer drugs as well as in the treatment of cardiovascular diseases or neurodegenerative
diseases (e.g., Alzheimer’s disease or Parkinson’s disease) [36]. Non-targeted antioxidant
therapeutics show low effectiveness, therefore, attempts have been made to modify them
to increase the drug accumulation in the mitochondrial matrix. For example, Mito-Q10,
(coenzyme Q10) has been described as a potential agent for the treatment of sepsis or
Parkinson’s disease (Figure 2) [24,36].

A relatively novel group of potential mitocans (acronym derived from the terms mi-
tochondria and cancer) is conjugates of pentacyclic lupane-type triterpenoids including
BN or betulinic acid (BA) with the lipophilic cation TPP⊕ [28]. Spivak et al. [21,28,37–39],
Tsepaeva et al. [23,40,41], Ye et al. [42], and Xu et al. [43] reported the preparation of BA or
BN conjugates, in which one or two TPP⊕ moieties were linked to the triterpenoid skeleton
at positions C-2, C-3, C-28, or C-30 by the carbon–carbon or ester bonds, as shown in
Figures 3 and 4. The cytotoxic effect of these TPP⊕-analogs against various types of tumor
cells toward Schistosoma Mansoni and antibacterial activity was analyzed [21,23,28,37–44].
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Figure 3. The chemical structures of the TPP⊕-conjugated with BA.

In the library of known triphenylphosphonium derivatives of pentacyclic lupane-type
triterpenoids, betulinic acid derivatives definitely dominate (TPP⊕-conjugated with BA,
about 30 compounds, Figure 3). Both BN and BA are common in the plant kingdom,
especially in the outer layer of the birch bark (Betulaceae, Betula, Betula pendula). However,
BN is considerably more available (BN content was up to 34%, and BA was only 0.3% of
dry weight [6]), which may be an advantage in terms of the economic analysis of methods
in obtaining potential therapeutic agents.
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Although BN derivatives have been extensively explored, to date, no structures have
demonstrated the desired biological properties at a satisfactory dosage that would allow
them to be used as drugs. The aim of the presented study was to evaluate the relationships
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between the biological effects and the structure of the new triphenylphosphonium deriva-
tives of BN. Hence, we designed and synthesized molecular hybrids of BN by covalently
linking a lipophilic alkyltriphenylphosphonium moiety (shown in dark red, Scheme 1) to
the parent skeleton of BN through a linker (shown in blue, Scheme 1). In addition, in order
to obtain a library of compounds intended for the initial assessment of biological activity
(e.g., cytotoxicity, antibacterial activity), structural modifications of the BN skeleton were
conducted via the introduction of one or two TPP⊕ moieties at the C-28 or C-3 and C-28
positions. We prepared a series of the mono- and bisTPP⊕ derivatives of BN through the
multi-step synthesis (3 or 5 step) and their bio-activity was analyzed.
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Scheme 1. The synthetic route for the preparation of 28-TPP⊕ BN and 3,28-bisTPP⊕ BN.

2. Results and Discussion
2.1. Synthesis of BN Analogs (2–5)

Starting materials 3,28-O,O’-diacetylbetulin 2 and 3-O-acetylbetulin 3 were synthe-
sized according to the protocol described by Thibeault et al. (Scheme 2) [45]. In the first
step, betulin was esterified with an excess of acetic anhydride in pyridine (Py) in the pres-
ence of 4-(dimethylamino)pyridine (DMAP) to give ester 2 in 98% yield. Then, the C-28
position of the BN backbone was selectively deprotected by treating crystalline ester 2 with
aluminum isopropoxide ((i-PrO)3Al) in i-PrOH. After 2 h at 80 ◦C, followed by column
chromatography purification, analog 3 was obtained in 78% yield.

The next step involved the introduction of a linker terminated with a carboxyl group
(O(CO)CH2CR2COOH, R = H or Me) at position C-28 (mono-substituted BN analog 4) or C-3
and C-28 (disubstituted BN analog 5) of BN. The carboxyacyl moiety seemed to be an ideal
linker component as it allowed for further structural modifications. In addition, numerous
literature reports have suggested that the combination of the triterpene skeleton with this
type of moiety improved the biological properties including anti-HIV, antibacterial, or
antifungal activity [46,47]. In accordance with the published procedures [48,49] with some
modifications, analog 3 was reacted with succinic anhydride (SA) or 2,2-dimethylsuccinic
anhydride (DMSA) in dry pyridine in the presence of DMAP at reflux for 18–20 h. The
synthesis of 3,28-O,O’-bis(3-carboxypropanoyl)betulin 5 was performed in a similar manner,
but the reagents were used in a molar ratio of BN:SA (1:10) at reflux for 9 h. The crude
products were purified by chloroform extraction and washed with the water and HCl
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solution. The BN analogs were obtained in excellent yields (4a: 99%, 4b: 99%, 5: 65%,
Scheme 2).
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Scheme 2. The synthesis of the BN analogs (2–5). Reagents and conditions: (i) Ac2O, DMAP, Py, r.t.,
24 h; (ii) (i-PrO)3Al, i-PrOH, 80 ◦C, 2 h; (iii) SA or DMSA, DMAP, Py, reflux, 18–20 h; (iv) SA, Py,
reflux, 9 h.

2.2. Synthesis of 28-TPP⊕-Conjugates Derivatives of BN

The synthesis method of new molecular BN hybrids (28-TPP⊕ BN) with one TPP
moiety attached via the linker C28-O(CO)CH2CR2COO(CH2)n developed by our group
consists of a few steps, as shown in Scheme 3. The desired analogs were synthesized
via alkylation of the carboxyl group of (carboxyacyl)betulin 4 with dibromoalkanes in a
molar ratio of 4:Br(CH2)nBr (1:3) in a DMF/MeCN system in the presence of K2CO3 at 50
◦C for 18–20 h. 1,3-Dibromopropane, 1,4-dibromobutane, and 1,5-dibromopentane were
employed to examine the influence of the chain length on bio-activity. 3-O-Acetyl-28-O’-(3’-
(bromoalkoxycarbonyl)propanoyl)betulin (6a–6c) and 3-O-acetyl-28-O’-(3’,3’-dimethyl-3’-
(bromoalkoxycarbonyl)propanoyl)betulin (6d–6f) were isolated by extraction with ethyl
acetate and subsequent purification by column chromatography to produce the products in
satisfactory yields (42–86%).

Molecules 2022, 27, x FOR PEER REVIEW 7 of 21 
 

 

koxycarbonyl)propanoyl)betulin (6a–6c) and 3-O-acetyl-28-O’-(3',3'-dimethyl-3’-(bromo-
alkoxycarbonyl)propanoyl)betulin (6d–6f) were isolated by extraction with ethyl acetate 
and subsequent purification by column chromatography to produce the products in sat-
isfactory yields (42–86%). 

The final step of the 28-TPP⊕ BN synthesis was the substitution of the bromide anion 
of analog 6 with the TPP group by heating a homogenous mixture of 28-(bromoalkoxycar-
bonyl)propanoyl)betulin 6 and triphenylphosphine without a solvent under an Ar atmos-
phere. Optimization of the procedure consisted of examining the proportions of reagents, 
the temperature and reaction time, where at a molar ratio of analog 6/triphenylphosphine 
(1:2) at 120 °C for 6–12 h, the highest yields were obtained. Additionally, column chroma-
tography was not necessary for all analogs, but all required extraction with diethyl ether 
and then crystallization from the diethyl ether/ethyl acetate (1:4, v/v), resulting in a high 
yield (72–99%, Scheme 3). 

 
Scheme 3. The synthesis of the 28-TPP⊕ BN derivative 7. Reagents and conditions: (i) Br(CH2)nBr, 
DMF/MeCN (10/1, v/v), K2CO3, 50 °C, 18–20 h; (ii) Ph3P, argon, 120 °C, 6–12 h. 

2.3. Synthesis of 3,28-bisTPP⊕-Conjugates Derivatives of BN 
We also investigated the influence of two TPP⊕ groups in the molecular hybrids of 

BN toward their pharmacokinetic properties. The synthetic route of 3,28-bisTPP⊕ BN is 
depicted in Scheme 4. 

O

O
O

O

O

O

O

O

PPh3 Br

Br Ph3P
n

n

9a: n = 3 (53%)
9b: n = 4 (80%)
9c: n = 5 (88%)

O

O
O

O

O

O

O

O

8a: n = 3 (65%)
8b: n = 4 (70%)
8c: n = 5 (64%)

Br

n

n

Br

O

O
HO

O

O

OH

O

O

5

i

ii

 

Scheme 3. The synthesis of the 28-TPP⊕ BN derivative 7. Reagents and conditions: (i) Br(CH2)nBr,
DMF/MeCN (10/1, v/v), K2CO3, 50 ◦C, 18–20 h; (ii) Ph3P, argon, 120 ◦C, 6–12 h.
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The final step of the 28-TPP⊕ BN synthesis was the substitution of the bromide anion of
analog 6 with the TPP group by heating a homogenous mixture of 28-(bromoalkoxycarbonyl)
propanoyl)betulin 6 and triphenylphosphine without a solvent under an Ar atmosphere.
Optimization of the procedure consisted of examining the proportions of reagents, the
temperature and reaction time, where at a molar ratio of analog 6/triphenylphosphine (1:2)
at 120 ◦C for 6–12 h, the highest yields were obtained. Additionally, column chromatogra-
phy was not necessary for all analogs, but all required extraction with diethyl ether and
then crystallization from the diethyl ether/ethyl acetate (1:4, v/v), resulting in a high yield
(72–99%, Scheme 3).

2.3. Synthesis of 3,28-bisTPP⊕-Conjugates Derivatives of BN

We also investigated the influence of two TPP⊕ groups in the molecular hybrids of
BN toward their pharmacokinetic properties. The synthetic route of 3,28-bisTPP⊕ BN is
depicted in Scheme 4.
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Scheme 4. The synthesis of 3,28-bisTPP⊕ BN 9. Reagents and conditions: (i) Br(CH2)nBr, DMF/MeCN
(10/1, v/v), K2CO3, 50 ◦C, 18–20 h; (ii) triphenylphosphine, Ar, 120 ◦C, 12–24 h.

In the first step, 3,28-O,O’-bis(3-carboxypropanoyl)betulin 5 was reacted with 1,3-
dibromopropane, 1,4-dibromobutane or 1,5-dibromopentane at a molar ratio of 5/Br(CH2)nBr
(1:6) in a DMF/MeCN system with K2CO3 at 50 ◦C for 20 h. The analog 8 was obtained in
satisfactory yields (64–70%) according the procedure described above. Then, the homoge-
nous mixture (8 and triphenylphosphine) was heated at 120 ◦C without solvent under an
Ar atmosphere. The final product 9 was isolated by extraction (diethyl ether, and diethyl
ether/ethyl acetate) at elevated temperature in good yields (80–88%, Scheme 4). Only
analog 9a required column chromatography (53% yield).

The structures of all of the synthesized compounds (2–9) were confirmed by spec-
troscopic methods (1H, 13C, 31P NMR, FTIR, and HRMS, Supplementary Materials). The
31P NMR spectra of analogs 7 and 9 showed signals confirming the presence of TPP⊕

in the range of 19.4–24.8 ppm. A characteristic feature in the 13C NMR spectra of the
organophosphorus compounds was the splitting of specific signals into doublets caused
by coupling the phosphorus atom with selected carbon atoms. Chemical shifts and JC-P
coupling constants of great diagnostic value observed for the TPP⊕ group are summarized
in Table 1.

43



Molecules 2022, 27, 5156

Table 1. The chemical shifts and coupling constants characteristic of TPP⊕ moiety in the synthesized
triphenylphosphonium analogs of BN (7 and 9).

13C NMR (CDCl3, TMS, δ (ppm)/JC-P (Hz)

TPP⊕

CH2P⊕ Cipso Cmeta Cortho Cpara

7a 19.8/52.3 118.1/85.7 130.5/12.1 133.8/9.8 135.0/3.0
7b 22.2/50.6 118.3/84.9 130.4/12.1 133.8/9.9 134.9/3.0
7c 22.7/49.4 118.4/85.0 130.5/12.1 133.7/9.8 134.9/3.0
7d 19.4/51.8 118.3/86.3 130.4/12.6 133.8/10.4 134.9/0.5
7e 22.1/49.3 118.3/88.1 130.4/12.6 133.7/10.4 134.9/0.5
7f 22.7/50.1 118.4/85.8 130.4/12.4 133.7/9.9 134.9/3.0
9a 19.7/51.8 118.1/86.3 130.5/12.8 133.8/9.2 135.1/0.5
9b 22.2/50.0 118.2/88.8 130.4/12.9 133.7/9.9 135.0/3.0
9c 22.8/49.3 118.4/85.0 130.5/12.2 133.8/9.8 135.0/3.0

δ, ppm 19.4–22.8 118.1–118.4 130.4–130.5 133.7–133.8 134.9–135.0
JC-P, Hz 49.3–52.3 84.9–88.1 12.1–12.9 9.2–10.4 0.5–3.0

2.4. Cytotoxicity Studies

The obtained new molecular hybrids of BN were screened in order to initially inves-
tigate their cytotoxicity as well as examine the relationships between the structure and
biological effect. The common element of all of the tested compounds was the presence of
a lipophilic moiety (CH2)nTPP⊕ (n = 3, 4, 5). The research was conducted on two groups
of compounds: 28-TPP⊕ BN and 3,28-bisTPP⊕ BN. Their cytotoxicity was investigated
on two cancer cell lines: HCT 116 (colorectal carcinoma cell line) and MCF-7 (human
breast adenocarcinoma cell line). The proliferation of tumor cells treated with the tested
compounds (7 and 9) at 12.5–3.125 µM concentrations were determined after 24 h of incuba-
tion. Additionally, all compounds were tested against the NHDF cell line (Normal Human
Dermal Fibroblast cells) to assess their safety. The effect of these compounds was compared
with that of BN doses, as shown in Figure 5. Half-maximal inhibitory concentrations (IC50)
of triphenylphosphonium analogs of BN were determined using a CCK-8 assay and are
summarized in Table 2.
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Table 2. A summary of the cytotoxic effects of BN, 28-TPP⊕ BN (7), and 3,28-bisTPP⊕ BN (9) on the
HCT 116 and MCF-7 cancer cell lines and NHDF.

No. R n
Activity IC50, µM a,b

HCT 116 MCF-7 NHDF

BN − − neg neg neg
7a H 3 5.56 ± 0.28 13.71± 0.54 9.68 ± 0.27
7b H 4 5.77 ± 0.27 14.35 ± 0.38 10.71 ± 0.25
7c H 5 6.48 ± 0.04 15.52 ± 0.92 11.29 ± 0.53
7f Me 5 12.71 ± 0.89 50.47 ± 3.92 10.03 ± 0.48

9a H 3 6.32 ± 0.27 31.30 ± 3.02 5.91 ± 0.33
9b H 4 7.97 ± 0.51 23.60 ± 0.33 8.02 ± 0.35
9c H 5 18.99 ± 0.51 53.30 ± 5.41 10.60 ± 0.34

a Cytotoxicity was evaluated using the CCK-8 assay; b Incubation time 24 h; Data are presented as the mean ±
standard deviation (n = 3); neg: no activity in the concentration range used.

As expected, triphenylphosphonium derivatives of BN showed greater cytotoxicity
than the parent BN toward all of the cell lines tested. The level of inhibition of cell viability
depended on the concentration of the tested substances and cell type. The tested analogs of
BN had the greatest effect on the viability of the HCT 116 cells (Figure 5a) and the lowest
on the viability of the MCF-7 cells (Figure 5b).

When comparing the biological effect of the mono-TPP⊕ BN derivatives (7a–7c, linker
without an additional Me group), it seemed that the length of the linker did not influence
their activity in the in vitro tests. The 28-TPP⊕ BN conjugates (7a–7c) with a variable
length, and an alkyl linker (n = 3, 4, 5) similarly inhibited the viability in both tumor cells
(HCT 116: IC50 = 5.56–6.48, MCF-7: IC50 = 13.71–15.52). The exception was analog 9c,
with two TPP⊕ cations and a pentyl chain, which, compared to compounds with a shorter
linker (propyl or butyl chain), showed lower cytotoxicity against the HCT 116 cells (IC50:
9a < 9b < 9c; Table 2). Importantly, compounds 7a–7c were almost twice less toxic to-
ward the healthy cells (NHDF), with IC50 values ranging from 9.68 to 11.29 µM, which
demonstrated their selectivity.

Unfortunately, in the course of further studies, it was revealed that the introduction of
an additional Me group into the linker 7f reduced this bio-activity compared to compound
7c against the HCT 116 and MCF-7 tumor cells whereas no significant effect of the Me
groups attached to the linker was observed on the bio-activity of compound 7f in normal
NHDF cells.

We observed that the presence of both one and two lipophilic cations improved the
solubility of the tested analogs compared to BN, which slightly increased their cytotoxicity,
especially against the colorectal carcinoma cell line (HCT 116). Among the triphenylphos-
phonium derivatives of BN tested, analossg 7a (IC50 of 5.56 µM) and 7b (IC50 of 5.77 µM)
demonstrated the highest cytotoxicity against this cell line at low micromolar concen-
trations. This supported the hypothesis that the conjugation of the BN native backbone
with the TPP⊕ moiety allowed for its transport through the hydrophobic barriers of the
mitochondrial membrane, making it a promising strategy to improve the bioavailability of
natural substances.

2.5. Antibacterial Studies

Investigations were carried out using different concentrations of solutions from 25
to 250 µM. A 25 µM concentration of the tested derivatives was not enough to inhibit the
growth of both Gram-positive S. aureus ATCC 25923 bacteria. When the concentration of
analogs 7d–7f and 9a–9c increased to 200 µM, the growth of S. aureus ATCC 25923 and
S. epidermidis ATCC 12228 was inhibited. Furthermore, the optical density of all compounds
remained unchanged after 18 h of bacteria culture. In the case of analogs 7a–7c, the
optical density values were between 0.9 and 2.2 when they were cultured with S. aureus
ATCC 25923. The bacterial growth was slower compared to the control sample (TSB-
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culture medium). However, the studied TPP⊕-BN derivatives did not inhibit the growth of
S. epidermidis ATCC 12228 bacteria. However, at a 250 µM concentration, analogs 7a and
7b greatly inhibited the growth of S. aureus ATCC 25923 and S. epidermidis ATCC 12228.
In the case of analog 7c, the optical density increased up to 0.7 after 18 h of the sample
culture with both kinds of Gram-positive bacteria. In contrast, the reference sample’s (TSB)
optical density increased to 7.5 for S. aureus ATCC 25923, and 4.9 for S. epidermidis ATCC
12228 after 18 h of bacteria culture. All of the investigated compounds did not inhibit the
growth of Gram-negative Escherichia coli ATCC 25922 bacteria. All of the analog values of
the measured optical density were similar to that of the reference sample (5.0–5.1, Table 3).

Table 3. The results of the antimicrobial analysis using Gram-positive and Gram-negative bacteria
cultured with the investigated compounds at 37 ◦C for 18 h. The results are presented as the differ-
ences between the optical density measurements of the samples before and after culture (McFarland’s
scale (CFU/mL).

No.
S. aureus

ATCC 25923
S. epidermidis
ATCC 12228

Escherichia coli
ATCC 25922

200 µM 250 µM 200 µM 250 µM 200 µM 250 µM

BN 5.1 5.6 neg 4.7 neg neg
7a 0.9 0 neg 0 neg neg
7b 2.2 0 neg 0 neg neg
7c 1.0 0.1 neg 0.7 neg neg
7d 0 0 0 0 neg neg
7e 0 0 0 0 neg neg
7f 0 0 0 0 neg neg
9a 0 0 0 0 neg neg
9b 0 0 0 0 neg neg
9c 0 0 0 0 neg neg

Control 7.5 7.5 4.1 4.9 5.1 5.0
0: no difference between samples after 18 h of bacteria culture (bacteria grow was inhibited); neg: negative results
(analog BN did not inhibit bacteria growing).

The obtained results showed that 28-TPP⊕ BN (7d–7f) and 3,28-bisTPP⊕ BN (9a–9c)
could be employed as agents for the inhibition of Gram-positive bacteria (S. aureus ATCC
25923 and S. epidermidis ATCC 12228) growth at a concentration of 200 µM in an aqueous
solution.

3. Materials and Methods
3.1. General Information

NMR spectra (1H and 13C) were recorded on a Varian spectrometer at operating fre-
quencies of 600 or 400 MHz and 150 or 100 MHz, respectively, using TMS as the resonance
shift standard. CDCl3 was used as the solvent, which was purchased from ACROS Organics
(Geel, Belgium). The 31P NMR spectra were acquired using a Varian 400 spectrometer at
161.9 MHz, where the resonance shift of H3PO4 was determined as 0 ppm. All chemical
shifts (δ) were reported in ppm and coupling constants (J) in Hz. The following abbrevia-
tions were used to explain the observed multiplicities: s—singlet; d—doublet; dd—double
doublet; ddd—doublet of double doublet; t—triplet, dd~t—overlapping double doublet
that resembles a triplet (with similar values of coupling constants); m—multiplet; br—
broad. IR-spectra were measured on a Nicolet 6700 FT-IR spectrophotometer, Thermo
Scientific (Waltham, MA, USA) (attenuated total reflectance method; ATR). High resolution
mass spectrometry analyses were performed using a Waters Xevo G2 Q-TOF mass spec-
trometer (Waters Corporation, Milford, MA, USA) equipped with an ESI source operating
in positive-ion mode. The accurate mass and composition for the molecular ion adducts
were calculated using MassLynx software (Waters) incorporated in the instrument.

Reactions were monitored by TLC analysis on precoated plates of silica gel 60 F254
(Merck Millipore, Burlington, MA, USA). The TLC plates were inspected under UV light
(λ = 254 nm) or charring after spraying with 10% solution of sulfuric acid in ethanol.
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Crude products were purified using column chromatography performed on silica gel 60
(70–230 mesh, Fluka).

3,28-O,O’-Diacetylbetulin 2; 3-O-acetylbetulin 3 [45], 3-O-acetyl-28-O’-(3’-
carboxypropanoyl)betulin 4a; 3-O-acetyl-28-O’-(3’,3’-dimethyl-3’-carboxypropanoyl)betulin
4b [48], and 3,28-O,O′-bis(3′-carboxypropanoyl)betulin 5 [49] were prepared according to
the respective published procedures.

All chemicals used in the study were purchased from Sigma-Aldrich (St. Louis, MO,
USA), Fluka, Avantor (Radnor Township, PA, USA) and ACROS Organics, and used
without further purification.

3.2. Chemistry
3.2.1. General Procedure for the Synthesis of 3-O-Acetyl-28-O’-(carboxyacyl)betulin (4)

3-O-Acetylbetulin (3, 2.50 mmol, 1.21 g, 1 eq.), SA (7.50 mmol, 0.75 g, 3 eq.) or DMSA
(7.50 mmol, 0.96 g, 3 eq.) and DMAP (7.50 mmol, 0.92 g, 3 eq.) were dissolved in dry
pyridine (19 mL). The reaction mixture was stirred under reflux for 18–20 h. After cooling
to rt, 10% hydrochloric acid solution (20 mL) and water (35 mL) were added. The product
was extracted with CHCl3 (4 × 70 mL). The combined organic extracts were washed with
water (70 mL), 5% hydrochloric acid solution (140 mL), brine (70 mL), water (70 mL), dried
over MgSO4, and filtered. The solvent was evaporated under reduced pressure producing
analog 4a, which was used in the next step without further purification. Analog 4b was
purified using column chromatography (DCM/MeOH, gradient: 100:1 to 50:1).

3-O-Acetyl-28-O’-(3’-carboxypropanoyl)betulin (4a) was obtained as a resin (1.45 g, 99%
yield); Rf = 0.78 (DCM/MeOH, 10:1, v/v). 1H NMR (600 MHz, CDCl3): δH 0.75, 0.76, 0.88,
0.94, 1.31 (all s, 3H each, H-23–H-27), 1.60 (s, 3H J1 = 5.9 Hz, H-30), 0.62–2.06 (m, 24H, CH,
CH2 BN scaffold), 1.96 (s, 3H, CH3CO), 2.34 (td, 1H, J2 = 11.0 Hz, H-19), 2.54–2.63 (m, 4H,
O(CO)CH2CH2), 3.80 (d, 1H, J = 10.8 Hz, H-28b), 4.22 (d, 1H, J = 13.2 Hz, H-28a), 4.38 (dd,
1H, J1 = 5.4 Hz, J2 = 10.8 Hz, H-3), 4.50 (s, 1H, H-29b), 4.60 (s, 1H, H-29a) ppm; 13C NMR
(150 MHz, CDCl3): δC 14.7, 16.0, 16.2, 16.5, 18.2, 19.1, 20.8, 21.3, 23.7, 25.1, 27.0, 27.9, 28.8,
29.1, 29.5, 29.7, 34.1, 34.5, 37.1, 37.6, 37.8, 38.4, 40.9, 42.7, 46.4, 47.7, 48.8, 50.3, 55.4, 63.2, 80.9,
109.9, 150.1, 171.1, 172.4, 176.9 ppm; IR (ATR) ν: 2938, 1729, 1714, 1244, 1158 cm−1.

3-O-Acetyl-28-O’-(3’,3’-dimethyl-3’-carboxypropanoyl)betulin (4b) was obtained as a resin
(1.52 g, 99% yield); Rf = 0.64 (DCM/MeOH, 10:1, v/v). 1H NMR (600 MHz, CDCl3): δH
0.83, 0.84, 0.96, 1.02, 1.31 (all s, 3H each, H-23–H-27), 1.39 (s, 6H, CMe2), 1.68 (s, 3H, H-30),
0.70–2.00 (m, 24H, CH, CH2 BN scaffold), 2.04 (s, 3H, CH3CO), 2.41 (td, 1H, J1 = 5.8 Hz,
J2 = 11.1 Hz, H-19), 2.64 (s, 2H, O(CO)CH2), 3.87 (d, 1H, J = 10.9 Hz, H-28b), 4.26 (d, 1H,
J = 9.2 Hz, H-28a), 4.47 (dd, 1H, J1 = 5.6 Hz, J2 = 10.7 Hz, H-3), 4.58 (s, 1H, H-29b), 4.68 (s,
1H, H-29a) ppm; 13C NMR (150 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.4, 18.1, 19.1, 20.7, 21.2,
23.6, 25.1, 25.2, 25.3, 26.9, 27.9, 29.5, 29.7, 34.0, 34.5, 37.0, 37.5, 37.7, 38.3, 40.4, 40.8, 42.6, 44.3,
46.2, 47.6, 48.7, 50.2, 55.3, 63.0, 81.9, 109.8, 150.0, 171.06, 171.4, 183.0 ppm; IR (ATR) ν: 2940,
1728, 1703, 1242, 1193 cm−1.

3.2.2. Synthesis of 3,28-O,O′-Bis(3′-carboxypropanoyl)betulin (5)

BN (2.50 mmol, 1.11 g, 1 eq.) and SA (25.00 mmol, 2.50 g, 10 eq.) were dissolved in dry
pyridine (26 mL) and stirred under reflux for 9 h. After cooling to r.t., 10% hydrochloric
acid solution (26 mL) and water (48 mL) were added. The product was extracted with
CHCl3 (6 × 120 mL). The combined organic layers were concentrated to a 200 mL volume,
washed with water (200 mL), 5% hydrochloric acid solution (2 × 90 mL), brine (200 mL),
H2O (200 mL), dried over MgSO4, and filtered. Then, the solvent was evaporated under
reduced pressure.

3,28-O,O′-Bis(3′-carboxypropanoyl)betulin (5) was obtained as a resin (1.04 g, 65% yield);
Rf = 0.23 (DCM:MeOH, 100:1). 1H NMR (600 MHz, CDCl3): δH 0.83, 0.84, 0.85, 0.98, 1.03
(all s, 3H each, H-23–H-27), 1.69 (s, 3H, H-30), 0.70–2.00 (m, 24H, CH, CH2 BN scaffold),
2.43 (td, 1H, J1 = 5.8 Hz, J2 = 11.1 Hz, H-19), 2.60–2.70 (m, 8H, 2 × O(CO)CH2CH2), 3.88 (d,
1H, J = 10.9 Hz, H-28b), 4.31 (d, 1H, J = 11.0 Hz, H-28a), 4.50 (dd, 1H, J1 = 5.6 Hz, J2 = 10.8
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Hz, H-3), 4.59 (dd, 1H, J1 = 1.4 Hz, J2 2.3 Hz, H-29b), 4.68 (d, 1H, J = 2.0 Hz, H-29a) ppm;
13C NMR (150 MHz, CDCl3): δC 14.8, 16.0, 16.1, 16.5, 18.2, 19.1, 20.8, 23.6, 25.2, 27.0, 27.9,
29.0, 29.1, 29.3, 29.6, 29.7, 34.1, 34.4, 37.1, 37.6, 37.8, 38.3, 40.9, 42.7, 46.5, 47.7, 48.8, 50.3, 55.4,
63.2, 81.6, 109.9, 150.1, 171.7, 172.3, 177.9, 178.0 ppm; IR (ATR) ν: 2944, 1709, 1160, cm−1.

3.2.3. General Procedure for the Synthesis of Bromides of BN (6)

To a solution of BN derivative (4, 0.25 mmol, 1 eq.) and K2CO3 (0.25 mmol, 34.6 mg, 1
eq.) in DMF (1 mL/100 mg 4) and MeCN (0.1 mL/100 mg 4), the appropriate dibromoalkane
(Br(CH2)nBr, n = 3, 4, 5; 0.75 mmol, 3 eq.) was added. The reaction was carried out at 50
◦C for 18–21 h. After the reaction was completed, the obtained mixture was diluted with
cold water and extracted with ethyl acetate (5 × 19 mL). The combined organic layers were
washed with brine (2 × 65 mL), dried over MgSO4, and the solvent was evaporated under
reduced pressure. Then, crude product 6 was washed with methanol (2 × 0.5 mL) and
purified using column chromatography (DCM/MeOH, gradient: 100:1 to 50:1).

3-O-Acetyl-28-O’-(3’-(3"-bromopropyloxycarbonyl)propanoyl)betulin (6a) was obtained as
a resin (74.1 mg, 42% yield); Rf = 0.18 (DCM:MeOH, 100:1). HRMS (ESI+) m/z: calcd for
C39H61BrO6Na ([M+Na]+) 727.3549; found 727.3546; 1H NMR (600 MHz, CDCl3): δH 0.83,
0.84, 0.85, 0.97, 1.03 (all s, 3H each, H-23–H-27), 1.68 (s, 3H, H-30), 0.70–2.00 (m, 24H, CH,
CH2 BN scaffold), 2.04 (s, 3H, CH3CO), 2.16–2.20 (m, 2H, CH2 fragment of linker), 2.43
(td, 1H, J1 = 5.8 Hz, J2 = 11.1 Hz, H-19), 2.64–2.66 (m, 4H, O(CO)CH2CH2), 3.46 (t, 2H, J =
6.5 Hz, CH2Br), 3.87 (d, 1H, J = 11.1 Hz, H-28b), 4.24 (t, 2H, J = 6.1 Hz, (CO)OCH2), 4.29
(dd, 1H, J1 = 1.9 Hz, J2 = 11.1 Hz, H-28a), 4.46 (dd, 1H, J1 = 5.9 Hz, J2 = 10.5 Hz, H-3), 4.59
(s, br, 1H, H-29b), 4.68 (s, br, 1H, H-29a) ppm; 13C NMR (150 MHz, CDCl3): δC 14.7, 16.0,
16.1, 16.4, 18.1, 19.1, 21.3, 20.7, 23.6, 25.1, 27.0, 27.9, 29.1, 29.2, 29.3, 29.5, 29.7, 31.6, 34.1, 34.5,
37.0, 37.5, 37.7, 38.3, 40.8, 42.6, 46.4, 47.7, 48.7, 50.2, 55.3, 62.4, 63.1, 80.8, 109.9, 150.0, 170.9,
172.1, 172.5 ppm; IR (ATR) ν: 2943, 1731, 1244, 1155, 732 cm−1.

3-O-Acetyl-28-O’-(3’-(4"-bromobutyloxycarbonyl)propanoyl)betulin (6b) was obtained as a
resin (154.8 mg, 86% yield); Rf = 0.28 (DCM:MeOH, 100:1). HRMS (ESI+) m/z: calcd for
C40H64BrO6 ([M+H]+) 719.3886, found 719.3885; 1H NMR (400 MHz, CDCl3): δH 0.83, 0.84,
0.85, 0.97, 1.03 (all s, 3H each, H-23–H-27), 1.68 (s, 3H, H-30), 0.75–2.00 (m, 28H, CH, CH2
BN scaffold and (CH2)2 fragment of linker), 2.04 (s, 3H, CH3CO), 2.43 (td, 1H, J1 = 5.8 Hz, J2
= 11.1 Hz, H-19), 2.61–2.68 (m, 4H, O(CO)CH2CH2), 3.44 (t, 2H, J = 6.0 Hz, CH2Br), 3.88 (d,
1H, J = 11.1 Hz, H-28b), 4.13 (t, 2H, J = 6.0 Hz, (CO)OCH2), 4.29 (d, 1H, J = 11.1 Hz, H-28a),
4.45–4.49 (m, 1H, H-3), 4.59 (s, br, 1H, H-29b), 4.68 (s, br, H-29a) ppm; 13C NMR (100 MHz,
CDCl3): δC 14.7, 16.0, 16.1, 16.4, 18.1, 19.1, 20.7, 21.3, 23.6, 25.1, 27.0, 27.2, 27.9, 29.1, 29.2,
29.3, 29.5, 29.7, 33.0, 34.1, 34.5, 37.0, 37.5, 37.7, 38.3, 40.8, 42.6, 46.4, 47.7, 48.7, 50.2, 55.3, 63.0,
63.7, 80.9, 109.8, 150.0, 170.9, 172.2, 172.5 ppm; IR (ATR) ν: 2946, 1732, 1246, 1156, 734 cm−1.

3-O-Acetyl-28-O’-(3’-(5"-bromopentyloxycarbonyl)propanoyl)betulin (6c) was obtained as
a resin (99.1 mg, 54% yield); Rf = 0.31 (DCM:MeOH, 100:1). HRMS (ESI+) m/z: calcd for
C41H65BrO6Na ([M+Na]+) 755.3862, found 755.3870; 1H NMR (600 MHz, CDCl3): δH 0.83,
0.84, 0.85, 0.97, 1.03 (all s, 3H each, H-23–H-27), 1.68 (s, 3H, H-30), 0.70–2.00 (m, 30H, CH,
CH2 BN scaffold and (CH2)3 fragment of linker), 2.04 (s, 3H, CH3CO), 2.43 (td, 1H, J1 5.8 Hz,
J2 = 11.1 Hz, H-19), 2.62–2.66 (m, 4H, O(CO)CH2CH2), 3.42 (t, 2H, J = 6.1 Hz, CH2Br), 3.87
(d, 1H, J = 10.8 Hz, H-28b), 4.10 (t, 2H, J = 6.6 Hz, (CO)OCH2), 4.29 (d, 1H, 11.1 Hz, H-28a),
4.46 (dd, 1H, J1 = 5.6 Hz, J2 = 10.8 Hz, H-3), 4.59 (s, br, 1H, H-29b), 4.68 (d, 1H, J 2.3 Hz,
H-29a) ppm; 13C NMR (150 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.4, 18.1, 19.1, 20.7, 21.2, 23.6,
24.5, 25.1, 27.0, 27.7, 27.9, 29.1, 29.2, 29.5, 29.7, 32.2, 33.3, 34.1, 34.5, 37.0, 37.5, 37.7, 38.3, 40.8,
42.6, 46.4, 47.7, 48.7, 50.2, 55.3, 63.0, 64.3, 80.8, 109.8, 150.0, 170.9, 172.2, 172.5 ppm; IR (ATR)
ν: 2942, 1730, 1244, 1155, 731 cm−1.

3-O-Acetyl-28-O’-(3’,3’-dimethyl-3’-(3"-bromopropyloxycarbonyl)propanoyl)betulin (6d) was
obtained as a resin (133.9 mg, 73% yield); Rf = 0.28 (DCM:MeOH, 100:1); HRMS (ESI+) m/z:
calcd for C41H66BrO6 ([M+H]+) 733.4043, found 733.4045; 1H NMR (400 MHz, CDCl3): δH
0.76, 0.77, 0.89, 0.95, 1.32 (all s, 3H each, H-23–H-27), 1.21 (s, 6H, CMe2), 1.61 (s, 3H, H-30),
0.65–1.93 (m, 24H, CH, CH2 BN scaffold), 1.97 (s, 3H, CH3CO), 2.12 (d, 2H, J = 6.3 Hz, CH2
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fragment of linker), 2.35 (td, 1H, J1 = 5.7 Hz, J2 = 11.1 Hz, H-19), 2.56 (s, 2H, O(CO)CH2),
3.39 (t, 2H, J = 6.6 Hz, CH2Br), 3.78 (d, 1H, J = 11.0 Hz, H-28b), 4.14–4.21 (m, 3H, H-28a and
(CO)OCH2), 4.40 (dd, 1H, J1 = 5.6 Hz, J2 10.8 Hz, H-3), 4.52 (s, br, 1H, H-29b), 4.61 (s, br, 1H,
H-29a) ppm; 13C NMR (100 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.5, 18.1, 19.1, 20.8, 21.3, 23.7,
25.1, 25.5, 25.6, 27.0, 27.9, 29.5, 29.7, 31.7, 34.1, 34.5, 37.0, 37.6, 37.8, 38.4, 40.6, 40.9, 42.7, 44.5,
46.3, 47.7, 48.8, 50.3, 55.4, 62.5, 62.9, 80.9, 109.9, 150.0, 171.0, 172.0, 176.4 ppm; IR (ATR) ν:
2931, 1732, 1245, 1177 cm−1.

3-O-Acetyl-28-O’-(3’,3’-dimethyl-3’-(4"-bromobutyloxycarbonyl)propanoyl)betulin (6e) was
obtained as a resin (78.5 mg, 42% yield); Rf = 0.29 (DCM:MeOH, 100:1); HRMS (ESI+) m/z:
calcd for C42H68BrO6 ([M+H]+) 747.4199, found 747.4194; 1H NMR (400 MHz, CDCl3):
δH 0.77, 0.78, 0.89, 0.95, 1.32 (all s, 3H each, H-23–H-27), 1.20 (s, 6H, CMe2), 1.61 (s, 3H,
H-30), 0.70–1.93 (m, 28H, CH, CH2 BN scaffold and (CH2)2 fragment of linker), 1.97 (s, 3H,
CH3CO), 2.35 (td, 1H, J1 = 5.7 Hz, J2 = 10.9 Hz, H-19), 2.56 (s, 2H, O(CO)CH2), 3.37 (t, 2H, J
= 6.6 Hz, CH2Br), 3.78 (d, 1H, J = 11.0 Hz, H-28b), 4.05 (t, 2H, J = 6.3 Hz, (CO)OCH2), 4.17
(d, 1H, J = 11.1 Hz H-28a), 4.39–4.42 (m, 1H, H-3), 4.52 (s, br, 1H, H-29b), 4.61 (s, br, H-29a)
ppm; 13C NMR (100 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.5, 18.1, 19.1, 20.8, 21.3, 23.7, 25.1,
25.46, 25.48, 27.0, 27.2, 27.9, 29.3, 29.5, 29.7, 33.1, 34.1, 34.5, 37.0, 37.6, 37.8, 38.4, 40.9, 40.6,
42.7, 44.5, 46.3, 47.7, 48.8, 50.3, 55.4, 62.8, 63.7, 80.9, 109.9, 150.0, 171.0, 172.0, 176.6 ppm; IR
(ATR) ν: 2942, 1731, 1246, 1178 cm−1.

3-O-Acetyl-28-O’-(3’,3’-dimethyl-3’-(5"-bromopentyloxycarbonyl)propanoyl)betulin (6f) was
obtained as a resin (99.0 mg, 52% yield); Rf = 0.23 (DCM:MeOH, 100:1); HRMS (ESI+) m/z:
calcd for C43H70BrO6 ([M+H]+) 761.4356, found 761.4353; 1H NMR (600 MHz, CDCl3):
δH 0.76, 0.77, 0.89, 0.95, 1.32 (all s, 3H each, H-23–H-27), 1.20 (s, 6H, CMe2), 1.61 (s, 3H,
H-30), 0.65–1.92 (m, 30H, CH, CH2 BN scaffold and (CH2)3 fragment of linker), 1.97 (s, 3H,
CH3CO), 2.35 (td, 1H, J1 = 5.8 Hz, J2 = 11.1 Hz, H-19), 2.56 (s, 2H, O(CO)CH2), 3.35 (t, 2H,
J = 6.7 Hz, CH2Br), 3.78 (dd, 1H, J1 = 1.3 Hz, J2 = 11.1 Hz, H-28b), 4.02 (t, 2H, J = 6.5 Hz,
(CO)OCH2), 4.17 (dd, 1H, J1 = 2.2 Hz, J2 = 11.0 Hz, H-28a), 4.39 (dd, 1H, J1 = 5.6 Hz, J2 =
10.8 Hz, H-3), 4.51 (s, br, 1H, H-29b), 4.61 (d, 1H, J = 2.3 Hz, H-29a) ppm; 13C NMR (150
MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.5, 18.1, 19.1, 20.8, 21.3, 23.7, 24.6, 25.1, 25.5, 27.0, 27.7,
27.9, 29.5, 29.7, 32.2, 33.4, 34.1, 34.5, 37.0, 37.6, 37.8, 38.4, 40.6, 40.9, 42.7, 44.5, 46.3, 47.7, 48.8,
50.3, 55.4, 62.8, 64.3, 80.8, 109.9, 150.1, 171.0, 171.6, 176.6 ppm; IR (ATR) ν: 2941, 1730, 1245,
1105 cm−1.

3.2.4. General Procedure for the Synthesis of Triphenylphosphonium Derivatives of BN (7,
28-TPP⊕ BN)

The bromide derivative of BN (6, 0.1 mmol, 1 eq.) and triphenylphosphine (0.2 mmol,
52.5 mg, 2 eq.) were dissolved in dry DCM (1.0–1.5 mL) and stirred at room temperature for
10–15 min until homogenization was reached. The solvent was evaporated under reduced
pressure and the residue was heated in an oil bath at 120 ◦C under an Ar atmosphere for
6–12 h. The obtained mixture was washed with diethyl ether (7a–7c: 3 × 4 mL; 7d–7f:
5 × 3 mL) at 50 ◦C. Then, the crude product was crystalized from ethyl acetate/diethyl
ether (1:4, v/v) and dried under reduced pressure at 50 ◦C for 4 h.

3-O-Acetyl-28-O’-(3’-(3"-triphenylphosphoniopropyloxycarbonyl)propanoyl)betulin bromide
(7a) was obtained as a resin (95.8 mg, 99% yield); HRMS (ESI+) m/z: calcd for C57H76O6P+

([M]+) 887.5380, found 887.5383; 1H NMR (600 MHz, CDCl3): δH 0.83, 0.84, 0.85, 0.95, 0.96
(all s, 3H each, H-23–H-27), 1.67 (s, 3H, H-30), 0.70–1.95 (m, 26H, CH, CH2 BN scaffold
and CH2 fragment of linker), 2.04 (s, 3H, CH3CO), 2.38 (td, 1H, J1 = 5.7 Hz, J2 = 0.8 Hz,
H-19), 2.60-2.66 (m, 4H, O(CO)CH2CH2), 3.84 (d, 1H, J = 11.0 Hz, H-28b), 4.09–3.99 (m, 2H,
CH2P), 4.22 (d, 1H, J = 11.0 Hz, H-28a), 4.39–4.45 (m, 2H, (CO)OCH2), 4.46 (dd, 1H, J1 = 5.1
Hz, J2 = 11.1 Hz, H-3), 4.59 (s, br, H-29b), 4.67 (s, br, H-29a), 7.71-7.90 (m, 15H, PPh3), ppm;
13C NMR (100 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.5, 18.1, 19.1, 19.5, 19.8 (d, JC,P 52.3 Hz),
20.8, 21.3, 22.3, 22.4, 23.6, 25.1, 27.0, 27.9, 29.1, 29.2, 29.5, 29.6, 34.0, 34.5, 37.0, 37.6, 37.8, 38.3,
40.8, 42.6, 46.4, 47.8, 48.7, 50.2, 55.3, 62.9, 63.4 (d, JC,P = 17.4 Hz), 80.8, 109.9, 118.1 (d, JC,P
= 85.7 Hz), 130.5 (d, JC,P = 12.1 Hz), 133.8 (d, JC,P = 9.8 Hz), 135.0 (d, JC,P = 3.0 Hz), 150.0,
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171.0, 172.0, 172.8 ppm; 31P NMR (162 MHz, CDCl3): δP 24.75 ppm; IR (ATR) ν: 2942, 1729,
1246, 1156, 691 cm−1.

3-O-Acetyl-28-O’-(3’-(4"-triphenylphosphoniobutyloxycarbonyl)propanoyl)betulin bromide
(7b) was obtained as a resin (97.2 mg, 99% yield); HRMS (ESI+) m/z: calcd for C58H78O6P+

([M]+) 901.5536, found 901.5550; 1H NMR (600 MHz, CDCl3): δH 0.83, 0.84, 0.85, 0.96, 1.00
(all s, 3H each, H-23–H-27), 1.68 (s, 3H, H-30), 0.72–1.97 (m, 26H, CH, CH2 BN scaffold
and CH2 fragment of linker), 2.04 (s, 3H, CH3CO), 2.12 (q, 2H, J = 7.1 Hz, CH2 fragment of
linker), 2.40 (td, 1H, J1 = 5.8 Hz, J2 = 11.0 Hz, H-19), 2.48–2.59 (m, 4H, O(CO)CH2CH2), 3.85
(d, 1H, J = 11.0 Hz, H-28b), 3.97–4.06 (m, 2H, CH2P), 4.14 (t, 2H, J = 5.8 Hz, (CO)OCH2),
4.24 (d, 1H, J = 11.1 Hz, H-28a), 4.47 (dd, 1H, J1 = 5.3 Hz, J2 = 11.0 Hz, H-3), 4.59 (s, br, 1H,
H-29b) 4.67 (s, br, H-29a), 7.66–7.92 (m, 15H, PPh3) ppm; 13C NMR (100 MHz, CDCl3): δC
14.7, 16.0, 16.1, 16.5, 18.1, 19.1, 19.26, 19.33, 20.7, 20.8, 21.3, 22.2 (d, JC,P = 50.6 Hz), 23.7, 25.1,
27.0, 27.9, 29.1, 29.2, 29.5, 29.7, 34.1, 34.5, 37.0, 37.6, 37.8, 38.3, 40.9, 42.7, 46.4, 47.7, 48.7,
50.2, 55.3, 63.0, 63.6, 80.9, 109.9, 118.3 (d, JC,P = 84.9 Hz), 130.4 (d, JC,P = 12.1 Hz), 133.8 (d,
JC,P = 9.9 Hz), 134.9 (d, JC,P = 3.0 Hz), 150.0, 171.0, 172.2, 172.6 ppm; 31P NMR (162 MHz,
CDCl3): δP 24.61 ppm; IR (ATR) ν: 2945, 1731, 1246, 1156, 691 cm−1.

3-O-Acetyl-28-O’-(3’-(5"-triphenylphosphoniopentyloxycarbonyl)propanoyl)betulin bromide
(7c) was obtained as a resin (77.7 mg, 78% yield); HRMS (ESI+): calcd for C59H80O6P+

([M]+) m/z: 915.5693, found 915.5715; 1H NMR (600 MHz, CDCl3): δH 0.83, 0.84, 0.85, 0.96,
1.01 (all s, 3H each, H-23–H-27), 1.67 (s, 3H, H-30), 0.70–1.97 (m, 30H, CH, CH2 BN scaffold
and (CH2)3 fragment of linker), 2.04 (s, 3H, CH3CO), 2.41 (td, 1H, J1 = 5.8 Hz, J2 = 11.1 Hz,
H-19), 2.55–2.65 (m, 4H, O(CO)CH2CH2), 3.86 (d, 1H, J = 11.0 Hz, H-28b), 3.91–3.98 (m,
2H, CH2P), 4.03 (t, 2H, J = 6.4 Hz, (CO)OCH2), 4.25 (d, 1H, J = 11.1 Hz, H-28a), 4.47 (dd,
1H, J1 = 5.4 Hz, J2 = 11.0 Hz, H-3), 4.58 (s, br, H-29b), 4.67 (s, br, H-29a), 7.67–7.91 (m, 15H,
PPh3) ppm; 13C NMR (100 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.5, 18.1, 19.1, 20.7, 21.3, 22.2,
22.3, 22.7 (d, JC,P = 49.4 Hz), 23.7, 25.1, 26.5, 26.7, 27.0, 27.9, 28.1, 29.1, 29.2, 29.5, 29.7, 34.1,
34.5, 37.0, 37.5, 37.8, 38.3, 40.8, 42.6, 46.4, 47.7, 48.7, 50.2, 55.3, 62.9, 65.8, 80.9, 109.8, 118.4
(d, JC,P = 85.0 Hz), 130.5 (d, JC,P = 12.1 Hz), 133.7 (d, JC,P = 9.8 Hz), 134.9 (d, JC,P = 3.0 Hz),
150.1, 171.0, 172.3, 172.7 ppm; 31P NMR (161.9 MHz, CDCl3): δP 24.37 ppm; IR (ATR) ν:
2946, 1731, 1246, 1157, 692 cm−1.

3-O-Acetyl-28-O’-(3’,3’-dimethyl-3’-(3"-triphenylphosphoniopropyloxycarbonyl)propanoyl)
betulin bromide (7d) was obtained as a resin (71.7 mg, 72% yield); HRMS (ESI+) m/z: calcd
for C59H80O6P+ ([M]+) 915.5693, found 915.5717; 1H NMR (600 MHz, CDCl3): δH 0.80, 0.83,
0.84, 0.87, 0.94 (all s, 3H each, H-23–H-27), 1.21 (s, 3H, CMe), 1.22 (s, 3H, CMe),1.66 (s, 3H,
H-30), 0.68–2.08 (m, 26H, CH, CH2 BN scaffold and CH2 fragment of linker), 2.04 (s, 3H,
CH3CO), 2.29 (td, 1H, J1 = 5.8 Hz, J2 = 10.8 Hz, H-19), 2.63–2.66 (m, 2H, 2 × O(CO)CH2),
3.76 (d, 1H, J = 11.0 Hz, H-28a), 4.01–4.10 (m, 3H, CH2P and H-28b), 4.45–4.48 (m, 3H, H-3
and (CO)OCH2), 4.58 (s, br, 1H, H-29b), 4.63 (s, br, 1H, H-29a), 7.69–7.91 (m, 15H, PPh3)
ppm; 13C NMR (150 MHz, CDCl3): δC 14.7, 15.9, 16.1, 16.5, 18.1, 19.0, 19.4 (d, JC.P = 51.8
Hz), 20.8, 21.3, 22.4, 23.6, 25.1, 25.4, 25.5, 26.9, 27.9, 29.5, 29.7, 34.0, 34.5, 37.0, 37.6, 37.8, 38.3,
40.6, 40.8, 42.6, 44.3, 46.3, 47.8, 48.6, 50.2, 55.3, 62.6, 63.9 (d, JC,P = 18.4 Hz), 80.8, 109.9, 118.3
(d, JC.P = 86.3 Hz), 130.4 (d, JC,P = 12.6 Hz), 133.8 (d, JC.P = 10.4 Hz), 134.9 (d, JC,P = 0.5 Hz),
150.0, 171.0, 172.0, 176.7 ppm; 31P NMR (161.9 MHz, CDCl3): δP 19.38 ppm; IR (ATR) ν:
2946, 1727, 1248, 1177, 725, 690 cm−1.

3-O-Acetyl-28-O’-(3’,3’-dimethyl-3’-(4"-triphenylphosphoniobutyloxycarbonyl)propanoyl)
betulin bromide (7e) was obtained as a resin (78.8 mg, 78% yield); HRMS (ESI+) m/z: calcd
for C60H82O6P+ ([M]+) 929.5849, found 929.5861; 1H NMR (600 MHz, CDCl3): δH 0.75,
0.76, 0.77, 0.88, 0.89 (all s, 3H each, H-23–H-27), 1.051 (s, 3H, CMe), 1.054 (s, 3H, CMe),
1.60 (s, 3H, H-30), 0.68–1.90 (m, 26H, CH, CH2 BN scaffold, and CH2 fragment of linker),
1.97 (s, 3H, CH3CO), 2.08 (q 2H, J 6.7 Hz CH2 fragment of linker), 2.30 (td, 1H, J1 = 5.7 Hz,
J2 = 10.8 Hz, H-19), 2.45 (s, 2H, O(CO)CH2), 3.72 (d, 1H, J = 11.0 Hz, H-28b), 3.87–3.92 (m,
2H, CH2P), 4.07–4.10 (m, 3H, H-28a and (CO)OCH2), 4.39 (dd, 1H, J1 = 5.3 Hz, J2 = 11.0 Hz,
H-3), 4.51 (s, br, 1H, H-29b), 4.58 (d, 1H, J = 2.3 Hz, H-29a), 7.61–7.87 (m, 15H, PPh3) ppm;
13C NMR (150 MHz, CDCl3): δC 14.6, 16.0, 16.1, 16.4, 18.1, 19.0, 19.1, 20.7, 21.2, 22.1 (d, JC,P
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= 49.3 Hz), 23.6, 25.1, 25.3, 26.9, 27.9, 29.1, 29.2, 29.5, 29.6, 34.0, 34.4, 36.9, 37.5, 37.7, 38.3,
40.5, 40.8, 42.6, 44.2, 46.2, 47.6, 48.6, 50.2, 55.3, 62.7, 63.2, 80.8, 109.8, 118.3 (d, JC,P = 88.1 Hz),
130.4 (d, JC,P = 12.6 Hz), 133.7 (d, J,P = 10.4 Hz), 134.9 (d, JC,P = 0.5 Hz), 149.9, 171.0, 171.5,
176.5 ppm; 31P NMR (162 MHz, CDCl3): δP 24.52 ppm; IR (ATR) ν: 2948, 1725, 1248, 1179,
723, 690 cm−1.

3-O-Acetyl-28-O’-(3’,3’-dimethyl-3’-(5"-triphenylphosphoniopentyloxycarbonyl)propanoyl)
betulin bromide (7f) was obtained as a resin (73.7 mg, 72% yield); HRMS (ESI+) m/z: calcd
for C61H84O6P+ ([M]+) 943.6006, found 943.6042; 1H NMR (600 MHz, CDCl3): δH 0.82, 0.83,
0.84, 0.94, 0.97 (all s, 3H each, H-23–H-27), 1.20 (s, 3H, CMe), 1.21 (s, 3H, CMe), 1.66 (s, 3H,
H-30), 0.67–1.96 (m, 30H, CH, CH2 BN scaffold and (CH2)3 fragment of linker), 2.03 (s, 3H,
CH3CO), 2.38 (td, 1H, J1 = 5.8 Hz, J2 = 10.9 Hz, H-19), 2.57 (s, 2H, O(CO)CH2), 3.83 (d, 1H, J
= 11.0 Hz, H-28b), 3.88–3.95 (m, 2H, CH2P), 4.01 (t, 2H, J = 6.7 Hz, (CO)OCH2), 4.17 (d, 1H,
J = 11.0 Hz, H-28a), 4.46 (dd, 1H, J1 = 5.5 Hz, J2 = 10.5 Hz, H-3), 4.57 (s, br, 1H, H-29b), 4.64
(s, br, 1H, H-29a), 7.65–7.91 (m, 15H, PPh3) ppm; 13C NMR (100 MHz, CDCl3): δC 14.7, 16.0,
16.1, 16.5, 18.1, 19.1, 20.8, 21.3, 22.21, 22.25, 22.7 (d, JC,P = 50.1 Hz), 23.6, 25.1, 25.4, 25.5, 26.4,
26.6, 26.9, 27.9, 28.0, 29.5, 29.7, 34.1, 34.5, 37.0, 37.5, 37.8, 38.3, 40.5, 40.8, 42.6, 44.4, 46.2, 47.7,
48.7, 50.2, 55.3, 62.7, 63.9, 80.9, 109.8, 118.4 (d, JC,P = 85.8 Hz), 130.4 (d, JC,P = 12.4 Hz), 133.7
(d, JC,P = 9.9 Hz), 134.9 (d, JC,P = 3.0 Hz), 150.0, 171.0, 171.7, 176.6 ppm; 31P NMR (161.9
MHz, CDCl3): δP 24.35 ppm; IR (ATR) ν: 2948, 1727, 1247, 1181, 725, 690 cm−1.

3.2.5. General Procedure for the Synthesis of
3,28-Bis(bromoalkoxycarbonyl)propanoyl)betulin (8)

3,28-O,O′-Bis(3′-carboxypropanoyl)betulin (5, 0.25 mmol, 160.6 mg, 1 eq.), DMF (2
mL/100 mg 5) and MeCN (0.2 mL/100 mg 5), the appropriate dibromoalkane (Br(CH2)nBr,
n = 3, 4, 5; 1.5 mmol, 6 eq.) and K2CO3 (0.50 mmol, 69.1 mg, 2 eq.) were stirred at 50 ◦C for
18–20 h. The obtained mixture was diluted with cold water (10 × volume) and extracted
with ethyl acetate (6 × 19 mL). The combined organic layers were washed with brine
(2 × 90 mL), dried over MgSO4, and the solvent was evaporated under reduced pressure.
Then, crude product 8 was washed with methanol (2 × 1.0 mL) and was further purified
by column chromatography (DCM/MeOH, gradient: 100:1 to 50:1).

3,28-O’,O′-Bis(3’-(3"-bromopropyloxycarbonyl)propanoyl)betulin (8a) was obtained as a
resin (143.8 mg, 65% yield); Rf = 0.23 (DCM:MeOH, 100:1); HRMS (ESI+) m/z: calcd for
C44H69Br2O8 ([M+H]+) 833.3359, found 833.3360; 1H NMR (600 MHz, CDCl3): δH 0.83,
0.84, 0.85, 0.97, 1.02 (all s, 3H each, H-23–H-27), 1.68 (s, 3H, H-30), 0.74–2.03 (m, 24H, CH,
CH2 BN scaffold), 2.15–2.21 (m, 4H, 2 × CH2 fragment of linker), 2.43 (td, 1H, J1 = 5.8 Hz,
J2 = 11.1 Hz, H-19), 2.61–2.68 (m, 8H, 2 × O(CO)CH2CH2), 3.45–3.47 (m, 4H, 2 × CH2Br),
3.87 (d, 1H, J = 10.3 Hz, H-28b), 4.22–4.26 (m, 4H, 2 × (CO)OCH2), 4.29 (dd, 1H, J1 = 1.9 Hz,
J2 = 11.0 Hz, H-28a), 4.46–4.51 (m, 1H, H-3), 4.59 (s, br, 1H, H-29b), 4.68 (d, 1H, J = 2.1 Hz,
H-29a) ppm; 13C NMR (150 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.5, 18.1, 19.1, 20.8, 23.6, 25.1,
27.0, 27.9, 29.10, 29.16, 29.2, 29.3, 29.5, 29.6, 29.7, 31.6, 31.7, 34.1, 34.5, 37.0, 37.6, 37.8, 38.3,
40.9, 42.7, 46.4, 47.7, 48.8, 50.3, 55.4, 62.39, 62.43, 63.1, 81.4, 109.9, 150.1, 171.9, 172.1, 172.2,
172.5 ppm; IR (ATR) ν: 2943, 1732, 1157 cm−1.

3,28-O,O′-Bis(3’-(4"-bromobutyloxycarbonyl)propanoyl)betulin (8b) was obtained as a
resin (159.8 mg, 70% yield); Rf = 0.26 (DCM:MeOH, 100:1); HRMS (ESI+) m/z: calcd for
C46H72Br2O8Na([M+Na]+) 933.3492, found 933.3525; 1H NMR (600 MHz, CDCl3): δH 0.83,
0.84, 0.85, 0.97, 1.02 (all s, 3H each, H-23–H-27), 1.68 (s, 3H, H-30), 0.70–2.06 (m, 32H, CH,
CH2 BN scaffold and 2 × (CH2)2 fragment of linker), 2.43 (td, 1H, J1 = 5.7 Hz, J2 = 11.1 Hz,
H-19), 2.60–2.68 (m, 8H, 2 × O(CO)CH2CH2), 3.43–3.45 (m, 4H, 2 × CH2Br), 3.87 (d, 1H, J
= 11.0 Hz, H-28b), 4.11–4.13 (m, 4H, 2 × (CO)OCH2), 4.29 (d, 1H, J = 11.0 Hz, H-28a), 4.48
(dd, 1H, J1 = 5.8 Hz, J2 = 10.5 Hz, H-3), 4.58 (s, br, 1H, H-29b), 4.68 (s, br, 1H, H-29a) ppm;
13C NMR (150 MHz, CDCl3): δC 14.6, 15.9, 16.0, 16.4, 18.0, 19.0, 20.7, 23.5, 25.0, 25.1, 26.9,
27.1, 27.8, 29.1, 29.0, 29.41, 29.44, 29.6, 32.9, 34.0, 34.4, 36.9, 37.4, 37.7, 38.2, 40.8, 42.6, 46.3,
47.6, 48.7, 50.1, 55.3, 62.9, 63.5, 63.6, 81.2, 109.8, 149.9, 171.8, 172.09, 172.14, 172.4 ppm; IR
(ATR) ν: 2944, 1730, 1157 cm−1.
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3,28-O,O′-Bis(3’-(5"-bromopentyloxycarbonyl)propanoyl)betulin (8c) was obtained as a
resin (150.5 mg, 64% yield); Rf = 0.32 (DCM:MeOH, 100:1); HRMS (ESI+) m/z: calcd for
C48H76Br2O8Na ([M+Na]+) 961.3805, found 961.3886; 1H NMR (600 MHz, CDCl3): δH 0.83,
0.84, 0.85, 0.97, 1.02 (all s, 3H each, H-23–H-27), 1.68 (s, 3H, H-30), 0.72–2.00 (m, 36H, CH,
CH2 BN scaffold and 2 × (CH2)3 fragment of linker), 2.43 (td, 1H, J1 = 5.8 Hz, J2 = 11.1 Hz,
H-19), 2.60–2.68 (m, 8H, 2 × O(CO)CH2CH2), 3.40–3.42 (m, 4H, 2 × CH2Br), 3.87 (d, 1H,
J = 12.2 Hz, H-28b), 4.08–4.11 (m, 4H, 2 × (CO)OCH2), 4.29 (dd, 1H, J1 = 2.0 Hz, J2 = 11.2
Hz, H-28a), 4.49 (dd, 1H, J1 = 5.5 Hz, J2 = 10.9 Hz, H-3), 4.59 (s, br, 1H, H-29b), 4.68 (d, 1H,
J = 2.2 Hz, H-29a) ppm; 13C NMR (150 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.5, 18.1, 19.1,
20.8, 23.6, 24.6, 25.1, 27.0, 27.7, 27.9, 28.1, 28.2, 29.2, 29.5, 29.3, 29.7, 32.3, 33.4, 34.1, 34.5, 37.0,
37.6, 37.8, 38.3, 40.9, 42.7, 46.4, 47.7, 48.8, 50.2, 55.4, 63.0, 64.3, 64.4, 81.3, 109.9, 150.1, 171.9,
172.25, 172.32, 172.6 ppm; IR (ATR) ν: 2943, 1731, 1157 cm−1.

3.2.6. General Procedure for the Synthesis of Bis(triphenylphoshonium) Derivatives of BN
(9, 3,28-bisTPP⊕ BN)

3,28-O,O′-Bis(3’-(3"-bromoalkoxycarbonyl)propanoyl)betulin (8a–8c) (0.1 mmol, 1 eq.)
and triphenylphosphine (0.3 mmol, 78.7 mg, 3 eq.) were dissolved in dry DCM (1–2 mL)
and stirred at room temperature for 10–15 min until homogenization was reached. The
solvent was evaporated under reduced pressure, and the residue was heated in an oil bath
at 120 ◦C under an Ar atmosphere. The obtained mixture was washed with diethyl ether
(5 × 4 mL) at 50 ◦C. Then, the crude product was crystalized from ethyl acetate/diethyl
ether (1:4, v/v) and dried under reduced pressure at 50 ◦C for 6 h or purified using column
chromatography (DCM:MeOH, 10:1, v/v).

3,28-O,O′-Bis(3’-(3"-triphenylphosphoniopropyloxycarbonyl)propanoyl)betulin bromide (9a)
was obtained as a resin (74.7 mg, 53% yield); Rf = 0.13 (DCM:MeOH, 10:1); HRMS (ESI+)
m/z: calcd for C40H49O4P2+ ([M]2+) 624.3368, found 624.3379; 1H NMR (600 MHz, CDCl3):
δH 0.70, 0.72, 0.73, 0.88, 0.89 (all s, 3H each, H-23–H-27), 1.60 (s, 3H, H-30), 0.60–1.90 (m,
24H, CH, CH2 BN scaffold), 1.92–2.00 (m, 4H, 2 × CH2 fragment of linker), 2.31 (td, 1H, J1
= 5.7 Hz, J2 = 10.9 Hz, H-19), 2.51–2.60 (m, 8H, 2 × O(CO)CH2CH2), 3.75 (d, 1H, J = 10.8
Hz, H-28b), 3.92–3.99 (m, 4H, 2 × CH2P), 4.17 (dd, 1H, J1 = 1.9 Hz, J2 = 11.0 Hz, H-28a),
4.31 (dd, 1H, J1 = 5.7 Hz, J2 = 10.4 Hz, H-3), 4.34–4.38 (m, 4H, 2 × (CO)OCH2), 4.52 (s, br,
1H, H-29b), 4.60 (d, 1H, J = 2.2 Hz, H-29a), 7.63–7.83 (m, 30H, 2 × PPh3) ppm; 13C NMR
(150 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.5, 18.1, 19.1, 19.7 (d, JC,P = 51.8 Hz), 20.8, 22.3, 23.6,
25.1, 27.0, 28.0, 29.1, 29.5, 29.4, 29.7, 34.1, 34.5, 37.0, 37.6, 37.8, 38.3, 40.9, 42.7, 46.4, 47.8,
48.7, 50.3, 55.4, 62.9, 63.5 (d, JC,P = 18.4 Hz), 81.3, 109.9, 118.1 (d, JC,P = 86.3 Hz), 130.5 (d,
JC,P = 12.8 Hz), 133.8 (d, JC,P = 9.2 Hz), 135.1 (d, JC,P = 0.5 Hz), 150.0, 171.99, 172.0, 172.1,
172.7 ppm; 31P NMR (162 MHz, CDCl3): δP 24.61, 24.54 ppm; IR (ATR) ν: 2946, 1730, 1438,
1158, 724, 691 cm−1.

3,28-O,O’-Bis(3’-(4"-triphenylphosphoniobutyloxycarbonyl)propanoyl)betulin bromide (9b)
was obtained as a resin (115.0 mg, 80% yield); Rf = 0.19 (DCM:MeOH, 10:1); HRMS (ESI+)
m/z: calcd for C41H51O4P2+ ([M]2+) 638.3525, found 638.3536; 1H NMR (600 MHz, CDCl3):
δH 0.73, 0.75, 0.89, 0.93, 1.18 (all s, 3H each, H-23–H-27), 1.61 (s, 3H, H-30), 0.60–2.05 (m,
32H, CH, CH2 BN scaffold and 2 × (CH2)2 fragment of linker), 2.38 (td, 1H, J1 = 5.6 Hz, J2
= 10.9 Hz, H-19), 2.41–2.52 (m, 8H, 2 × O(CO)CH2CH2), 3.77 (d, 1H, J = 10.1 Hz, H-28b),
3.89–3.97 (m, 4H, 2 × CH2P), 4.05–4.08 (m, 4H, 2 × (CO)OCH2), 4.22 (d, 1H, J1 = 11.4 Hz,
H-28a), 4.35 (m, 1H, H-3), 4.52 (s, br, 1H, H-29b), 4.61 (d, 1H, J = 3.1 Hz, H-29a), 7.58–7.87
(m, 30H, 2 × PPh3) ppm; 13C NMR (100 MHz, CDCl3): δC 14.7, 16.0, 16.1, 16.5, 18.1, 19.1,
19.2, 19.3, 20.8, 22.2, (d, JC,P = 50.0 Hz), 23.6, 25.1, 25.3, 27.0, 27.9, 28.9, 29.0, 29.1, 29.5, 29.6,
34.0, 34.5, 37.0, 37.5, 37.8, 38.3, 40.8, 42.7, 46.4, 47.7, 48.7, 50.2, 55.4, 63.0, 63.4, 81.3, 109.9,
118.2 (d, JC,P = 88.8 Hz), 130.4 (d, JC,P = 12.9 Hz), 133.7 (d, JC,P = 9.9 Hz), 135.0 (d, JC,P = 3.0
Hz), 150.0, 171.9, 172.16, 172.18, 172.6 ppm; 31P NMR (162 MHz, CDCl3): δP 24.51 ppm; IR
(ATR) ν: 2936, 1728, 1438, 1160, 725, 691 cm−1.

3,28-O,O′-Bis(3’-(5"-triphenylphosphoniopentyloxycarbonyl)propanoyl)betulin bromide (9c)
was obtained as a resin (129.0 mg, 88% yield); Rf = 0.11 (DCM:MeOH, 10:1); HRMS (ESI+)
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m/z: calcd for C42H53O4P2+ ([M]2+) 652.3681, found 652,3667; 1H NMR (400 MHz, CDCl3):
δH 0.73, 0.74, 0.87, 0.92, 1.17 (all s, 3H each, H-23–H-27), 1.59 (s, 3H, H-30), 0.60–1.97 (m,
36H, CH, CH2 BN scaffold and 2 × (CH2)3 fragment of linker), 2.33 (td, 1H, J1 = 5.7 Hz, J2
= 10.8 Hz, H-19), 2.44–2.57 (m, 8H, 2 × O(CO)CH2CH2), 3.77 (d, 1H, J = 11.4 Hz, H-28b),
3.78–3.88 (m, 4H, 2 × CH2P), 3.89–3.98 (m, 4H, 2 × (CO)OCH2), 4.18 (d, 1H, J = 11.3 Hz,
H-28a), 4.37 (dd, 1H, J = 8.0 Hz, H-3), 4.50 (s, br, 1H, H-29b), 4.59 (s, br, 1H, H-29a), 7.60–7.82
(m, 30H, 2 × PPh3) ppm; 13C NMR (100 MHz, CDCl3): δC 14.7, 16.0, 16.1, 18.5, 18.1, 19.1,
20.8, 22.2, 22.3, 22.8 (d, JC,P = 49.3 Hz), 23.6, 25.1, 26.7, 27.9, 28.1, 29.1, 29.2, 29.5, 29.7, 34.1,
34.5, 37.0, 37.6, 37.8, 38.3, 40.9, 42.7, 46.4, 47.7, 48.8, 50.2, 55.4, 63.0, 64.00, 64.04, 81.2, 109.9,
118.4 (d, JC,P = 85.0 Hz), 130.5 (d, JC,P = 12.2 Hz), 133.8 (d, JC,P = 9.8 Hz), 135.0 (d, JC,P = 3.0
Hz), 150.1, 172.0, 172.28, 172.30, 172.6 ppm; 31P NMR (162 MHz, CDCl3): δP 24.36 ppm.

3.3. Biological Evaluation
3.3.1. Cytotoxicity Assay
Cell Lines

The human colorectal carcinoma cell line (HCT 116) and the human breast adenocarci-
noma cell line (MCF-7) cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The Normal Human Dermal Fibroblast (NHDF) cells were
purchased from Lonza (Dermal Fibroblasts, Lonza, Poland). All cells were cultured under
standard conditions at 37 ◦C in a humidified atmosphere at 5% CO2 in DMEM/F12 medium
(PAA) supplemented with 10% of heat-inactivated fetal bovine serum (FBS, EURx, Gdansk,
Poland) and antibiotics (penicillin/streptomycin).

Cell Viability Assay

Cells were seeded at 7500 (HCT 116) or 10,000 (MCF-7, NHDF) cells/well in 96-well
plates. After 24 h, the culture medium was removed and 100 µL of fresh medium containing
the test compounds at 0–12.5 µM concentrations was added to the culture wells. The test
compounds were dissolved in DMSO to obtain a stock solution with a concentration of
5 mM (betulin) or 10 mM (other test compounds). The stock solution was diluted with
the fresh culture medium to the desired concentration. Controls were cells grown in
medium without the addition of test compounds. After 24 h of incubation with the test
compounds, 10 µL of CCK-8 reagent (Bimake, Houston, TX, USA) was added to each well.
After 2 h, the absorbance of the samples was measured at a wavelength of 450 nm using a
microplate reader (Epoch, BioTek Instruments, Winooski, VT, USA). The determinations
were conducted in at least three biological replications (each biological replication contained
3 technical replications). The cell viability rate was calculated using CalcuSyn software
(version 2.0, Biosoft, Cambridge, UK).

3.3.2. Antibacterial Assay

Antibacterial analysis was performed using the S. aureus ATCC 25923, S. epidermidis
ATCC 12228, and Escherichia coli ATCC 25922 bacteria strains. The test compounds were
dissolved in DMSO to obtain a stock solution with a concentration of 5 mM (betulin) or
10 mM (other test compounds). The stock solution was diluted with water to the desired
concentration (25–250 µM). Then, 1 mL of the investigated solutions was mixed with 1 mL
of culture medium (TSB, Biomaxima, Lublin, Poland) in a sterile glass tube. The initial
concentration of bacteria was around 5 × 106 CFU/mL. The concentration of bacteria was
measured using an optical densitometer before and after 18 h of bacteria culture in glass
tubes at 37 ◦C (incubator POL-EKO, Wodzislaw Slaski, Poland). The investigations were
repeated for three independent samples. The control sample was the culture medium
without any supplementation.

4. Conclusions

In conclusion, we designed and synthesized nine new molecular hybrids of BN by
covalent linkage of the alkyltriphenylphosphonium moiety to the parent skeleton via
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the linker O(CO)CH2CR2COO. We developed a few-stage methodology that enabled the
preparation of both mono- and bis(TPP⊕) derivatives from easily available, cheap, natural
active substance (BN) by simple transformations in high yields. The advantage of this
protocol are the simple synthetic procedures and easy purification of the final products.

As expected, the triphenylphosphonium derivatives of BN showed a greater cytotoxic-
ity than natural BN toward the cell lines tested (HCT 116 and MCF-7). Importantly, analogs
(7a–7c) with one triphenylphoshonium cation were almost twice less toxic against healthy
cells (NHDF), which demonstrated their selectivity. TPP⊕-conjugates with BN showed
antimicrobial properties against the Gram-positive reference S. aureus ATCC 25923 and
S. epidermidis ATCC 12228 bacteria when their concentration in the water solution was
200 µM.

The obtained results show that the bioavailability of natural BN can be improved by
combining its backbone via linkers with a mitochondria-targeted TPP⊕ moiety. Addition-
ally, our study provides important data about the properties of BN conjugates with TPP⊕

and encourages further research on the structural modifications of the parent BN skeleton.

Supplementary Materials: The following can be downloaded at: https://www.mdpi.com/xxx/s1.
Supporting information includes the 1H, 13C, 31P NMR spectra of betulin and all of the synthesized
compounds (1–9) as well as the gHSQC and FTIR for the selected compounds.
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Abstract: Herein, we describe the development of one-pot transformation of α-ethoxy deriva-
tives of phosphorus analogs of protein and non-protein α-amino acids into biologically important
N-protected 1-aminobisphosphonates. The proposed strategy, based on the three-component reac-
tion of 1-(N-acylamino)-1-ethoxyphosphonates with triphenylphosphonium tetrafluoroborate and
triethyl phosphite, facilitates good to excellent yields under mild reaction conditions. The course
of the reaction was monitored by 31P NMR spectroscopy, allowing the identification of probable
intermediate species, thus making it possible to propose a reaction mechanism. In most cases, there
is no need to use a catalyst to provide transformation efficiency, which increases its attractiveness
both in economic and ecological terms. Furthermore, we demonstrate that the one-pot procedure
can be successfully applied for the synthesis of structurally diverse N-protected bisphosphonic
analogs of α-amino acids. As shown, the indirect formation of the corresponding phosphonium salt
as a reactive intermediate during the conversion of 1-(N-acylamino)-1-ethoxyphosphonate into a
1-aminobisphosphonate derivative is a crucial component of the developed methodology.

Keywords: α-aminobisphosphonates; α-ethoxyphosphonates; phosphonium salts; N-acylimidates;
Michaelis–Becker reaction; Michaelis–Arbuzov reaction

1. Introduction

1-(N-Acylamino)alkylene-1,1-bisphosphonates belong to the group of geminal
1-amino-1,1-bisphosphonates (ABPs), and they are characterized by the presence of the
P-C(N)-P skeleton. In addition to being synthetic analogs of inorganic pyrophosphate,
which is a regulator of calcium metabolism in living organisms, these compounds are
considered as structural analogs of α-aminophosphonic acids, which are phosphorus equiv-
alents of α-amino acids [1]. It is known that α-aminophosphonic acids exhibit significant
biological activity, including anti-viral, anti-bacterial, anti-inflammatory, and anti-tumor,
are potent enzyme inhibitors, and act as herbicides and regulators of plant growth [2–5].
Their functionalization with an additional phosphonyl group results in the formation of
1 amino-1,1-bisphosphonates (Figure 1a), the activity of which is even stronger, due to the
presence of a P-C-P backbone, which has a documented affinity for hydroxyapatite and is
resistant to enzymatic hydrolysis [6]. The above factors determine the biological properties
of ABPs and the wide range of applications associated therewith.
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Figure 1. (a) Comparison of the structures of α-amino acid, α-aminophosphonic acid
and α-aminobisphosphonic acid. (b) Representative examples of α-aminobisphosphonates with
medical applications.

Along with 1-hydroxy-1,1-bisphosphonates, ABPs are a potent inhibitors of bone resorption
used in clinical practice in the treatment of diseases such as osteoporosis, Paget’s disease, or hyper-
calcemia [7,8]. An example of this is cycloheptylaminomethylene-1,1-bisphosphonate, which is
a representative of the latest generation of anti-osteoporotic drugs, commercialized as In-
cadronate [9]. In addition to anti-resorptive activity, ABPs also show other useful properties,
including anti-bacterial [10], anti-viral [11], anti-parasitic [12,13], and herbicidal [14], which
provides evidence of their continued development as therapeutics and plant protection
agents (Figure 1b). Clinical trials have been conducted on the use of ABPs in oncological
therapy, especially immunotherapy [15]. Moreover, thanks to their high affinity for hydrox-
yapatite and the presence of the amino group in the α position, which enables their further
structural modification, they have also become of interest for new drug delivery systems to
bone tissue. This is achieved by the formation of conjugates with pharmacological agents,
such as radioisotopes, anti-inflammatory drugs, proteins, and agents intended for augmen-
tation of systemic bone mass or antibiotics. The conjugates of ABPs with cytostatics appear
to be particularly promising, and they are being tested for their potential use in targeted
anti-cancer therapies [16,17]. The high affinity for mineralized tissues is also utilized in the
synthesis of new diagnostic agents that enable the imaging of bone tissue by MRI or PET,
which is an interesting alternative to the currently used scintigraphy [18]. Great potential
for application as a contrast agent in MRI imaging is demonstrated by the complex of the
BPAMD ligand with gadolinium, containing a fragment of ABP as a “bone-seeking” moiety
(Figure 1b) [19]. The chelating properties of some ABPs are also used to remove radioactive
metallic toxins from water or blood [20], as well as for the functionalization of the surface
of supermagnetic iron oxide nanoparticles (SPION) used in MRI [18].

Due to the important applications of ABPs, the development of a general and efficient
method for their synthesis, or the improvement of previous synthetic methods, still attracts
much attention. Currently, there is a range of different methods for the preparation of
ABPs. However, they are often utilized for the simplest representatives of this group of
compounds, i.e., derivatives of ABPs containing only hydrogen and a variously substituted
amino group at the central carbon atom. Among the known methods for the synthesis
of ABPs, the following should be mentioned: three-component condensation of amines
with dialkyl phosphites in the presence of ethyl orthoformate [21–23], Beckmann rear-
rangement of oximes in the presence of phosphites by using POCl3 as a promoter [24],
prolonged heating of nitriles with excess phosphoric acid in the presence of phospho-
rus trichloride and anhydrous benzenesulfonic acid [12], bisphosphonylation of amides
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using diethyl phosphite in the Tf2O-activated reaction in the presence of 2,6-lutidine a
base [25], double hydrophosphonylation of nitriles with dialkyl phosphites mediated by
titanocene/propylene oxide [26], or ZnCl2/Et3N system [20], as well as nickel-catalyzed
double hydrophosphonylation of aromatic nitriles with trialkyl phosphites assisted by
Et3B as a reaction promoter [27]. Most of these synthetic strategies, especially those using
unreactive nitriles, are carried out under harsh reaction conditions and in the presence of
catalytic systems or mediators (often hazardous agents). What is more, as the side chains
attached to the α carbon have a significant influence on the biological activities [8,28], it
seems that the purposeful synthesis of functionalized α-aminobisphosphonate derivatives
is of big importance in the search for compounds with a desirable biomedical profile. This
is especially true of such models with the substituents at the α-position identical with those
characteristic for natural α-amino acids, both protein and non-protein. The development of
a general method for the synthesis of ABPs, providing structural diversity of the product
and performed under mild, preferably catalyst-free reaction conditions, is thus highly
sought after.

Recently, we have focused our efforts on developing a new synthetic procedure
that allows access to not only α-aminobisphosphonic acids derivatives but also to their
asymmetrical analogs. This allows the scope of applicability to be extended and thus
the universality of the proposed method for synthesis of bisphosphorus organic com-
pounds. Because each of the phosphorus groups is introduced separately into the final
molecule, it has been found that phosphorus analogs of α-amino acids functionalized with
a nucleofugal group at the α position are convenient substrates for this type of transfor-
mation. To the best of our knowledge, there are only a few reports on the preparation of
tetraethyl 1-(N-acylamino)alkylene-1,1-bisphosphonates in the Michaelis–Arbuzov-type
reaction of triethyl phosphite with diethyl 1-(N-acylamino)alkylphosphonates contain-
ing a nucleofugal group at the α-position. Despite the presence of the N-acylamino
group and the dialkoxyphosphoryl group with an electron-withdrawing inductive ef-
fect, this type of functionalization of 1-(N-acylamino)alkylphosphonates is necessary to
display the electrophilicity of their α-carbon required for further reaction. Thus, only
one example of this type of transformation has been reported in the literature involving
diethyl 1-(N-benzoylamino)bromomethylphosphonate synthesized by photochemical bromination
of the starting 1-(N-benzoylamino)methylphosphonate with NBS [29]. The subsequent Michaelis–
Arbuzov-type reaction of diethyl 1-(N-benzoylamino)bromomethylphosphonate with trimethyl and
triethyl phosphites provided the expected 1-(N-benzoylamino)methylene-1,1-bisphosphonates
in a yield of 56–90% (Scheme 1).

Other substrates that have been used in this reaction in the presence of Hünig’s base
and methyltriphenylphosphonium iodide as catalysts are diethyl 1-(N-acetylamino)-1-
triphenylphosphoniumalkylphosphonate tetrafluoroborates 4, which can be considered as
α-functionalized triphenylphosphonium derivatives of 1-(N-acylamino)alkylphosphonates [30].
The starting phosphonium salts 4 were synthesized here from diethyl 1-aminoalkylphosphonates
readily available from N-acyl-α-amino acids [31,32] by initially subjecting them to electrochemical
oxidation to introduce the nucleofugal methoxy group into the α-position, which was followed by
nucleophilic substitution of the obtained diethyl 1-(N-acetylamino)-1-methoxyalkylphosphonates
with triphenylphosphonium tetrafluoroborate (Scheme 1, pathway a). The biggest limi-
tation of this transformation is the electrochemical oxidation step, which was efficiently
performed for only two of the simplest models of phosphorus analogs of α-amino acids,
namely for the derivative of glycine and alanine, having at the α-position a hydrogen
atom or a methyl group, respectively. Attempts to perform this process for the phosphorus
analogs of valine and phenylalanine have failed, possibly due to a steric hindrance of the
bulky substituent at the α-position.
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Scheme 1. Synthetic routes for the synthesis of tetraethyl 1-(N-acylamino)alkylene-1,1-
bisphosphonates from α-functionalized derivatives of phosphorus analogs of α-amino
acids, such as diethyl 1-(N-benzoylamino)bromomethylphosphonate [29] and diethyl
1-(N-acetylamino)-1-triphenylphosphoniumalkylphosphonate tetrafluoroborates 4 obtained
from α-methoxyphosphonates (pathway a) [30] or α-ethoxyphosphonates (pathway b) [33].

To overcome this problem, we looked for a different method of obtaining α-alkoxy
derivatives of diethyl α-aminophosphonates with the result of the development of another
procedure for the preparation of diethyl 1-(N-acylamino)-1-ethoxyalkylphosphonates 3
obtained in a Michaelis–Becker-type reaction of ethyl N-acylimidates 2 with diethyl phos-
phite (Scheme 1, pathway b) [33]. This opened up the wider applicability of this method,
since the electrochemical oxidation step required in the previous transformation is omitted
in this case, while the starting N-acylimidates 2 are readily available from the well-known
class of chemical compounds, i.e., ethyl imidate hydrochlorides 1 [34,35]. We then con-
verted 1-(N-acylamino)-1-ethoxyalkylphosphonates 3 into diethyl 1-(N-acylamino)-1-
triphenylphosphoniumalkylphosphonate tetrafluoroborates 4, whose utility in the syn-
thesis of tetraethyl 1-(N-acylamino)alkylene-1,1-bisphosphonates 5 has so far been de-
scribed for only three models of α-ethoxy derivatives of diethyl alkylphosphonates 3,
such as phosphorus analogs of glycine, alanine and phenylglycine, which have the amino
group protected with selected acyl groups (acetyl or phenylacetyl). The target tetraethyl
1-(N-acylamino)alkylene-1,1-bisphosphonates 5 were synthesized here in the Michaelis–
Arbuzov-type α-amidoalkylation reaction of triethyl phosphite with the previously ob-
tained phosphonium salts 4 in a double catalytic system in the presence of methyltriph-
enylphosphonium iodide and Hünig’s base.

In a continuation of our efforts to improve the recently developed procedure for the
preparation of organobisphosphorus compounds, and hoping that it has the potential
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to become a general method for the synthesis of ABPs, we report an efficient, catalyst-
free one-pot transformation of α-ethoxyaminophosphonate derivatives into tetraethyl
1-(N-acylamino)alkylene-1,1-bisphosphonates possessing at the α position a side chain
identical with those characteristic for natural α-amino acids, both protein and non-protein
(Scheme 1, pathway c).

2. Results and Discussion
2.1. Optimization of Conditions for the Synthesis of α-Ethoxy Derivatives of Phosphorus Analogs
of α-Amino Acids

The starting diethyl 1-(N-acylamino)-1-ethoxyalkylphosphonates (Table 1, 3a–n) were
synthesized according to a previously described two-step protocol with some modifications
(Scheme 2) [33]. The general procedure consists of acylation of the imidate hydrochloride 1
with an acyl chloride (Step 1) and the Michaelis–Becker-like addition of diethyl phosphite
to ethyl N–acylimidate 2 (Step 2).

Table 1. Yields of the Michaelis–Becker-like nucleophilic addition of diethyl phosphite to
ethyl N-acylimidates 1.

Entry Comp. 3 PG R2 Nu (eq.) Time [days] Temperature [◦C] Yield 2

1 3a Cbz Me 1.2 2 rt 94
2 3b Piv Me 1.2 3 rt 74
3 3c Cbz H 1.2 2 −10 93
4 3d Cbz CH2Ph 2 4 −20 88
5 3e Ac CH2Ph 1.2 4 rt 53
6 3f Cbz Et 1.2 3 −5 82
7 3g Cbz Pr 2 4 −10 68
8 3h Cbz i-Pr 2 7 −40 53
9 3i Cbz Bu 2 4 −10 54
10 3j Cbz i-Bu 3 7 −40 32
11 3k Ac i-Bu 2 7 −40 65
12 3l Cbz CH2OMe 1.2 4 −10 91
13 3m Cbz Ph 1.2 3 rt 82
14 3n Cbz 1,4-CH2-C6H4OMe 3 3 −25 70

1 Reaction conditions: diethyl N-acylimidate 2 (1 eq.), diethyl phosphite (1.2–3.0 eq.), 18-crown-6 (0.12 eq.), K2CO3
(1.35 eq.), hexane. 2 Isolated yield.

These modifications in the acylation step of ethyl imidate hydrochlorides 1, most often
with benzyl chloroformate, require a different base for this reaction (hitherto, Et3N has
been used in the acylation reaction with acetyl chloride). This change was introduced
following optimization studies to select an appropriate base to improve the efficiency of
acylation, and sometimes even allow it to be carried out, taking into account the key role
of the base environment in this reaction. Since the use of Et3N in the acylation reaction of
ethyl acetimidate hydrochloride 1a with benzyl chloroformate was unsuccessful (Scheme 2,
entry 1), 2,4,6-collidine and (i-Pr)2EtN (Hünig’s base) were used as bases for this reaction.
When the weaker aromatic base such as 2,4,6-collidine was used, the expected reaction took
place with the product being isolated in a moderate yield of 55% (entry 2). Therefore, we
tried to perform the same reaction using Hünig’s base with comparable strength to Et3N
but non-nucleophilic in nature to prevent side reactions. This facilitated a higher yield of
90% for the acylation product (entry 3). The lack of nucleophilic character of Hünig’s base
can be explained by the presence of two sterically extended isopropyl groups. Based on this
successful result, the acylation reactions for all the remaining ethyl imidate hydrochlorides
with benzyl chloroformate were carried out with the use of this base (Scheme 2), except for
the 2-methoxyacetimidate hydrochloride 1l which, in the case of 2,4,6-collidine, proved to
be much more effective (entry 15).
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hydrochlorides and yields of acylation of ethyl imidate hydrochlorides 1 with acid chlorides in a
presence of selected bases.

As for the second step of the synthesis of 1-(N-acylamino)-1-ethoxyalkylphosphonates 3,
i.e., the nucleophilic addition of diethyl phosphite to ethyl N-acylimidates 2 in the Michaelis–
Becker-like reaction, the modification was required to improve its efficiency. For most of
the synthesized models, especially those with an amine group protected with a Cbz group,
it consisted of reducing the reaction temperature under PTC conditions up to −40 ◦C and
using a two-fold molar excess of the nucleophile in some cases. Therefore, it was possible
to obtain the expected products, which were isolated by extraction initially with hexane
and then with dichloromethane and subsequent purification of the extracts by column
chromatography in satisfactory yields (Table 1).

2.2. Development of an Optimized One-Pot Procedure for the Synthesis of Bisphosphonate Analogs
of α-Amino Acids

The electrophilicity of the α-carbon atom of the synthesized α-ethoxyphosphonate
derivative 3 is too low to allow its direct transformation into the target bisphosphonate 5 using
the Michaelis–Arbuzov-type reaction with triethyl phosphite [30]. Therefore, to increase the
electrophilicity of this position, it was necessary to convert α-ethoxyphosphonate 3 to the corre-
sponding phosphonium salt 4, which is much more reactive and thus susceptible to subsequent
reaction with the nucleophilic triethyl phosphite. To better understand the reaction mecha-
nism for the preparation of diethyl 1-(N-acylamino)-1-triphenylphosphoniumalkylphosphonate
tetrafluoroborates 4 from 1-(N-acylamino)-1-ethoxyalkylphosphonates 3, we attempted
the synthesis of another model phosphonium salt from the α-ethoxy derivative of the
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phosphorus analog of phenylalanine 3d with the intention of isolating and purifying it. For
this purpose, triphenylphosphonium tetrafluoroborate was added to α-ethoxyphosphonate
in a slight molar deficiency (0.9 eq. to 1 eq. 3d). To our surprise, the 31P NMR analysis
of the reaction mixture taken after 10 and 30 min at room temperature did not confirm
the presence of the expected phosphonium salt 4d. Therefore, this synthesis was repeated
according to the same procedure, but modifying the reaction conditions by lowering the
temperature to −15 ◦C. Again, no characteristic signals belonging to the corresponding
phosphonium salt were found. Due to the predicted instability of the synthesized di-
ethyl 1-(N-benzyloxycarbonylamino)-1-triphenylphosphonium-2-phenylethylphosphonate
tetrafluoroborate, it was decided to conduct another experiment at −40 ◦C, which was anal-
ogous to the described procedure above but with a slight molar excess of triphenylphospho-
nium tetrafluoroborate (5%). After 40 min of reaction, NMR analysis was performed, which
provided very promising results with two clearly visible doublets at 13.9 and 39.8 ppm of
the same coupling constant (J = 12.9 Hz), confirming the presence of the desired phospho-
nium salt 4d (Figure 2b).
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Figure 2. (a) 31P NMR spectrum of the reaction mixture obtained in the synthesis of phosphonium
salt 4d carried out with a slight molar deficiency of Ph3P·HBF4 at −40 ◦C. (b) 31P NMR spectrum
of the reaction mixture obtained in the synthesis of a phosphonium salt 4d conducted with a slight
molar excess of Ph3P·HBF4 at −40 ◦C. (c) 31P NMR spectrum of the reaction mixture obtained in the
one-pot synthesis of bisphosphonic derivative 5d performed with the use of Ph3P·HBF4 in a molar
excess at room temperature.

In subsequent experiments, the conditions for the synthesis of 4d were modified in
order to assess their impact on the reaction course (Figure 2). Initially, it was assumed
that in the synthesis of phosphonium salt, the temperature was a determining factor
having an influence on the reaction course. This was based on the results of the first
experiments, in which two expected doublets at 13.9 and 39.8 ppm were observed only
for the reaction carried out at −40 ◦C. However, subsequent experiments showed that it
is not the temperature but the molar ratio of triphenylphosphonium tetrafluoroborate to
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substrate 3 that is of key importance for obtaining phosphonium salt 4. During a detailed
analysis of reaction mixture 31P NMR spectra, it was observed that in those syntheses in
which a slight molar deficiency of Ph3P·HBF4 was used, the following signals were present
in the spectrum, at approximately 18.1 ppm of high intensity together with a weaker signal
at −2.8 ppm and broad intense signal at 3.3 ppm corresponding to Ph3P·HBF4 in the
equilibrium (Figure 2a). In contrast, there was a lack of the signal at 18.1 ppm when excess
Ph3P·HBF4 was used, and the equilibrium of the reaction shifted toward an intermediate
with the signal at about −2.8 ppm, and phosphonium salt 4d, appearing in the form of
two doublets (Figure 2b).

An explanation is presented in Scheme 3, which illustrates the proposed mechanism
for the formation of phosphonium salt 4 in an equilibrium reaction via intermediates 6–8.
In the first step, α-ethoxyphosphonate 3 reacts with triphenylphosphonium tetrafluo-
roborate to give salt 6 with a protonated ethoxy group in the α position and liberated
triphenylphosphine. When there is a shortage of triphenylphosphonium tetrafluoroborate
in relation to reaction substrate, it becomes partially blocked at this stage. Ethanol is cleaved
from the resulting salt 6, the iminophosphonate 8 (which is in equilibrium with iminium
type-cation 7) is formed and Ph3P·HBF4 is regenerated. This results in an intense 31P NMR
spectrum signal at approximately 18.1 ppm, belonging to the starting compound 3d, along
with the broad signal of Ph3P·HBF4 (3.3 ppm) and intermediate iminophosphonate 8 at
about −2.8 ppm (which is consistent with the literature data for this type of imines [36]).
Conversely, in the case of an excess of triphenylphosphonium tetrafluoroborate (higher
acidity of the reaction mixture), iminium-type cation 7 is formed more readily. Finally, the
active electrophilic center of iminium-type cation 7 is attacked by triphenylphosphine and
the desired phosphonium salt 4 is formed (Scheme 3).

Molecules 2022, 27, x FOR PEER REVIEW 8 of 23 
 

 

Figure 2. (a) 31P NMR spectrum of the reaction mixture obtained in the synthesis of phosphonium 

salt 4d carried out with a slight molar deficiency of Ph3P·HBF4 at −40 °C. (b) 31P NMR spectrum of 

the reaction mixture obtained in the synthesis of a phosphonium salt 4d conducted with a slight 

molar excess of Ph3P·HBF4 at −40 °C. (c) 31P NMR spectrum of the reaction mixture obtained in the 

one-pot synthesis of bisphosphonic derivative 5d performed with the use of Ph3P·HBF4 in a molar 

excess at room temperature. 

An explanation is presented in Scheme 3, which illustrates the proposed mechanism 

for the formation of phosphonium salt 4 in an equilibrium reaction via intermediates 6–8. 

In the first step, α-ethoxyphosphonate 3 reacts with triphenylphosphonium tetrafluorob-

orate to give salt 6 with a protonated ethoxy group in the α position and liberated tri-

phenylphosphine. When there is a shortage of triphenylphosphonium tetrafluoroborate 

in relation to reaction substrate, it becomes partially blocked at this stage. Ethanol is 

cleaved from the resulting salt 6, the iminophosphonate 8 (which is in equilibrium with 

iminium type-cation 7) is formed and Ph3P·HBF4 is regenerated. This results in an intense 
31P NMR spectrum signal at approximately 18.1 ppm, belonging to the starting compound 

3d, along with the broad signal of Ph3P·HBF4 (3.3 ppm) and intermediate iminophospho-

nate 8 at about −2.8 ppm (which is consistent with the literature data for this type of imines 

[36]). Conversely, in the case of an excess of triphenylphosphonium tetrafluoroborate 

(higher acidity of the reaction mixture), iminium-type cation 7 is formed more readily. 

Finally, the active electrophilic center of iminium-type cation 7 is attacked by tri-

phenylphosphine and the desired phosphonium salt 4 is formed (Scheme 3). 

 

Scheme 3. A plausible mechanism for the formation of diethyl 1-(N-acylamino)-1-tri-

phenylphosphoniumalkylphosphonate tetrafluoroborate 4 proposed based on the analysis of 31P 

NMR spectra (161.9 MHz/CDCl3; ppm) of reaction mixtures obtained in reactions of substrate 3 and 

Ph3P·HBF4 used in various molar ratios. 

The confirmation of the proposed phosphonium salt 4 formation mechanism is illus-

trated in the 31P NMR spectra of the reaction mixture (Figure 2a,b), with signals belonging 

to α-ethoxyphosphonate 3d at approximately 18.1 ppm, Ph3P·HBF4 at 3.3 ppm, interme-

diate iminophosphonate 8d at about −2.8 ppm and expected phosphonium salt 4d with 

the corresponding two doublets at 13.9 and 39.8 ppm. The presence of all these signals on 

the spectra of the reaction mixtures is evidence that this is an equilibrium reaction, in the 

course of which the acidity of the environment is of critical importance. On the other hand, 

reducing the temperature allows an unstable reaction intermediate to be observed in the 
31P NMR spectrum as two intense doublets belonging to the expected phosphonium salt 

4d. 

On the basis of the postulated mechanism, it was concluded that diethyl 1-(N-ben-

zyloxycarbonylamino)-1-triphenylphosphonium-2-phenylethylphosphonate tetra-

fluoroborate 4d, which is a reactive intermediate in this synthetic route, has to be used in 

situ in the subsequent transformation into α-aminobisphosphonate derivative 5d. Hence, 

Scheme 3. A plausible mechanism for the formation of diethyl 1-(N-acylamino)-1-
triphenylphosphoniumalkylphosphonate tetrafluoroborate 4 proposed based on the analysis of
31P NMR spectra (161.9 MHz/CDCl3; ppm) of reaction mixtures obtained in reactions of substrate 3
and Ph3P·HBF4 used in various molar ratios.

The confirmation of the proposed phosphonium salt 4 formation mechanism is illus-
trated in the 31P NMR spectra of the reaction mixture (Figure 2a,b), with signals belonging
to α-ethoxyphosphonate 3d at approximately 18.1 ppm, Ph3P·HBF4 at 3.3 ppm, interme-
diate iminophosphonate 8d at about −2.8 ppm and expected phosphonium salt 4d with
the corresponding two doublets at 13.9 and 39.8 ppm. The presence of all these signals
on the spectra of the reaction mixtures is evidence that this is an equilibrium reaction, in
the course of which the acidity of the environment is of critical importance. On the other
hand, reducing the temperature allows an unstable reaction intermediate to be observed in
the 31P NMR spectrum as two intense doublets belonging to the expected phosphonium
salt 4d.

On the basis of the postulated mechanism, it was concluded that diethyl 1-(N-
benzyloxycarbonylamino) -1-triphenylphosphonium-2-phenylethylphosphonate tetraflu-
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oroborate 4d, which is a reactive intermediate in this synthetic route, has to be used in
situ in the subsequent transformation into α-aminobisphosphonate derivative 5d. Hence,
we attempted to transform diethyl 1-(N-acylamino)-1-ethoxyalkylphosphonates 3 into
1-(N-acylamino)alkylene-1,1-bisphosphonates 5 via the corresponding phosphonium salts
using a one-pot method (Figure 2c). Our screening tests, described above with the use
of the model 3d as substrate, showed that during the synthesis of phosphonium salt 4d,
iminophosphonate 8d is spontaneously formed in the equilibrium mixture. From this,
we concluded that the addition of Hünig’s base as a catalyst in the synthesis of the bis-
phosphonates is redundant. Indeed, carrying out the one-pot synthesis of tetraethyl
1-(N-benzyloxycarbonylamino)-2-phenylethylene-1,1-bisphosphonate 5d by dissolving all
the reactants, namely substrate 3d, Ph3P·HBF4 and triethylphosphite, used in a molar ratio
of 1:1.05:1.5, in dichloromethane at 0–5 ◦C in the presence of methyltriphenylphosphonium
iodide as a catalyst (0.25 eq.) and left at this temperature for 45 min, then at room tempera-
ture overnight, resulted in the expected product 5d with an estimated yield of 52% (Table 2,
entry 1). This success inspired further optimization of the transformation conditions. This
included the question of whether the presence of methyltriphenylphosphonium iodide
is necessary here, since the function of the dealkylating agent for triethoxyphosphonium
salt, obtained as an intermediate in the Michaelis–Arbuzov reaction, could potentially
be performed by triphenylphosphine that is present in the reaction mixture [37,38]. The
next experiment was therefore carried out in an analogous manner but without the addi-
tion of any catalysts, providing an estimate yield of bisphosphonate 5d of 73% (Table 2,
entry 2). This result provided unequivocal evidence that the catalyst methyltriphenylphos-
phonium iodide is not required for this reaction to proceed efficiently, and thus, the reaction
takes place in an autocatalytic system. It was also considered whether the dosing of the
reactants at a reduced temperature is required and what molar ratio of Ph3P·HBF4 to
α-ethoxyphosphonate 3d will be the most favorable. Table 2 shows the molar ratios of these
reagents used together with the bisphosphonate yields afforded in the given experiments
when performed at room temperature. It was found that it is sufficient to use a slight molar
excess of Ph3P·HBF4 at the level of 5–8% in the synthesis of α-aminobisphosphonate, and
that room temperature is optimal for this transformation (entries 3 and 4). The progress of
the reaction was monitored by NMR spectroscopy, and finally, it was concluded that 6 h
was sufficient time for the substrate to completely react (entry 5). The product was isolated
from the reaction mixture by extraction with toluene and subsequent purification of the
extract by column chromatography to afford the target bisphosphonate in a yield of 86%.

Table 2. Screening of reaction conditions in the synthesis of bisphosphonate model 5d from
α-ethoxyphosphonate 3d by the one-pot method.

Entry
Molar Ratios

MePh3P+ I− Temperature [◦C] Time [h] Yield [%] 1
3d Ph3P·HBF4

1 1 1.06 + 0–5 for 45 min.
then rt 24 52

2 1 1.08 − 0–5 for 45 min.
then rt 24 73

3 1 1.05 − rt 24 77
4 1 1.27 − rt 24 75
5 1 1.06 − rt 6 86 2

1 Yield estimated from the 1H NMR spectrum of the reaction mixture relative to the known mass of the internal
standard (diphenyldimethylsilane). 2 Isolated yield. + Denotes the addition of MePh3P+ I− as a catalyst. − Denotes
that the experiment was performed without the addition of MePh3P+ I−.

2.3. Scope of the Reaction

We then studied the scope of the one-pot reaction for the synthesis of various models
of bisphosphonic analogs of protein and non-protein α-amino acids 5 according to the
previous optimal conditions (Scheme 4).
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Scheme 4. Conditions and yields for the synthesis of tetraethyl 1-(N-acylamino)alkylene-1,1-
bisphosphonates in the Michaelis–Arbuzov-like reaction.

These optimized conditions were tested on other α-ethoxyphosphonates 3 containing
either aromatic or aliphatic substituents at the α position with straight or branched chains,
e.g., for valine and nor-valine or leucine and nor-leucine analogs. For most models, these
conditions were well matched, and it was enough to combine all reagents without any
catalyst in a chosen solvent and leave it for 5 to 24 h at room temperature to successfully
perform the reaction. Subsequent isolation of the obtained product initially by extraction
with toluene and then column chromatography provided target compounds 5 with good to
excellent yields (72–95%; Cbz-protected amino group). However, in some cases, the use of
elevated temperature (40–70 ◦C) was required to conduct the reaction under catalyst-free
conditions (Scheme 4, entries 1–3, 19).

For the majority of the synthesized bisphosphonic derivatives of α-amino acids, the
amino group was protected with an easily removable benzyloxycarbonyl group. However,
the tested procedure also worked well for models with the amino group protected with
other acyl groups, such as acetyl or pivaloyl, leading to expected product yields in a
moderate range of 54–62% (entries 3, 7, 8, 17).

We also tested the influence of the solvent on the yield of ABPs during synthesis, find-
ing a general relationship that acetonitrile is a better solvent for this transformation. How-
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ever, for some bisphosphonates, a higher reaction yield was noted with dichloromethane
(cf. entries 5, 6 and 20, 21).

For one model, namely the N-Cbz-protected α-ethoxy derivative of phosphorus analog
of leucine, the impact of the excess of triethyl phosphite on the efficiency of the synthesis of
the corresponding bisphosphonate 5j was also evaluated. We noted that the reaction yield
was higher with the use of 1.5 eq. of P(OEt)3 (74%) than for 1.2 eq. of the nucleophile used
(62%) (entries 15, 16).

It should be noted that in the case of the bisphosphonic derivative of serine 5l, the
final one-pot reaction was successfully carried out only when the Hünig’s base was also
used as a catalyst and when the reaction temperature was raised to 70 ◦C. The selection
of such parameters undoubtedly facilitated the transformation of the indirectly formed
phosphonium salt 4l into the target product 5l (Figure 3b), which was obtained with a yield
of 52% (Scheme 4, entry 18). The course of the reaction at a lower temperature or without
the use of a catalyst ended at the stage of phosphonium salt generation, which can be seen
in the 31P NMR spectrum of the reaction mixture in the form of two doublets with the
same coupling constant, which was accompanied by the very small signal of the desired
product 5l (δ = 17.9 ppm) (Figure 3a).
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Figure 3. (a) 31P NMR spectrum of the reaction mixture obtained from the synthesis of the bisphos-
phonic derivative of serine 5l without the use of Hünig’s base catalyst at 70 ◦C. (b) 31P NMR spectrum
of the reaction mixture obtained in the synthesis of bisphosphonic derivative of serine 5l performed
in the presence of catalytic Hünig’s base at 70 ◦C.

The functional role of Hünig’s base as a catalyst in the synthesis of a bisphosphonic serine
derivative relies on assisting the generation of the corresponding N-acyliminophosphonate 8l
from the resulting phosphonium salt 4l during the final Michaelis–Arbuzow-type reaction.
This is the rate-determining step of the transformation. For the serine model, due to the
presence of an electron-withdrawing methoxymethyl group at the α position, the stabiliza-
tion of the iminophosphonate 8l is reduced (Scheme 5), so that the reaction equilibrium is
strongly shifted toward the phosphonium salt 4l. Hence, the addition of Hünig’s base is
necessary to allow the Michaelis–Arbuzov-type reaction to be performed, as it is shown in
the postulated mechanism for this transformation (Scheme 5).
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Scheme 5. The role of Hünig’s base as a catalyst for the Michaelis–Arbuzow-type reaction in the
synthesis of bisphosphonic derivatives of serine 5l (R2 = CH2OMe) and glycine 5c (R2 = H) models.

Moreover, in the case of the bisphosphonic derivative of glycine 5c, not only was
the Hünig’s base catalyst and an increased temperature (70 ◦C) required, but the in-
tended one-pot transformation was not achieved. This is likely due to the reversible
nature of the transformation being carried out, during which the recovery of the starting
α-ethoxyphosphonate 3c in the equilibrium reaction was privileged (Scheme 3), due to the
presence of ethanol in the reaction mixture. To overcome this problem, the synthesis of the
bisphosphonic derivative 5c was carried out according to a two-step procedure. First, the
phosphonium salt 4c was obtained by heating the residue after evaporation of the solvent
from a homogeneous mixture, which was prepared by dissolving α-ethoxyphosphonate 3c
and triphenylphosphonium tetrafluoroborate at 85 ◦C under reduced pressure for 5 h. Next,
the crude phosphonium salt 4c was subjected to the Michaelis–Arbuzow-type reaction after
dissolving in acetonitrile by treatment with triethylphosphite in the presence of Hünig’s
base, resulting in a very good yield of the target product 5c (82%) (Scheme 4, entry 4).

Regarding the prospects for the further use of synthesized bisphosphonate models 5,
we will carry out structural modifications to increase their application potential in medical
chemistry. One future research direction involves the synthesis of conjugates by combining
compounds with proven biological activity (e.g., anti-cancer) withα-aminobisphosphonates
that can be used as drug carriers. Their functional role in these complexes includes not only
the targeted delivery of pharmaceuticals to the bone tissue but also synergistic action with
anti-cancer drugs. Minor modifications to the structure of α-aminobisphosphonates will
also be of interest. The acylation of α-aminobisphosphonates with the use of appropriate
chloroacyl chlorides will allow the production of building blocks that are useful in the
synthesis of a ligands, which can be used as potential contrast agents for imaging of bone
mineral by MRI after complexing with paramagnetic ions.

3. Materials and Methods
3.1. General Information

Melting points were determined in capillaries in a Stuart Scientific SMP3 melting
point apparatus and were uncorrected. 1H-NMR spectra were acquired on a Varian 400
spectrometer at an operating frequency of 400 MHz using tetramethylsilane (TMS) as the
resonance shift standard. 13C-NMR spectra were recorded on a Varian 400 at 100 MHz, us-
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ing solvent resonance as the internal standard. 31P-NMR spectra were recorded on a Varian
400 at 161.9 MHz without the resonance shift standard, with respect to H3PO4 as 0 ppm.
All chemical shifts (δ) are reported in ppm and coupling constants (J) in Hz. IR-spectra
were measured on a Nicolet 6700 FT-IR spectrophotometer, Thermo Scientific (attenuated
total reflectance method; ATR). The high-resolution mass spectra (HRMS) were obtained by
electrospray ionization (ESI) using a Waters Corporation Xevo G2 QTOF instrument. The
reactions of Michaelis–Becker-like addition of diethyl phosphite to ethyl N-acylimidates
were performed at reduced temperatures using Julabo ultra-low refrigerated-circulator
F81-ME. For TLC analysis, Merck TLC silica gel 60 F254 plates were used. The plates
were visualized by UV light (254 nm) and/or dipped in a solution of cerium sulfate and
tetrahydrate of ammonium heptamolybdate in H2SO4aq and heated. Kieselgel 60 (Merck,
0.040–0.063 mm) was used for column chromatography.

Materials. All solvents and common reagents were obtained from commercial suppli-
ers. Diethyl phosphite and triethyl phosphite were purchased from Acros Organics.

1H, 13C, 31P NMR spectrum of all new compounds 3, 4c and 5 are available in
Supplementary Materials.

3.2. Substrate Synthesis

Commercially available ethyl acetimidate and ethyl benzimidate hydrochlorides
(1a and 1m) were used. Ethyl formimidate hydrochloride 1c was synthesized accord-
ing to the procedure described by Schmitz and Ohme [39]. The rest of ethyl imidate
hydrochlorides 1 were obtained according to the protocol given by Yadav and Babu [40].

General procedure for the synthesis of diethyl 1-(N-acylamino)-1-ethoxyalkylphosphonates 3.
Step 1: N-Acylation reactions of ethyl imidate hydrochlorides 1 were carried out

according to the modified procedure described by Kuźnik et al. [33]. The appropriate base
(17.6 mmol, 2.2 eq.) (Scheme 2) was added to a solution of ethyl imidate hydrochloride 1
(8.0 mmol, 1.0 eq.) in dry CH2Cl2 (25 mL) and cooled in an ice bath. Then, acid chloride
(8.0 mmol, 1.0 eq.) was added to the reaction mixture dropwise. The ice bath was removed,
and the mixture was stirred under argon atmosphere, at room temperature, for 24 h, and
the solvent was evaporated under reduced pressure. To separate the product from base
hydrochloride, hexane (15 mL) was added to the residue. The precipitate was filtered over
celite, and the filtrate was concentrated to give ethyl N-acylimidate 2.

Due to the instability of the ethyl N-(benzyloxycarbonyl)formimidate 2c, N-acylation
of ethyl formimidate hydrochloride 1c was carried out in an ice bath, and the reaction time
was reduced to 2 h. The obtained compound was immediately used in the next step.

Synthesis of ethyl N-(benzyloxycarbonyl)phenylacetimidate 2d was performed using
Hünig’s base (2.1 eq.), added in two equal portions, before and after the addition of benzyl
chloroformate (1.25 eq.). N-Acylation of ethyl benzimidate hydrochloride 1m was carried
out using toluene as a solvent.

Ethyl N-(benzyloxycarbonyl)acetimidate (2a). Pale yellow oil; 90% yield (1.592 g). 1H-NMR
(400 MHz, CDCl3): δ 7.40–7.32 (m, 5H), 5.19 (s, 2H), 4.16 (q, J = 7.2 Hz, 2H), 2.05 (s, 3H)
1.28 (t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 167.9, 161.5, 135.9, 128.5, 128.4,
128.3, 68.1, 63.2, 18.4, 13.8. HRMS (ESI) m/z: calcd for C12H15NO3Na [M + Na]+ 244.0950,
found 244.0951.
Ethyl N-(pivaloyl)acetimidate (2b) [41]. Pale yellow oil; 80% yield (1.095 g). 1H-NMR
(400 MHz, CDCl3): δ 4.12 (q, J = 7.0 Hz, 2H), 1.98 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H), 1.18
(s, 9H). 13C-NMR (100 MHz, CDCl3): δ 191.7, 161.3, 62.5, 41.4, 27.1, 18.0, 14.0. HMRS (ESI)
m/z: calcd for C9H18NO2 [M + H]+ 172.1338, found 172.1343.
Ethyl N-(benzyloxycarbonyl)formimidate (2c). Pale yellow oil; 34% yield (565 mg). 1H-NMR
(400 MHz, CDCl3): δ 8.45 (s, 1H), 7.54–7.28 (m, 5H), 5.12 (s, 2H), 4.34 (q, J = 7.0 Hz, 2H), 1.34
(t, J = 7.0 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 167.1, 161.9, 135.6, 128.53, 128.51, 128.3,
68.4, 64.5, 13.8. HRMS (ESI) m/z: calcd for C11H14NO3 [M + H]+ 208.0974, found 208.0977.
Ethyl N-(benzyloxycarbonyl)-2-phenylacetimidate (2d). Pale yellow oil; 88% yield (2.095 g).
1H-NMR (400 MHz, CDCl3): δ 7.35–7.19 (m, 10H), 5.13 (s, 2H), 4.16 (q, J = 7.2 Hz, 2H), 3.68
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(s, 2H), 1.25 (t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 167.9, 161.1, 135.7, 134.2,
129.2, 128.6, 128.5, 128.3, 127.0, 68.2, 63.5, 38.8, 13.8. HRMS (ESI) m/z: calcd for C18H20NO3
[M + H]+ 298.1443, found 298.1443.
Ethyl N-(acetyl)-2-phenylacetimidate (2e) [42]. Pale yellow oil; 85% yield (1.389 g). 1H-NMR
(400 MHz, CDCl3): δ 7.26–7.53 (m, 5H), 4.10 (q, J = 7.0 Hz, 2H), 3.66 (s, 2H), 1.96 (s, 3H), 1.17
(t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ183.4, 161.1, 134.5, 129.3, 128.6, 127.1, 62.9,
38.3, 26.3, 13.8. HRMS (ESI) m/z: calcd for C12H16NO2 [M + H]+ 206.1181, found 206.1184.
Ethyl N-(benzyloxycarbonyl)propanimidate (2f). Pale yellow oil; 80% yield (1.507 g). 1H-NMR
(400 MHz, CDCl3): δ 7.42–7.30 (m, 5H), 5.19 (s, 2H), 4.15 (q, J = 7.2 Hz, 2H), 2.36 (q, J = 7.6 Hz,
2H), 1.28 (t, J = 7.2 Hz, 3H), 1.12 (t, J = 7.6 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 170.7,
161.4, 135.9, 128.5, 128.4, 128.3, 68.1, 63.0, 26.1, 13.8, 10.5. HRMS (ESI) m/z: calcd for
C13H17NO3Na [M + Na]+ 258.1106, found 258.1108.
Ethyl N-(benzyloxycarbonyl)butanimidate (2g) [43]. Pale yellow oil; 95% yield (1.899 g).
1H-NMR: (400 MHz, CDCl3): δ 7.42–7.28 (m, 5H), 5.19 (s, 2H), 4.15 (q, J = 7.2 Hz, 2H), 2.30
(t, J = 7.6 Hz, 2H), 1.57 (sext, J = 7.6 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H), 0.86 (t, J = 7.4 Hz, 3H).
13C-NMR: (100 MHz, CDCl3): δ 169.8, 161.3, 135.9, 128.5, 128.3, 68.0, 62.9, 34.4, 19.5, 13.8,
13.6. HMRS (ESI) m/z: calcd for C14H19NO3Na [M + Na]+ 272.1263, found 272.1264.
Ethyl N-(benzyloxycarbonyl)-2-methylpropanimidate (2h). Pale yellow oil; 79% yield (1.580 g).
1H-NMR (400 MHz, CDCl3): δ 7.41–7.30 (m, 5H), 5.18 (s, 2H), 4.12 (q, J = 7.2 Hz, 2H), 2.72
(sept, J = 7.0 Hz, 1H), 1.27 (t, J = 7.2 Hz, 3H), 1.12 (d, J = 6.8 Hz, 6H).13C-NMR (100 MHz,
CDCl3): δ 172.2, 161.2, 136.0, 128.5, 128.4, 128.2, 68.1, 62.9, 32.8, 19.5, 13.7. HMRS (ESI) m/z:
calcd for C14H20NO3 [M + H]+ 250.1443 found 250.1445.
Ethyl N-(benzyloxycarbonyl)pentanimidate (2i) [43]. Yellow oil; 91% yield (1.912 g). 1H-
NMR (400 MHz, CDCl3): δ 7.42–7.29 (m, 5H), 5.18 (s, 2H), 4.14 (q, J = 7.2 Hz, 2H), 2.32
(t, J = 7.8 Hz, 2H), 1.53 (qu, J = 7.6 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H), 1.25 (sext, J = 7.2 Hz,
2H) 0.85 (t, J = 7.2 Hz, 3H) 13C-NMR (100 MHz, CDCl3): δ 170.0, 161.4, 135.9, 128.5, 128.3,
68.1, 63.0, 32.4, 28.2, 22.3, 13.9, 13.6. HMRS (ESI) m/z: calcd for C15H21NO3Na [M + Na]+

286.1419, found 286.1417.
Ethyl N-(benzyloxycarbonyl)-3-methylbutanimidate (2j). Yellow oil; 99% yield (2.083 g). 1H-NMR
(400 MHz, CDCl3): δ 7.42–7.26 (m, 5H), 5.18 (s, 2H), 4.15 (q, J = 7.0 Hz, 2H), 2.02 (d,
J = 7.2 Hz, 2H), 1.97 (sept, J = 6.8 Hz, 1H). 1.28 (t, J = 7.2 Hz, 3H), 0.85 (d, J = 6.8 Hz, 6H).
13C-NMR (100 MHz, CDCl3): δ 169.1, 161.3, 135.9, 128.6, 128.5, 128.4, 68.0, 62.9, 41.1, 26.3,
22.2, 13.9. HMRS (ESI) m/z: calcd for C15H22NO3 [M + H]+ 264.1600, found 264.1599.
Ethyl N-(acetyl)-3-methylbutanimidate (2k). Pale yellow oil; 99% yield (1.358 g). 1H-NMR
(400 MHz, CDCl3): δ 4.09 (q, J = 7.1 Hz, 2H), 2.20 (d, J = 7.2 Hz, 2H), 2.16 (s, 3H) 2.05 (m, 1H),
1.28 (t, J = 7.0 Hz, 3H), 0.95 (d, J = 6.8 Hz, 6H). 13C-NMR (100 MHz, CDCl3): δ 183.4, 162.2,
62.4, 41.0, 26.7, 26.1, 22.3, 13.9. HRMS (ESI) m/z: calcd for C9H18NO2 [M + H]+ 172.1338,
found 172.1343.
Ethyl N-(benzyloxycarbonyl)-2-methoxyacetimidate (2l). Pale yellow oil; 74% yield (1.481 g).
1H-NMR (400 MHz, CDCl3): δ 7.42–7.30 (m, 5H), 5,17 (s, 2H), 4.20 (q, J = 7.2 Hz, 2H), 4.10 (s,
2H), 3.24 (s, 3H), 1.30 (t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 164.4, 160.6, 135.9,
128.7, 128.4, 128.2, 69.7, 68.0, 63.5, 59.6, 13.8. HMRS (ESI) m/z: calcd for C13H17NO4Na
[M + Na]+ 274.1055, found 274.1057.
Ethyl N-(benzyloxycarbonyl)benzimidate (2m). Pale yellow oil; 58% yield (1.316 g). 1H-NMR
(400 MHz, CDCl3): δ 7.55–7.50 (m, 5H), 5.12 (s, 2H), 4.34 (q, J = 7.0 Hz, 2H), 1.34 (t, J = 7.0 Hz,
3H). 13C-NMR (100 MHz, CDCl3): δ 167.1, 161.9, 135.6, 128.53, 128.51, 128.3, 68.4, 64.5, 13.8.
HRMS (ESI) m/z: calcd for C17H18NO3 [M + H]+ 284.1287, found 284.1290.
Ethyl N-(benzyloxycarbonyl)-2-(4-methoxyphenyl)acetimidate (2n). Yellow oil; 96% yield (2.519 g).
1H-NMR (400 MHz, CDCl3): δ 7.36–7.32 (m, 5H), 7.11–7.09 (m, 2H), 6.80–6.76 (m, 2H), 5.13
(s, 2H), 4.15 (q, J = 7.2 Hz, 2H), 3.77 (s, 3H), 3.61 (s, 2H), 1.25 (t, J = 7.2 Hz, 3H). 13C-NMR
(100 MHz, CDCl3): δ 168.06, 161.19, 158.62, 135.76, 130.26, 128.57, 128.51, 128.31, 113.90,
68.17, 63.42, 55.20, 37.96, 13.79. HMRS (ESI) m/z: calcd for C19H22NO4 [M + H]+ 328.1549,
found 328.1546.
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Step 2: Transformation of ethyl N-acylimidates 2 into diethyl 1-(N-acylamino)-1-
ethoxyalkylphosphonates 3 was carried out according to the modified protocol given
by Kuźnik et al. [33]. Potassium carbonate (4 wt % H2O) (2.7 mmol, 373 mg, 1.35 eq.)
and 18-crown-6 (0.24 mmol, 63 mg, 0.12 eq.) were added to the solution of ethyl N-
acylimidate 2 (2 mmol, 1 eq.) in hexane (6.4 mL). Then, diethyl phosphite (2.4 mmol,
331 mg, 0.31 mL, 1.2 eq. or 4.0 mmol, 552 mg, 0.51 mL, 2 eq. or 6.0 mmol, 829 mg, 0.77 mL,
3 eq.) was added dropwise. The reaction mixture was stirred vigorously at room or reduced
temperature for the appropriate time period (Table 1). Then, K2CO3 was filtered off, and
crude product was isolated by washing first with hexane and then with CH2Cl2. The crude
product was further purified by column chromatography on silica gel using the mixture of
CH2Cl2/MeOH/Et3N (100:1:1) as the eluent.

Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxyethylphosphonate (3a). White solid; 94% yield
(338 mg); mp 69.4 to 71.0 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.39–7.30 (m, 5H), 5.71 (br
d, J = 7.9 Hz, 1H), 5.09 (ABq, J = 12.2 Hz, 2H), 4.24–4.12 (m, 4H)a, 3.67–3.60 (m, 2H), 1.90
(d, J = 15.0 Hz, 3H), 1.34 (t, J = 7.2 Hz, 3H) and 1.32 (t, J = 7.2 Hz, 3H)b, 1.17 (t, J = 7.0,
3H). 13C-NMR (100 MHz, CDCl3): δ 154.6 (d, J = 16.4 Hz), 136.2, 128.5, 128.2, 128.1, 84.4
(d, J = 196.8 Hz), 66.7, 63.8 (d, J = 6.9 Hz), 63.4 (d, J = 6.9 Hz), 58.5 (d, J = 8.0 Hz), 18.9,
16.4 (d, J = 5.3 Hz), 15.4. 31P-NMR (162 MHz, CDCl3): δ 18.5. IR (ATR): 3203, 1717, 1541,
1224, 1047, 960, 750 cm−1. HMRS (ESI) m/z: calcd for C16H27NO6P [M + H]+ 360.1576,
found 360.1578. aOverlapping signals of P(O)(OCH2CH3)2 groups. bOverlapping signals
of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-pivaloylamino)-1-ethoxyethylphosphonate (3b). Colorless oil; 74% yield (230 mg).
1H-NMR (400 MHz, CDCl3): δ 6.41 (br d, J = 7.5 Hz, 1H), 4.26–4.14 (m, 4H)a, 3.67–3.59 (m,
2H), 1.95 (d, J = 15.4 Hz, 3H), 1.35 (t, J = 7.0 Hz, 3H) and 1.34 (t, J = 7.0 Hz, 3H)b, 1.22 (s,
9H), 1.19 (t, J = 7.0 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 178.8 (d, J = 9.9 Hz), 84.9 (d,
J = 194.5 Hz), 63.9 (d, J = 6.9 Hz), 63.1 (d, J = 6.9 Hz), 58.6 (d, J = 9.5 Hz), 39.9, 27.5, 18.7,
16.5 (d, J = 5.3 Hz), 16.4 (d, J = 5.4 Hz), 15.5. 31P-NMR (162 MHz, CDCl3): δ 19.1. IR (ATR):
3283, 1676, 1519, 1244, 1021, 958 cm−1. HMRS (ESI) m/z: calcd for C13H29NO5P [M + H]+

310.1783, found 310.1790. aOverlapping signals of P(O)(OCH2CH3)2 groups. bOverlapping
signals of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxymethylphosphonate (3c). Colorless oil; 93% yield
(321 mg). 1H-NMR (400 MHz, CDCl3): δ 7.39–7.32 (m, 5H), 5.65 (dd, J = 10.8, 4.3 Hz, 1H),
5.24 (dd, J1 = 10.8 Hz, J2 = 9.3 Hz, 1H), 5.15 (ABq, J = 12.2 Hz, 2H), 4.24–4.11 (m, 4H)a,
3.81–3.74 (m, 1H), 3.65–3.57 (m, 1H), 1.33 (t, J = 7.2 Hz, 3H) and 1.29 (t, J = 7.0 Hz, 3H)b, 1.22
(t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 156.0 (d, J = 12.2 Hz), 135.9, 128.6, 128.3,
128.1, 77.4 (d, J = 201.1 Hz), 67.4, 65.4 (d, J = 12.9 Hz), 63.7 (d, J = 6.5 Hz), 63.2 (d, J = 6.9 Hz),
16.38 (d, J = 5.3 Hz) and 16.36 (d, J = 5.3 Hz)a, 14.9. 31P-NMR (162 MHz, CDCl3): δ 15.9. IR
(ATR): 3221, 1720, 1526, 1229, 1026, 977, 752 cm−1. HMRS (ESI) m/z: calcd for C15H25NO6P
[M + H]+ 346.1419, found 346.1426. aOverlapping signals of P(O)(OCH2CH3)2 groups.
bOverlapping signals of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxy-2-phenylethylphosphonate (3d). White solid;
88% yield (383 mg); mp 78.2 to 79.5 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.38–7.17 (m,
10H), 5.81 (br d, J = 10.6 Hz, 1H), 5.14 (ABq, J = 12 Hz, 2H), 4.09–3.68 (m, 7H)a, 3.41 (dd,
J1 = 14.4 Hz, J2 = 11.1 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H) and 1.21 (t, J = 7.2 Hz, 3H)b, 1.05
(t, J = 7.0 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 154.6 (d, J = 16.4 Hz), 136.1, 135.6 (d,
J = 3.6 Hz), 131.2, 128.5, 128.24, 128.19, 127.6, 126.5, 87.1 (d, J = 186.5 Hz), 66.8, 63.2 (d,
J = 7.2 Hz), 62.9 (d, J = 7.2 Hz), 59.4 (d, J = 4.6 Hz), 39.1 (d, J = 2.9 Hz), 16.3 (d, J = 5.8 Hz),
16.0 (d, J = 6.1 Hz), 15.2. 31P-NMR (162 MHz, CDCl3): δ 17.5. IR (ATR): 3204, 1726, 1548,
1245, 1019, 959, 754, 701 cm−1. HMRS (ESI) m/z: calcd for C22H30NO6NaP [M + Na]+

458.1708, found 458.1704. aOverlapping signals of CαCH2C6H5 and P(O)(OCH2CH3)2
groups. bOverlapping signals of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-acetylamino)-1-ethoxy-2-phenylethylphosphonate (3e). White solid; 53% yield
(183 mg); mp 92.8 to 94.3 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.33–7.20 (m, 5H), 6.12 (br d,
J = 11.4 Hz, 1H), 4.12–3.92 (m, 5H)a, 3.87–3.71 (m, 2H), 3.39 (dd, J1 = 14.5 Hz, J2 = 9.1 Hz,
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1H), 2.04 (s, 3H), 1.29 (t, J = 7.0 Hz, 3H), 1.23 (t, J = 7.0 Hz, 3H), 1.10 (t, J = 7.0 Hz, 3H).
13C-NMR (100 MHz, CDCl3): δ 170.3 (d, J = 9.2 Hz), 135.6 (d, J = 4.0 Hz), 131.1, 127.7, 126.6,
87.6 (d, J = 185.9 Hz), 63.4 (d, J = 7.2 Hz), 62.8 (d, J = 7.2 Hz), 59.9 (d, J = 5.3 Hz), 38.9,
24.5, 16.4 (d, J = 6.1 Hz), 16.1 (d, J = 6.1 Hz), 15.2. 31P-NMR (162 MHz, CDCl3): δ 17.9.
IR (ATR): 3185, 1670, 1548, 1218, 1029, 962, 749, 696 cm−1. HMRS (ESI) m/z: calcd for
C16H27NO5P [M + H]+ 344.1627, found 344.1627. aOverlapping signals of CαCH2C6H5
and P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxypropylphosphonate (3f). White solid; 82% yield
(306 mg); mp 59.4 to 60.8 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.38–7.30 (m, 5H), 5.77 (d,
J = 8.0 Hz, 1H), 5.09 (ABq, J = 10.0 Hz, 2H), 4.24–4.11 (m, 4H)a, 3.68–3.56 (m, 2H), 2.61 (ddq,
J1 = 23.4 Hz, J2 = 15.0 Hz, J3 = 7.5 Hz, 1H), 2.25 (tq, J1 = 14.9 Hz, J2 = 7.5 Hz, 1H), 1.33
(t, J = 7.0 Hz, 3H) and 1.32 (t, J = 7.0 Hz, 3H)b, 1.17 (t, J = 7.0 Hz, 3H), 1.02 (t, J = 7.6 Hz,
3H), 13C-NMR (100 MHz, CDCl3): δ 154.4 (d, J = 16.2), 136.2, 128.5, 128.3, 128.1, 87.7 (d,
J = 189.5 Hz), 66.7, 63.6 (d, J = 7.2 Hz), 63.1 (d, J = 7.1 Hz), 58.4 (d, J = 7.2 Hz), 25.2, 16.4
(d, J = 5.7 Hz), 15.3, 8.5 (d, J = 2.1 Hz). 31P-NMR (162 MHz, CDCl3): δ 19.0. IR (ATR):
3253, 1231, 1024, 773 cm−1. HMRS (ESI) m/z: calcd for C17H28NO6NaP [M + Na]+ 396.1552,
found 396.1545. aOverlapping signals of P(O)(OCH2CH3)2 groups. bOverlapping signals
of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxybutylphosphonate (3g). Colorless oil; 68% yield
(263 mg). 1H-NMR (400 MHz, CDCl3): δ 7.39–7.31 (m, 5H), 5.78 (br d, J = 8.0 Hz, 1H), 5.08
(ABq, J = 12.2 Hz, 2H), 4.23–4.11 (m, 4H)a, 3.68–3.55 (m, 2H), 2.61–2.47 (m, 1H), 2.23–2.11
(m, 1H), 1.54–1.44 (m, 2H), 1.33 (t, J = 7.0 Hz, 3H) and 1.32 (t, J1 = 7.0 Hz, 3H)b, 1.16 (t,
J = 7.0 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 154.4 (d, J = 16.1 Hz),
136.2, 128.5, 128.1, 128.0, 87.3 (d, J = 189.7 Hz), 66.6, 63.6 (d, J = 7.1 Hz), 63.1 (d, J = 7.0 Hz),
58.4 (d, J = 7.4 Hz), 34.4, 17.2 (d, J = 2.0 Hz), 16.4 (d, J = 5.5 Hz), 15.3, 14.4. 31P-NMR
(162 MHz, CDCl3): δ 19.0. IR (ATR): 2976, 1737, 1499, 1240, 1019, 969, 742 cm−1. HMRS
(ESI) m/z: calcd for C18H30NO6NaP [M + Na]+ 410.1708, found 410.1706. aOverlapping
signals of P(O)(OCH2CH3)2 groups. bOverlapping signals of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxy-2-methylpropylphosphonate (3h). White solid;
53% yield (205 mg); mp 54.2 to 55.5 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.37–7.31 (m, 5H),
5.91 (br d, J = 10.8 Hz, 1H), 5.09 (ABq, J = 12.2 Hz, 2H), 4.21–4.12 (m, 4H)a, 3.68–3.56 (m,
2H), 3.19 (dsept, J1 = 32.6 Hz, J2 = 7.0 Hz 1H), 1.33 (t, J = 7.0 Hz, 3H), 1.15 (t, J = 7.0 Hz, 3H),
1.12 (d, J = 6.8 Hz, 3H), 1.06 (d, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 154.6 (d,
J = 18.2 Hz), 136.3, 128.5, 128.2, 128.1, 90.2 (d, J = 185.8 Hz), 66.7, 63.4 (d, J = 7.2 Hz), 62.9
(d, J = 7.6 Hz), 58.6 (d, J = 6.5 Hz), 31.4, 17.7 (d, J = 3.1 Hz), 17.5, 16.4 (d, J = 5.3 Hz), 15.3.
31P-NMR (162 MHz, CDCl3): δ 19.7. IR (ATR): 3218, 1723, 1544, 1239, 1023, 976, 745 cm−1.
HMRS (ESI) m/z: calcd for C18H31NO6P [M + H]+ 388.1889, found 388.1890. aOverlapping
signals of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxypentylphosphonate (3i). White solid; 54% yield
(217 mg); mp 53.1 to 54.7 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.36–7.28 (m, 5H), 5.78 (br d,
J = 8.4 Hz, 1H), 5.08 (ABq, J = 12.2 Hz, 2H), 4.23–4.11 (m, 4H)a, 3.68–3.56 (m, 2H), 2.61–2.47
(m, 1H), 2.26–2.14 (m, 1H), 1.49–1.41 (m, 2H), 1.35–1.26 (m, 2H), 1.33 (t, J = 7.0 Hz, 3H),
1.32 (t, J = 7.0 Hz, 3H), 1.16 (t, J = 7.0 Hz, 3H), 0.91 (t, J = 7.2 Hz, 3H). 13C-NMR (100 MHz,
CDCl3): δ 154.3 (d, J = 16.1 Hz), 136.2, 128.4, 128.1, 128.0, 87.3 (d, J = 189.5 Hz), 66.6, 63.5 (d,
J = 7.2 Hz) and 63.1 (d, J = 7.2 Hz), 58.3 (d, J = 7.2 Hz), 31.9, 25.8 (d, J = 1.9 Hz), 22.9, 16.3 (d,
J = 5.6 Hz), 15.2, 13.9. 31P-NMR (162 MHz, CDCl3): δ 19.0. IR (ATR): 2973, 1722, 1545, 1240,
1022, 985, 754 cm−1. HMRS (ESI) m/z: calcd for C19H32NO6NaP [M + Na]+ 424.1865, found
424.1863. aOverlapping signals of CαCH2CH2CH2CH3 and P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxy-3-methylbutylphosphonate (3j). Colorless oil;
32% yield (135.7 mg). 1H-NMR (400 MHz, CDCl3): δ 7.36–7.31 (m, 5H), 5.88 (br d, J = 8.8 Hz,
1H), 5.08 (ABq, J = 12.2 Hz, 2H), 4.25–4.11 (m, 4H)a, 3.61 (qd, J = 7.0, 1.0 Hz, 2H), 2.62 (ddd, J1
= 26.3 Hz, J2 = 15.0 Hz, J3 = 7.9 Hz, 1H), 2.09–2.03 (m, 1H), 1.96 (ddd, J1 = 15.0 Hz, J2 = 9.1 Hz,
J3 = 4.3 Hz, 1H), 1.34 (t, J = 7.2 Hz, 3H) and 1.32 (t, J = 7.2 Hz, 3H)b, 1.16 (t, J = 7.0 MHz,
3H), 1.00 (d, J = 6.8 Hz, 3H), 0.94 (d, J = 6.8 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 154.4 (d,
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J = 16.7 Hz), 136.2, 128.5, 128.14, 128.06, 87.9 (d, J = 188.2 Hz), 66.6, 63.8 (d, J = 7.2 Hz), 62.9
(d, J = 7.2 Hz), 58.5 (d, J = 7.2 Hz), 40.3, 24.5 (d, J = 4.6 Hz), 23.2, 16.40 (d, J = 5.7 Hz) and
16.38 (d, J = 5.7 Hz)b, 15.1. 31P-NMR (162 MHz, CDCl3): δ 19.2. IR (ATR): 3248, 1739, 1499,
1242, 1021, 967, 749 cm−1. HMRS (ESI) m/z: calcd for C19H32NO6NaP [M + Na]+ 424.1865,
found 424.1862. aOverlapping signals of P(O)(OCH2CH3)2 groups. aOverlapping signals
of P(O)(OCH2CH3)2 groups. bOverlapping signals of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-acetylamino)-1-ethoxy-3-methylbutylphosphonate (3k). White solid; 64% yield
(198 mg); mp 58.6 to 59.7 ◦C. 1H-NMR (400 MHz, CDCl3): δ 6.30 (br d, J = 7.6 Hz, 1H),
4.28–4.13 (m, 4H)a, 3.70–3.58 (m, 2H), 2.81–2.70 (m, 1H), 1.98–1.92 (m, 2H), 2.02 (s, 3H), 1.35
(t, J = 7.0 Hz, 3H) and 1.34 (t, J = 7.0 Hz, 3H)b, 1.18 (t, J = 7.2 Hz, 3H), 1.00 (d, J = 6.7 Hz,
3H), 0.95 (d, J = 6.7 Hz, 3H). 13C-NMR (100 MHz, CDCl3): δ 170.1 (d, J = 12.9 Hz), 88.8
(d, J = 187.3 Hz), 64.1 (d, J = 7.2 Hz), 62.7 (d, J = 7.2 Hz), 59.0 (d, J = 8.0 Hz), 39.7,
24.9, 24.7 (d, J = 3.0 Hz), 24.5, 23.1, 16.43 (d, J = 6.1 Hz) and 16.40 (d, J = 5.3 Hz)b, 15.1.
31P-NMR (162 MHz, CDCl3): δ 19.6. IR (ATR): 3197, 1670, 1541, 1224, 1070, 956, 759 cm−1.
HMRS (ESI) m/z: calcd for C13H29NO5P [M + H]+ 310.1783, found 310.1776. aOverlapping
signals of P(O)(OCH2CH3)2 groups. aOverlapping signals of P(O)(OCH2CH3)2 groups.
bOverlapping signals of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxy-2-methoxyethylphosphonate (3l). White solid;
91% yield (354 mg); mp 60.1 to 62.1 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.37–7.30 (m,
5H), 5.97 (br d, J = 11.0 Hz, 1H), 5.10 (ABq, J = 12.0 Hz, 2H), 4.26–4.15 (m, 5H)a, 3.92 (dd,
J1 = 10.6 Hz, J2 = 9.3 Hz, 2H), 3.75–3.61 (m, 2H), 3.41 (s, 3H), 1.34 (td, J1 = 7.2 Hz, J2 = 0.4 Hz,
3H) and 1.33 (td, J1 = 7.2 Hz, J2 = 0.4 Hz, 3H)b, 1.18 (t, J = 7.2 Hz, 3H). 13C-NMR (100
MHz, CDCl3): δ 154.4 (d, J = 14.3 Hz), 136.1, 128.5, 128.2, 128.1, 86.0 (d, J = 188.8 Hz), 72.5,
67.0, 63.6 (d, J = 7.2 Hz), 63.5 (d, J = 6.9 Hz), 59.4, 59.3 (d, J = 6.0 Hz), 16.4 (d, J = 5.7 Hz),
15.4. 31P-NMR (162 MHz, CDCl3): δ 17.9. IR (ATR): 3227, 2985, 1733, 1528, 1245, 1027, 987,
758 cm−1. HMRS (ESI) m/z: calcd for C17H28NO7NaP [M + Na]+ 412.1501, found 412.1494.
aOverlapping signals of CαCH2OMe and P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxy-1-phenylmethylphosphonate (3m). White solid;
82% yield (345 mg); mp 96.6 to 97.6 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.55–7.52 (m, 2H)
and 7.35–7.28 (m, 8H)a, 6.23 (d, J = 10. Hz, 1H), 5.04 (ABq, J = 12.4 Hz, 2H), 4.14–3.67 (m,
6H)b, 1.26 (t, J = 7.0 Hz, 3H) and 1.25 (td, J1 = 7.0 Hz, J2 = 0.8 Hz, 3H)c, 1.17 (t, J = 7.2 Hz,
3H). 13C-NMR (100 MHz, CDCl3): δ 154.4 (d, J = 20.9 Hz), 136.0, 128.4, 128.14, 128.11, 127.75,
127.72, 127.41, 127.37, 87.3 (d, J = 185.8 Hz), 67.0, 64.5 (d, J = 7.2 Hz), 63.8 (d, J = 7.7 Hz),
59.8 (d, J = 6.1 Hz), 16.3 (d, J = 5.7 Hz), 16.2 (d, J = 5.6 Hz), 15.3. 31P-NMR (162 MHz,
CDCl3): δ 15.4. IR (ATR): 3195, 1729, 1541, 1234,1027, 957, 737 cm−1. HMRS (ESI) m/z:
calcd for C21H28NO6NaP [M + Na]+ 445.1552, found 444.1546. aOverlapping signals of
PhCH2O and CαPh groups. aOverlapping signals of PhCH2O and P(O)(OCH2CH3)2
groups. cOverlapping signals of P(O)(OCH2CH3)2 groups.
Diethyl 1-(N-benzyloxycarbonylamino)-1-ethoxy-2-(4-methoxyphenyl)ethylphosphonate (3n). White
solid; 70% yield (326 mg); mp 80.1 to 81.6 ◦C. 1H-NMR (400 MHz, CD3CN): δ 7.40–7.33
(m, 5H), 7.20–7.16 (m, 2H), 6.79–6.75 (m, 2H), 5.91 (br d, J = 10.0 Hz, 1H), 5.11 (s, 2H),
4.05–3.87 (m, 4H)a, 3.80–3.72 (m, 1H)b, 3.74 (s, 3H)b, 3.67–3.57 (m, 2H), 1.17 (td, J1 = 7.0,
J2 = 0.5 Hz, 3H), 1.13 (t, J = 7.0 Hz, 3H), 1.10 (td, J1 = 7.0 Hz, J2 = 0.5 Hz, 3H). 13C-NMR
(100 MHz, CDCl3): δ 159.5, 155.4 (d, J = 14.1 Hz), 138.0, 133.1, 129.5, 129.1, 129.0, 128.5 (d,
J = 3.8 Hz), 114.0, 88.3 (d, J = 187.3 Hz), 67.2, 63.78 (d, J = 7.2 Hz) and 62.73 (d, J = 7.2 Hz)a,
60.1 (d, J = 4.2 Hz), 55.8, 39.1 (d, J = 5.0 Hz), 15.7 (d, J = 5.7 Hz) and 15.6 (d, J = 5.7 Hz), 14.6.
31P-NMR (162 MHz, CD3CN): δ 17.29. IR (ATR): 3197, 2973, 1720, 1514, 1255, 1019, 972, 738,
697 cm−1. HMRS (ESI) m/z: calcd for C23H32NO7NaP [M + Na]+ 488.1814, found 488.1812.
aOverlapping signals of P(O)(OCH2CH3)2 groups. bOverlapping signals of C6H4OCH3
and CαCH2C6H4CH3 groups.
Synthesis of diethyl 1-(N-benzyloxycarbonylamino)-1-triphenylphosphonium-methylphosphonate
tetrafluoroborate 4c.

Diethyl 1-(N-benzyloxycarbonylamino)-1-triphenylphosphoniummethylphosphonate
tetrafluoroborate 4c was synthesized as previously described by Kuźnik et al. [33]. In
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brief, triphenylphosphonium tetrafluoroborate (1.12 mmol, 392 mg, 1.12 eq.) and diethyl
1-(N-benzyloxycarbonylamino)-1-ethoxymethylphosphonate 3c (1.0 mmol, 345 mg, 1 eq.)
were dissolved in dry CH2Cl2 (5 mL) for homogenization. The solvent was evaporated,
and the residue was heated in an oil bath at 85 ◦C under reduced pressure for 5 h. The
resulting phosphonium salt 4c was used in the next step without further purification.

Diethyl 1-(N-benzyloxycarbonylamino)-1-triphenylphosphoniummethylphosphonate (4c) Colorless
crystals; 95% yield (615 mg), mp 163.7 to 164.9 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.85–7.58
(m, 16H)a 7.33–7.25 (m, 5H), 5.96 (ddd, J = 22.7, 16.6, 9.9 Hz, 1H), 4.96 (ABq, J = 12.6 Hz,
2H), 4.17–4.07 (m, 2H), 3.95–3.84 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H), 1.15 (t, J = 7.1 Hz, 3H).
13C-NMR (100 MHz, CDCl3): δ 156.3, 135.7, 135.1 (d, J = 3.1 Hz), 134.8 (d, J = 10.3 Hz), 130.1
(d, J = 13.0 Hz), 128.4, 128.1, 128.0, 116.9 (d, J = 84.7 Hz), 67.9, 65.1 (d, J = 7.6 Hz), 64.9 (d,
J = 6.9 Hz), 48.1 (dd, J = 152.8, 48.5 Hz), 16.1 (d, J = 6.1 Hz), 16.0 (d, J = 5.0 Hz). 31P-NMR
(162 MHz, CDCl3): 27.5 (d, J = 37.5 Hz), 11.2 (d, J = 37.5 Hz). IR (ATR) 3213, 1712, 1522,
1273, 1008, 747, 688. HRMS (ESI) m/z: calcd for C31H34NO5P2 [M + H]+ 562.1912, found
562.1912. aOverlapping signals of +PPh3 and NH groups.

3.3. General Procedure for the One-Pot Synthesis of Tetraethyl
1-(N-acylamino)alkylene-1,1-bisphosphonates 5

Triethyl phosphite (1.5 mmol, 249 mg, 0.26 mL, 1.5 eq.) was added to a solution of di-
ethyl 1-(N-acylamino)-1-ethoxyalkylphosphonate 3 (1.0 mmol) and triphenylphosphonium
tetrafluoroborate (1.05–1.08 mmol, 368 mg–378 mg, 1.05–1.08 eq.) in dry MeCN or CH2Cl2
(4 mL). The reaction mixture was heated or left at room temperature for the appropriate
time period (Scheme 4). Then, the solvent was evaporated under reduced pressure, and
the residue was extracted with toluene (3 to 5 times). After evaporation of the toluene, the
crude product 5 was purified by column chromatography on silica gel using the mixture of
CH2Cl2/MeOH (20:1) as the eluent.

The synthesis of compound 5l was carried out in an analogous manner but with larger
excess of triphenylphosphonium tetrafluoroborate (1.2 mmol, 420 mg, 1.2 eq.) and the
addition of Hünig’s base (0.5 mmol, 65 mg, 87 µL, 0.5 eq.).

Synthesis of tetraethyl 1-(N-benzyloxycarbonylamino)methylene-1,1-bisphosphonate 5c.
Triethyl phosphite (1.5 mmol, 249 mg, 258 µL, 1.5 eq.) and Hünig’s base (0.42 mmol,

54 mg, 73 µL, 0.42 eq.) were added to a solution of crude diethyl 1-(N-benzyloxycarbonylamino)
-1-triphenylphosphoniummethylphosphonate tetrafluoroborate 4c (1.0 mmol, 649 mg, 1 eq.)
in dry MeCN (4 mL). The mixture was heated at 70 ◦C for 8 h. The product 5c was isolated
and purified in an analogous manner as described in the procedure above.

Tetraethyl 1-(N-benzyloxycarbonylamino)ethylene-1,1-bisphosphonate (5a). Colorless crystals;
95% yield (430 mg), mp 47.1 to 48.7 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.36–7.31 (m, 5H),
5.40 (br t, J = 3.4 Hz, 1H), 5.07 (s, 2H), 4.25–4.12 (m, 8H)a, 1.98 (t, J = 17.0 Hz, 3H), 1.33 (t,
J = 7.2 Hz, 6H) and 1.31 (t, J = 7.2 Hz, 6H)b. 13C-NMR (100 MHz, CDCl3): 154.3, 136.3, 128.4,
128.11, 128.09, 66.7, 63.83 (d, J = 3.4 Hz) and 63.80 (d, J = 3.4 Hz) and 63.75 (d, J = 3.4 Hz) and
63.72 (d, J = 3.4 Hz)a, 55.8 (t, J = 146.9 Hz), 16.5–16.3 (m)b, 16.2 (br t, J = 4.1 Hz). 31P-NMR
(162 MHz, CDCl3): 19.6. IR (ATR) 3218, 1714, 1537, 1229, 1016, 958, 750. HRMS (ESI)
m/z: calcd for C18H32NO8P2 [M + H]+ 452.1603, found 452.1610. aOverlapping signals of
P(O)(OCH2CH3)2 groups. bOverlapping signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-pivaloylamino)ethylene-1,1-bisphosphonate (5b). Colorless crystals; 62% yield
(247 mg), mp 50.8 to 52.3 ◦C. 1H-NMR (400 MHz, CDCl3): δ 6.19 (br t, J = 4.6 Hz, 1H),
4.28–4.19 (m, 8H)a, 2.01 (t, J = 17.0 Hz, 3H), 1.35 (t, J = 7.0 Hz, 12H), 1.20 (s, 9H). 13C-NMR
(100 MHz, CDCl3): δ 177.7 (t, J = 5.1 Hz), 63.76 (d, J = 3.4 Hz) and 63.73 (d, J = 3.4 Hz)
and 63.67 (d, J = 3.4 Hz) and 63.64 (d, J = 3.4 Hz)a, 56.7 (t, J = 144.9 Hz), 39.8, 27.4, 16.7
(t, J = 4.5 Hz), 16.5–16.4 (m)b. 31P-NMR (162 MHz, CDCl3): 20.0. IR (ATR) 3276, 1677,
1515, 1233, 1016, 945. HRMS (ESI) m/z: calcd for C15H34NO7P2 [M + H]+ 402.1811, found
402.1813. aOverlapping signals of P(O)(OCH2CH3)2 groups. bOverlapping signals of
P(O)(OCaH2CH3)2 groups.
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Tetraethyl 1-(N-benzyloxycarbonylamino)methylene-1,1-bisphosphonate (5c). Colorless crystals;
82% yield (357 mg), mp 59.8 to 60.7 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.36–7.31 (m, 5H),
5.32 (br d, J = 10.4 Hz, 1H), 5.15 (s, 2H), 4.59 (td J1 = 21.9, J2 = 10.4 Hz), 4.25–4.12 (m, 8H)a,
1.32 (t, J = 7.0 Hz, 6H) and 1.29 (t, J = 7.0 Hz, 6H)b. 13C-NMR (100 MHz, CDCl3): δ 155.5
(t, J = 4.9 Hz), 135.9, 128.5, 128.3, 128.1, 67.6, 63.5, 46.0 (t, J = 146.8 Hz), 16.3–16.2 (m)b.
31P-NMR (162 MHz, CDCl3): 16.3. IR (ATR) 3354, 1717, 1528, 1266, 1019, 977, 736. HRMS
(ESI) m/z: calcd for C17H29NO8NaP2 [M + Na]+ 460.1266, found 460.1261. aOverlapping
signals of P(O)(OCH2CH3)2 groups. bOverlapping signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-benzyloxycarbonylamino)-2-phenylethylene-1,1-bisphosphonate (5d). Colorless
crystals; 86% yield (455 mg), mp 60.2 to 61.5 ◦C. 1H-NMR (400 MHz, CDCl3) δ 7.44–7.34
(m, 5H), 7.26–7.16 (m, 5H), 5.44 (t, J = 12.7 Hz, 1H), 5.18 (s, 2H), 4.30–4.15 (m, 4H)a, 4.13–
4.03 (m, 2H), 3.98–3.88 (m, 2H), 3.58 (dd, J = 15.3, 11.7 Hz, 2H), 1.30 (t, J = 7.2 Hz, 6H),
1.19 (t, J = 7.2 Hz, 6H). 13C-NMR (100 MHz, CDCl3) δ 154.9 (t, J = 8.8 Hz), 136.4, 135.3
(t, J = 8.6 Hz), 131.2, 128.49, 128.45, 128.2, 127.7, 126.7, 67.1, 63.9 (d, J = 7.5 Hz), 63.0 (d,
J = 7.4 Hz), 61.2 (t, J = 143.1 Hz), 35.5, 16.3 (d, J = 6.3 Hz), 16.2 (d, J = 6.2 Hz). 31P-NMR
(162 MHz, CDCl3): 18.8. IR (ATR) 3224, 1711, 1534, 1266, 1022, 963, 752. HRMS (ESI) m/z:
calcd for C24H35NO8NaP2 [M + Na]+ 550.1736, found 550.1732. aOverlapping signals of
P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-acetylamino)-2-phenylethylene-1,1-bisphosphonate (5e). Colorless crystals; 59%
yield (255 mg); mp 91.0 to 92.3 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.28–7.19 (m, 5H),
6.04 (br t, J = 13.3 Hz, 1H), 4.33–4.25 (m, 4H)a, 4.16–4.06 (m, 2H), 4.04–3.94 (m, 2H), 3.57
(dd, J = 15.3, 12.0 Hz, 2H), 2.05 (s, 3H), 1.35 (t, J = 7.1, Hz, 6H), 1.23 (t, J = 7.1 Hz, 6H).
13C-NMR (100 MHz, CDCl3): δ 169.9 (t, J = 7.3 Hz), 135.5 (t, J = 8.2 Hz), 131.1, 127.7, 126.9,
64.1 (d, J = 7.3 Hz), 62.9 (d, J = 7.6 Hz), 61.4 (t, J = 143.1 Hz), 35.2, 23.9, 16.4 (d, J = 6.2 Hz),
16.1 (d, J = 6.5 Hz). 31P-NMR (162 MHz, CDCl3): 19.2. IR (ATR) 3305, 2989, 1684, 1537, 1245,
1065, 1008, 962. HRMS (ESI) m/z: calcd for C18H31NO7NaP2 [M + Na]+ 458.1473, found
458.1467. aOverlapping signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-benzyloxycarbonylamino)propylene-1,1-bisphosphonate (5f). Colorless crystals;
90% yield (417 mg), mp 61.6 to 62.8 ◦C. 1H-NMR (400 MHz, CDCl3) δ 7.37–7.31 (m, 5H),
5.47 (br t, J = 8.3 Hz, 1H), 5.08 (s, 2H), 4.27–4.15 (m, 8H)a, 2.42 (tq, J1 = 16.0 Hz, J2 = 7.7 Hz,
2H), 1.34 (t, J = 7.0 Hz, 6H) and 1.32 (t, J = 7.0 Hz, 6H)b, 1.11 (t, J = 7.4 Hz, 3H). 13C-NMR
(100 MHz, CDCl3) δ 154.3 (t, J = 8.0 Hz), 136.4, 128.4, 128.1, 66.8, 63.67 (d, J = 3.5 Hz) and
63.64 (d, J = 3.5 Hz)b, 63.42 (d, J = 3.5 Hz) and 63.38 (d, J = 3.5 Hz)a, 60.4 (t, J = 144.4 Hz),
23.8 (t, J = 3.0 Hz), 16.5–16.3 (m)b, 9.1(t, J = 6.5 Hz). 31P-NMR (162 MHz, CDCl3): 20.0. IR
(ATR) 3422, 1737, 1503, 1248, 1022, 968, 770. HRMS (ESI) m/z: calcd for C19H33NO8NaP2
[M + Na]+ 488.1579, found 488.1577. aOverlapping signals of P(O)(OCH2CH3)2 groups.
bOverlapping signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-benzyloxycarbonylamino)butylene-1,1-bisphosphonate (5g). Colorless crystals;
95% yield (457 mg), mp 66.7 to 68.5 ◦C. 1H-NMR (400 MHz, CDCl3) δ 7.37–7.30 (m, 5H),
5.46 (br t, J = 8.2 Hz, 1H), 5.08 (s, 2H), 4.26–4.14 (m, 8H)a, 2.36–2.24 (m, 2H), 1.61–1.55
(m, 2H), 1.33 (t, J = 7.0 Hz, 6H) and 1.32 (t, J = 7.0 Hz, 6H)b, 0.93 (t, J = 7.3 Hz, 3H). 13C-NMR
(100 MHz, CDCl3): δ 154.3 (t, J = 7.6 Hz), 136.4, 128.4, 128.1, 66.8, 63.66 (d, J = 3.5 Hz) and
63.63 (d, J = 3.5 Hz)a, 63.43 (d, J = 3.5 Hz) and 63.40 (d, J = 3.5 Hz)a, 60.1 (t, J = 143.5 Hz),
32.7 (t, J = 3.0 Hz), 17.7 (t, J = 6.2 Hz), 16.45 (d, J = 2.9 Hz) and 16.43 (d, J = 2.6 Hz) and 16.40
(d, J = 2.7 Hz) and 16.37 (d, J = 2.9 Hz)b, 14.5. 31P-NMR (162 MHz, CDCl3): 20.1. IR (ATR)
1735, 1499, 1243, 1017, 958, 740. HRMS (ESI) m/z: calcd for C20H35NO8NaP2 [M + Na]+

502.1736, found 502.1731. aOverlapping signals of P(O)(OCH2CH3)2 groups. bOverlapping
signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-benzyloxycarbonylamino)-2-methylpropylene-1,1-bisphosphonate (5h). Colorless
oil; 72% yield (344 mg). 1H-NMR (400 MHz, CDCl3): δ 7.37–7.28 (m, 5H), 5.71 (t, J = 10.1 Hz,
1H), 5.09 (s, 2H), 4.28–4.13 (m, 8H)a, 3.06 (tsept, J1 = 23.6, J2 = 7.0 Hz 1H), 1.33 (t, J = 7.0 Hz,
6H) and 1.32 (t, J = 7.0 Hz, 6H)b, 1.22 (d, J = 6.9 Hz, 6H). 13C-NMR (100 MHz, CDCl3): δ
154.3 (t, J = 8.2 Hz), 136.4, 128.4, 128.0, 66.8, 64.6 (t, J = 139.2 Hz), 63.40 (d, J = 3.6 Hz) and
63.36 (d, J = 3.6 Hz)a, 63.11 (d, J = 3.5 Hz) and 63.08 (d, J = 3.6 Hz)a, 30.7, 18.8 (t, J = 4.3 Hz),
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16.40 (d, J = 3.0 Hz) and 16.37 (d, J = 2.9 Hz) and 16.34 (d, J = 2.9 Hz) and 16.31 (d, J = 3.0 Hz)b.
31P-NMR (162 MHz, CDCl3): 20.7. IR (ATR) 3433, 1743, 1500, 1244, 1019, 966, 741. HRMS
(ESI) m/z: calcd for C20H36NO8P2 [M + H]+ 480.1916, found 480.1917. aOverlapping signals
of P(O)(OCH2CH3)2 groups. bOverlapping signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-benzyloxycarbonylamino)pentylene-1,1-bisphosphonate (5i). Colorless crystals;
90% yield (444 mg), mp 56.0 to 57.2 ◦C. 1H-NMR (400 MHz, CDCl3) δ 7.37–7.29 (m, 5H),
5.47 (br t, J = 8.5 Hz, 1H), 5.08 (s, 2H), 4.26–4.14 (m, 8H)a, 2.38–2.26 (m, 2H), 1.57–1.49
(m, 2H), 1.37–1.25 (m, 2H) and 1.33 (t, J = 7.0 Hz, 6H) and 1.32 (t, J = 7.0 Hz, 6H)b,
0.90 (t, J = 7.3 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ 154.3 (t, J = 7.3 Hz), 136.4, 128.4,
128.0, 66.7, 63.59 (d, J = 3.5 Hz) and 63.55 (d, J = 3.5 Hz)b, 63.38 (d, J = 3.4 Hz) and 63.34
(d, J = 3.5 Hz)b, 60.0 (t, J = 144.4 Hz), 30.4 (t, J = 3.0 Hz), 26.2 (t, J = 6.0 Hz), 23.0, 16.39 (d,
J = 2.7 Hz) and 16.36 (d, J = 2.6 Hz) and 16.33 (d, J = 2.6 Hz) and 16.31 (d, J = 2.7 Hz)a, 13.9.
31P-NMR (162 MHz, CDCl3): 20.1. IR (ATR) 3224, 1736, 1498, 1233, 1019, 953, 772. HRMS
(ESI) m/z: calcd for C21H37NO8NaP2 [M + Na]+ 516.1892, found 516.1889. aOverlapping
signals of P(O)(OCH2CH3)2 groups. bOverlapping signals of CαCH2CH2CH2CH3 and
P(O)(OCH2CH3)2 groups. cOverlapping signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-benzyloxycarbonylamino)-3-methylbutylene-1,1-bisphosphonate (5j). Colorless
crystals; 74% yield (367 mg), mp 54.9 to 55.5 ◦C. 1H-NMR (400 MHz, CDCl3) δ 7.35–7.30
(m, 5H), 5.55 (br t, J = 12.0 Hz, 1H), 5.09 (s, 2H), 4.28–4.16 (m, 8H)a, 2.19–2.11 (m, 3H), 1.33
(t, J = 7.1 Hz, 12H), 0.95 (d, J = 6.2 Hz, 6H). 13C-NMR (100 MHz, CDCl3): 154.4 (t, J = 8.0 Hz),
136.4, 128.4, 128.14, 128.06, 66.9, 63.56 (d, J = 3.5 Hz) and 63.52 (d, J = 3.5 Hz)a, 63.34
(d, J = 3.5 Hz) and 63.30 (d, J = 3.5 Hz)a, 60.7 (t, J = 142.9 Hz), 38.6 (t, J = 2.2 Hz), 25.2
(t, J = 7.8 Hz), 24.2, 16.44–16.26 (m)b. 31P-NMR (162 MHz, CDCl3): 20.4. IR (ATR) 3231,
1716, 1528, 1250, 1026, 967, 749. HRMS (ESI) m/z: calcd for C21H37NO8NaP2 [M + Na]+

516.1892, found 516.1891. aOverlapping signals of P(O)(OCH2CH3)2 groups. bOverlapping
signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-acetylamino)-3-methylbutylene-1,1-bisphosphonate (5k). Colorless crystals; 69%
yield (278 mg), mp 108.8 to 110.3 ◦C. 1H-NMR (400 MHz, CDCl3): δ 6.25 (br t, J = 13.0 Hz,
1H), 4.28–4.17 (m, 8H)a, 2.18–2.07 (m, 3H), 2.02 (s, 3H), 1.349 (t, J = 7.0 Hz, 6H) and
1.345 (t, J = 7.0 Hz, 6H)b, 0.96 (d, J = 6.3 Hz, 6H). 13C-NMR (100 MHz, CDCl3): δ 169.2
(t, J = 6.9 Hz), 63.6 (d, J = 7.3 Hz), 63.1 (d, J = 7.2 Hz), 60.9 (t, J = 143.2 Hz), 38.4 (t, J = 2.6 Hz),
25.4 (t, J = 8.0 Hz), 24.2, 23.9, 16.4 (d, J = 6.0 Hz) and 16.3 (d, J = 6.3 Hz)b. 31P-NMR
(162 MHz, CDCl3): 20.9. IR (ATR) 3441, 1682, 1541, 1234, 1023, 971. HRMS (ESI) m/z:
calcd for C15H34NO7P2 [M + H]+ 402.1811, found 402.1811. aOverlapping signals of
P(O)(OCH2CH3)2 groups. bOverlapping signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-benzyloxycarbonylamino)-2-methoxyethylene-1,1-bisphosphonate (5l). Colorless
oil; 52% yield (248 mg), 1H-NMR (400 MHz, CDCl3) δ 7.36–7.28 (m, 5H), 5.56 (br t, J = 8.0 Hz,
1H), 5.09 (s, 2H), 4.26–4.12 (m, 10H)a, 3.39 (s, 3H), 1.32 (t, J = 7.0 Hz, 12H). 13C-NMR
(100 MHz, CDCl3): δ 154.4 (t, J = 6.2 Hz), 136.3, 128.4, 128.1, 128.0, 70.1, 66.9, 63.59 (d,
J = 3.5 Hz) and 63.55 (d, J = 3.6 Hz) and 63.52 (d, J = 3.6 Hz)b, 60.5 (t, J = 142.7 Hz), 59.1,
16.4–16.3 (m)c. 31P-NMR (162 MHz, CDCl3): 18.0. IR (ATR) 1741, 1498, 1254, 1023, 973,
733. HRMS (ESI) m/z: calcd for C19H33NO9NaP2 [M + Na]+ 504.1528, found 504.1526.
aOverlapping signals of and CαCH2OCH3 and P(O)(OCH2CH3)2 groups. aOverlapping
signals of P(O)(OCH2CH3)2 groups. bOverlapping signals of P(O)(OCH2CH3)2 groups.
Tetraethyl 1-(N-benzyloxycarbonylamino)phenylmethylene-1,1-bisphosphonate (5m). Colorless
crystals; 40% yield (204 mg); mp 66.1 to 68.0 ◦C. 1H-NMR (400 MHz, CDCl3): δ 7.70–7.66 (m,
2H) and 7.38–7.25 (m, 8H)a, 5.93 (br s, 1H), 5.12 (s, 2H), 4.16–3.94 (m, 8H)b, 1.21 (t, J = 7.0 Hz,
12H). 13C-NMR (100 MHz, CDCl3) δ 154.4 (br s), 136.3, 132.0, 128.4, 128.1 (t, J = 5.0 Hz),
127.6 (t, J = 2.6 Hz), 127.5 (t, J = 2.3 Hz), 67.1, 64.25 (d, J = 3.7 Hz) and 64.21 (d, J = 3.6 Hz)
and 64.08 (d, J = 3.6 Hz) and 64.05 (d, J = 3.8 Hz)b, 64.15 (t, J = 140.4 Hz), 16.26 (d, J = 3.1 Hz)
and 16.23 (d, J = 3.0 Hz)c. 31P-NMR (162 MHz, CDCl3): 17.1. IR (ATR) 3218, 1723, 1530,
1014, 949, 750, 697. HRMS (ESI) m/z: calcd for C23H33NO8NaP2 [M + Na]+ 536.1579, found
536.1570. aOverlapping signals of PhCH2O and CαPh groups. aOverlapping signals of
P(O)(OCH2CH3)2 groups. cOverlapping signals of P(O)(OCH2CH3)2 groups.
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Tetraethyl 1-(N-benzyloxycarbonylamino)-2-(4-methoxyphenyl)ethylene-1,1-bisphosphonate (5n).
Colorless crystals; 74% yield (412 mg), mp 71.7 to 73.5 ◦C. 1H-NMR (400 MHz, CDCl3)
δ 7.44–7.34 (m, 5H), 7.14–7.09 (m, 2H), 6.71–6.69 (m, 2H), 5.43 (br t, J = 12.8 Hz), 5.17 (s,
2H), 4.29–4.17 (m, 4H), 4.13–4.08 (m, 2H), 4.05–3.91 (m, 2H), 3.75 (s, 3H), 3.52 (dd, J1 = 15.3,
J2 = 11.8 Hz, 2H) 1.31 (t, J = 7.1 Hz, 6H), 1.21 (t, J = 7.1 Hz, 6H). 13C-NMR (100 MHz, CDCl3)
δ 158.5, 154.9 (t, J = 8.8 Hz), 136.3, 132.1, 128.46, 128.45, 128.2, 127.2 (t, J = 8.6 Hz), 113.1, 67.0,
63.9 (d, J = 7.4 Hz), 63.0 (d, J = 7.6 Hz), 61.1 (t, J = 143.0 Hz), 55.2, 34.7, 16.3 (d, J = 6.3 Hz),
16.2 (d, J = 6.2 Hz). 31P-NMR (162 MHz, CDCl3): 19.0. IR (ATR) 3251, 1715, 1513, 1247, 1028,
953, 774. HRMS (ESI) m/z: calcd for C25H37NO9NaP2 [M + Na]+ 580.1841, found 580.1839.

4. Conclusions

In conclusion, we developed a simple and efficient methodology for the preparation of
N-protected bisphosphonic analogs of protein and non-protein α-amino acids. The optimiza-
tion of our procedure, consisting of the reaction of 1-(N-acylamino)-1-ethoxyphosphonates 3
with triphenylphosphonium tetrafluoroborate and triethyl phosphite, highlights the one-pot
synthesis conducted in mild conditions. In most cases, there is no need to use any catalyst as
it is autocatalytic in nature. Relatively easy access to the starting α-ethoxyphosphonates 3,
obtained from ethyl N-acylimidates 2, simple work-up of the reaction mixture and good
to excellent yields of the target products 5 are additional advantages of the proposed
protocol. The methodology provided constitutes a convenient approach for the synthesis
of structurally diverse N-protected 1-aminobisphosphonate derivatives 5 and can be con-
sidered a new universal strategy for the construction of bisphosphorus organic compounds
containing the P-C(N)-P skeleton.

It is worth emphasizing that the one-pot method reported here proceeds through the
indirect transformation of α-ethoxyphosphonates, non-reactive in the Michaelis–Arbuzow-
type reaction, into the corresponding phosphonium salts 4 of high reactivity and thus
susceptibility to further reaction with phosphorus nucleophiles. This is another confirma-
tion of the synthetic potential of phosphonium salts, which are increasingly gaining in
importance. As reactive intermediates, they often enable transformations that are difficult
to perform with other methods.

Supplementary Materials: The following can be downloaded at: https://www.mdpi.com/article/
10.3390/molecules27113571/s1. Supporting information includes 1H, 13C, 31P NMR of all new
compounds 3, 4c and 5, as well as a tabulated summary of the characteristic 13C NMR data of
these compounds.
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Abstract: Bisphosphonates (BPs) are common pharmaceutical treatments used for calcium- and
bone-related disorders, the principal one being osteoporosis. Their antiresorptive action is related to
their high affinity for hydroxyapatite, the main inorganic substituent of bone. On the other hand, the
phosphonate groups on their backbone make them excellent ligands for metal ions. The combination
of these properties finds potential application in the utilization of such systems as controlled drug
release systems (CRSs). In this work, the third generation BP drug zoledronate (ZOL) was combined
with alkaline earth metal ions (e.g., Sr2+ and Ba2+) in an effort to synthesize new materials. These
metal–ZOL compounds can operate as CRSs when exposed to appropriate experimental conditions,
such as the low pH of the human stomach, thus releasing the active drug ZOL. CRS networks
containing Sr2+ or Ba2 and ZOL were physicochemically and structurally characterized and were
evaluated for their ability to release the free ZOL drug during an acid-driven hydrolysis process.
Various release and kinetic parameters were determined, such as initial rates and release plateau
values. Based on the drug release results of this study, there was an attempt to correlate the ZOL
release efficiency with the structural features of these CRSs.

Keywords: osteoporosis; bisphosphonates; zoledronate; metal phosphonates; hybrid materials;
controlled release; MOFs; strontium; barium

1. Introduction

Bisphosphonates (BPs) have been introduced to the pharmaceutical market since the
late 1970s as drugs for disorders of calcium metabolism [1]. BPs are chemically stable
structural analogs of inorganic pyrophosphate. They possess a carbon in the place of the
bridging O of pyrophosphate. This endows them with resistance to hydrolysis and high
affinity for hydroxyapatite (HAP), the principal natural mineral component of bone and
teeth [2].

Zoledronate (ZOL, Figure 1) is a third generation N-containing BP drug, 5000 times
more potent than etidronate, a 1st generation drug. It is administered as a solution or in
tablet form (as zoledronic acid) under several commercial names (e.g., Zometa®). It exhibits
an affinity constant Kapp = 34.7 ± 1.8 × 105 M−1 for hydroxyapatite [3]. The binding
affinity determines drug absorption and retention by the bone. These features affect its
osteoclast inhibition potency. ZOL was approved in 2001 (by the FDA) for the treatment of
several bone-related disorders (e.g., osteoporosis, high blood calcium due to cancer, bone
breakdown due to cancer, Paget’s disease of bone and Duchenne muscular dystrophy).

In general, BPs are administered orally and in some cases via injection. Their bioavail-
ability is very low (depending on the individual BP) and only a small portion of the drug
is absorbed by the intestine, distributed via blood in the body and finally reaching bone.
Hence, the therapeutic dosage is usually increased in order to achieve effective patient

81



Molecules 2022, 27, 6212

treatment, resulting in several side effects, such as hypocalcemia, osteomyelitis, osteonecro-
sis of the lower jaw, “flu”-like symptoms, bone pain, and gastro-intestinal, ocular and renal
side effects [4].
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One strategy to reduce side effects is the fabrication of controlled release systems
(CRSs) that could demonstrate release of the active BP drug in a predictable and controlled
way. One approach is to view BPs as organic ligands for metal ions. The presence of the
anionic phosphonate groups on the BP backbone endows them with strong affinity for metal
ions in aqueous solutions [5]. Hence, metal-containing hybrid materials were constructed
by combining BPs with biologically acceptable metal ions such as Mg2+ and Ca2+, or
their surrogates Sr2+ and Ba2+. Some biological applications of coordination compounds
and metal organic frameworks (MOFs) included their evaluation as CRSs under different
conditions that mimic the conditions in human body (e.g., the gastrointestinal tract) [6].

Recently, we initiated a systematic study of metal-containing coordination polymers in
which the linker is an actual BP drug. The scope of this study includes the synthesis of such
metal–BP systems, their full structural elucidation, and the evaluation of their ability to act
as sources of the BP drug when exposed to appropriate conditions. For example, Mg2+– and
Ca2+–containing complexes and coordination polymers of various structural motifs were
synthesized with four BP drugs (etidronate, pamidronate, alendronate and neridronate) and
were studied as CRSs [7]. Their metal–O(phosphonate) coordination bonds can undergo
hydrolysis (at low pH), leading to the controlled release of the active BP drug. These were
coined “self-sacrificial MOFs” because their decomposition must precede drug release. The
coordination of the BP drug by the metal ions resulted in substantially reduced initial release
rates and lower final % release compared to the respective control system (with “free” drug
and no metals). Recently, the 3rd generation anti-osteoporotic drug risedronate (RIS) was
used for the synthesis of two new coordination polymers, namely [Ca(RIS)(H2O)]n (Ca–RIS)
and [Sr(RIS)(H2O)]n (Sr–RIS) [8]. These two novel compounds were physicochemically
and structurally characterized and were also evaluated for their RIS release features under
acidic conditions (pH = 1.3) that mimic the human stomach. It was found that the drug
release profiles Ca- and Sr–RIS (in the presence of linear polyethyleneimine polymer as
drug solubility enhancer) were 4–5 times faster than the “free” RIS system.

In this paper, the synthesis and characterization of two CRSs for the drug ZOL are
presented, namely Sr–ZOL and Ba–ZOL. In addition, the controlled release of ZOL is
studied in these systems and compared to the “free” ZOL system (no metals). To the best
of our knowledge, this is the first systematic controlled release study of the ZOL drug.

2. Results
2.1. Synthesis and Characterization of (Sr/Ba)–ZOL Compounds

The new (Sr/Ba)–ZOL compounds were synthesized under ambient conditions in
mildly acidic pH (3.5), by reacting ZOL acid monohydrate with strontium or barium
chloride, respectively, Figure 2 (upper). The solution pH is crucial for isolating tractable
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products. Excessively low pH will cause crystallization of unreacted ZOL, whereas high pH
will result in fast product precipitation that is usually amorphous, or with low crystallinity.
Inevitably, extensive experimentation with various solution pH values must be carried out.
It was found that the pH of 3.5 is optimal for the isolation of pure, monophasic products.
These syntheses yielded single crystals suitable for X-ray diffraction studies. The crystals
were isolated and studied by scanning electron microscopy as well. The morphology and
the size of the crystals of the two compounds are shown in Figure 2.
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The (Sr/Ba)–ZOL compounds were studied by ATR-IR spectroscopy (see Figure
S1, Supplementary Materials). The vibrational frequencies between 2600–3200 cm−1 are
attributed to N-H stretching vibration and C-H symmetric and antisymmetric stretching
vibrations of the heteroaromatic ring of imidazole [9]. The spectral region 900–1200 cm−1

is complex and includes several characteristic vibrations related to the –PO3 moieties of
ZOL [10]. The other frequencies between 1440–1650 cm−1 are assigned to the C=C and
C=N stretching vibrations of the heterocyclic aromatic ring [9]. The range 700–850 cm−1 is
associated with out of plane bending of C–H of imidazole [10].

2.2. Powder and Single Crystal X-ray Diffraction Studies of (Sr/Ba)–ZOL Compounds

Bulk solid products of the (Sr/Ba)–ZOL compounds were studied by powder X-ray
diffraction to ensure that they were pure and monophasic. Comparison of the calculated
(from the crystal structure determination, see below) and measured X-ray diffraction dia-
grams ensured that the samples were single phases (Figures S2–S4, Supplementary Materials).

Suitable crystals for single crystal X-ray diffraction and structure determination were
obtained by syntheses at ambient conditions (see Materials and Methods). The crystallo-
graphic data of the compounds Sr–ZOL and Ba–ZOL are summarized in Table 1 and their
cif files are provided as Supplementary Materials.

The starting material, ZOL acid, exists as a zwitterion, because the “external” N atom
is protonated, while one phosphonate group is singly deprotonated [11]. However, in the
structures of Sr–ZOL and Ba–ZOL it exhibits a total charge of “−2” to counterbalance the
“+2” charge of the metal cation. This means that one of the phosphonate groups (P1) is
mono-deprotonated, whereas the other (P2) is bis-deprotonated. Hence, ZOL behaves as a
zwitterion in the Metal-ZOL structures. Sr–ZOL and Ba–ZOL are principally isostructural,
with only minor differences in the hydrogen-bonding scheme. Hence, structural details
of the Ba-ZOL compound will be discussed. A representation of the basic structure of
Sr/Ba-ZOL is shown in Figure 3. Each ZOL ligand coordinates to three metals, and hence,
Sr/Ba-ZOL are 2D coordination polymers. The mono-deprotonated phosphonate (P1)
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bridges two neighboring metal centers by using two O atoms (O1 and O2), while the
third O atom (O3) remains non-coordinated. Interestingly, O1 is the protonated oxygen
with the longest P-O bond length 1.534 Å. The fully deprotonated phosphonate (P2) also
bridges two metal centers, but in a very different fashion. Two of the O atoms (O4 and O5)
chelate a metal center (forming a 4-membered ring), while the third O atom (O6) binds a
neighboring metal. The –OH group and the imidazole ring (both connected to the central
C) are non-coordinating.

Table 1. Crystal data for compounds Sr–ZOL and Ba–ZOL.

Sr–ZOL Ba–ZOL

Empirical Formula C5H12SrN2O9P2 C5H12BaN2O9P2

Mr 393.73 443.43

Crystal System triclinic triclinic

Space Group P 1 P 1

a (Å) 6.3648(2) 6.479(2)

b (Å) 6.6900(2) 6.837(2)

c(Å) 13.9296(5) 14.173(5)

α (◦) 102.5690(10) 77.532(12)

β (◦) 91.4870(10) 88.748(11)

γ (◦) 90.1080(10) 89.021(10)

V (Å3) 578.703 612.819

Z 2 2

R factor (%) 2.98 3.80

CCDC code 2195677 2195679
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The P-O bond lengths are influenced by the protonation state of ZOL, but also by
the coordination to a metal center. For example, in the structure of free ZOL (anhydrous)
there are two “long” P-O bonds (1.548 Å and 1.554 Å) that correspond to the fully pro-
tonated –P-O-H moieties and a “short” P-O bond for the P=O moiety (1.498 Å) [12]. In
the same structure, there is a mono-deprotonated phosphonate group (-PO3H−) that has
been generated by internal protonation of one of the N atoms in the imidazole ring. There
are also two kinds of P-O bonds for the -PO3H− group, a “short” P=O bond (1.505 Å)
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and two “long” P-O bonds (1.555 Å and 1.527 Å). The former is the P-O(H) bond, and the
latter is the P-O− bond. Hence, it appears that the P-O bond is somewhat shortened upon
deprotonation. The case of the Sr/Ba–ZOL structures is more complicated because there is
metal coordination involved. We will examine the Sr–ZOL case as the example and discuss
the two crystallographically and chemically different phosphonate groups (P1 and P2). The
phosphonate group P2 is fully deprotonated and coordinated asymmetrically to three Sr
centers (with monodentate, chelating and bridging modes). P2 displays two “short” P-O
bonds (P2-O4 1.505 Å and P2-O5 1.516 Å) and one “long” bond P2-O6 1.555 Å. Hence, the
“short” P-O bonds are reminiscent of the P=O and P-O− moieties. We assign the presence of
the “long” bond to the particular coordination mode of the ZOL ligand. The phosphonate
group P1 is mono-deprotonated and coordinated asymmetrically to two Sr centers (with
monodentate modes, but the entire phosphonate bridges two Sr centers). P1 displays two
“short” P-O bonds (P1-O2 1.505 Å and P1-O3 1.510 Å) and one “long” bond P1-O1 1.559 Å.
The two “short” P-O bonds, of almost equal length, must be the result of delocalization of
the negative charge (−1) over the P=O and P-O− moieties. The O atom of the “long” P-O
bond is protonated (and coordinated to the Sr), consistent with the length of the bond.

In both compounds Sr/Ba–ZOL, the coordination sphere of the M2+ center can be
described as a biaugmented trigonal prism (C2v, based on SHAPE analysis), while they
form six coordination bonds with oxygen atoms of three different ZOL ligands and two
bonds with water molecules; see Figure 4. A list of all types of interactions in the structures
of ZOL acid monohydrate, Sr-ZOL and Ba-ZOL, can be found in Table 2. Both these metal-
bound H2O molecules are positioned cis to each other and bridge neighboring metals. The
Ba2+ cation chains are arranged in such a way that they lie parallel to the b-axis (Figure 4).
The Ba–O bond distances (Figure 4) are between 2.621 Å and 3.049 Å. There are two types
of interactions between the chains, hydrogen bonds and π−π stacking interactions. The
latter are shown in Figure 4 together with those in the structure of ZOL acid monohydrate.
They occur between the imidazole rings that are positioned in the interlayer space.
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Table 2. All types of interactions present in the structure of ZOL acid monohydrate, Sr–ZOL and
Ba–ZOL.

Compound. PA PB N OH Total H-Bonds
1

π-π
Interactions

M-O Bonds
(PO3/H2O/OH) 2

Total
Interactions

Lattice
H2O

M2+

Cations

ZOL Molecule 1 5 4 1 1
11 1 0 12 1 0

ZOL Molecule 2 3 6 1 1

Sr-ZOL 5 4 1 1 11 2 6/2/0 21 1 1

Ba-ZOL 4 3 1 1 9 2 6/2/0 19 1 1

1 Only the intermolecular H-bonds are considered. 2 The OH is the substituent on the central C of ZOL.

There is one lattice water molecule (O9) per asymmetric unit in the structure of
the M-ZOL compounds. It is situated in the interlayer space, but close to the metal-
phosphonate layer. It forms three hydrogen bonds, two with phosphonate O atoms from
neighboring units (O9···O5 2.761 Å and O9···O3 2.698 Å) and one with the C–OH group
(O9···O6 2.644 Å). The protonated N of the imidazole ring forms a hydrogen bond with an
uncoordinated O of the phosphonate P1 (O3···N2 2.625 Å).

2.3. Controlled Release Study of “Free” ZOL, Sr–ZOL and Ba–ZOL

Three controlled release systems (CRSs) were evaluated in the form of tablets: (a) the
“free” drug ZOL acid monohydrate, (b) Sr–ZOL, and (c) Ba–ZOL. In each case, the active
agent (the “free” ZOL drug and its metal–ZOL coordination compounds) was mixed and
ground with the appropriate excipients in the solid form, and these powders were pressed
into tablets. These tablets were immersed into acidic solutions and aliquots were withdrawn
at specific time intervals. The detailed protocols for tablet preparation, sampling and drug
quantification are described in detail in Sections 4.4 and 4.5. Under the acidic conditions
of the drug release experiments, hydrolysis of the metal–O bonds occurs that leads to the
degradation of the crystal lattice and the release of ZOL into the acidic medium. The drug
release was quantified by 1H NMR spectroscopy and the results were plotted in graphs
as “% ZOL released” vs. time (in hours). The release curves for all systems are shown in
Figure 5 and some kinetic parameters are collected in Table 3.
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Table 3. Kinetic data for the drug release from tablets with “free” ZOL, Sr–ZOL and Ba–ZOL.

Initial Rate (µmol/min) 1 Plateau BP (%) tp (h) 2 t1/2 (h) 3

“free” ZOL 0.39 30 25.5 4.3

Sr–ZOL 0.50 80 153.2 24.4

Ba–ZOL 0.33 50 134.1 20.8
1 Calculated based on the initial linear portion of the curve (see inset, Figure 5). 2 tp is defined as the time required
for the plateau value to be reached. 3 t1/2 is defined as the time required for half of the plateau value to be reached.

The Ba–ZOL system exhibits an initial rate of 0.33 µmol/min, slightly lower than the
“free” ZOL system, 0.39 µmol/min. Furthermore, 134.1 hours are needed for the Ba–ZOL
system to reach an equilibrium (plateau) of 50%, while the tp is only 25.5 h for the “free”
ZOL to reach its plateau value of 30%. We assigned the slower release kinetics of ZOL from
the Ba–ZOL system to the hydrolysis of the Ba-O bonds, a requirement for the detachment
of ZOL molecules from the coordination network and their subsequent dissolution into the
aqueous phase. The Sr–ZOL system displays an enigmatic behavior. First, its initial rate
(0.50 µmol/min) is higher than the “free” ZOL system (0.39 µmol/min) and the Ba–ZOL
system (0.33 µmol/min). Secondly, its plateau value of 80% is higher than that of the
Ba–ZOL system, and it needs an even longer time (153.2 h) to reach it. Interpretation of
these results is presented in the Discussion section.

Furthermore, we wanted to investigate whether a tablet, after reaching the plateau
value is still active in release of the active drug. For this purpose, a series of consecutive
release steps were set up in the following way. The “free” ZOL tablet was selected for this
study. After the first plateau of 32% was established (25.5 h), the release experiment was
allowed to proceed for up to ~210 h to ensure equilibrium. At that point, the aqueous phase
was replaced with a “fresh” one (pre-acidified at pH 1.3), thus signifying the onset of a
second release (second step). The second release was allowed to proceed up to the 450th
hour, reaching a cumulative plateau value of 60%. By following the same methodology,
a third step was initiated immediately after, reaching a cumulative plateau value of 85%.
The results are shown in Figure 6. A fourth step was also done (results shown in Figure S5,
Supplementary Materials), allowing the system to release the ZOL quantitatively. These
results prove that the ZOL–containing tablet, if placed under the appropriate conditions, can
release 100% of the active ingredient and the entire quantity of ZOL is solvent-accessible.
Such a step-wise behavior has been noted in the controlled release of etidronate and
pamidronate from silica-based hydrogels [13].
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3. Discussion

One of the main advantages of using crystalline metal–bisphosphonate materials as
controlled release systems is the knowledge of the precise identity of the drug-releasing
compound. There are two basic requirements for this: (a) the synthetic protocols must
yield monophasic products, and (b) the crystal structure of the product must be known. A
successful synthesis outcome involves extensive experimentation with variables such as
solution pH, reactant concentrations and molar ratios and temperature (and pressure, in
the case of hydrothermal synthesis). For these Sr/Ba–ZOL systems, the optimum synthesis
pH was 3.5, which yielded crystalline solids with Sr/Ba–ZOL molar ratio 1:1.

The published crystal structures containing the BP zoledronate include its “free”
forms, its organic salt forms and its metal-containing forms. The “free” forms include
two polymorphs (moniclinic and triclinic) of anhydrous zoledronic acid [12], zoledronic
acid monohydrate [14], and zoledronic acid trihydrate [15,16]. The organic salt forms of
zoledronate include the cytosinium zoledronate trihydrate [17], the dicyclohexylammonium
zoledronate [18] and the bis(ammonium) zoledronate [19]. The metal-containing forms of
zoledronate include structures with metal centers, such as K+ [20], Zn2+ [21], Mn2+ [22],
Fe3+ [22], Co2+ [23], Ni2+ [23], and Cu2+ [24].

ZOL release experiments were carried out at pH 1.3. This value was selected to
mimic the pH of the human stomach. We are aware of the fact that the stomach fluid
is a much more complicated system, which cannot be fully simulated in the laboratory.
However, based on the fact that metal phosphonate compounds are unstable at such low
pH, it was decided that pH is the principal factor for the acid-driven hydrolysis of the
M-O(phosphonate) bonds and this approach is sufficient for a “proof-of-concept”. 1H
NMR spectroscopy was used for the quantification of ZOL in the supernatant phase. It
was preferred over 31P NMR, which is time consuming and impractical for this particular
application. We have successfully used 31P NMR for quantification of drugs without any
hydrogens, for example clodronate (unpublished results). The controlled release curves
of all systems studied here are shown in Figures 5 and 6. The results obtained here show
that the metal-containing ZOL systems exhibit similar (Ba–ZOL) or higher (Sr–ZOL) initial
release rates than the “free” ZOL system (no metals). This observation is in contrast to
what was noted in our previous work [7] for other BP drugs, in which the “free” drug was
released much faster than the metal-containing drugs. The results obtained herein appear
to be counterintuitive because the hydrolysis of the M-O bonds in the Sr–ZOL and Ba–ZOL
systems does not appear to slow down the release kinetics of the active ZOL.

The release features of the “free” ZOL system may be related to the stability of the
crystal lattice of the compound. The water solvent must overcome several stabilizing
interactions. There are medium-strength π–π interactions between the imidazole rings
(centroid-to-centroid distance 3.997 Å). The presence of one lattice water further stabilizes
the crystal structure because hydrogen bonds are formed with the phosphonate groups.
Each ZOL molecule forms 11 hydrogen bonds in total (phosphonate groups and imidazole
ring), Table 2. As mentioned above, ZOL exists as a zwitterion in its crystal lattice, so,
effectively it may behave as a “dipole”. Hence, its crystal packing is not only a result of
hydrogen bonding interactions, but also of ionic interactions, the latter acting to further
stabilize the crystal lattice.

Both metal–ZOL compounds can be described as 2D coordination polymers, prop-
agated by various phosphonate bridging modes. There are π–π interactions (Figure 4)
between the ZOL imidazole rings and the centroid-to-centroid distances range from 3.504
Å to 3.828 Å. There are 11 H-bonding interactions (per molecular unit) in Sr–ZOL and 9 in
Ba–ZOL. The coordination geometry of the metal centers is the same in the two compounds.
The Sr–ZOL displays the fastest initial rate. Careful examination of its crystal structure
reveals that the layers are not stabilized by H-bonding, and for that reason, they can be
readily exfoliated by the water solvent. Thus, the Sr–O bonds are exposed to the acidic
medium and could be easily hydrolyzed.
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Both Sr–ZOL and Ba–ZOL compounds are isostructural, with only minor differences in
the hydrogen-bonding scheme. According to the argument that Sr-O(phosphonate) bonds
are stronger (and harder to hydrolyze) than the corresponding Ba-O(phosphonate) bonds,
the Sr–ZOL system should demonstrate slower release kinetics than the Ba–ZOL system.
However, this is not the case, as evidenced by the parameters in Table 3. The only viable
explanation for this phenomenon lies with the morphology and size of the metal–ZOL
particles. The Sr–ZOL particles are needle-like, in contrast to crystal aggregates in Ba–ZOL,
therefore exposing a much larger surface to the solvent. Since the dissolution process is
surface-dependent, it is reasonable to expect that Sr–ZOL should undergo dissolution much
more effectively (and rapidly) than Ba–ZOL. Furthermore, the particle size of Sr–ZOL is
much smaller than that of Ba–ZOL.

4. Materials and Methods
4.1. Materials

All reagents that were utilized as sources of metal ions were from commercial sources.
Strontium chloride hexahydrate (SrCl2·6H2O) and barium chloride dihydrate, (BaCl2·2H2O)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). The tablet excipients lactose
(Serva), cellulose (Merck) and silica (Alfa-Aesar) were from commercial sources. Deion-
ized (DI) water was used in all experiments and was produced from a laboratory ion
exchange column.

4.2. Instrumentation

Scanning electron microscopy. Elemental analyses and SEM images of the morphol-
ogy of the metal–BPs collected with a JOEL JSM-6390LV electron microscope.

Single crystal X-ray diffraction. Measured crystals were prepared under inert con-
ditions immersed in perfluoropolyether as protecting oil for manipulation. Suitable crys-
tals were mounted on MiTeGen Micromounts™, and these samples were used for data
collection. Data were collected with a Bruker D8 Venture diffractometer with graphite
monochromated CuKα radiation (λ = 1.54178 Å). The data were processed with APEX3
suite [25]. The structures were solved by intrinsic phasing using the ShelXT program [26],
which revealed the position of all non-hydrogen atoms. These atoms were refined on F2 by
a full-matrix least-squares procedure, using the anisotropic displacement parameter [27].
All hydrogen atoms were located in different Fourier maps and were included as fixed
contributions riding on attached atoms with isotropic thermal displacement parameters
1.2- or 1.5-times those of the respective atom. The Olex2 software was used as a graphical
interface [28]. Molecular graphics were generated using mercury [29]. The crystallographic
data for the reported structures were deposited with the Cambridge Crystallographic Data
Center as supplementary publication nos. CCDC 2195677 and 2195679. Copies of the data
can be obtained free of charge at http://www.ccdc.cam.ac.uk/products/csd/request.

Powder X-ray diffraction. The powder X-ray diffraction (XRD) patterns were per-
formed on PANalytical X’Pert Pro diffractometer, a configuration of the Bragg–Brentano,
equipped with monochromator Ge(111) (Cu Kα1) and detector X’Celerator.

4.3. Synthetic Protocols

Synthesis of (1-hydroxy-2-(1H-imidazol-1-yl)ethane-1,1-diyl)bis(phosphonic acid),
zoledronic acid monohydrate (ZOL). ZOL was synthesized by following a previously
reported method with some modifications [30]. A mixture of 1-imidazoleacetic acid (10 g,
0.079 mol), phosphorous acid (6.5 g, 0.079 mol), and methanesulfonic acid (25 mL) was
heated to 65–70 ◦C followed by addition of PCl3 (13.8 mL, 21.7 g, 2.0 eq) for over 0.5 h under
nitrogen atmosphere. After the PCl3 addition, the mixture was stirred at 65–70 ◦C overnight
and cold distilled water (70 mL) was added to a cooled solution with vigorous stirring.
After refluxing overnight, the reaction mixture was allowed to cool to room temperature
and EtOH (140 mL) was added by stirring and the mixture was left at room temperature
for a couple days. The formed solids were collected by filtration, washed with EtOH and

89



Molecules 2022, 27, 6212

finally with acetone and dried under reduced pressure. The final product was obtained
as a white solid (11.9 g, 52% yield). 1H NMR (D2O): δ 7.70 (s, 1H), 7.21 (s, 1H), 6.84 (s,
1H), 4.44 (t, 2H, 3JHP = 9.7). 13C NMR (D2O, CD3OD as ref.) δ 141.1, 126.8, 123.9, 76.2 (t,
1JCP = 131.5, P-C-P), 53.2 (t, 2JCP = 3.4). 31P NMR (D2O) δ 16.4. Peak assignments can be
found in the Supplementary Materials. NMR data were consistent to those reported in the
literature [30].

Synthesis of M–ZOL, {{M[(C3H4N2)CH2C(OH)(PO3H)(PO3)(H2O)]}·H2O}n (M = Sr,
Ba). ZOL acid monohydrate (27 mg, 0.1 mmol) and either SrCl2·6H2O (13 mg, 0.05 mmol)
or BaCl2·2H2O (12 mg, 0.05 mmol) were dissolved in ~ 10 mL DI H2O under stirring
until fully dissolved. The solution pH was adjusted to 3.5 (using stock solutions of
NaOH and HCl, as needed). The final mixture was left under quiescent conditions
for solvent evaporation. After 7–10 days (depending on ambient temperature) a col-
orless crystalline product formed, it was isolated by filtration, rinsed with DI water and
left to dry under air. Bulk product purity was confirmed by powder X-ray diffraction
(comparison of the calculated and experimental powder patterns) and elemental anal-
ysis. Yield: For Sr-ZOL 17 mg (43%), for Ba-ZOL 20 mg (45%). Elemental analysis
(%): For Sr-ZOL, calcd. for {{Sr[(C3H4N2)CH2C(OH)(PO3H)(PO3)(H2O)]}·H2O}n, M.W.
393.73: C 15.24; H 3.05; N 7.11. Found: C 14.94; H 3.26; N 7.09. For Ba-ZOL, calcd. for
{{Ba[(C3H4N2)CH2C(OH)(PO3H)(PO3)(H2O)]}·H2O}n, M.W. 443.43: C 13.53; H 2.71; N 6.31.
Found: C 13.31; H 2.83; N 6.37.

4.4. Preparation of Tablets for ZOL Release

Tablets were prepared by mechanical mixing of ground powders (with a mortar-
and-pestle) of the drug component (850 µmol of ZOL content) and three commonly used
excipients, i.e., lactose, cellulose and silica. Subsequently, a tablet was prepared by applying
10 tons of pressure in a hydraulic press. The tablet total weight was 1.000 g. Identical tablets
that contained equimolar amounts of the metal–BPs (Sr–ZOL and Ba–ZOL) and the three
excipients were fabricated. The quantities used in the tablets are shown in Table 4.

Table 4. Quantities of active agents (free ZOL or metal–ZOL) and excipients utilized for
tablet preparation.

Tablet ZOL acid·H2O Sr–ZOL * Ba–ZOL *

MW (g/mol) 290.11 393.73 443.43
Drug system (g) 0.247 0.335 0.377

Lactose (g) 0.251 0.222 0.208
Cellulose (g) 0.251 0.222 0.208

Silica (g) 0.251 0.222 0.208
* Multiple syntheses of Sr- and Ba-ZOL were necessary to collect the required quantity (see Section 4.3).

4.5. Quantification of ZOL

Each tablet described above was immersed in a glass beaker containing 50 mL of deion-
ized water whose pH was adjusted to 1.3, using hydrochloric acid. The ZOL-containing
tablet (as prepared above) was placed in a plastic net and was immersed into the solution
(50 mL of deionized water whose pH was adjusted to 1.3 using hydrochloric acid) just
above the stirring bar. Mild stirring was applied to ensure solution homogeneity. Aliquots
of the solution were withdrawn (sample volume 350 µL) every hour for the first 6 hours,
then every 3 h until the 12th hour, and then every 12 h until the 48th h of the release
experiment. After the 48th h, samples were withdrawn every 24 h or every 48 h or longer,
if necessary. Each sample was placed in an NMR tube, and then the D2O standard solution
(150 µL) was added. The concentration of the D2O TSP standard solution was 4.337 µmol.
Quantification of ZOL concentration in each sample was achieved by peak integration
(singlet at 8.75 ppm, which is the H on the C between the two N atoms of the imidazole ring)
in the 1H NMR spectrum and its comparison to the peak of the TSP standard solution peak
[-Si(CH3)3]. For representative 1H NMR spectra, see Figures S6 and S7, Supplementary
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Materials. Initial rates were calculated based on the initial linear portion of the curve (see
Figure S8, Supplementary Materials).

5. Conclusions

The main findings of the present study are as follows:

(1) Two novel coordination polymers containing the alkaline-earth metal ions Sr2+ and
Ba2+ and the anti-osteoporotic drug ZOL were synthesized and structurally characterized.

(2) Sr–ZOL and Ba–ZOL are isostructural 2D coordination polymers.
(3) Both Sr–ZOL and Ba-ZOL were utilized as controlled release systems (excipient-

containing tablets) of the active drug ZOL in conditions that mimic the human stomach
(pH = 1.3).

(4) The drug release profiles of Sr–ZOL and Ba–ZOL were compared to that of “free”
ZOL (absence of metals). Contrary to the working hypothesis, it was found that the
release of ZOL is not delayed compared to the “free” ZOL system. In fact, in the case
of Sr–ZOL, it is accelerated.

(5) This behavior was rationalized based on the structural idiosyncrasies of each system.
The overall drug release profile for each system was the result of several structural
factors, such as presence or absence of π–π interactions between the ZOL imidazole
rings, H-bonding interactions and strength of the metal–O(phosphonate) bonds. How-
ever, it seems that the governing factor for Sr–ZOL releasing the active drug more
rapidly than Ba–ZOL is the particle size and morphology.

Based on these results, the role of the metal cation in such coordination polymers
apparently influences both the initial drug release rates and the final plateau release value.
Hence, with proper selection of the metal ion, these features can be controlled (increased or
decreased, at will). Further research efforts along these lines are underway in our group
that build upon results obtained and knowledge built [7,8,13,31–34].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27196212/s1: Figure S1. ATR-IR spectra of zoledronic
acid, Ba-ZOL, and Sr-ZOL. Figure S2. Comparison of the calculated and measured X-ray diffraction
diagrams of zoledronic acid monohydrate. Figure S3. Comparison of the calculated and measured
X-ray diffraction diagrams of Ba-ZOL. Figure S4. Comparison of the calculated and measured X-ray
diffraction diagrams of Sr-ZOL. Figure S5. Cumulative, step-wise release of ZOL from the “free” ZOL
system. Figure S6. 1H, 13C and 31P NMR spectra of zoledronic acid monohydrate. Figure S7. 1H
NMR spectra of released zoledronic acid from the Ba-ZOL and Sr-ZOL systems. Figure S8. Initial
rates of drug release from “free” ZOL, Sr-ZOL and Ba-ZOL.
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Abstract: α-Aminophosphonates, -phosphinates, and -phosphine oxides are a group of organophos-
phorus compounds that were investigated as extraction agents for rare earth (RE) metals and actinoids
for the first time in the 1960s. However, more systematic investigations of their extraction properties
towards REs and actinoids were not started until the 2010s. Indeed, recent studies have shown that
these α-amino-functionalized compounds can outperform the commercial organophosphorus extrac-
tion agents in RE separations. They have also proven to be very efficient extraction and precipitation
agents for recovering Th and U from RE concentrates. These actinoids coexist with REs in some of the
commercially important RE-containing minerals. The efficient separation and purification of REs is
becoming more and more important every year as these elements have a pivotal role in many existing
technologies. If one also considers the facile synthesis of α-amino-functionalized organophosphorus
extractants and precipitation agents, it is expected that they will be increasingly utilized in the
extraction chemistry of REs and actinoids in the future. This review collates α-aminophosphonates,
-phosphinates, and -phosphine oxides that have been utilized in the separation chemistry of REs and
actinoids, including their most relevant synthetic routes and molecular properties. Their extraction
and precipitation properties towards REs and actinoids are also discussed.

Keywords: α-aminophosphonates; α-aminophosphinates; α-aminophosphine oxides; rare earth
elements; actinoids; separation; recovery; extraction; precipitation

1. Introduction

Organophosphorus compounds are one of the main commercial extractants used
to separate rare earth elements (RE; lanthanoids, Sc, and Y) in solvent extraction on an
industrial scale [1]. The solvent extraction is based on two immiscible liquid phases, one
of which is the (acidic) aqueous phase containing REs to be separated, and the other is
an organic phase including extractants. Many factors, such as the selectivity and loading
capacity of extractants, number of extraction, scrubbing, and stripping cycles, and back-
extraction of the extracted metal, affect the efficiency of the extraction process, but in a
simplified picture, it is the coordination affinity of the extractant towards metal ions that
determines the extraction degree and separation of metal ions into different fractions [2,3].
Because the coordination affinity is dictated by the molecular structure of the extractant, a
plethora of different organophosphorus extractants have been developed and investigated
for the separation of REs by now [1,4,5]. Apart from solvent extraction, organophosphorus
compounds have also been utilized in other separation methods to recover and separate
REs. Illustrative examples of such methods are fractional precipitation and solid-phase
extraction [6–9].

Organophosphorus extractants are usually classified into neutral and acidic com-
pounds, the latter of which contains at least one acidic proton. They can also be divided into
four different subgroups, which are phosphates ((RO)3P(O)), phosphonates ((RO)2P(O)R’,
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phosphinates ((RO)P(O)R’2), and phosphine oxides (P(O)R’3), according to their func-
tional groups (R=H, organic substituent; R’ = organic substituent) [3,10]. The basicity of
organophosphorus extractants containing P=O and P-O-R bonds varies with the number of
O atoms connected to the P atom; phosphine oxides are the most basic with one substituted
oxygen atom, followed by phosphinates, phosphonates, and phosphates. An increase in the
basicity is accompanied by an increase in the coordination strength of the extractant. Thus,
phosphine oxides are usually the most efficient extractants for REs, but the separation of
REs may be weaker with phosphine oxides as they may extract REs too effectively without
significant separation compared to phosphinates, phosphonates, and phosphates.

The introduction of an amino group into organophosphorus compounds opens fur-
ther synthetic strategies to modify their molecular structures, coordination affinity, and
extraction properties [5]. For example, substituting H atoms of the amino group with new
coordinating arms or long alkyl chains can increase the extractant’s affinity towards REs or
its lipophilicity, respectively [5,11]. Illustrative examples of organophosphorus extractants
containing the amino group are α-aminophosphonates consisting of amino and phospho-
nate moieties with the general formula of (RO)2P(O)CR’2NR”2. The R–R” substituents can
vary from H atoms to substituted hydrocarbons containing additional functional groups,
making α-aminophosphonates versatile and modifiable chemical species. Replacing one of
the -OR moieties of α-aminophosphonates with hydrocarbon gives α-aminophosphinates
((RO)P(O)(R’)CR”2NR”’2), whereas the replacement of two of the -OR moieties leads to
α-aminophosphine oxides ((RO)2P(O)CR’2NR”2). As a group, these three families of α-
amino-functionalized organophosphorus compounds can be classified as a subclass of
organophosphorus extraction and precipitation agents that not only bear similar functional
groups (P=O and amino moiety in the α position), but also have their distinct features
(P-O-R vs. P-R bonds) that contribute to their complexation, extraction, and precipitation
properties towards REs and actinoids (Scheme 1) [5]. Importantly, some of the α-amino-
functionalized organophosphorus compounds have been proven to be better extractants
for REs and actinoids than commercial extractants.
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REs play a pivotal role in several applications utilized today. Illustrative examples of
such applications are ceramics [12], alloys [13], photonics [14], catalysis [15], and permanent
magnets [16]. Importantly, the latter are used in electric vehicles and wind turbines, which
are key players in the green technology revolution contributing to fossil-fuel-free traffic
and energy production, respectively [17]. Due to the suitability of REs for a wide range
of applications, it has been predicted that the demand and price of REs will significantly
increase in the future. As a matter of fact, the average price of Nd, the most crucial element
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in Nd-based permanent magnets, has already increased from ~50 EUR/kg to a peak value
of ~200 EUR/kg during the years 2018–2022 [18]. The increased demand and rise in prices
of REs along with the environmental issues have considerably driven the development of
separation methods, including solvent extraction, fractional precipitation and crystalliza-
tion, electrolysis, and solid-phase extraction for recovering and separating REs from ores,
raffinates, waste streams, and from each other during the last decade [1,19–21]. Despite the
numerous efforts to utilize various waste streams as sources for REs, the main sources of
REs are still ores, such as bastnäsite, monazite, and xenotime, as well as RE-bearing clay.
The main ores of REs can also contain actinoids, such as U and Th. In particular, the content
of Th can be up to 0.3 wt% and 20.0 wt% in bastnäsite and monazite, respectively, whereas
U is typically found from bastnäsite (0.09 wt%) and xenotime (0.0–5.0 wt%), and sometimes
from monazite, in which its content can be as high as 16 wt% [22,23]. Th has been proposed
as a valuable alternative to the conventional uranium-based nuclear fuel for future nuclear
reactors because it is more abundant than U, and overcomes many problems related to
uranium-based nuclear fuel [24,25]. Therefore, the selective separation of actinoids from
REs not only secures RE concentrates free of radioactive elements but also aims for the full
valorization of RE ore by recovering every element from it.

Scope of the Review

Taking into account all the above-mentioned, α-aminophosphonate-, α-aminophosphinate-,
and α-aminophosphine oxide-based extractants and precipitation agents have strong po-
tential to develop the extraction chemistry of REs and actinoids that are critical elements for
modern society. Thus, this review aims to illustrate the essential aspects of the chemistry
of α-amino-functionalized organophosphorus compounds used for recovering REs and
actinoids, as well as to discuss their extraction, precipitation, and separation properties
towards the aforementioned elements. Liao et al. have reviewed the subject before [5], but
with a strong focus on their own work and the separation of Ce(IV) and Th(IV) from other
REs. Moreover, Chistyakov et al. briefly mentioned α-aminophosphonates in their review
revolving around organophosphorus extractants [4]. Compared to the previously pub-
lished reviews, we will take a strong molecular approach. The review is divided into seven
sections, which are: an introduction (Section 1), the history (Section 2), synthesis (Section 3),
and characterization (Section 4) of α-amino-functionalized organophosphorus compounds
and their complexes by IR, compositions of extracted and precipitated complexes in solu-
tion phase (Section 5), extraction and precipitation properties of α-amino-functionalized
organophosphorus compounds towards REs and actinoids (Section 6), and conclusions
and future perspectives (Section 7). The review covers the relevant literature on the subject
published from the 1960s to March 2022, but all α-amino-functionalized organophosphorus
compounds used as sorption materials in the solid-phase extraction of REs and actinoids
are excluded from this review [26–29].

2. The Short History of α-Aminophosphonates, -Phosphinates, and -Phosphine Oxides
as Extraction and Precipitation Agents

Scheme 2 shows all α-aminophosphonates, -phosphinates, and -phosphine oxides
studied in the extraction chemistry of REs, Th, and U from the 1960s to March 2022. Among
these compounds, α-aminophosphonates 1–20 have dominated the field since the 1960s
and, in particular, during the last ten years. In sharp contrast, there is only one acidic α-
aminophosphinate 21 investigated so far, and the studies performed for α-aminophosphine
oxides 22–32 were mainly done at the beginning of the 2010s, with the exception of one
study that was published in 2020.

97



Molecules 2022, 27, 3465Molecules 2022, 27, x FOR PEER REVIEW 4 of 29 
 

 

 

Scheme 2. Structures of the α-aminophosphonates (1–20), -phosphinate (21), and -phosphine oxides 

(22–32) studied for RE and actinoid separation. 

The first extraction studies of REs and actinoids with α-aminophosphonates can be 

traced back to the 1960s and 1970s when Jagodic et al. investigated the extraction of REs 

and actinoids from the aqueous phase to the organic phase with mono-octyl ester of α-ani-

linobenzylphosphonic acid (1, MOABP) [30]. Later on, Jagodic et al. shifted their focus to 

the carboxylic derivative of MOABP, namely α-(2-carboxyanilino)benzylphosphonic acid 

(2, MOCABP), which was designed to extract divalent metals in addition to tri- and tetrava-

lent metals. During the studies, Jagodic et al. not only proved the good extraction ability of 

MOCABP towards divalent metals from acidic solutions, but they also showed that MO-

CABP was a slightly better extractant for trivalent REs compared to MOABP [30–33]. 

After the pioneering work of Jagodic et al., interest in α-aminophosphonate-, α-ami-

nophosphinate- and α-aminophosphine oxide-based extractants remained rather low, 

and it was not until the beginning of the 2000s that Fedorenko et al. published two papers 

focusing on calix[4]resorcinarenes, whose upper rims were functionalized with four α-

Scheme 2. Structures of the α-aminophosphonates (1–20), -phosphinate (21), and -phosphine oxides
(22–32) studied for RE and actinoid separation.

The first extraction studies of REs and actinoids with α-aminophosphonates can be
traced back to the 1960s and 1970s when Jagodic et al. investigated the extraction of REs
and actinoids from the aqueous phase to the organic phase with mono-octyl ester of α-
anilinobenzylphosphonic acid (1, MOABP) [30]. Later on, Jagodic et al. shifted their focus
to the carboxylic derivative of MOABP, namely α-(2-carboxyanilino)benzylphosphonic acid
(2, MOCABP), which was designed to extract divalent metals in addition to tri- and
tetravalent metals. During the studies, Jagodic et al. not only proved the good extraction
ability of MOCABP towards divalent metals from acidic solutions, but they also showed that
MOCABP was a slightly better extractant for trivalent REs compared to MOABP [30–33].
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After the pioneering work of Jagodic et al., interest in α-aminophosphonate-, α-
aminophosphinate- and α-aminophosphine oxide-based extractants remained rather low,
and it was not until the beginning of the 2000s that Fedorenko et al. published two
papers focusing on calix[4]resorcinarenes, whose upper rims were functionalized with
four α-aminophosphonate arms (3–6) [34,35]. The studies demonstrated that the four
α-aminophosphonate arms facilitated the polydentate coordination of REs, leading to
more efficient extraction of La(III) and Lu(III) compared to the extraction properties of O,O-
diethyl[(4-nitrophenyl)aminobenzyl] phosphonate 7. The synthesized calix[4]resorcinarenes
functioned as neutral extractants because the deprotonation reaction of the phenolic protons
of calix[4]resorcinarenes did not occur under the extraction conditions as proven by NMR
studies. Additionally, by changing the length of the alkyl chain in the phosphonate moiety
and the number of counterions (sodium picrate) in the extraction process, Jagodic et al.
were able to vary the metal–ligand ratio of the extracted complexes from 1:1 to 1:2. In 2009,
Cherkasov et al. synthesized a family of new α-aminophosphine oxides (22–28) with one
or two phosphine oxide groups and one new α-aminophosphonate (8) and investigated
their extraction properties towards Sc(III). They showed that the two-armed phosphine
oxides were more selective compared to one-armed ones, albeit the degree of extraction of
Sc(III) was rather similar for all investigated compounds. In summary, these three studies
indicated that the polydentate extractants can outperform the monodentate ones bearing
similar coordinating groups, not only in selectivity but also in efficiency, by a variable
margin [11].

The 2010s, particularly the late 2010s, were a renaissance in the chemistry of α-amino-
functionalized organophosphorus compounds targeted for extracting REs and actinoids.
In 2012, Cherkasov et al. published three different α-aminophosphine oxides 22, 29, and
31 and investigated their efficiency to extract Nd(III), Sm(III), Dy(III), Yb(III), and Lu(III)
from different acidic solutions (hydrochloric, nitric, or perchloric acid) to different organic
phases (toluene, chloroform, or methylene chloride). Because the syntheses of 29 and 31
were challenging, their extraction studies were only carried out in perchloric acid contain-
ing Lu(III). Cherkasov et al. found out that the extraction efficiency of the synthesized
extractants strongly depended on the nature of the acidic solution [36]. The extraction
efficiencies of 29 and 31 were comparable with 22 in perchloric acid. In 2013, Cherkasov
et al. performed extraction studies for Sc(III), Y(III), La(III), Ce(III), Nd(III), Sm(III), Gd(III),
Lu(III), and U(IV) using bisphosphorylated azapodand 30 as an extractant without and with
bis(pentadecyl)phosphoric acid to investigate the synergistic effect of two extractants [37].

These two studies were followed by the discovery of Cextrant 230 (11), which was
patented in 2017 by Liao et al. [38]. Cextrant 230 turned out to be an efficient extractant to
recover +4 oxidation state ions, such as Ce(IV) and Th(IV), from the RE mixtures containing
La(III), Gd(III), and Yb(III) in sulfate media [39]. To explain the superior affinity of Cextrant
230 towards Ce(IV), Liao et al. compared the extraction ability between Cextrant 230 and
di-(2-ethylhexyl) 2-ethylhexyl phosphonate (DEHEHP). Cextrant 230 and DEHEHP are
very similar phosphonates containing one P-C, one P=O, and two P-O-C bonds, but the
latter does not have an amino group. Based on the studies, they proposed that the better
extraction ability of Cextrant 230 originates from its additional nitrogen atom, which can
coordinate to the metal ion. However, the role of the nitrogen as a coordinating atom
during the complexation has remained controversial to some extent (see below).

In the late 2010s and early 2020s, Liao et al. synthesized derivatives of Cextrant
230 by varying substituents in the amino group (9) [40] or methyl bridge (12) [41], or by
converting the derivatives to acidic extractants (10, 13, 14) [42–44]. In the similar extraction
conditions used for Cextrant 230, the derivatives 12 and 9 showed similar extraction
properties to Cextrant 230 towards REs and actinoids, as the extraction efficiency of metal
ions decreased in the following order Ce(IV) > Th(IV) > Sc(III) > other RE(III). Interestingly,
among 9, 11, and 12, the last one was much more selective towards Ce(IV) than Sc(III) and
Th(IV) [39–41,45]. Liao et al. concluded that the bigger ionic radius of Th(IV) hinders the
simultaneous coordination of the P=O group and the nitrogen atom [41].
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The extraction efficiency of an acidic extractant can show strong pH dependency,
as was observed for 10, 13, and 14 [42–44]. These three acidic extractants were mainly
developed to separate heavier lanthanoids, which has been a challenge for commercial
organophosphorus extractants such as 2-ethylhexylphosphoric acid mono-2-ethylhexyl
ester (HEHEHP) and di-(2-ethylhexyl)phosphoric acid (D2EHPA). Indeed, the three afore-
mentioned α-aminophosphonate extractants performed better on the separation of adjacent
heavier lanthanoids than the commercial ones. The synergistic extraction properties of
10, 13, and 14 were also investigated with di-(2,4,4′-trimethylpentyl) phosphinic acid
(Cyanex272), D2EHPA, and HEHEHP, respectively [46–48]. Compared to the solvent ex-
traction containing only one extractant, the synergistic system can have several advantages,
including better extraction efficiency, selectivity, and rate, improved solubility and stability
of extracted complexes, a lower tendency to emulsification, and the formation of a third
layer [46–49]. The synergistic studies were carried out for 10, 13, and 14 because Liao et al.
aimed to enhance the challenging separation of heavier lanthanoids. In all three studies,
they proved that the synergistic systems outperform the extraction efficiencies of single
extractants, but the results for RE separation varied.

To the best of our knowledge, only one acidic α-aminophosphinate-based extrac-
tant (21) has been published so far in 2022 [50]. The development of this new extrac-
tant was driven by the findings from the previous studies carried out for the α-amino-
functionalized organophosphorus extractants, which showed that most of the time, the
α-amino-functionalized counterparts outperform traditional commercial extractants. Liao
et al. compared the extraction performance of 21 to its structural analogue di-(2-ethylhexyl)-
phosphinic acid (P227). Although 21 did not separate the studied heavier REs as well as
P227, 21 reached the extraction equilibrium in less than 5 min, and heavy REs loaded in
the organic phase with 21 were easy to strip with inorganic acids within the pH range
of 0 to 2 depending on the ionic radius of the REs. Prior to this study, in 2020, Liao et al.
developed α-aminophosphine oxide 32 using the same reasoning as for 21, but they also
aimed for a higher extraction performance with 32 due to the strong basicity of the P=O
group. Just like Cextrant 230, 32 extracted Ce(IV) effectively from the sulfate medium, but
it was also easy to strip from the organic phase [51].

α-Aminophosphonates have also been used as precipitation agents for REs and acti-
noids [9]. In 2021, Moilanen et al. published a study focusing on the double-armed
α-aminophosphonates (15–20) with short alkyl chains to increase their water solubility. The
good water solubility of the investigated compounds enabled the precipitation of actinoids
and REs directly from the acidic water phase, resulting in the very good separation of
Sc(III), U(VI), and Th(IV) from REs, although the separation of the adjacent REs was minor.

It is evident from the above text that the extraction chemistry of REs and actinoids with
α-amino-functionalized organophosphorus compounds that function either as extractants
or precipitation agents evolved slowly at first, but during the last ten years, considerable
progress has been made. In particular, the studies have shown that the extraction prop-
erties of α-amino-functionalized organophosphorus compounds can readily be changed
by modifying their molecular frameworks with the well-established synthetic methods
developed for the organophosphorus compounds.

3. Synthesis of α-Aminophosphonates, -Phosphinates, and -Phosphine Oxides

So far, three different synthetic approaches—Kabachnik–Fields, Pudovik, and
Mannich—have been used to synthesize the α-aminophosphonates, α-aminophosphinates,
and α-aminophosphine oxides studied in the extraction and separation chemistry of REs,
Th, and U (Scheme 2 and Table 1). Among the utilized methods, the Kabachnik–Fields
method has been the most used one.
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Table 1. Synthesis strategies, separation methods, and studied metals for the α-aminophosphonate,
-phosphinate, and -phosphine oxide extractants.

Extractant Synthesis Strategy Separation Method Studied REs and Actinoids Ref.

1
MOABP Pudovik Solvent extraction Y(III), La(III), Ce(III), Eu(III), Pr(III),

Tb(III), Th(IV), U(IV), U(VI) [31–33,52–55]

2
MOCABP Pudovik Solvent extraction La(III), Ce(III), Eu(III), Pr(III) [30–33]

3–5 Mannich a Solvent extraction La(III), Lu(III) [34,35]

6 Mannich a Solvent extraction La(III) [34]

7 Pudovik Solvent extraction La(III) [35]

8 Kabachnik–Fields Solvent extraction Sc(III) [11]

9
DEHAMP Kabachnik–Fields Solvent extraction Sc(III), La(III), Ce(IV), Gd(III), Yb(III),

Th(IV) [40]

10
HEHHAP Kabachnik–Fields

Solvent extraction,
synergistic solvent

extraction with
Cyanex272

La(III), Ce(III), Pr(III), Nd(III), Sm(III),
Eu(III), Gd(III), Tb(III), Dy(III), Ho(III),
Y(III), Er(III), Tm(III), Yb(III), Lu(III)

[44,48]

11
Cextrant 230 Kabachnik–Fields Solvent extraction Sc(III), La(III), Ce(IV), Gd(III), Yb(III),

Th(IV), U(VI) [39,45,56]

12
DEHAPP Kabachnik–Fields Solvent extraction Sc(III), La(III), Ce(III), Ce(IV), Gd(III),

Y(III), Yb(III), Th(IV) [41]

13
HEHAPP Kabachnik–Fields

Solvent extraction,
synergistic solvent

extraction with
D2EHPA

La(III), Ce(III), Pr(III), Nd(III), Sm(III),
Eu(III), Gd(III), Tb(III), Dy(III), Ho(III),
Y(III), Er(III), Tm(III), Yb(III), Lu(III)

[42,46]

14
HEHAMP Kabachnik–Fields

Solvent extraction,
synergistic solvent

extraction with
HEHEHP

Sc(III), La(III), Pr(III), Nd(III), Sm(III),
Eu(III), Gd(III), Tb(III), Dy(III), Ho(III),
Y(III), Er(III), Tm(III), Yb(III), Lu(III)

[43,47]

15–20 Kabachnik–Fields Precipitation

Sc(III), La(III), Ce(III), Pr(III), Nd(III),
Sm(III), Eu(III), Gd(III), Tb(III), Dy(III),
Ho(III), Y(III), Er(III), Tm(III), Yb(III),

Lu(III), Th(IV), U(VI)

[9]

21
EEAMPA Kabachnik–Fields Solvent extraction

La(III), Ce(III), Pr(III), Nd(III), Sm(III),
Eu(III), Gd(III), Tb(III), Dy(III), Ho(III),
Y(III), Er(III), Tm(III), Yb(III), Lu(III)

[50]

22 Kabachnik–Fields Solvent extraction Sc(III), Nd(III), Sm(III), Dy(III), Yb(III),
Lu(III) [11,36]

23–28 Kabachnik–Fields Solvent extraction Sc(III) [11]

29, 31 Kabachnik–Fields Solvent extraction Lu(III) [36]

30 Kabachnik–Fields Solvent extraction Sc(III), La(III), Ce(III), Nd(III), Sm(III),
Gd(III), Y(III), Lu(III), U(VI) [37]

32
DEHAPO Kabachnik–Fields Solvent extraction La(III), Ce(IV), Gd(III), Yb(III), Th(IV) [51]

a The aminophosphonate moiety was synthesized with Kabachnik–Fields reaction.

The Kabachnik–Fields reaction includes a condensation reaction between primary or
secondary amine, aldehyde or ketone, and either phosphite, phosphinate, or phosphine
oxide resulting in α-aminophosphonates, -phosphinates, or -phosphine oxides, respectively
(Scheme 3) [57,58]. This acid-catalyzed condensation reaction is advantageous to the
synthesis of the aforementioned compounds for five reasons. (1) It is a simple one-pot
reaction. (2) A variety of reagents with different substituents can be used in the reaction.
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(3) The basicity of the synthesized compound can be modified by varying the nature of
amine and phosphorus groups; tertiary amines are more basic than secondary amines, and
the number of P-O-R groups influences the basicity of the P=O group. (4) Lipophilicity and
steric bulk of the compound can be altered via the substituents R1–R6. (5) More than one
coordinating phosphonate, phosphinate, or phosphine oxide group can be attached to the
compound by changing the stoichiometry of reagents [59].
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α-Aminophosphonates 8–14 together withα-aminophosphinate 21 andα-aminophosphine
oxides 22–32 were synthesized using the same procedure, by refluxing the reagents ei-
ther in benzene, toluene, or acetonitrile and using p-toluenesulfonic acid as the acid
catalyst [11,36,37,39–44,50,51]. The progress of the reaction was monitored by measur-
ing the amount of water formed into the Dean–Stark trap. The reaction was complete when
the formation of water was no longer observed. Unreacted catalytic p-toluenesulfonic acid
was removed from the solution by reacting it with K2CO3 under reflux conditions. Finally,
the solution was washed with water to separate the formed potassium tosylate and other
impurities and dried with MgSO4, yielding oily compounds [60,61].

For 2-ethylhexyl ((2-ethylhexylamino) methyl) phosphonic acid (EEAMPA) 21 and
bis(2-ethylhexyl) ((2-ethylhexylamino)methyl) phosphine oxide (DEHAPO) 32, the phos-
phorous moieties were synthesized first by forming a Grignard reagent from 2-ethylhexyl
bromide by mixing it with magnesium powder in THF and refluxing for 2 h, yielding (2-
ethylhexyl)magnesium bromide. For compound 21, the synthesized (2-ethylhexyl)magnesium
bromide was reacted with triethylphosphite, yielding diethyl 2-ethylhexylphosphonite,
which was then converted into ethyl 2-ethylhexylphosphinate by treating it with 6 M
HCl [50]. In the case of 32, (2-ethylhexyl)magnesium bromide was reacted with diethylphos-
phite, yielding bis(2-ethylhexyl)phosphine oxide. After the phosphorous moieties were
synthesized, the reaction proceeded through the pathway described above, by refluxing
the amine, phosphine, and aldehyde reagents in toluene. To obtain the hydroxyl group, the
ethyl group in 21 was hydrolyzed with KOH in ethanol using KI as a catalyst [51].

Heptylaminomethyl phosphonic acid 2-ethylhexyl ester (HEHHAP) 10 was synthe-
sized by hydrolyzing di(2-ethylhexyl)-N-heptylaminomethyl phosphonate (DEHAMP)
9 with NaOH in boiling ethanol for 6 h [44]. After removing the solvent, dissolving the
sodium salt into toluene, and treating the solution with an acid, an oily product (10) was ob-
tained. By using the same hydrolysis procedure, 2-ethylhexyl-3-(2-ethylhexylamino)pentan-
3-yl phosphonic acid (HEHAPP) 13 and (2-ethylhexylamino)methyl phosphonic acid mono-

102



Molecules 2022, 27, 3465

2-ethylhexyl ester (HEHAMP) 14 were obtained from di(2-ethylhexyl) (2-((2-ethylhexyl)
amino) propan-2-yl) phosphonate (DEHAPP) 12 and di(2-ethylhexyl) (2-((2-ethylhexyl)ami-
no)methyl) phosphonate (Cextrant 230) 11, respectively [42,43].

α-Aminobisphosphonates 15–20 were synthesized using water as a solvent and HCl as
a catalyst instead of organic solvents and p-toluenesulfonic acid [9]. To obtain compounds
with two phosphonic acid groups, two equivalents of phosphorous acid with respect to
amine, as well as excess formaldehyde, were used in the reaction. The compounds were
obtained by refluxing the reagents for 2–12 h in the acidic aqueous solution, followed by
the precipitation of the products formed by adding ethanol or concentrating the reaction
solution. The final products 15–20 were purified by recrystallizing them from hot ethanol
or ethanol–water mixture.

α-Aminophosphonates mono-octyl α-anilinobenzylphosphonate (MOABP) 1, mono-
octyl α-(2-carboxyanilino)benzylphosphonic acid (MOCABP) 2, and O,O-diethyl((4-nitro-
phenyl)aminobenzyl) phosphonate 7 were synthesized by Pudovik reaction, in which
dialkylphosphite is reacted with an imine, typically under basic conditions, resulting
in α-aminomethylphosphonates (Scheme 4) [62]. α-Aminophosphonates 1 and 2 were
synthesized in solvent-free conditions by heating the imine and dioctylphosphite, either
in a water or steam bath, for 8 h [30,63]. To obtain the mono-octyl derivatives of 1 and
2, the dioctylphosphonate precursors were hydrolyzed by refluxing them in ethanol in
the presence of NaOH for 20 h. The sodium salt of 2 precipitated out from the solution
and was separated by filtration, whereas the sodium salt of 1 was obtained by removing
the solvent and octanol formed in the reaction under vacuum. The sodium salts were
then converted into phosphonate compounds by treating them with acid. Although the
Pudovik reaction is among one of the three main approaches—Kabachnik–Fields, Mannich,
and Pudovik—for synthesizing α-aminophosphonates, it has barely been utilized for the
synthesis of α-aminophosphonate, -phosphinate, and -phosphine oxide extractants.
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The Mannich reaction has been utilized for the synthesis of α-aminophosphonates
3–6 containing a calix[4]resorcinarene moiety that provides a framework to incorporate
more than one coordinating arm into a single compound (Scheme 5). Indeed, the function-
alization of the resorcinarene moiety with four aminophosphonate groups enhanced the
coordination ability of 3–6 significantly, as it was reported that the unsubstituted compound
does not form complexes with La(III) [34,35]. The Mannich reaction involves a condensation
reaction between a carbonyl compound, formaldehyde, and either primary or secondary
amine or ammonia under acidic conditions [64]. Typically, the aminophosphonate moieties
for the ligands 3–6 were synthesized first with the Kabachnik–Fields reaction, by refluxing
the secondary amine and phosphite reagent in the presence of an aldehyde for 2 h [34]. The
obtained α-aminophosphonates were then heated with formaldehyde, while tetramethyl-
calix[4]resorcinarene was slowly added to the solution. After the addition, the reaction
mixtures were refluxed for 12 h to yield the targeted products.
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Dimerization of the Synthesized α-Amino-Functionalized Organophosphorus Compounds

α-Aminophosphonates, -phosphinates, and -phosphine oxides that contain the termi-
nal P=O functionality, along with N–H or P–OH functionalities, can form dimers through
P=O - - H–N or P=O - - HO–P hydrogen bonds, respectively [30,53,65]. Dimerization
for acidic α-aminophosphonates 1 and 2 was studied by performing molecular weight
experiments in chloroform [30,53]. In solvents with a low dielectric constant, 1 likely
forms the dimer through the P=O - - HO–P moieties of two molecules, resulting in an
eight-membered ring structure. Additionally, it was shown that increasing the amount of
1 in the organic phase increased the formation of the dimer [32]. However, for 2, it was
observed that the compound forms dimers in concentrations between 0.001–0.01 M, but in
higher concentrations, 2 starts to polymerize through the COOH and P(O)OH moieties [53].
Unfortunately, no dimerization studies for the other studied ligands containing the P=O,
NH, and POH functionalities have been performed, but some of the recorded IR spectra of
the investigated ligands indicate the formation of a dimer (see below).

4. Characterization of the Extracted Metal Complexes by IR

IR spectroscopy is a powerful and practical tool to characterize the synthesized α-
amino-functionalized organophosphorus compounds and provide insight into their coor-
dination modes with the extracted metals. The IR sample of an extracted complex can be
taken directly from the organic phase onto a KBr crystal and heated with infrared light to
evaporate the solvent [43,44]. This procedure results in a dry product from which the IR can
be measured. So far, IR spectroscopy has been utilized to study the α-aminophosphonate
and -phosphine oxide complexes of Sc(III), Ce(III), Ce(IV), Pr(III), Yb(III), Lu(III), Th(IV), and
U(VI). Distinctive absorption bands for α-aminophosphonates and -phosphine oxides arise
from the stretching (ν) and bending (δ) vibrations of the N–H, P=O, P–OH, and P–O–C
functionalities. When an extractant coordinates to a metal ion, the absorption bands can
shift if the changes in the electron density distribution and bond lengths are strong enough
to alter the dipole moment of the compound [66]. For secondary amines, the distinctive
vibration band appears in the region between 3500 cm−1 and 3100 cm−1 due to the stretch-
ing of the N–H bond. Additionally, in some cases, the bending vibration of the C–N–H
bonds can be identified around 1510 cm−1 [67,68]. The P=O functionality exhibits only
stretching vibrations, which can be observed between 1320 cm−1 and 1140 cm−1 depending
on the substituents attached to the phosphorus atom. More electronegative substituents
can shift the absorption band to near 1400 cm−1, whereas substituents that can form hydro-
gen bonds, such as OH, shift the absorption band closer to 1100 cm−1. Broad absorption
bands that arise from P–OH functionality due to OH stretching vibrations typically range
from 2800 to 2100 cm−1. Absorption bands for P–OH bending vibrations can be observed
around 1230 and 900 cm−1, although these bands are typically weak and overshadowed by
P=O and P–O–C vibration bands, respectively. Strong P–O–C stretching vibrations can be
found between 1088 and 920 cm−1. Additionally, C–H and C–C stretching and bending
vibrations from the alkyl chains can be observed around 2900 cm−1 and throughout the
fingerprint area of the IR spectrum. The shifting of these distinctive IR peaks upon a
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complex formation gives information about the possible coordination sites of metal ions in
the studied compounds.

4.1. Acidic α-Aminophosphonates

Acidic α-aminophosphonates are derivatives of aminophosphonic acids, for which
the most distinctive absorption bands arise from the stretching and bending vibrations
of the P–OH group. Complex formation for compounds 1 and 2 was investigated with
Ce(III) and Pr(III), for compounds 10 and 13 with Yb(III) and Lu(III), and for 14 with
Yb(III) [30,33,42–44]. Additionally, the metal complexes formed in the synergistic extrac-
tions with common extraction agents Cyanex272, D2EHPA, and HEHEHP were character-
ized by IR for ligands 10, 13, and 14, respectively [46–48].

Compound 1 shows broad absorption bands for P–OH stretching vibrations at
2750–2600 cm−1 and 2400–2100 cm−1 and bending vibrations at 1750–1650 cm−1, whereas
only stretching vibrations at 3200–2600 cm−1 and 2400–2100 cm−1 were observed for 2.
The broadness of the absorption bands most likely originates from the dimerized com-
pounds interacting through hydrogen bonds [30]. In their corresponding Ce(III) and Pr(III)
complexes, these absorption bands are weaker [33]. Dimeric absorption bands were also
observed for 10+Cyanex272 and both 14 and its synergistic 14+HEHEHP system [43,47,48].
For 10, the dimeric absorption band was observed at 1688 cm−1 and for Cyanex272 at
1707 cm−1. However, for their synergistic system, the band occurred at 1688 cm−1 and
was not observed to disappear after the complex formation, which may indicate that 10
remains dimerized in the complex. For the sole 14 and 14+HEHEHP synergistic system, the
dimeric absorption bands were observed to occur at 1655 cm−1 and 1686 cm−1, respectively.
Both absorptions were observed to disappear after the metal complex formed, indicating
that the dimers break upon complex formation. For 10, 13, and 14, the P–OH stretching
vibrations were observed at 2438 cm−1, 2398 cm−1, and 2314 cm−1, respectively [42–44].
Additionally, an absorption band at 1643 cm−1 was observed for 13 and a P–OH bending
band at 981 cm−1 for 14. In the synergistic mixtures, the P–OH stretching vibrations were
shifted to 2319 cm−1, 2402 cm−1, and 2317 cm−1 for 10+Cyanex272, 13+D2EHPA, and
14+HEHEHP mixtures, respectively [46–48]. However, the absorption bands at 1643 cm−1

and 981 cm−1 remained unchanged. The P–OH stretching and bending vibrations observed
for free compounds weakened or completely disappeared after the formation of the com-
plexes, indicating that the extracted metals go through a cation exchange process with
compounds 1, 2, 10, 13, and 14, resulting in the deprotonation of the P–OH group.

Shifting of the P=O absorption bands was also observed in each complex. For 1 and
2, absorption bands for the P=O stretching vibrations were observed at 1208 cm−1 and
1240 cm−1, respectively. In the complexes, several absorption bands were seen between
1225–1155 cm−1 and 1215–1160 cm−1 for 1 and 2, respectively, and a new absorption band
formed at 1075 cm−1. Compound 10 exhibits a P=O absorption band at 1216 cm−1 for the
pure compound and at 1200 cm−1 for the synergistic mixture [44,48]. These absorption
bands shifted to 1207 cm−1 and 1203 cm−1, respectively, upon the complex formation with
Yb(III). Interestingly, even stronger shifting of P=O absorption bands was observed for
13, 13+D2EHPA, 14, and 14+HEHEHP when they coordinated to REs. For example, the
P=O absorption band for 13 was observed at 1225 cm−1 and for the synergistic mixture
at 1231 cm−1, which shifted to 1175 cm−1 and 1176 cm−1, respectively, after the complex
formation [42,46]. Similar shifting in the P=O absorption band occurred for 14, although the
shift was towards a higher wavenumber from 1159 cm−1 (pure compound) to 1204 cm−1

(complex) [43]. For the synergistic mixture of 14+HEHEHP, the absorption band changed
again towards a lower wavenumber, from 1206 cm−1 to 1145 cm−1 [47]. The relatively large
shifts observed for the P=O absorption bands of 10, 13, and 14 and their synergistic systems
indicated that the P=O moiety contributes to the complexation of REs. Additionally, the
strong shifting of the P=O absorption bands could also originate from the breaking of the
hydrogen-bonded dimer associated with the complex formation.
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Unlike the P=O and P–OH absorption bands that had clearly shifted, only a small shift
or no shift at all was observed for the P–O–C absorption bands of 1, 2, 10, 10+Cyanex272,
13, 13+D2EHPA, 14, and 14+HEHEHP upon complexation (Table 2) [30,33,42–44,46–48].
The strongest shift, from 1026 cm−1 to 1041 cm−1, was observed when 14 coordinated to
Yb(III), but for all other systems, the shifts were within a few wavenumbers. Thus, it was
assumed that the direct contribution of the P–O–C moiety to the coordination of metal ions
is negligible.

Table 2. α-Amino-functionalized organophosphorus extractant systems and their metal complexes
characterized by IR spectroscopy. Hyphen (-) denotes that no value was reported, slash (/) that the
absorption band disappears, and n/a that the ligand lacks the functional group. Vibration modes are
separated into stretching (ν) and bending (δ) as assigned in the original article, and the superscripts
of the former denote whether the vibration is symmetric (s) or asymmetric (as).

Extractant Metal
P-OH (cm−1) νP=O (cm−1) P-O-C (cm−1) N-H (cm−1)

Ref.
Ligand Complex Ligand Complex Ligand Complex Ligand Complex

1 Ce(III)
Pr(III)

1050–
1000 weak 1208 1225–

1155
1050–
1000 weak ν3330 ν3330 [30,33]

2 Ce(III)
Pr(III)

1050–
1000 weak 1240 1215–

1160
1050–
1000 weak ν3300 ν3300 [30,33]

9
Ce(IV)
Th(IV) n/a n/a 1250

1244Ce
νas1014 νas1014 - - [40]

1247Th

10
Yb(III)
Lu(III) νas2438 / 1216

1206Yb νas1040
νs973

νas1040
νs975

- - [44]1207Lu

10 +
Cyanex272 Yb(III) νas2319 / 1200 1203 ν1041

ν957
ν1041
ν954

ν3373
δ1624

ν3381
δ1615 [48]

11

Ce(IV)
Th(IV) n/a n/a 1250

1200Ce
νas1014 νas1014 ν3451 ν3451 [39]

1238Th

Sc(III) n/a n/a 1230 1250 νas1046
νs1014

νas1046
νs1014 δ1650 δ1612 [45]

U(VI) n/a n/a 1235 1256 νas1016 νas1016 ν3446 ν3446 [56]

12 Ce(IV) n/a n/a 1239 1126 νas1043
νs1010

νas1043
νs1010 δ1650 δ1600 [41]

13 Yb(III)
Lu(III)

νas2398
1643 / 1225 1175 νas1050

νs998
νas1050
νs998 ν3300 a ν3300 a [42,46]

13 +
D2EHPA Lu(III) ν2402

1643 / 1231 1176 ν1031 ν1031 - - [46]

14 Yb(III) ν2314
δ981 / 1159 1204 ν1026 ν1041 - - [43]

14 +
HEHEHP Yb(III) ν2317

δ981 / 1206 1145 νas1039 νas1041 δ1620 δ1615 [47]

21 Lu(III) νas2318 / 1146 1162 n/a n/a δ1614 δ1644 [50]

32 Ce(IV) n/a n/a 1054 1040 n/a n/a 3311
1675

3396,
1666,
1614

[51]

a Assigned as OH vibrations in the original article.

In the case of the investigated acidic α-aminophosphonates, no significant shifts or
weakening in the absorption bands of the N-H functionality were observed. Therefore,
it was concluded that the coordination occurs mainly through the P=O and P-O− moi-
eties of the aminophosphonic group, with no or only minor contribution from the NH
group [33,42–44]. This is supported by the reported crystal structures of the RE complexes
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of the aminophosphonic acids, with varying coordination numbers from six to nine, in
most of which no N-RE bond has been detected [69–73]. There are few crystal structures
where nitrogen is coordinated to RE, but typically, these α-aminophosphonates had either
multiple nitrogen atoms coordinate to RE [74–76] or the coordination was dictated by
carboxylic acid groups due to the oxophilic nature of REs [77,78].

4.2. Neutral α-Aminophosphonates

In contrast to the acidic α-aminophosphonates above, α-aminophosphonates 9, 11, and
12 are neutral extractants. Therefore, their most characteristic absorption bands arise only
from the P=O, P-O-C, and NH functionalities. IR studies were carried out for 9, 11, and 12
and their corresponding metal complexes (Table 2). The studied RE metal ions were Ce(IV)
and Th(IV) for 9, Ce(IV), Th(IV), Sc(III), and U(VI) for 11, and Ce(IV) for 12 [39–41,45,56]. All
the solvent extraction studies were performed in sulfate medium, and therefore, absorption
bands originating from SO4

2− and HSO4
− anions were also observed in the measured

IR spectra.
Similar to the acidic α-aminophosphonates, a shift in the P=O stretching absorption

band was observed for each α-aminophosphonate complex compared to the free extractants
(Table 2). The shifts varied between 3 cm−1 and 113 cm−1 depending on the extractant
and extracted metal [39–41,45,56]. The strongest shift, from 1239 cm−1 to 1126 cm−1,
was observed for 12 upon the complex formation with Ce(IV), whereas the smallest shift
(3 cm−1) was observed for 9 when it coordinated to Ce(IV). Based on the observed shifts in
the IR spectra of 9, 11, and 12 upon complexation with metal ions, it was concluded that
the P=O group participates in the complexation during the extraction process.

The absorption bands arising from the P–O–C moiety of 9, 11, and 12 were much less
informative because they did not shift during the complexation, indicating no coordination
affinity of the P-O-C moiety towards the investigated metal ions.

In contrast to the acidic α-aminophosphonates, where no shifting was observed for
the NH absorption bands when they coordinated to metals, shifts were observed for 11
and 12 when they coordinated to Sc(III) and Ce(IV), respectively. However, in the case of
12, the shift in the NH bending vibration can be attributed to the sulfate ions forming a
complex with 12. In the Sc(III) complex of 11, the absorption band for the bending vibration
of NH shifted from 1650 cm−1 to 1612 cm−1. However, the NH stretching vibration
remained the same in the free extractants and all investigated complexes. The shifts in
NH bending vibrations could indicate the formation of a nitrogen–metal bond, but they
can also originate from the interactions of the NH group with coordinating counteranions
HSO4

− and SO4
2− [39,41,45,56].

As mentioned above, the coordinating SO4
2− and HSO4

− anions also give charac-
teristic absorption bands in the IR spectrum. For the Ce(IV) and Th(IV) complexes of
9, the bending vibration bands from SO4

2− ions were observed to appear at 1118 cm−1

and 637 cm−1 and 1121 cm−1 and 640 cm−1, respectively [40]. The SO4
2− bending ab-

sorption bands appeared at similar regions for the Ce(IV) and Th(IV) complexes of 11;
however, only one bending absorption band could be determined for the Ce(IV) complex
at 639 cm−1 [39]. For the Th(IV) complex of 11, new absorption bands were observed at
1164 cm−1 and 641 cm−1, whereas the U(VI) complex of 11 exhibited one new absorption
band at 640 cm−1 [56]. The Sc(III) complex of 11, in turn, exhibited one additional absorp-
tion band besides the absorption bands at 1119 cm−1 and 600 cm−1 assigned to the SO4

2−

bending vibration [45]. The new absorption band appeared at 650 cm−1 and was assigned
to the stretching vibration of the HSO4

− anion. The absorption band of HSO4
− stretching

can also be observed in the Ce(IV) complex of 12 at 641 cm−1, in addition to the SO4
2−

bending absorption bands at 1122 cm−1 and 588 cm−1 [41]. All these characteristic absorp-
tion bands proved that the sulfate ions, along with α-aminophosphonates, participate in
the extraction process of REs and actinoids.
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4.3. α-Aminophosphine Oxides and Acidic α-Aminophosphinates

Because the α-aminophosphine oxides lack both the P–OH and P–O–C functionalities,
only P=O and NH absorptions are relevant for the complex formation studies, but in the
case of acidic α-aminophosphinates, derivatives of the α-aminophosphinic acid, P–OH
absorption bands can also be investigated. The coordination affinities ofα-aminophosphinic
acid 21 and α-aminophosphine oxide 32 were investigated towards Lu(III) and Ce(IV),
respectively, by IR [50,51].

Similarly to the acidic α-aminophosphonates above, 21 exhibited an absorption band
for P–OH stretching at 2318 cm−1 that disappeared after the Lu(III) complex was formed,
indicating deprotonation of the P-OH group due to the metal coordination [50]. Shifting
of the P=O group was also observed during the coordination for both 21 and 32, as the
free ligands showed a stretching absorption band at 1146 cm−1 and 1054 cm−1, which then
shifted to 1162 cm−1 and 1040 cm−1 in the metal complexes, respectively [50,51]. The NH
absorption bands were observed to shift from 1614 cm−1 to 1644 cm−1 for 21, and from
3311 cm−1 and 1675 cm−1 to 3396 cm−1 and 1666 cm−1 for 32, indicating coordination of
the NH functionality to either the metals or sulfate ions. Additionally, in the IR spectra
of 32, a new absorption band formed at 1614 cm−1, which was assigned to arise from
NH absorption.

The extraction of Lu(III) with 21 was performed in nitrate medium, and therefore, new
absorption bands from the NO3

− stretching vibrations at 1510 cm−1 and 1350 cm−1 were
observed for the metal complex [50]. For 32, which was studied in sulfate media, new
absorption bands appeared at 630 cm−1, 584 cm−1, and 439 cm−1, which were assigned to
the stretching vibrations of HSO4

− anions, whereas a new absorption band at 960 cm−1

was assigned to the stretching vibration of the SO4
2− [51]. These new absorption bands

indicated that the NO3
− anions for 21 and HSO4

− and SO4
2− anions for 32 were included

in the respective complex formations.

5. Composition of Extracted and Precipitated Complexes

To rationalize the extraction properties of α-amino-functionalized organophosphorus
compounds at the molecular level, understanding the compositions of the metal complexes
formed in the extraction process is necessary. The most popular method for this purpose
has been the utilization of bilogarithmic concentration isotherms. In these graphs, the
logarithm of the distribution ratio D of the studied metal is plotted against the logarithm
of the concentration of the studied component (e.g., extractant or anion) while all other
environmental conditions are kept constant. The slopes of the resulting graphs will indicate
the stoichiometry of molecules involved in the complexation. However, care should be
taken in interpreting the results, as the method is not without its shortcomings [79].

Another method that has been used to examine the complex formation with other
organophosphorus extractants, such as carbamoylmethylphosphine oxides (CMPOs), is
31P NMR titration [80]. The method is based on changes in the 31P shift(s) when metal
is titrated with a ligand or vice versa. By plotting the chemical shift of 31P against the
concentration of RE and fitting the obtained graphs to theoretical models, the most likely
metal–ligand ratios of the RE complexes are obtained.

The very first extraction study with the diaromatic α-aminophosphonate 1 did not
focus on investigating the complex formation but nonetheless suggested the structures for
the two uranium complexes of the extractant based on spectrophotometric and elemental
analysis data. However, the data were inconsistent to some degree; the former and latter
method indicated the coordination of two and four ligands to uranium, respectively [52].
In the follow-up study focusing on Eu(III) and Tb(III), the bilogarithmic concentration
isotherms were used. The investigation revealed that both Eu(III) and Tb(III) form ML3·HL
complexes regardless of the acidic media used. The ligand HL on the second coordination
sphere was found to have a substantial impact on the solubility of the complex, as pure
EuL3, obtained via repeated ether washes of the isolated initial complex, was found to be
insoluble in water and organic solvents [53]. The same extraction complex composition
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ML3·HL for 1 and its COOH-containing analogue 2 was also obtained for Eu(III) and Ln(III)
in several organic solvents in the later study (Table 3) [31].

Table 3. Reported chemical compositions of RE complexes of α-aminophosphonate, -phosphinate,
and -phosphine oxide extractants and precipitation agents in solution. For compounds with acidic
protons, HL and L denote the protonated and deprotonated versions of compounds, respectively.

Complex Acid Diluent Ref.

1 U(VI)O2L2
U(IV)L4

H2SO4

Ligroin
Recryst. from

ethanol
[52]

1 ML3·HL/ML2·HL2 (M=Eu,
Tb)

HCl, HNO3, and
HClO4

Ligroin [53]

1 ML3HL (M=Ln, Eu) HCl, HClO4
Petroleum ether,

CHCl3, CCl4
[31]

1 Ce(III)L3·2HL HCl CHCl3, benzene [33]

1 Ce(III)L3·HL HCl CCl4, cyclohexane [33]

1 PrL3·HL HCl CHCl3, benzene,
CCl4

[33]

1 PrL3 HCl cyclohexane [33]

2 ML3·HL (M=Ln, Eu) HCl CHCl3 [31]

2 Ce(III)L3·2HL HCl CHCl3 [33]

2 PrL3 HCl CHCl3 [33]

3 LaLX3 - CHCl3 [35]

3 LuL2X3 or LuLX3 * - CHCl3 [35]

4 LaL2X3 or LaLX3 * - CHCl3 [35]

4 LuL2X3 or LuLX3 * - CHCl3 [35]

5 LaL2X3 or LaLX3 * - CHCl3 [35]

5 LuL2X3 - CHCl3 [35]

6 LaL2Pic3 - CHCl3 [34]

7 LaLX3 - CHCl3 [35]

9 Ce(IV)(SO4)2 · 2L H2SO4 heptane [40]

9 Th(HSO4)2SO4 · L H2SO4 heptane [40]

10 MClH2L4 (M=Lu, Yb) HCl heptane [44]

10 +
Cyanex272

MH2Cl2A2B (A=10, M=Yb,
Lu) HCl heptane [48]

11 Ce(IV)(HSO4)2SO4 · 2L H2SO4 heptane [39]

11 Th(HSO4)2SO4 · L H2SO4 heptane [39]

11 Sc(HSO4)SO4 · 2L H2SO4 heptane [45]

11 UO2SO4 · 2L H2SO4 heptane [56]

12 Ce(IV)(HSO4)2SO4 · 2L H2SO4 heptane [41]

13 ML3 (M=La, Gd, Y, Lu) HCl heptane [42]

13 +
D2EHPA LuCl2H4A3B2 (A=13) HCl heptane [46]

14 MH2ClL4 (M=Tm, Yb, Lu) HCl heptane [43]

14 +
HEHEHP

MA2B4 (A=14, M=Lu, Yb,
Tm, Er, Y, Ho) HCl heptane [47]
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Table 3. Cont.

Complex Acid Diluent Ref.

15 LuL(NO3)2 HNO3 water [9]

15 LaL2(NO3) HNO3 water [9]

15 YL3 HNO3 water [9]

21 MHL3NO3 (M=La, Nd, Gd,
Lu) HNO3 heptane [50]

22 ScL2X3 HClO4 toluene [11]

32 Ce(IV)(HSO4)2SO4 · L H2SO4 heptane [51]
* Compositions for LnX3 with the two different NaPic ratios: 1:250 for former and 10:1 for latter.

The investigations on the complexation of 1 and 2 were continued using the two
α-aminophosphonates in several organic solvents to extract Ce(III) and Pr(III) [33]. While
the exact composition of the RE complexes of 1 varied, as the number of ligands on the
second coordination sphere was found to be dependent on the solvent used, they always
had a tri-ligand ML3 unit at their core as the earlier extraction studies suggested. Complex
composition studies with 2 in chloroform came to the same conclusion: both Ce(III) and
Pr(III) preferred a tri-ligand system, with the Ce(III) complex including two extractant
ligands on the second coordination sphere while the Pr(III) complex had none (Table 3). In
both cases, the phosphonic acid group of extractant is deprotonated instead of the carboxyl
group that likely participates in the formation of hydrogen bonding interactions supporting
the extraction process.

Almost three decades later, the focus of the extraction studies moved to macro-
cyclic calix[4]resorcinarenes 5 and 6, which were functionalized with aminophosphonate
groups [34]. While poor solubility prevented proper analysis of the La complex obtained
with extractant 5, compound 6 was found to form a LaL2Pic3 complex, with the three picrate
anions balancing the charge of the cationic RE metal. These anions also played an important
role in making the metal complex sufficiently large to be able to effectively coordinate to the
cavity of macrocyclic extractant. The calix[4]resorcinarene studies were continued by using
compounds 3–5 in the extraction of La(III) and Lu(III) while also comparing the results to 7
to investigate the role of the macrocyclic structure [35]. The lanthanoid–ligand ratio of the
complexes was found to be dependent on the relative amount of sodium picrate used: an
excess of picrate anions led to the formation of LnL2X3 complexes in most cases, whereas a
lesser amount of picrate (i.e., excess of metal ions) always gave LnLX3 complexes (Table 3).
Additionally, by comparing the extraction constants of La(III) complexes of 3 and 7, it was
concluded that the La(III) complex of 3 was stabilized by the macrocycle.

Structurally similar extractants 9, 11, and 12 were used for the separation of the
tetravalent Ce(IV) and Th(IV) from trivalent RE metals. The Ce(IV) and Th(IV) complexes of
9 were found to have the structures of Ce(SO4)2 · 2L and Th(HSO4)2SO4 · L, respectively,
both containing sulfate anions from the acidic medium [40]. Unsurprisingly, the extracted
complexes of 11—Ce(HSO4)2SO4 · 2L and Th(HSO4)2SO4 · L—were similar, with their only
difference from 9 being the anions included in the Ce(IV) complex [39]. Further studies
with 11 revealed that the extracted complexes of Sc(III) and U(VI)O2 also contain two
ligands, Sc(HSO4)SO4 · 2L and UO2SO4 · 2L, respectively, while the number of HSO4

− ions
decreased due to the lower charge of the extracted cations [45,56]. The Ce(IV) complex of
12 was also found to have the same Ce(HSO4)2SO4 · 2L composition as the complex of 11,
while the Th(IV) complex was not investigated [41].

Studies on congeneric monoacidic α-aminophosphonates 10, 13, and 14, in turn, have
concentrated on the extraction of trivalent lanthanoids. The complex formation of acidic
α-aminophosphonate 10 was investigated with Yb(III) and Lu(III), and the RE complexes
of the metals were found to have the composition of MClH2L4 [44]. The N-(2-ethylhexyl)
congener 14 of 10 was found to form complexes with the same MClH2L4 composition with
the trivalent Yb(III), Lu(III), and Tm(III) [43]. In both cases, two dimerized extractants were
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partially deprotonated before coordinating to the extracted metal. In contrast, compound
13 with di-ethylated α-carbon was found to form a simple ML3 complex with the trivalent
La(III), Gd(III), Y(III), and Lu(III) [42]. In this case, the deprotonation of the extractant was
complete and broke apart the dimerization of 13. Based on the results obtained with the
aforementioned REs, all three studies generalized the observed compositions to concern all
trivalent RE complexes of 10, 13, and 14.

An interesting addition to the complex composition studies has been the research on
synergistic extraction, where α-aminophosphonates are paired with another organophos-
phorus extractant. The Lu(III) complex of 13+D2EHPA was found to have the structure
of LuCl2H4A3B2, where A depicts the amount of α-aminophosphonate and B the amount
of D2EHPA [46]. The composition had the same amount of 13 as the ML3 complex of the
pure α-aminophosphonate extractant, while also including two D2EHPA units, bringing
the total number of extractants from three to five. Furthermore, only one of the three
α-aminophosphonates is deprotonated in the synergistic extraction process while the other
two, as well as the two D2EHPA units, stay in a neutral dimerized form. A similar trend
was observed with the 14+HEHEHP pairing, as the synergistic system complex MA2B4
requires two units of 14 and four HEHEHPs to extract a single RE cation, whereas the RE
complex of pure 14, MH2ClL4, only included four extractants in total. Both extractants of
the synergistic system remain in a singly deprotonated dimer form [47]. In contrast, the
10+Cyanex272 complex MH2Cl2A2B contained one neutral dimer of 10 and one deproto-
nated Cyanex272, which means that the synergistic system leads to a lower total amount of
extractant ligands when compared with the MClH2L4 complex of pure 10 (Table 3) [48].

A study on α-aminobis(phosphonates) determined the compositions of the complexes
via 31P NMR titrations in D2O [9]. This method was successfully employed for 15 with Y(III),
La(III), and Lu(III), and the results revealed the complex compositions of YL3, LaL2(NO3),
and LuL(NO3)2, respectively. In each case, the extractant was in a zwitterionic form
and coordinated in a bidentate manner to the extracted metal cation while NO3

− ions
and/or H2O most likely complemented the coordination sphere of the RE. In addition, each
phosphonate group was only singly deprotonated due to the pH range of the experiments.
Further attempts at determining the complexes for Sc(III) and Th(IV) were unsuccessful
due to heavy precipitation of the formed complexes at low pH values.

While the research towards new α-aminophosphonates seems ever-expanding, the RE
extraction properties of α-aminophosphinates remain largely uncharted. The sole reported
study so far used acidic α-aminophosphinate reagent 21 for the extraction of trivalent REs
from nitric acid media [50]. The complex formation was studied for La(III), Nd(III), Gd(III),
and Lu(III), and all their complexes were found to have the same MHL3NO3 composition,
consisting of one individual deprotonated ligand and one singly deprotonated dimer for
every RE cation.

The extraction studies were expanded to α-aminophosphine oxides when compounds
22–28 were investigated for the extraction of Sc(III) and other selected RE metals. The
composition of the Sc(III) complex of 22 in toluene was found to be ScL2X3, with X denoting
acidic anions included to balance out the charge of the metal [11]. Attempts to use the
bilogarithmic plots to investigate the Sm(III) complex of 22, as well as the complexes
formed by 23, were unsuccessful, as the former resulted in a nonlinear graph and the
latter to ambiguous conclusions. The other synthesized extractants were not researched
further [11,36]. Phosphine oxide 32, in turn, was investigated for the extraction of Ce(IV).
Unlike the Ce(HSO4)2SO4 · 2L complexes of its α-aminophosphonate congeners 11 and 9,
the composition of 32 was found to be Ce(HSO4)2SO4 · L, including only a single unit of
the extractant [51].

In general, the studies have shown that the (mono)acidic α-aminophosphonate and
α-aminophosphinate extractants favor three to four coordinated ligands around each metal
cation, form complexes through deprotonation of the acid or its dimer and act as the coun-
terions for the cationic metal centers (Table 3). The neutral di-alkoxy α-aminophosphonates
and α-aminophosphine oxides, on the other hand, are more likely to stay in the range of one
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to two ligands per metal. Moreover, the anions of the acidic solution are often involved in
the extraction process, as the extracted complexes transferred to an organic phase must be
charge-neutral. This, in turn, means that the complex compositions in different acidic media
are inherently varied, and the importance of the counter anion is further underlined by the
findings from the extraction experiments with sodium picrate and 3–5. The studies have
also confirmed that the solvent of the organic phase can have an impact on the composition
as well, despite not being a part of the complex itself. In short, the complex formation
can be described as a complicated process with multiple experimental factors affecting the
outcome of the extraction.

6. Extraction Ability of α-Aminophosphonates, -Phosphinates, and -Phosphine Oxides
towards REs and Actinoids

To compare the recovery and separation properties of extractants and precipitation
agents, several parameters have been developed to quantify their performance. The key
parameters are the distribution ratio D, separation factor SF, and synergistic enhance-
ment coefficient R, the last of which only applies to synergistic systems containing two
extractants [81].

The distribution ratio describes the extraction ability of a compound towards certain
elements. In solvent extraction, it can be determined as the concentration of extracted
metal in the organic phase [M]org divided by the concentration of the unextracted metal
remaining in the aqueous phase [M]aq. In the case of precipitation processes, the organic
phase concentration is replaced by the amount of precipitated metal [M]p and calculated as
the difference between initial and final concentrations of the aqueous phase, as shown by
Equation (1):

D =
[M]org

[M]aq
or D =

[M]p
[M]aq

=
[M]init − [M]aq

[M]aq
. (1)

High values of distribution ratios indicate a strong transfer of metal ions from the
water phase to the organic phase or strong precipitation, whereas values close to zero are a
sign of poor transfer of metal ions [81].

The separation factor is calculated with Equation (2) as the quotient of the distribution
ratios D of the two metals A and B:

SF =
DA
DB

. (2)

The parameter describes the ability of the extractant or precipitation agent to separate
two metals from each other. Separation factor values close to unity are a sign of poor separa-
tion, while significantly higher or lower values indicate that the extractant or precipitation
agent can be used to efficiently separate the two metals in question [81].

The second important parameter derived from the distribution ratios is the synergistic
enhancement coefficient, which aims to quantify the potential improvement of a system
using two extractants simultaneously [82]. This is done by comparing the extraction
performance (i.e., distribution ratio) of the combinatory system DAB to the sum of the
distribution ratios of the individual components (DA + DB) according to Equation (3):

R =
DAB

DA + DB
. (3)

Consequently, enhancement coefficient values over 1 indicate a positive synergistic
effect, whereas the opposite is a sign of negative competition between the two extractants.
It should be noted that the values of D, SF, and R are dependent on several experimental
conditions, such as temperature, pH, and concentration, all of which can affect the behavior
of both the metal and the extractant itself.

In addition to the distribution ratio D, separation factor SF, and synergistic enhance-
ment coefficient R, another important factor measuring the performance of extractants is
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their loading capacity. This parameter is, simply, the maximum amount of metal that can
be extracted under certain experimental conditions, and it is commonly reported in g/L or
mol/L. It is therefore essential to pay close attention to the reported concentration of the
extractant to determine whether the loading capacity values are directly comparable or not.

6.1. α-Aminophosphonates

Octyl α-anilinobenzylphosphonic acid 1 and its ethyl analogue were the first α-
aminophosphonates that were investigated for the solvent extraction of REs and actinoids.
While the ethyl analogue was too water-soluble for the extraction of metals, 1 was found
to be a very good extracting agent for binary and ternary systems containing radioactive
nuclei. Studies on U extraction in ligroin found that U(IV) was extracted quantitatively only
between sulfuric acid concentrations of 2 M and 4 M, whereas U(VI) could be extracted
with a broader range of 0.5–9 M acidity [52]. A follow-up study showed that 1 was able
to separate U(VI) selectively from Eu(III) and Tb(III) when ligroin was used as an organic
solvent, and the molarity of the aqueous phase was higher than 0.5 M [53]. According to
the authors, the determined SFU/Eu and SFU/Tb were ~26,000 (Table 4). The full separation
between Sr(II) (the source of the radioisotope of 88Y) and Y(III), as well as between 131Ba(II)
and 140La(III), was also obtained in petroleum ether, keeping the hydrochloric acid molarity
between 0.01 M and 0.1 M [54,55].

Table 4. Highest reported SF for the extraction of actinoids Th(IV) and U(VI) with α-amino-
functionalized organophosphorus compounds. FP indicates full precipitation of the metal marked in
parentheses, because of which the SF could not be determined.

Extractant Ce(IV)/Th U/Eu Th/RE U/RE Th/Lu U/Th U/Lu Ref.

1 - 26,000 * - - - - - [53] a

11 14.7 - - - - - - [39] b

11 - - >1000 >1000 - - - [56] c

12 754.2 - - - - - - [41] d

15 - - - - 4.50 g FP(U) i FP(U) i [9]

16 - - - - 6.02 f,ˆ 2.01 e 4.03 f,ˆ [9]

17 - - - - 9.17 g 2.40 e 8.68 g [9]

18 - - - - 44.41 g FP(U) h FP(U) h [9]

19 - - - - FP(Lu) j FP(U) h FP(U) h [9]

20 - - - - FP(Th) j FP(U) e FP(U) e [9]

32 100.3 - - - - - - [51] k

* Separation factor for U/Tb mentioned to be similar; ˆ best SF with error smaller than the value; a 5 mM extractant
1, 0.1 mM Eu(III), 4 mM U(VI)O2

2+, 1 M H2SO4; b 0.1 M extractant 11, 0.01 M M(IV), 3 M H2SO4; c 0.1 M extractant
11, 0.01 M metals, 3.23 M H+ for Th/RE, 0.22 M or 3.23 M H+ for U/RE; d 0.048 M extractant 12, 6 mM Th, 5 mM
Ce, 0.2134 M H2SO4; e 2.5 g/L extractant, 9 mg/L, pH 1; f 2.5 g/L extractant, 9 mg/L, pH 2; g 2.5 g/L extractant,
9 mg/L, pH 2.5; h 2.5 g/L extractant, 9 mg/L, pH 3; i 2.5 g/L extractant, 9 mg/L, pH 3.5; j 2.5 g/L extractant,
9 mg/L, pH 2.5; k 0.1 M extractant 32, 0.01 M M(IV), 0.9353 M H2SO4.

The research on the carboxylic derivative (2) of 1 not only revealed that it is a better
extractant for Eu(III) and Ln(III), but it was also more selective towards divalent transition
metals than trivalent REs compared to 1 [30,31]. However, the solubility of 1 was much
better in different organic solvents compared to 2, which was only well-soluble in CHCl3.
Indeed, the studies in various organic solvents revealed distinguishable changes in the
Eu(III) extraction behavior of 1, with increasing HCl concentration of the aqueous phase.
The best extraction ability was maintained with petroleum ether and cyclohexane, with
the increasing acid concentration compared to CCl4, benzene, and CHCl3 [32]. Both acidic
α-aminophosphonates were also utilized to extract Ce(III) and Pr(III) from hydrochloric
acid medium, but the differences in their extraction behavior were too small to allow
efficient separation of the two metals from each other [33].
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A study focusing on the extraction of La(III) with two α-aminophosphonates function-
alized macrocyclic calix[4]resorcinarenes 5 and 6 reported that La(III) does not coordinate
to nonfunctionalized calix[4]resorcinarenes, nor does it form complexes without the suit-
ably sized lipophilic picrate counterions that fill the cavity of the calix[4]resorcinarene, as
mentioned above [34]. The studies were continued with the extraction of La(III) and Lu(III)
with compounds 3–5, and the influence of the relative amount of picrate anions on the
extraction properties of 3–5 was also investigated [35]. Interestingly, in the presence of
the excess of sodium picrate, the extraction efficiency of 3 towards La(III) was found to be
higher than the extraction efficiency of 4 and 5 due to the change in the metal–ligand ratio
in the complex formation from 1:1 (3) to 1:2 (4 and 5). Contrary to La(III), 5 was the most
efficient extractant for Lu(III). Importantly, all calix[4]resorcinarene–aminophosphonates
were more efficient extractants than 7, indicating the strength of multiple coordinating
arms in the extraction process.

Several studies on α-aminophosphonates have concentrated on the extraction of
Ce(IV) and Th(IV) from sulfuric acid leach of the bastnäsite ore using heptane as a diluent.
Compound 9 effectively separated the aforementioned tetravalent metals and Sc(III) from
the rest of the studied trivalent REs. The extraction of Th(IV) and Sc(III) was found to
decrease sharply with increasing acidity, while the extraction of Ce(IV) remained practically
complete in the sulfuric acid concentration of <4 M [40]. Comparable results were obtained
for the structurally similar α-aminophosphonate 11, as Ce(IV) and Th(IV) were efficiently
separated while the extraction of Th(IV) was more prone to changes in acid concentration.
The extractant was successfully used to obtain RE products of high purity with high yields
in a pilot test. It was subsequently patented and named as Cextrant 230 [39]. The extractant
12 performed similarly to 9 and 11 in the extraction studies because the most efficient metal
separation occurred when the sulfuric acid concentration did not exceed 1 M [41]. However,
a notable exception to the other two extractants was the low extractability of Th(IV) with 12,
which enabled the efficient separation of Ce(IV) and Th(IV) (SFCe/Th = 754.2, Table 4). The
increased selectivity was assigned to the steric effects arising from the larger ionic radius of
Th(IV), hindering its effective coordination to 12.

Compound 11 was further studied for the extraction of Sc(III) and U(VI). The extraction
of Sc(III) from red mud was investigated with various acids, and the results showed that
dilute sulfuric acid was by far the most efficient medium. Unfortunately, 11 was also found
to extract significant amounts of other REs, as well as Ti(IV) and Fe(III), all of which are
prevalent in red mud, but after a series of post-extraction treatment procedures, a purity
of ~94% was achieved for the Sc2O3 product [45]. The results from the extraction studies
of U(VI) and Th(IV) suggested that the separation of two actinoids from RE metals, Fe(III)
and Al(III), is effective throughout the studied pH range of 0.22–3.23. U(VI) was best
extracted and separated from REs at pH 0.22 with high SFU/RE > 1000. Moreover, U(VI) had
a higher loading capacity (6.16 g/L vs. 4.08 g/L for 5% extractant in heptane) than Th(IV)
(Table 5) [56].

The extraction and separation of trivalent REs from each other have also been in-
vestigated with monoacidic α-aminophosphonate reagents 10, 13, and 14. The extrac-
tion efficiency of 10 and 13 towards Y(III), La(III), Gd(III), Ho(III), Er(III), Tm(III), Yb(III),
and Lu(III) decreased with increasing acid concentration [42,44]. A similar trend was
observed for 14 when the extracted metals were Sc(III), Y(III), Ho(III), Er(III), Tm(III),
Yb(III), and Lu(III), while the extractabilities of La(III) and Gd(III) were not strongly af-
fected by the concentration of acid [43]. The best results were obtained with extractant 13,
which has some of the highest reported separation factors among all the studied α-amino-
functionalized organophosphorus extractants listed in Table 6. In general, the investigated
α-aminophosphonate compounds have shown a better ability to separate adjacent heavy
REs from each other than the commercially used extractants D2EHPA and HEHEHP [84].
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Table 5. Loading capacities of the α-amino-functionalized organophosphorus compounds used in
RE and actinoid extraction studies, as reported in the original papers.

Extractant Dilution Metal Acid Capacity Ref.

9 0.63 M in heptane
0.23 M Ce(IV)
(∑Ce 0.24 M)
0.02 M Th(IV)

H2SO4
30.0 g/L Ce(IV)
24.4 g/L Th(IV) [40]

10 30% (v/v) in heptane 0.0985 M YbCl3
0.0986 M LuCl3

HCl 12.76 g/L Yb
15.43 g/L Lu [44]

11 30% (v/v) in heptane Ce(IV) & Th(IV) H2SO4
>30 g/L Ce(IV)
~43 g/L Th(IV) [39,83]

11 30% (v/v) in heptane 0.064 M Sc H2SO4 3.85 g/L Sc [45]

11 5% (v/v) in heptane 8.08 mM Th(IV)
21 mM U(VI) H2SO4

4.08 g/L Th(IV)
6.16 g/L U(VI) [56]

12 30% (v/v) in heptane 0.29 M Ce(IV) H2SO4 31.43 g/L CeO2 [41]

13 30% (v/v) in heptane 0.1 M RE HCl

0.201 M Ho
0.205 M Er
0.216 M Yb
0.229 M Lu

[42]

14 30% (v/v) in heptane 0.055 M YbCl3 * HCl
15.17 g/L Lu
14.46 g/L Yb
12.64 g/L Y

[43]

14 +
HEHEHP

30% (v/v) in heptane
(1:1 extractant ratio)

96 mM Lu
92 mM Yb HCl 27.25 g/L Lu2O3

26.59 g/L Yb2O3
[47]

21 4 mM in heptane 0.4 mM RE HNO3

0.393 mM Ho
0.402 mM Er

0.422 mM Tm
0.435 mM Yb
0.450 mM Lu

[50]

32 30% (v/v) in heptane 0.143 M Ce(IV) H2SO4 16.66 g/L CeO2 [51]
* Used RE concentration only reported for Yb.

While the majority of previous studies carried out for α-aminophosphonates have
focused on solvent extraction, these compounds also work as precipitation agents. A
series of α-aminobis(phosphonates) 15–20, with variable hydrocarbon chain lengths, was
studied for the recovery of REs, Th(IV), and U(VI) by direct precipitation of the formed
complexes from the nitric acid solution [9]. α-Aminobis(phosphonates) 18–20, with a longer
hydrocarbon chain, separated Sc(III) and both actinoids from the rest of the investigated
REs well in the pH range of 1–2. In this pH range, Sc(III), Th(IV), and U(VI) completely
precipitated out from the nitric acid solution, while REs remained in the solution (Table 4).
While similar trends in selectivity were observed for 15–17, their precipitation percentages
did not surpass 60% at pH < 2, where the precipitation of other trivalent REs stayed
under 10%.
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The synergistic extraction of REs by using binary mixtures of an acidic α-aminophosp-
honate and another acidic organophosphorus extractant has been studied as a potential
way to improve either the selectivity of the system or the extractability of the metals of
interest. For the 13+D2EHPA system, the separation factors for studied REs were found
to be lower than with pure 13, but it still outperformed the separation efficiency of pure
D2EHPA for heavier lanthanoids (Table 6) [46]. When comparing the separation factors of
pure 14 and its synergistic system with HEHEHP under similar experimental conditions,
the latter does not seem to bring a major improvement in performance over the former, as
indicated by minor changes (less than ±0.4) in the determined separation factors (Table 6).
However, the loading capacity of the synergistic system is almost doubled for Lu(III) and
Yb(III) compared to pure 14 (Table 5), although it does not reach the Yb(III) capacity of
pure HEHEHP (32.92 g/L) [47]. The separation factors determined for heavy lanthanoid
separation with the 10+Cyanex272 system, on the other hand, showed general improvement
over the separation factors obtained for pure 10 and Cyanex272. A closer inspection of
data also reveals that out of these three synergistic systems studied, the binary mixture
consisting of 10+Cyanex272 performed the best in heavy RE separation [48].

The highest synergistic enhancement factors reported in the aforementioned α-amino-
phosphonate studies are listed in Table 7. It should be noted that the best R values describe
the enhancement obtained compared to the individual performance of two extractants, so
it does not directly correlate to the best extraction capability of the system. Consequently,
while the highest R values were obtained with α-aminophosphonate molar fractions of
0.5–0.6, the highest distribution ratios D of the two-component systems of 14 and 10 were
found around molar fractions 0.3–0.4. This observation is consistent with the determined 1:2
extractant ratio of the metal complex of the former system but opposite to 10+Cyanex272′s
2:1 ratio [47,48]. Intriguingly, the maximum D of the 13+D2EHPA system was found at 0.8
and, while not in perfect agreement with the 3:2 complex composition, both ratios indicate
that the α-aminophosphonate component played the more important role in the overall
performance of the extraction process [46].

Table 7. The highest values of synergistic enhancement factors R reported for each system (and RE).
The molar fraction χ of the α-aminophosphonate is included in parentheses.

Extractant Ho Er Tm Yb Lu Y Ref.

13 +
D2EHPA - - - - 3.96 (0.5) - [46] a

14 +
HEHEHP 2.18 (0.4) 2.14 (0.5) 2.54 (0.5) 2.76 (0.5) 2.89 (0.5) 2.14 (0.5) [47] b

10 +
Cyanex272 1.95 (0.4) 2.71 (0.6) 2.43 (0.6) 3.67 (0.5) 3.39 (0.5) - [48] c

a 0.01 M Lu(III), 0.03 M extractant (sum), 0.6 M H+; b 0.02 M RE, 0.1 M extractant (sum), pH 2; c 3 mM RE, 0.03 M
extractant (sum), pH 2.5.

6.2. α-Aminophosphinates

Contrary to the better-explored α-aminophosphonates, only one RE extraction study
has been reported for α-aminophosphinates so far [50]. The monoacidic α-aminophosphinate
21 extracted REs from nitrate medium similarly to monoacidic phosphonates 10, 13, and 14
because the extractabilities of REs increased with increasing pH. Only the light REs—La(III),
Ce(III), Pr(III), Nd(III)—could not reach complete extraction, even at pH 4 or higher. Based
on the determined separation factors for the adjacent heavy REs, 21 separated them better
than the typical commercial extractants D2EHPA and HEHEHP, but it did not outperform
its commercial phosphinic acid analogue P227 (Table 6). However, 21 reached the extraction
equilibrium much faster, and its Lu(III) loading capacity of 0.45 mM was 1.5 times higher
than P227′s 0.32 mM under the same experimental conditions.
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6.3. α-Aminophosphine Oxides

The research on α-aminophosphine oxides started with investigations on the pos-
sibility of using the compounds as extractants for Sc(III). A series of compounds 22–28,
including also one α-aminophosphonate 8, was synthesized, and while most of them
showed some capability for Sc(III) extraction, only the two best-performing reagents 22
and 23 were investigated further [11]. Both compounds were able to separate Sc(III) from
a variety of di- and trivalent metal ions; in particular, 22 was effective in 0.3 M nitric
acid medium when toluene was used as a diluent. The selectivity of extractants towards
Sc(III) was further confirmed in a follow-up study where the extraction of several trivalent
lanthanoids was investigated as well [36]. The highest extraction degree (~80%) of REs was
obtained from perchloric acid, surpassing the extraction degree (~30%) of two other acids,
hydrochloric and nitric, by 50 percentage points when the acid concentration varied from
0.25 to 0.5 M. The extractability of the investigated REs followed the decreasing ionic radii
of REs; Nd(III) was extracted the best, followed by Sm(III), Dy(III), Yb(III), and Lu(III).

The synthesized α-aminophosphine oxide–azapodands 29 and 31 showed extraction
properties towards Lu(III) similar to 22, but their more difficult synthetic procedure con-
tradicted their usability in large-scale solvent extraction [36]. A follow-up study with
a slightly smaller azapodand 30 in toluene showed that U(VI) and RE(III) ions, except
Y(III), are extracted practically quantitatively from a perchloric acid solution at a pH of
4.7, whereas bis(pentadecyl)phosphoric acid extracted U(VI) and Lu(III) from hydrochloric
acid more selectively compared to other studied REs at a low pH regime [37]. Synergistic
studies in hydrochloric acid showed that, by combining 30 and bis(pentadecyl)phosphoric
acid in a 1:2 ratio, the selectivity towards U(VI), Y(III), and Lu(III) can be increased at low
(2.9) and high pH (5.0–5.5) regimes, while other RE ions extracted poorly (La(III), Ce(III),
and Nd(III)) or moderately (Gd(III) and Sm(III)) from the aqueous phase.

Like its α-aminophosphonate congener 11, α-aminophosphine oxide 32 was studied
for the extraction of Ce(IV) from bastnäsite ore [51]. The extractant was found to have high
selectivity towards Ce(IV), with SF exceeding 100 for all studied metal pairings, allowing the
effective separation of Ce(IV) from Th(IV) and several REs. Although α-aminophosphonate
12 achieved better Ce(IV)/Th(IV) separation in dilute sulfuric acid, 32 was able to keep
the separation relatively high despite increasing acidity. Compound 32 also outperformed
12 in the Ce(IV)/RE(III) separation in virtually all studied acid concentrations. However,
the Ce(IV) loading capacity of 16.66 g/L was notably lower for 32 than for the three α-
aminophosphonate extractants 9, 11, and 12, as all of them reached the loading capacities
of 30 g/L or higher (Table 5).

To summarize Section 6, the various α-amino-functionalized organophosphorus ex-
tractants have generally demonstrated good selectivity towards REs and actinoids, partic-
ularly U(VI), Th(IV), Ce(IV), and Sc(III). The studied systems have proven to outperform
commercial extractants such as D2EHPA and HEHEHP in several aspects, with the im-
proved separation of adjacent heavy REs as one of the most important highlights. While
the experimental extraction data of α-aminophosphinates and phosphine oxides—SFs in
particular—are still more scarce compared to the more studied α-aminophosphonates,
the results so far indicate similar performance levels and encourage further studies on
their extraction chemistry. The utilization of α-amino-functionalized organophosphorus
compounds as part of synergistic extraction systems is another rather unexplored area with
few but promising results.

7. Conclusions and Future Perspectives

The interest in the α-amino-functionalized organophosphorus-based extractants and
precipitation agents has grown rapidly during the last ten years after the slow start initiated
in the 1960s [5]. At the heart of this process have been synthetic methods such as Kabachnik–
Fields and Pudovik, developed more than half a century ago, that allow the facile synthesis
of a myriad of different α-amino-functionalized organophosphorus compounds [57,58,64].
Despite the progress in synthetic chemistry, their utilization in the extraction chemistry
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of REs and actinoids has just scratched the surface of this highly evolving and important
field for modern society [5]. In particular, the search for greener separation methods for
RE elements and actinoids, as well as the improvement of the existing ones, have recently
driven the development of the separation chemistry of RE metals and actinoids [19,21,23].
However, there is still progress to be made, and based on the recent results obtained for
α-amino-functionalized organophosphorus-based extractant and precipitation agents, it
is highly likely that these compounds play an important role in this progress. Illustrative
examples are the development of the patented Cextrant 230 functioning as an efficient
and selective extractant for Ce(IV) and Th(IV) over other RE metal ions in the solvent
extraction [38,39], as well as the selective separation of U(VI) and Th(IV) from RE mixtures
by precipitation using only water as the solvent in acidic conditions [9]. Although the
selective precipitation of RE metals from the aqueous phase has not yet been achieved
with α-amino-functionalized organophosphorus compounds, it has been shown with other
compounds that light and heavy REs, such as Nd and Dy, can be selectively separated by
precipitation from the aqueous phase [85–89]. If one also considers the development of
sorption materials based on the α-amino-functionalized organophosphorus compounds, as
well as the tunability of their solubility, coordination affinity, and steric effects, there will
certainly be many new and exciting avenues to be taken with the α-amino-functionalized
organophosphorus extractants, separation agents, and sorption materials. We believe that
the molecular-level knowledge obtained from the studied systems is the main driving force
in this progress because, after all, it is the molecular structure of the compound that dictates
its coordination affinity towards metal ions.
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65. Juribašić, M.; Bellotto, L.; Tušek-Božić, L. N–H···O=P Hydrogen-Bonded Dimers as the Main Structural Motif of Aminophospho-

nate Diesters. Struct. Chem. 2012, 23, 257–266. [CrossRef]
66. Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds; Griffiths, P.R., Ed.; John Wiley & Sons, Inc.:

Hoboken, NJ, USA, 2008; ISBN 9780470405840.
67. Larkin, P.J. Infrared and Raman Spectroscopy: Principles and Spectral Interpretation, 2nd ed.; Elsevier: Amsterdam, The Netherlands,

2017; ISBN 9780128042090.
68. Lin-Vien, D.; Colthup, N.B.; Fateley, W.G.; Grasselli, J.G. The Handbook of Infrared and Raman Characteristic Frequencies of Organic

Molecules; Academic Press: San Diego, CA, USA, 1991; ISBN 0-12-451160-0.
69. Groves, J.A.; Wright, P.A.; Lightfoot, P. Two Closely Related Lanthanum Phosphonate Frameworks Formed by Anion-Directed

Linking of Inorganic Chains. Inorg. Chem. 2005, 44, 1736–1739. [CrossRef]
70. Silva, P.; Vieira, F.; Gomes, A.C.; Ananias, D.; Fernandes, J.A.; Bruno, S.M.; Soares, R.; Valente, A.A.; Rocha, J.; Paz, F.A.A. Thermal

Transformation of a Layered Multifunctional Network into a Metal–Organic Framework Based on a Polymeric Organic Linker.
J. Am. Chem. Soc. 2011, 133, 15120–15138. [CrossRef]

71. Colodrero, R.M.P.; Olivera-Pastor, P.; Losilla, E.R.; Aranda, M.A.G.; Leon-Reina, L.; Papadaki, M.; McKinlay, A.C.; Morris, R.E.;
Demadis, K.D.; Cabeza, A. Multifunctional Lanthanum Tetraphosphonates: Flexible, Ultramicroporous and Proton-Conducting
Hybrid Frameworks. Dalt. Trans. 2012, 41, 4045. [CrossRef] [PubMed]

72. Ren, M.; Bao, S.-S.; Ferreira, R.A.S.; Zheng, L.-M.; Carlos, L.D. A Layered Erbium Phosphonate in Pseudo-D5h Symmetry
Exhibiting Field-Tunable Magnetic Relaxation and Optical Correlation. Chem. Commun. 2014, 50, 7621. [CrossRef] [PubMed]

73. Mendes, R.F.; Almeida Paz, F.A. Dynamic Breathing Effect in Metal-Organic Frameworks: Reversible 2D-3D-2D-3D Single-Crystal
to Single-Crystal Transformation. Inorg. Chim. Acta 2017, 460, 99–107. [CrossRef]

74. Bligh, S.W.A.; Choi, N.; Geraldes, C.F.G.C.; Knoke, S.; McPartlin, M.; Sanganee, M.J.; Woodroffe, T.M. A Novel Hexaaza
Macrocycle with Methylenephosphonate Pendant Arms: A Potential Useful Chelate for Biomedical Applications. J. Chem. Soc.
Dalton Trans. 1997, 3, 4119–4126. [CrossRef]
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Abstract: Deamination of 1-aminoalkylphosphonic acids in the reaction with HNO2 (generated “in
situ” from NaNO2) yields a mixture of substitution products (1-hydroxyalkylphosphonic acids),
elimination products (vinylphosphonic acid derivatives), rearrangement and substitution products
(2-hydroxylkylphosphonic acids) as well as H3PO4. The variety of formed reaction products suggests
that 1-phosphonoalkylium ions may be intermediates in such deamination reactions.

Keywords: diazotization; carbenium ion; 1-phosphonoalkylium ion; substitution reaction; elimination
reaction; rearrangement

1. Introduction

Organophosphorus compounds are a very interesting class of molecules well known to
exist in nature, exhibit very intriguing activity, and have already found broad applications
in various sectors of industry, such as in agrochemistry [1], pharmacy [2], catalysis [3],
materials [4], as flame retardants [5], or chemical reagents [6]. Particular interest is devoted
to substituted 1-aminoalkylphosphonic acids that can be considered structural analogs of
natural 2-aminoalkanoic acids [7–9]. In that regard, the use of 1-aminoalkylphosphonic
acids in drug discovery has proven successful in many cases, with prominent examples
being potential drugs for the treatment of diabetes [10,11], asthma [12], inflammation [13],
heart failure [14], cancer [15], malaria [16], and HIV [17]. Due to the importance of the
1-aminoalkylphosphonic acids, several synthetic methods for their preparation have been
designed over the years [18–26].

Surprisingly, further transformations of 1-aminoalkylphosphonic acids and their reac-
tivity as reaction substrates in organic synthesis are scarcely described in the literature [27–33].
Those described include among others alkaline deacylation of 1-(acylamino)alkylphosphonic
acids, ref. [31] oxidative dephosphorylation of 1-aminoalkylphosphonic acids [32], oxida-
tion of 1-(N,N-dialkylamino)-alkylphosphonic acids leading to corresponding N,N-dialkyl-
N-oxide derivatives [30], or recently effective preparation of 1-aminoalkylphosphonic
acid quaternary ammonium salts from simple 1-aminoalkylphosphonic acid [27]. On the
other hand, the use of analogous 2-aminoalkanoic acids as substrates, particularly in di-
azotization reaction, is a well-known methodology that yields 2-hydroxyalkanoic acids
or 2-chloroalkanoic acids (Scheme 1a) [34–37], useful building blocks in medicinal chem-
istry [38–40], total synthesis of natural products [41–43], and polymer chemistry [44–46].
Inspired by the activity and utility of 2-amino acids in diazotization reactions we decided to
study the reactivity of 1-aminoalkylphosphonic acids in deamination by the diazotization
reaction (Scheme 1d). It is well known that the amine group reacts with nitrous acid
(HNO2) generated by the acidification of aqueous solutions of sodium nitrite (NaNO2)
with a mineral acid to yield diazonium salts, followed by reaction with various nucle-
ophiles [47]. However, aliphatic diazonium salts are commonly unstable, and the formation
of carbenium ion intermediate is inevitable, which causes complications with controlling
the selectivity of such reaction [47,48].
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Scheme 1. General presentation of deamination reaction carried out on 2-aminoalkanoic acids and
their phosphorus analogs [34–37,49–53].

While the deamination of 2-aminoalkanoic acids as substrates has been described in a
great number of articles, reactions of structurally similar 1-aminoalkylphosphonic acids are
scarcely described in the literature. In 1950 [49] and 1954 [50], Kabachnik and Medved de-
scribed the analytical applications of the deamination reaction of aminomethylphosphonic
acid and 1-amino-1-phenylethylphosphonic acid with nitrous oxides in which hydrox-
ymethylphosphonic acid and 1-hydroxy-1-phenylethylphosphonic acids were formed re-
spectively (Scheme 1b). Much later, reactions of related aminoalkylidene-1,1-diphosphonic
acids with nitrous acid were described by Blum and Worms [51–53]. The authors concluded
that carbenium ions with two phosphonic groups are formed and the reaction products
are hydroxyalkylidene-1,1-diphosphonic acids, chloroalkylidene-1,1-diphosphonic acids,
and derivatives of vinylphosphonic acid (Scheme 1c). It is worth mentioning that 1-
phosphonoalkylium ions 9, which may be intermediates in the deamination reaction of
1-aminoalkylphosphonic acids 1, have also not been extensively studied in the literature.
Only theoretical calculations for the simplest phosphonomethylium ion (9h) (which ex-
ist in the cyclic form 10h) have been described by Pasto (Scheme 2a) [54]. On the other
hand, Creary et al. studied the formation of carbenium ions substituted with phosphonic
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ester group 11 in the solvolysis reactions of mesylates 12 [55–58]. Experiments on the
α-deuterium isotope effect proved that intermediates have an open form 11 and that no
cyclic compounds 13 are formed (Scheme 2b). Intrigued by the very scarce literature re-
ports on the deamination of 1-aminoalkylphosphonic acids, and interested in revealing
the reactivity of the 1-phosphonoalkylium ions, possible intermediates in deamination of
1-aminoalkylphosphonic acids, we decided to study this interesting reaction in greater
detail (Scheme 1d).
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Herein we present the results of our detailed study on the deamination reaction of
structurally diverse 1-aminoalkylphosphonic acids carried out with nitrous acid. The
presented results show the potential application of this transformation in organic synthesis
and shed light on the possible reaction mechanism and reaction intermediates.

2. Results

For our study, we selected a representative and structurally diverse palette of 1-
aminoalkylphosphonic acids (Figure 1, 17 examples). The selected examples include
phosphorus analogs of such amino acids as alanine 1a, valine 1b, leucine 1d, glycine 1h,
phenylalanine 1g, and phenylglycine 1f.

2.1. Diazotization of 2-Aminoalkanoic Acids vs. 1-Aminoalkylphosphonic
Acids—Preliminary Experiments

We started our preliminary experiments using the conditions applied for the diazotiza-
tion of 2-aminoalkanoic acids (NaNO2, 5M HCl) (Scheme 3) [59]. Preliminary experiments
clearly showed that 1-aminoalkylphosphonic acids reacted with nitrous acid (HNO2), gen-
erated in situ from sodium nitrite (NaNO2), differently than the tested amino acids. The
degree of conversion in the case of 1-aminoalkylphosphonic was slightly higher than in
the case of classical amino acids. No other products than the ones depicted on Scheme 3
were observed and they were additionally accompanied by unreacted starting material.
Under the examined conditions, no selectivity towards chloride ions was observed and
1-hydroxyalkylphosphonic acids were the main reaction products.

Moreover, in the case of amino acids 2, as expected, the main reaction products were
1-hydroxy or 1-chloroalkanoic acids, while in the case of 1-aminoalkylphosphonic 1 a
greater number of reaction products, including rearrangement and fragmentation products,
were observed (Scheme 3).
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Due to the complex composition of post-reaction mixtures, we decided to modify the
original reaction conditions used for the diazotization of amino acids. Expecting to obtain
complex reaction mixtures, we wanted to focus first on generating the carbenium ions and
then observe their reactivity with just a limited number of nucleophiles to simplify the
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analysis of the results. Based on the literature data describing the diazotization of amino
acids, we envisaged that the most important parameter is the initial pH of the reaction
mixture [60–63]. Lowering the pH should increase the concentration of the electrophilic
nitrosating agent, but at the same time causes the protonation of the amino group in
the starting 1-aminoalkylphosphonic acids, which lowers the nucleophile concentration.
Additionally, we have assumed that 1-aminoalkylphosphonic acids are strong enough acids
to generate the nitrosating agent in situ from sodium nitrite in water, therefore there is no
need to use hydrochloric acid in the reaction. After this simplification, the only nucleophiles
in the reaction mixture were nitrite ions and water.

2.2. Diazotization of 1-Aminoalkylphosphonic Acids—Optimized Reaction Conditions

When 1-aminoalkylphosphonic acid 1 (1 equiv.) was added to the solution of NaNO2
(2 equiv.), nitrogen evolution was observed, which proved that diazonium salts 8 were
generated. The post-reaction mixtures contained products of substitution reaction (1-
hydroxyalkylphosphonic acids 5), elimination reaction (vinylphosphonic acid derivatives 7),
and additionally 2-hydroxyalkylphosphonic acids 5′ and phosphoric acid (H3PO4).

We have observed that the product distribution in these reactions depended strongly
on the structure of the starting 1-aminoalkylphosphonic acid 1, therefore the reaction results
are outlined in Tables 1–4, according to the structure of the substrates used.

To avoid the formation of secondary products, the crude post-reaction mixtures were
analyzed directly by NMR spectroscopy without isolation of the reaction products, and
thus the results are given in the form of conversion. In all cases, the structures of reaction
products were confirmed by NMR spectroscopy (especially 31P NMR and 1H NMR) by
the addition of known reference compounds (synthesized separately) or by analysis and
comparison of the NMR spectra of the crude reaction mixture with spectra of products
known from the literature (see Supplementary Materials for more details).

Substitution was generally the main reaction for most of the investigated 1-aminoalkylphosphonic
acids 1 (Tables 1 and 2), especially for those that do not have protons in the β-position
(1f, 1n, 1h). For example, in the reaction of amino(phenyl)methylphosphonic acid (1f) the
conversion of substrate to hydroxy(phenyl)phosphonic acid (5f) was 97% (Table 2, entry 1).

In turn, elimination was the major reaction for 1-aminoalkylphosphonic acids 1q, 1l,
and 1i which have bulky substituents (Table 3). For substrates 1l and 1i, two isomers of
vinylphosphonic acid derivatives were formed: 7l, 7′l for 1l and 7i, 7′i for 1i. We assume
that in this case the steric hindrance impedes the access of nucleophiles and, as a result, the
elimination reaction is favored.

Furthermore, for substrates 1j, 1b, and 1k that have β-position migrating groups, the
major reaction product was phosphoric acid (H3PO4), accompanied by various amounts of
substitution products 5 and rearrangement products 5′.

While direct substitution on the diazonium group in 1-phosphonoalkenediazonium
salts 8 cannot be excluded (Scheme 4a), the complex composition of the post-reaction mix-
tures suggests that 1-phosphonoaklylium ions 9 may be intermediates in the diazotization
reaction of 1-aminoalkylphosphonic acids 1. This assumption is supported by the fact that
all typical products of carbenium ion reactions, especially rearrangement products 5′, were
observed simultaneously in the crude post-reaction mixtures (Scheme 4b). It has to be men-
tioned that the accepted mechanism of deamination of analogous aliphatic 2-aminoalkanoic
acids assumes the presence of α-lactones as reaction intermediates (Scheme 1a). As pos-
tulated, their formation is the reason for the high enantioselectivity of these reactions.
By analogy, in the reaction of 1-aminoalkylphosphonic acids similar cyclic intermediates,
namely 2-hydroxy-2-oxa-1,2-oxaphosphiranes 10, could also be postulated (Scheme 4c).
However, there is no experimental information about intermediate 10 described thus far
in the literature. In addition, our results indicate that the formation of 10 is unlikely. For
example, the reaction products of 3-amino-3-phosphonopropanoic acid (1e) with nitrous
acid may be explained by the assumption that 1-phosphonoalkylium ion 9e is formed
(Scheme 5). The 3-hydroxy-3-phosphonopropanoic acid (5e) is formed in the reaction of
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nucleophile (water) addition to 1-phosphonoalkylium ion 9e, while (E)-3-phosphonoacrylic
acid (7e) is formed as the result of proton elimination from 9e. Carbenium ion 9e also
undergoes fragmentation and as a result, vinylphosphonic acid (7a) and carbon dioxide
are formed.

Table 1. Reaction of HNO2 with 1-aminoalkylphosphonic acids 1 that are stabilized by substituents
in 1-position or those that cannot rearrange a.
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Table 4. Reaction of HNO2 with 1-aminoalkylphosphonic acids 1 that have a migrating group in the
β-position a.
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An interesting example illustrating the complexity of the deamination reaction of
1-aminoalkylphosphonic acid 1 is the reaction of 1-amino-2-phenylethylphosphonic acid
(1g) with HNO2 (Scheme 6). Among the expected products of substitution 5g, elimina-
tion 7g, and phosphoric acid, in the post-reaction mixture, the rearranged 2-hydroxy-1-
phenylethylphosphonic acid (5′′g) was identified. Considering the formation of carbenium
ion 9g we expected the rearrangement of this carbenium ion to 9′g, which should be more
stable due to the stabilizing effect of the phenyl group. Subsequent addition of nucleophile
(H2O) to both carbenium ions should lead to the corresponding hydroxyalkylphosphonic
acids 5g and 5′g respectively (Scheme 6). However, analysis of the NMR spectra of the
crude reaction mixture revealed that the second product of the reaction is not the 5′g but
5”g (see Supplementary Materials for more details).

Formation of 2-hydroxy-1-phenylphosphonic acid (5′′g), as well as unrearranged
5g and phosphoric acid may be explained by the formation of cyclic intermediate 9′′g
(Scheme 6a). The nucleophilic attack of water on the less crowded side (pink arrow
on Scheme 6a) of intermediate 9′′g yields rearranged 2-hydroxyalkylphosphonic acid 5′′g,
while fragmentation of 9′′g (Scheme 6b) yields styrene and metaphosphoric acid which hydrol-
yses to phosphoric acid. Finally, when examining the reactivity of 1-aminoalkylphosphonic
acids 1 in a deamination reaction with HNO2, in every reaction we have always observed
the presence of various amounts of phosphoric acid (H3PO4). We postulate that the for-
mation of H3PO4 could be explained by two reaction mechanisms which depend on the
structure of the used 1-aminoalkylphosphonic acids 1 (Schemes 7 and 8). According to the
first reaction mechanism (Scheme 7a), if the structure of the formed 1-phosphonoalkylium
ion 9 enables its rearrangement to the more stable 2-phosphonoalkylium ion 9′ (compounds
1j, 1b, 1k, 1g), then ion 9′ can further undergo fragmentation with cleavage of the C–P
bond resulting in the formation of alkene and metaphosphoric acid (that undergo hydrol-
ysis to phosphoric acid in the presence of water). A similar mechanism was proposed
by Mastalerz and Richtarski for the deamination of 2-aminoethylphosphonic acid and
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related compounds, where the main reaction products were ethylene and phosphoric acid
(Scheme 7b) [64–66].
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The second reaction mechanism should explain the formation of H3PO4 in the case
where there is no possibility of rearrangement of the formed carbenium ion 9 (Scheme 8),
especially for the reaction of substrates 1a, 1f, 1n, and 1h. By analogy to reactions of
2-aminoalkanoic acids with HNO2 [67], the reaction of 1-phosphonoalkylium ion 9 with
biphilic nitrite ion (NO2

-) gives 1-nitroalkylphosphonic acid 14 (Scheme 8a) or nitrite ester
of 1-hydroxyalkylphosphonic acids 15 (Scheme 8b). Compounds 14 and 15 may undergo
secondary reactions which ultimately produce phosphoric acid.
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3. Materials and Methods
3.1. General Information

The 1H, 13C{1H}, 31P NMR, and DEPT-135 spectra were collected on a Jeol 400yh
instrument (Jeol, Ltd., Tokio, Japan) (400 MHz for 1H NMR, 162 MHz for 31P NMR, and
100 MHz for 13C NMR) and were processed with dedicated software (Delta 5.0.5). NMR
experiments recorded in D2O were referenced to the respective residual 1H signal of
the solvent. Multiplicities were reported using the following abbreviations: s (singlet),
d (doublet), t (triplet), q (quartet), and m (multiplet). The reported coupling constants
(J) values were those observed from the splitting patterns in the spectrum and may not
reflect the true coupling constant values. The composition of post-reaction mixtures (as the
conversion of substrate to the given product) was calculated based on 31P NMR (recorded
in D2O) of the crude reaction mixture. Structural assignments of 5′′g were made with
additional information from gCOSY, gHSQC, and gHMBC experiments.

3.2. Reagents

Aminomethylphosphonic acid (1h) was obtained in the reaction of benzamide, formalde-
hyde, and phosphorous trichloride [68]. 3-Amino-3-phosphonopropanoic acid (1e) was synthe-
sized from diethyl acetamidomethylenemalonate [69]. The remaining 1-aminoalkylphosphonic
acids 1 were obtained in the reaction of an appropriate carbonyl compound with acetamide,
acetyl chloride, and PCl3 in acetic acid, using Soroka’s protocol [70]. 1-Hydroxyalkylphosphonic
acids 5, which were used as reference materials for confirmation of reaction products structures,
were synthesized by dealkylation of diethyl 1-hydroxyalkylphosphonates, which were obtained
in the reaction of triethyl phosphite with suitable aldehyde or ketone and hydrogen chloride [71].
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3.3. Deamination of 1-Aminoalkylphosphonic Acids 1 and 2-Aminoalkanoic Acids 2 in 5M HCl

The deamination experiments were conducted in a three-necked flask equipped with
a reflux condenser, thermometer, dropping funnel, and magnetic stirrer, as described in the
original protocol [40]. The solution of 1-aminoalkylphosphonic acid 1 or 2-aminoalkanoic
acid 2 (10 mmol) in 5M HCl (65 mmol, 13 mL) was cooled in an ice/NaCl cooling bath to a
temperature of −12 ◦C. Subsequently, 4 M NaNO2 solution in water (16 mmol, 4.0 mL) was
added dropwise for 2 min. The temperature of the reaction mixture was maintained under
0 ◦C for 5 h, and then at 25 ◦C for 12 h. The samples for 1H and 31P NMR spectra were
prepared by diluting post-reaction mixtures (0.10 mL) in D2O (0.40 mL). The samples were
re-measured after the addition of reference materials. The composition of the mixture was
calculated based on the integration of signals on the 31P NMR spectra (for phosphorous
substrates) or on the 1H NMR spectra (for 2-aminoalkanoic acids).

3.4. Deamination of 1-Aminoalkylphosphonic Acids 1 in Water

The deamination reactions of 1-aminoalkylphosphonic acids 1 were conducted in a
round-bottom flask equipped with a magnetic stirrer and calibrated gas burette (Figure S11
in Supplementary Materials). The flask was placed in a water bath at a temperature of
about 20 ◦C. 1-Aminoalkylphosphonic acid 1 (3.0 mmol) was added to a 0.67 M solution
of NaNO2 (6.0 mmol, 9.0 mL). The solution or suspension was stirred by the means of a
magnetic stirrer until the stoichiometric volume of gas was evolved, and additionally for
12 h. The 1H and 31P NMR spectra were recorded after that time and additionally after
a few days. The composition of the mixture was calculated based on the integration of
signals on the 31P NMR spectra.

4. Conclusions

We have studied the deamination of 17 1-aminoalkylphosphonic acids 1 in the reaction
with nitrous acid. We have postulated that 1-phosphonoalkylium ions 9 are plausible reac-
tive intermediates in these reactions. Depending on the structure of 1-aminoalkylphosphonic
acid 1 used, these ions 9 react with a nucleophile (H2O or NO2

¯), undergo elimination
of protons, or a rearrangement/fragmentation reaction (Scheme 9). Furthermore, we ex-
plained the formation of the phosphoric acid (H3PO4), present in every reaction mixture,
through two mechanisms (Schemes 6 and 7). We have experimentally demonstrated that
the selectivity of the reaction of 1-phosphonoalkylium ions 9 is not easy to control but,
in some cases, the addition of nucleophile (H2O) is the major reaction and the starting
1-aminoalkylphosphonic acids 1 could be transformed into 1-hydroxyphosphonic acids 5
(Scheme 9). In turn, the derivatives of vinylphosphonic acid 7 resulting from proton elimi-
nation from 1-phosphonoalkylium ions 9 (Scheme 9) could be major products in the case of
1-aminoalkylphosphonic acids having a positive charge positioned at the tertiary carbon
atom and surrounded by bulky substituents, such as compounds 1q, 1l, and 1i (Scheme 9,
Table 3). Finally, if the generated 1-phosphonoalkylium ions 9 have migrating groups in
the β-position, such as in compounds 9j, 9b, 9k, and 9g, they can further rearrange to
more stable 2-phosphonoalkylium ions 9′ and either react with a nucleophile to form 2-
hydroxyalkylphosphonic acid 5′ or undergo fragmentation to alkene and H3PO4 (Scheme 9,
Table 4). Although the reported procedure of the deamination of 1-aminoalkylphosphonic 1
generally may have limited synthetic application, in specific cases, it may be an irreplaceable
synthetic method leading to the desired products.
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Abstract: An efficient general method for the synthesis of a wide family of α-aminophosphonate
analogs of aspartic acid bearing tetrasubstituted carbons is reported through an aza-Reformatsky
reaction of α-iminophosphonates, generated from α-aminophosphonates, in an umpolung process.
In addition, the α-aminophosphonate substrates showed in vitro cytotoxicity, inhibiting the growth
of carcinoma human tumor cell lines A549 (carcinomic human alveolar basal epithelial cell) and
SKOV3 (human ovarian carcinoma). In view of the possibilities in the diversity of the substituents
that offer the synthetic methodology, an extensive profile structure–activity is presented, measuring
IC50 values up to 0.34 µM in the A549 and 9.8 µM in SKOV3 cell lines.

Keywords: Reformatsky reaction; tetrasubstituted α-aminophosphonates; aspartic acid; antiproliferative
effect

1. Introduction

The increase in life expectancy is one of the greatest achievements of humankind,
which is also linked to far-reaching consequences with implications for nearly all socioe-
conomic sectors [1]. According to a study published in The Lancet in 2018 [2], by 2040, it
is expected that 59 countries will have an average life expectancy of more than 80 years.
In particular, the average life expectancy in Spain is predicted to be the highest in the
world and will reach 85.8 years. In the past, the main roots of mortality were associated to
infectious and parasitic diseases but, due to the phenomenon of population ageing, chronic
and degenerative diseases have become the main concern of all healthcare systems world-
wide. Accordingly, cancers figure among the leading causes of morbidity and mortality
worldwide and have become one of the world’s largest health problems [3].

The systemic treatment of cancer implies a combination of surgery, chemotherapy
and radiation. Other options include immunotherapy, targeted therapy, laser or hormonal
therapy [4]. Chemotherapeutic agents possess the ability to travel throughout the body,
and selectively destroy fast-growing malignant cells [5]. Here, in the first front of battle,
drug discovery plays a crucial role in this area through the synthesis and characterization of
drug candidates and the evaluation of their anticancer properties, prior to the subsequent
clinical trials. Despite the strong efforts made in the last decades for the development of
efficient chemotherapeutic agents, the continuous search for newer, safer and more potent
cytotoxic drugs is an essential task in science, especially due to the known ability of cancer
cells to develop resistance to the known therapies [6,7].

Among the innumerable amount of potentially chemotherapeutic molecules, we
focused, in this case, on organophosphorus compounds. In particular, phosphonic acids
and their esters are a family of compounds, characterized by the presence of a stable C-P
bond in their structure, that show interesting and useful biological properties [8], including
anticancer activity, such as the case of cyclophosphamide [9] or zolendronate [10,11].
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Specifically, α-aminophosphonic acids are bioisosters of α-amino acids, where the flat
carboxylic acid group has been replaced by a tetrahedral phosphonic acid group that shows
the fully oxidized phosphorus atom at the core [12]. Due to this isosteric substitution,
α-aminophosphonic acid scaffold is able to mimic the tetrahedral geometry and negative
charge development found in the transition state of peptide cleavage, thus inhibiting
enzymes implied in proteolysis processes (Figure 1) [13–15]. Considering this, it is easy to
anticipate that a number of α-aminophosphonic acid derivatives show interesting biological
activities, such as herbicidal [16,17], antimicrobial [18–21] or antioxidant [22,23], and some
of them have been reported as potential drugs, in particular, for the treatment of infectious
diseases [24,25]. Remarkably, some α-aminophosphonate derivatives have been described
as anticancer [26–29] agents.

Molecules 2022, 27, x FOR PEER REVIEW  2  of  23 
 

 

bond  in  their  structure,  that  show  interesting  and  useful  biological  properties  [8], 

including anticancer activity, such as the case of cyclophosphamide [9] or zolendronate 

[10,11]. Specifically, α‐aminophosphonic acids are bioisosters of α‐amino acids, where the 

flat carboxylic acid group has been replaced by a tetrahedral phosphonic acid group that 

shows  the  fully  oxidized  phosphorus  atom  at  the  core  [12].  Due  to  this  isosteric 

substitution, α‐aminophosphonic acid scaffold is able to mimic the tetrahedral geometry 

and negative charge development found in the transition state of peptide cleavage, thus 

inhibiting enzymes implied in proteolysis processes (Figure 1) [13–15]. Considering this, 

it  is  easy  to  anticipate  that  a  number  of  α‐aminophosphonic  acid  derivatives  show 

interesting  biological  activities,  such  as  herbicidal  [16,17],  antimicrobial  [18–21]  or 

antioxidant [22,23], and some of them have been reported as potential drugs, in particular, 

for the treatment of infectious diseases [24,25]. Remarkably, some α‐aminophosphonate 

derivatives have been described as anticancer [26–29] agents. 

 

Figure 1. α‐Aminophosphonic acid group mimics the transition state of peptide cleavage. 

Aspartic acid is one of the 20 building block α‐amino acids of proteins that is known 

to have pharmacological activity at some glutamate receptors [30]. The most interesting 

feature of the structure of aspartic acid is the presence of a second acidic side chain that 

may interact with other amino acids, enzymes or proteins in the body. In the context of 

this research, following the biosisosterism approach, two possible phosphorated analogs 

may be designed from aspartic acid scaffold I: β‐phosphorylated α‐aminoacids II or β‐

carboxylic α‐aminophosphonates III (Scheme 1). 

 

Scheme 1. Two possible isosteric substitutions of the carboxylic moiety by a phosphonic acid group 

in aspartic acid scaffold. 

While  the  synthesis  of  phosphonate  analogs  of  aspartic  acid  by  the  isosteric 

substitution of the β‐carboxylic group is well documented [31–33], the preparation of the 

parent α‐aminophosphonate analogs III by the substitution of the α‐carboxylic moiety has 

received  less  attention,  and most of  the  substrates  are  reported  as  single  examples of 

general methods leading to α‐aminophosphonates or aspartic acid derivatives [32,34,35]. 

In particular, there are a few examples reported for the synthesis of tetrasubstituted α‐

aminophosphonates  derived  from  aspartic  acid  as  concrete  examples  of  the  scope  of 

reactions  that  imply  C‐C  or  C‐P  bond  formation  [36–39].  It  is  well  known  that  the 

development  of  reactions  leading  to  the  formation  of  tetrasubstituted  carbons  is  a 

challenging  task,  due  to  the  lack  of  reactivity  of  the  substrates,  derived  from  the 

generation of a highly crowded structure. 

Figure 1. α-Aminophosphonic acid group mimics the transition state of peptide cleavage.

Aspartic acid is one of the 20 building block α-amino acids of proteins that is known
to have pharmacological activity at some glutamate receptors [30]. The most interesting
feature of the structure of aspartic acid is the presence of a second acidic side chain that
may interact with other amino acids, enzymes or proteins in the body. In the context of this
research, following the biosisosterism approach, two possible phosphorated analogs may be
designed from aspartic acid scaffold I: β-phosphorylated α-aminoacids II or β-carboxylic
α-aminophosphonates III (Scheme 1).
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Scheme 1. Two possible isosteric substitutions of the carboxylic moiety by a phosphonic acid group
in aspartic acid scaffold.

While the synthesis of phosphonate analogs of aspartic acid by the isosteric substitu-
tion of the β-carboxylic group is well documented [31–33], the preparation of the parent
α-aminophosphonate analogs III by the substitution of theα-carboxylic moiety has received
less attention, and most of the substrates are reported as single examples of general methods
leading to α-aminophosphonates or aspartic acid derivatives [32,34,35]. In particular, there
are a few examples reported for the synthesis of tetrasubstituted α-aminophosphonates
derived from aspartic acid as concrete examples of the scope of reactions that imply C-C or
C-P bond formation [36–39]. It is well known that the development of reactions leading to
the formation of tetrasubstituted carbons is a challenging task, due to the lack of reactivity
of the substrates, derived from the generation of a highly crowded structure.

In this context, the aza-Reformatsky reaction is a widely used method for the synthesis
ofβ-amino acids [40–43], as well as for the synthesis of biologically active molecules [44–46].
During the last years, the use of dialkylzinc reagents has emerged as an alternative to Zn
dust [47–50]. In this regard, very recently, we have reported an enantioselective aza-
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Reformatsky reaction of α-phosphorylated ketimines that leads to the formation of tetra-
substituted α-aminophosphonate derivatives [51]. In view of the interesting properties of
aspartic acid derivatives and the potential of the isosteric substitution of a carboxylate by a
phosphonate group, the corresponding phosphorus analogs of aspartic acid may be very
interesting substrates from a biological point of view. According to this, as part of our ongo-
ing research into the identification of new chemotherapeutic agents [52–54], with a special
focus on organophosphorus derivatives [55–57], we thought that the preparation of a wide
family of phosphorated analogs of aspartic acid and the study of their anticancer properties
would be an interesting contribution to the field of organic and medicinal chemistry. For
all the reasons mentioned above, herein, we report a general method for the synthesis
of tetrasubstituted phosphorated analogs of aspartic acid through an aza-Reformatsky
reaction of α-ketiminophosphonates and the evaluation of their in vitro cytotoxic activity
against several cancer cell lines.

2. Results and Discussion
2.1. Chemistry

During the last years, we have been involved in the synthesis of α-aminophosphonate
derivatives through the addition of carbon nucleophiles to imines. The most remarkable
feature of our approach is that α-iminophosphonate electrophiles are generated by the
oxidation of the parent α-aminophosphonates. Thus, the global reaction can be considered
as an umpolung process, where the nucleophilic character of α-aminophosphonate species
has been inverted. In particular, following this approach, we have reported the enantiose-
lective synthesis of indolyl phosphoglycines [58] by the addition of indole derivatives to α-
phosphorated aldimines and the nucleophilic addition of cyanide [59], organometallics [60]
or nitromethane species [61] to α-phosphorated ketimines, for the preparation of diverse
tetrasubstituted α-aminophosphonate derivatives. More recently, we have extended this
strategy to the enantioselective Reformatsky reaction, using α-ketiminophosphonates as
the electrophile source [51].

Following this last approach, we tested the aza-Reformatsky reaction of different
imines 1–4 with ethyl iodoacetate, under dry air atmosphere, in the presence of dimethylz-
inc, affording the corresponding β-aminoesters 4–6 very good yields when aldimines or
activated ketimines were used (Scheme 2).
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Initially, the simple N-tosylimine 1 derived from benzaldehyde (R = H) was proved
to be an excellent substrate for the reaction, affording β-phenylalanine derivative 5 a
very good yield (Scheme 2). Next, we were intrigued whether the reaction could also be
applicable to α-iminoesters and, for this reason, we tried the same reaction conditions
using N-tosyl-protected α-iminoester 2 (R = CO2Et) as a substrate. In this case, the reaction
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also proceeded efficiently to afford quaternary aspartic acid derivative 6 (Scheme 2). In a
similar way, using benzaldehyde-derived α-iminophosphonate 3a (R = P(O)(OMe)2), the
tetrasubstituted aspartic acid derivative 7a was obtained in an excellent yield (Scheme 2).
However, the reaction conditions, including the required dimethylzinc and the reaction
time, presented high variations depending on the structure of the imine. On the other hand,
we also tested a non-activated ketimine 4, derived from acetophenone. Unfortunately, in
this case, the Reformatsky product 8 was not observed, and the starting materials were
recovered unaltered.

The substrates obtained from the aza-Reformatsky reaction were fully characterized
on the basis of their 1H, 31P, and 13C NMR, IR spectra and HRMS (see Supplementary
Materials). The most characteristic pattern for these compounds in the 1H NMR spec-
trum is the signals corresponding to the two protons of the methylene group next to the
tetrasubstituted carbon at δ~3.5 ppm, which, because of the presence of a chiral center in
the structure, have a diastereotopic character and appear as two independent signals. In
the particular case of phosphorated aspartic acid derivative 7a, those signals appear as
two double doublets at δ = 3.59 and 3.46 ppm, showing a reciprocal geminal coupling of
2JHH = 16.4 Hz and additional vicinal couplings with the phosphorus atom of 3JPH = 22.7
and 10.7 Hz, respectively. Accordingly, the dimethyl phosphonate moiety in 7a is seen as
two representative intense doublets at δH = 3.46 ppm (3JPH = 10.7 Hz) and δH = 3.48 ppm
(3JPH = 10.5 Hz), typical for the diastereotopic methoxy groups at the phosphonate moiety.
Remarkably, the signal corresponding to the NH group of 6a appears as a thin doublet at
δH = 6.17 ppm, that slowly interchanges with D2O, showing a strong coupling with the
phosphorus atom of 3JPH = 11.2 Hz, which may be attributable to a weak acidic character
of the sulfonamide moiety.

Likewise, in the 13C NMR spectrum of phosphorylated derivative 7a, undoubtedly,
the most characteristic signal is the doublet corresponding to the chiral quaternary carbon
(DEPT) at δC = 62.1 ppm, which shows a very strong ipso coupling with the phosphorus
atom of 1JPC = 153.8 Hz. The methylene group next to the chiral carbon appears as a doublet
at δC = 54.0 ppm with a geminal coupling with the phosphorus atom of 2JCP = 7.0 Hz,
weaker than expected, possibly due to an unfavorable angle in terms of the coupling, which
can be related to a distortion at the topology at the sp3 chiral carbon, attributed to the
high steric hindrance present at the quaternary center. The presence of the ester group is
evident from the chemical shift at δC = 170.2 ppm, typical for carboxylic groups, which
appears as a doublet, coupled with the phosphorus atom with a vicinal coupling constant of
3JPC = 8.0 Hz. The fact that the vicinal C-P coupling is stronger than the geminal supports
the proposed distortion of the bonding angles at the quaternary carbon, as expected from
the high steric crowding.

In congruity with the proposed structure, the Heteronuclear Multiple Bond Correlation
Spectroscopy (HMBC) spectrum of 7a presents clear correlations of both diastereotopic
methylene protons with the carbonyl group, the chiral tetrasubstituted carbon and the
quaternary aromatic carbon of the phenyl substituent.

Next, in view of the efficient protocol achieved for the aza-Reformatsky reaction, we fo-
cused our efforts on the extension of the reaction to the use of several α-ketiminophosphonate
substrates 3. In this regard, we considered the synthesis of α-iminophosphonate substrates
3 from a formal oxidation of tertiary aminophosphonates 9. Then, the subsequent addition
of a nucleophile species would afford tetrasubstituted aminophosphonates 11. There-
fore, this synthetic approach can be considered globally as a route for the generation of
tetrasubstituted α-aminophosphonates by the substitution of hydrogen in a trisubstituted α-
aminophosphonate by a nucleophilic reagent and the complementary process (‘umpolung
reaction’) to the typical electrophilic substitution of trisubstituted α-amino-phosphonates 9
leading to functionalized α-aminophosphonates 10 (Scheme 3).

Following this approach, α-ketiminophosphonates 3 were first generated by a formal
oxidation of α-aminophosphonates 9, following the procedure developed by our research
group. Then, using dimethylphosphonate-substituted imines and ethyl iodoacetate, 19 tetra-
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substituted aspartic acid analogs 7, bearing different alpha-aromatic substituents, were
efficiently synthesized (Scheme 4).

Molecules 2022, 27, x FOR PEER REVIEW  5  of  23 
 

 

complementary process (‘umpolung reaction’) to the typical electrophilic substitution of 

trisubstituted α‐amino‐phosphonates 9 leading to functionalized α‐aminophosphonates 

10 (Scheme 3). 

 

Scheme 3. General strategies for the synthesis of quaternary α‐aminophosphonates. 

Following this approach, α‐ketiminophosphonates 3 were first generated by a formal 

oxidation of α‐aminophosphonates 9, following the procedure developed by our research 

group. Then, using dimethylphosphonate‐substituted  imines and ethyl  iodoacetate, 19 

tetrasubstituted  aspartic  acid  analogs  7,  bearing different  alpha‐aromatic  substituents, 

were efficiently synthesized (Scheme 4). 

 

Scheme 4. Phosphorus analogs of aspartic acid 7, synthesized through an aza‐Reformatsky reaction. 

In addition to the model reaction, using an imine with a simple phenyl substituent 

(Scheme 4, 7a), the reaction tolerates the presence of para and meta alkyl substituents at the 

aromatic  ring  (Scheme 4, 7b–c), as well as strong electron donating groups at  the para 

position  of  the  aromatic  imine  (Scheme  4,  7d).  Several  halogen‐substituted  aromatic 

ketimines were also successfully used in the reaction, including aromatic rings containing 

bromine (Scheme 4, 7e), chlorine (Scheme 4, 7f–i) or fluorine (Scheme 4, 7j–n) atoms at 

diverse  positions  and  including  a  perfluorophenyl  substituent  (Scheme  4,  7o). 

Furthermore, an excellent  result was observed using aromatic  imines  substituted with 

electron‐withdrawing groups such as p‐trifluoromethyl or p‐nitro substituents (Scheme 4, 

Scheme 3. General strategies for the synthesis of quaternary α-aminophosphonates.

Molecules 2022, 27, x FOR PEER REVIEW  5  of  23 
 

 

complementary process (‘umpolung reaction’) to the typical electrophilic substitution of 

trisubstituted α‐amino‐phosphonates 9 leading to functionalized α‐aminophosphonates 

10 (Scheme 3). 

 

Scheme 3. General strategies for the synthesis of quaternary α‐aminophosphonates. 

Following this approach, α‐ketiminophosphonates 3 were first generated by a formal 

oxidation of α‐aminophosphonates 9, following the procedure developed by our research 

group. Then, using dimethylphosphonate‐substituted  imines and ethyl  iodoacetate, 19 

tetrasubstituted  aspartic  acid  analogs  7,  bearing different  alpha‐aromatic  substituents, 

were efficiently synthesized (Scheme 4). 

 

Scheme 4. Phosphorus analogs of aspartic acid 7, synthesized through an aza‐Reformatsky reaction. 

In addition to the model reaction, using an imine with a simple phenyl substituent 

(Scheme 4, 7a), the reaction tolerates the presence of para and meta alkyl substituents at the 

aromatic  ring  (Scheme 4, 7b–c), as well as strong electron donating groups at  the para 

position  of  the  aromatic  imine  (Scheme  4,  7d).  Several  halogen‐substituted  aromatic 

ketimines were also successfully used in the reaction, including aromatic rings containing 

bromine (Scheme 4, 7e), chlorine (Scheme 4, 7f–i) or fluorine (Scheme 4, 7j–n) atoms at 

diverse  positions  and  including  a  perfluorophenyl  substituent  (Scheme  4,  7o). 

Furthermore, an excellent  result was observed using aromatic  imines  substituted with 

electron‐withdrawing groups such as p‐trifluoromethyl or p‐nitro substituents (Scheme 4, 

Scheme 4. Phosphorus analogs of aspartic acid 7, synthesized through an aza-Reformatsky reaction.

In addition to the model reaction, using an imine with a simple phenyl substituent
(Scheme 4, 7a), the reaction tolerates the presence of para and meta alkyl substituents at the
aromatic ring (Scheme 4, 7b–c), as well as strong electron donating groups at the para position
of the aromatic imine (Scheme 4, 7d). Several halogen-substituted aromatic ketimines were
also successfully used in the reaction, including aromatic rings containing bromine (Scheme 4,
7e), chlorine (Scheme 4, 7f–i) or fluorine (Scheme 4, 7j–n) atoms at diverse positions and
including a perfluorophenyl substituent (Scheme 4, 7o). Furthermore, an excellent result
was observed using aromatic imines substituted with electron-withdrawing groups such as
p-trifluoromethyl or p-nitro substituents (Scheme 4, 7p–q). The reaction can even be extended
to the use of ketimines holding heteroaromatic or biphenyl substituents (Scheme 4, 7r–s).

Next, the synthetic procedure was extended to the use of other different alkyl
iodoacetates. The reaction using methyl iodoacetate and a p-fluorophenyl substituted
α-ketiminophosphonate affords the corresponding tetrasubstituted α-aminophosphonate
12 an excellent yield (Scheme 5). Under the same conditions, the reaction using benzyl
iodoacetate efficiently yields the benzyl-protected analogs of aspartic acid 13a–b (Scheme 5).
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Scheme 5. Extension of the aza-Reformatsky reaction to other alkyl haloacetate derivatives.

In order to obtain the carboxylic acid and/or phosphonic acid derivatives of the
aspartate analogs, the hydrolysis of the obtained substrates was attempted. However,
under acidic or basic treatment, compounds 7a, 12 or 13b led to the formation of complex
mixtures. On the contrary, the treatment of benzylester 13b under hydrogen pressure in the
presence of a palladium catalyst afforded the corresponding carboxylic acid 14 an almost
quantitative yield (Scheme 6).
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Scheme 6. Hydrogenolysis of benzylester 13b.

While trying to further understand the nature of the reaction, some control experiments
were performed using non-conventional haloacetate derivatives. For instance, the use of
α-branched iodoacetate (Scheme 7a) resulted in a complete loss of the reactivity that may
be explained due to the electronic effect of the fluorine, which reduces the nucleophilicity
of the intermediate species. In contrast, the use of a bulkier phosphonate instead of the
ester group increases the steric demand of the nucleophile (Scheme 7b). Finally, when
using ethyl 3-iodopropionate, the formation of the enolate intermediate does not occur,
and the corresponding organozinc halide species may be formed, which are not usual in
nucleophilic additions due to their low reactivity (Scheme 7c).
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Based on these control reactions, as well as on the reaction pathways proposed
for similar processes [62,63], we theorize a tentative catalytic cycle in which a combi-
nation of electronic and steric effects and the stability of the zinc-enolate intermediate are
considered (Scheme 8).

Molecules 2022, 27, x FOR PEER REVIEW  7  of  23 
 

 

 

Scheme 7. Reaction conditions as shown in the Scheme 5. (a) Reaction with α‐fluoroiodoacetate. (b) 

Reaction test with α‐iodophosphonate. (c) Remote reformatsky reaxction.   

Based on these control reactions, as well as on the reaction pathways proposed for 

similar processes [62,63], we theorize a tentative catalytic cycle in which a combination of 

electronic  and  steric  effects  and  the  stability  of  the  zinc‐enolate  intermediate  are 

considered (Scheme 8).   

 

Scheme 8. Proposed reaction mechanism. 

As has been addressed above, aspartic acid derivatives have proved to have assorted 

pharmacological activities  [30]. Thus,  in view of  the described benefits of  the  isosteric 

substitution  of  a  carboxylate  by  a  phosphonate  group  [12],  next,  we  explored  the 

applications  of  the  synthesized  phosphorated  analogs  of  aspartic  acid  as  anticancer 

agents. 

2.2. Biological Results 

In vitro cytotoxicity of the phosphorated aspartic acid derivatives was evaluated by 

testing  their  antiproliferative  activities  against  several  human  cancer  cell  lines.  Cell 

counting kit (CCK‐8) assay was used for the evaluation of growth inhibition. Moreover, 

non‐malignant MRC5 lung fibroblasts were tested for studying selective toxicity [64] and 

chemotherapeutic doxorubicin  is used  as  a  reference value.  In  addition,  trisubstituted 

aminophosphonate 9a (Imine precursor, R1 = H, R2 = P(O)(OMe)2) [59] and tetrasubstituted 

aminophosphonate 18 (R1 = Me, R2 = P(O)(OMe)2) [60] are used as templates in order to 

evaluate the effect of the substituents (Table 1). 

Scheme 8. Proposed reaction mechanism.

As has been addressed above, aspartic acid derivatives have proved to have assorted
pharmacological activities [30]. Thus, in view of the described benefits of the isosteric sub-
stitution of a carboxylate by a phosphonate group [12], next, we explored the applications
of the synthesized phosphorated analogs of aspartic acid as anticancer agents.

2.2. Biological Results

In vitro cytotoxicity of the phosphorated aspartic acid derivatives was evaluated
by testing their antiproliferative activities against several human cancer cell lines. Cell
counting kit (CCK-8) assay was used for the evaluation of growth inhibition. Moreover,
non-malignant MRC5 lung fibroblasts were tested for studying selective toxicity [64] and
chemotherapeutic doxorubicin is used as a reference value. In addition, trisubstituted
aminophosphonate 9a (Imine precursor, R1 = H, R2 = P(O)(OMe)2) [59] and tetrasubstituted
aminophosphonate 18 (R1 = Me, R2 = P(O)(OMe)2) [60] are used as templates in order to
evaluate the effect of the substituents (Table 1).

Table 1. Antiproliferative activity of substrates 5–7, 9 and 18 against lung and ovarian cancer cell lines.
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Entry  Comp.  R1  R2 
IC50 (μM) 

SKOV3  A549  MRC5 

1  7a  Ph  Et  >50  2.66 ± 0.26  >50 
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7  7g  3‐Cl‐C6H4  Et  >50  2.96 ± 0.34  38.05 ± 1.61 

8  7h  3,4‐Cl2‐C6H3  Et  6.94 ± 0.63  1.05 ± 0.42  11.29 ± 1.16 

9  7i  3‐Cl‐4‐MeO‐C6H3  Et  >50  1.44 ± 0.15  >50 

Entry Comp. R1 R2
IC50 (µM)

SKOV3 A549 MRC5

1 5 CH2CO2Et H >50 18.68 ± 2.16 >50

2 6 CH2CO2Et CO2Et >50 14.17 ± 0.41 >50

3 7a CH2CO2Et P(O)(OMe)2 >50 2.66 ± 0.26 >50

4 9a H P(O)(OMe)2 >50 17.56 ± 1.3 >50

5 18 CH3 P(O)(OMe)2 >50 >50 n.d.

6 Doxorubicin 0.13 ± 0.098 <0.1 >50

In a preliminary study, the most simple β-alanine substrate 5 showed some cytotoxicity
against the A549 cell line, with modest IC50 values of 18.68 ± 2.16 µM but high selectivity
if compared with the MCR5 cell line (Table 1, Entry 1). A slightly improved IC50 value of
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14.17 ± 0.41 µM was observed for aspartic acid ester 6 in the same cell line and, remarkably,
the isosteric substitution of the ester group by a phosphonate group in 7a resulted in
a significantly better IC50 value of 2.66 ± 0.26 µM, still with a high selectivity toward
non-malignant cells (Table 1, Entries 2–3).

The presence of the ester group, however, proved to be very relevant to the antipro-
liferative activity of compound 7a since tetrasubstituted α-aminophosphonate 18, lacking
such a substituent, showed no cytotoxicity against the A549 cell line and trisubstituted α-
aminophosphonate 9a showed a higher IC50 value of 17.56 ± 1.3 µM (Table 1, Entries 4–5).
None of the tested compounds showed in vitro toxicity against the SKOV3 cell line.

This first test of our substrates demonstrated that the best results in activity are
obtained when both α-phosphonate and β-carboxylate groups are present in the structure,
forming a phosphorus analog of aspartic acid. For this reason, next, we performed a study
of the effect of the substitution at the α-aromatic ring of the aspartic acid analogs into the
cytotoxicity against the SKOV3 and A549 cell lines (Table 2).

Table 2. Antiproliferative activity of phosphorated analogs of aspartic acid 7, 12–14 against lung and
ovarian cancer cell lines.
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SKOV3 A549 MRC5

1 7a Ph Et >50 2.66 ± 0.26 >50

2 7b 4-Me-C6H4 Et >50 0.34 ± 0.04 29.62 ± 2.98

3 7c 3-Me-C6H4 Et >50 2.00 ± 0.52 >50

4 7d 4-Cl3CS-C6H4 Et 6.43 ±0.64 4.41 ± 0.29 2.47 ± 0.30

5 7e 4-Br-C6H4 Et >50 1.08 ± 0.09 >50

6 7f 4-Cl-C6H4 Et 24.12 ± 1.45 3.09 ± 0.14 >50

7 7g 3-Cl-C6H4 Et >50 2.96 ± 0.34 38.05 ± 1.61
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23 14 Ph H >50 20.61 ± 1.05 >50

24 Doxorubicin 0.13 ± 0.098 <0.1 >50
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The introduction of methyl groups into a bioactive structure results in a more lipophilic
character, often resulting in an improved ability of molecules to cross cell membranes [65,66].
Indeed, para and meta tolyl-substituted aminophosphonates 7b and 7c presented improved
IC50 values of 0.34 ± 0.04 and 2.00 ± 0.52 µM in the A549 cell line if compared with the
model structure 7a (Table 2, Entries 2–3 vs. Entry 1). Although compound 7c showed a high
selectivity if compared with the non-malignant cells, derivative 7b showed some toxicity
toward the MCR5 cell line. Unfortunately, no activity was observed against the SKOV3 cell
line for both compounds (Table 2, Entries 2–3). In addition, p-trichloromethylthiophenyl
derivative 7d showed good IC50 values of 6.43 ± 0.64 and 4.41 ± 0.29 µM in the SKOV3
and A549 cell lines, respectively, but it presented a very low selectivity toward the MRC5
cell line (Table 2, Entry 4).

Next, the effect of the substitution of the α-aromatic ring with different halogen atoms
was explored. First, p-bromo-substituted derivative 7e proved to be a very good growth
inhibitor of the A549 cell line with an IC50 value of 1.08 ± 0.09 µM, and a good selectivity
if compared to the SKOV3 or MCR5 cell lines, which showed values over 50 µM (Table 2,
Entry 5). p-Chlorophenyl derivative 7f showed very good toxicity against the A549 cell line
and some activity in the SKOV3 cell line with IC50 values of 3.09 ± 0.14 and 24.12 ± 1.45 µM,
respectively, and a good selectivity against the healthy cells (Table 2, Entry 6). However,
the m-chlorophenyl isomer 7g was found to be less effective than the para isomer and
toxic against the healthy cells (Table 2, Entry 7). Remarkably, the combination of both
substituents in substrate 7h resulted in a strong cytotoxic effect against all the cell lines and
a total lack of selectivity (Table 2, Entry 8). Likewise, the combination of a meta-chloro and
a para-methoxy group in the aromatic ring of 7i resulted in a very selective activity against
the A549 cell line, with an IC50 value of 1.44 ± 0.15 µM (Table 2, Entry 9).

Although, generally, the effect of fluorine substituents on the activity of organic com-
pounds is rather difficult to predict, it is well known that the introduction of fluorine atoms
into bioactive molecules very often leads to increased activities [67–69]. With this in mind,
we explored the effect of the introduction of different fluorine-containing phosphorated
analogs of aspartic acid 7j–p. First, the introduction of a para-fluorine substituent in 7j had
a negative effect on the cytotoxicity if compared with the model phenyl-substituted com-
pound 7a (Table 2, Entry 10 vs. Entry 1). On the contrary, the meta- and ortho-substituted
isomers 7k and 7l, compared with the model substrate 7a, showed a very good cyto-
toxic effect and a high selectivity against the A549 cell line and improved IC50 values
of 0.59 ± 0.09 and 0.90 ± 0.12 µM were observed, respectively (Table 2, Entries 11 and
12 vs. Entry 1). Those values could not be improved by the combination of two fluo-
rine substituents at the aromatic ring and, although good IC50 values of 2.24 ± 0.31 and
5.70 ± 0.70 µM were obtained for difluoro-substituted substrates 7m–n in the A549 cell
line, those were significantly higher than the values obtained for mono-substituted sub-
strates 7k-l (Table 2, Entries 13 and 14 vs. Entries 11 and 12). Moreover, perfluorophenyl
derivative 7o was found to be active against the A549 and SKOV3 cell lines with IC50 values
of 3.65 ± 0.21 and 20.46 ± 2.75 µM, respectively, with a good selectivity toward the healthy
cells (Table 2, Entry 15).

Surprisingly, the introduction of a para-trifluoromethyl electron-withdrawing group
at the aromatic ring had a positive effect on the cytotoxicity of substrate 7p in the SKOV3
cell line, while it had a negative effect for the A549 cell line. In this case, IC50 values
of 9.80 ± 0.60 and 20.3 ± 1.14 µM were obtained for each cell line (Table 2, Entry 16 vs.
Entry 1) and no toxicity was observed in the MCR5 cells. Aspartic acid analog 7q, bearing
other electron poor aromatic substituents, such as a p-nitrophenyl group, showed very good
toxicity in the A549 cell line and a high selectivity with an IC50 value of 0.67 ± 0.06 µM
(Table 2, Entry 17). Finally, heteroaromatic or biphenyl α-substituted substrates 7r and 7s
presented very good IC50 values of 1.04 ± 0.28 and 1.48 ± 0.40 µM in the A549 cell line and
moderate cytotoxicity against the SKOV3 cell line, with IC50 values of 11.77 ± 0.60 and
17.01 ± 1.22 µM, respectively. Both compounds were found to be selective if compared
with the non-malignant cells (Table 2, Entries 18 and 19).
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In our next part of this research, we evaluated the influence of the ester group on the
antiproliferative activity of our substrates. Considering this, first, we tested the in vitro
cytotoxicity of methyl and benzyl ester derivatives 12 and 13a. Both compounds showed
higher IC50 values of 24.11 ± 4.01 and 12.75 ± 2.38 µM in the A549 cell line, respectively, if
compared with their ethyl ester derivative 7k and no toxicity against the SKOV3 cell line
(Table 2, Entries 20 and 21 vs. Entry 11). The activity of a second benzyl ester derivative
13b was also tested and that, as in the previous case, presented less toxicity than its ethyl
ester derivative 7a (Table 2, Entry 22 vs. Entry 1). Moreover, carboxylic acid derivative 14
was found also to present less activity than its ethyl ester derivative 7a (Table 2, Entry 23 vs.
Entry 1). Taking into account the results obtained in this experiment, we concluded that
ethyl esters are far superior to other esters or carboxylic acid derivatives.

Finally, due to the presence of a stereogenic carbon in the structure of our phosphorated
aspartic acid analogs 7, one of the final questions to be addressed is which is the real activity
of the two individual enantiomers. For that reason, we performed the enantioselective
synthesis of α-aminophosphonate 7k, using both enantipoure isomers of 9-antracenyl-
substituted BINOL in the aza-Reformatsky reaction. Both enantiomers of 7k were prepared
in 99% ee and, then, two enantiopure samples were obtained by a subsequent crystallization.
However, no significant differences were observed for the R or S enantiomers if compared
with the racemic sample with IC50 values of 1.61 ± 0.20 and 1.56 ±0.39 µM in the A549 cell
line, respectively (Scheme 9).
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3. Materials and Methods
3.1. Chemistry
3.1.1. General Experimental Information

Solvents for extraction and chromatography were technical grade. All solvents used
in reactions were freshly distilled from appropriate drying agents before use. All other
reagents were recrystallized or distilled as necessary. All reactions were performed under
an atmosphere of dry nitrogen. Analytical TLC was performed with silica gel 60 F254
plates. Visualization was accomplished by UV light. 1H, 13C, 31P and 19F-NMR spectra
were recorded on a Varian Unity Plus (Varian Inc., NMR Systems, Palo Alto, CA, USA)
(at 300 MHz, 75 MHz, 120 MHz and 282 MHz, respectively) and on a Bruker Avance 400
(Bruker BioSpin GmbH, Rheinstetten, Germany) (at 400 MHz for 1H, and 101 MHz for
13C). Chemical shifts (δ) are reported in ppm relative to residual CHCl3 (δ = 7.26 ppm for
1H and δ = 77.16 ppm for 13C NMR) and using phosphoric acid (50%) or HF as external
reference (δ = 0.0 ppm) for 31P and 19F NMR spectra. Coupling constants (J) are reported
in Hertz. Data for 1H NMR spectra are reported as follows: chemical shift, multiplicity,
coupling constant, integration. Multiplicity abbreviations are as follows: s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet. 13C NMR peak assignments were
supported by distortionless enhanced polarization transfer (DEPT). High resolution mass
spectra (HRMS) were obtained by positive-ion electrospray ionization (ESI). Data are
reported in the form m/z (intensity relative to base = 100). Infrared spectra (IR) were taken

148



Molecules 2022, 27, 8024

in a Nicolet iS10 Thermo Scientific spectrometer (Thermo Scientific Inc., Waltham, MA,
USA) as neat solids. Peaks are reported in cm–1.

3.1.2. Compounds Purity Analysis

All synthesized compounds were analyzed by HPLC to determine their purity. The
analyses were performed on an Agilent 1260 infinity HPLC system (Agilent, Santa Clara,
CA, USA) using a CHIRALPAK® IA column (5 µm, 0.54 cm ø × 25 cm, Daicel Chiral
Technologies, Illkirch Cedex, France) at room temperature. All the tested compounds were
dissolved in dichloromethane, and 5 µL of the sample was loaded onto the column. Ethanol
and heptane were used as the mobile phase, and the flow rate was set at 1.0 mL/min. The
maximal absorbance at the range of 190–400 nm was used as the detection wavelength.
The purity of all the derivatives tested in biological essays is >95%, which meets the purity
requirement according to the Journal.

3.1.3. Experimental Procedures and Characterization Data for Compounds 3, 5, 6, 7, 12, 13,
14 and 18
General Procedure for Synthesis of α-Ketiminophosphonates 3

Following a modified literature procedure [59], to a solution of the corresponding
N-tosyl α-aminophosphonate 9 (1 mmol) in CH2Cl2 (3 mL) was added trichloroisocyanuric
acid (0.7 g, 3 mmol). The obtained suspension was stirred at 0 ◦C until the disappearance of
the starting N-tosyl α-aminophosphonate 9, as monitored by 31P NMR. The solid residue
was eliminated by filtration to afford a clear solution and, then, poly(4-vinylpyridine)
(0.3 g), previously dried at 100 ◦C overnight, was added. The suspension was stirred
under reflux overnight and the reaction was then filtered and concentrated under vacuum.
The resulting oily crude was purified by crystallization from diethyl ether to afford pure
α-ketiminophosphonates 3.

Procedure for the Synthesis of Ethyl 3-((4-methylphenyl)sulfonamido)-3-phenylpropanoate 5

A solution of (E)-N-benzylidene-4-methylbenzenesulfonamide 1 (259.3 mg, 1 mmol)
in dry CH3CN (3 mL) was stirred at room temperature under dry air atmosphere. To this
mixture iodoacetate (0.243 mL, 2 mmol) and Et2Zn (8 mL, 1.0 M in hexane, 8 mmol) were
added and the mixture was stirred at room temperature for 2 h. The reaction was quenched
by a slow addition of a saturated aqueous solution of NH4Cl (3 mL), extracted with AcOEt
(2 × 5 mL) and dried with anhydrous MgSO4. The organic layer was concentrated under
reduced pressure to yield the crude product, which was purified by column chromatogra-
phy in silica gel (Hexanes/AcOEt (9:1)) to afford 333 mg (96%) of 5 as a white solid. The
spectroscopic data match the data reported in the literature [68].

Procedure for the Synthesis of Diethyl 2-((4-methylphenyl)sulfonamido)-2-phenylsuccinate 6

A solution of ethyl (Z)-2-phenyl-2-(tosylimino) acetate 2 (331 mg, 1 mmol) in dry
CH3CN (3 mL) was stirred at room temperature under dry air atmosphere. To this
mixture, ethyl iodoacetate (243 µL, 2 mmol) and Me2Zn (3.3 mL, 1.2 M in toluene, 8
mmol) were added and the mixture was stirred at room temperature until the starting
material was completely consumed. The reaction was quenched by a slow addition of
a saturated aqueous solution of NH4Cl (3 mL), extracted with AcOEt (2 × 5 mL) and
dried with anhydrous MgSO4. The organic layer was concentrated under reduced pres-
sure to yield the crude product, which was purified by column chromatography in sil-
ica gel (AcOEt/Hexanes) to afford 327 mg (78%) of 6 as a white solid. M.p. (Et2O).
126–127 ◦C. 1H NMR (400 MHz, CDCl3) δ 7.27 (d, 3JHH = 8.3 Hz, 2H), 7.20–7.15 (m, 3H),
7.12–7.06 (m, 2H), 7.02 (d, 3JHH = 8.3 Hz, 2H), 6.3940 (s, 1H), 4.28–4.03 (m, 4H), 3.96 (d,
3JHH = 16.4 Hz, 1H), 3.54 (d, 3JHH = 16.4 Hz, 1H), 2.35 (s, 3H), 1.28 (t, 3JHH = 7.0 Hz,
3H), 1.13 (t, 3JHH = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 171.4 (Cquat), 170.3 (Cquat),
142.5 (Cquat), 139.2 (Cquat), 135.9 (Cquat), 129.1 (CH), 128.4 (CH), 126.8 (CH), 126.7(CH),
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64.3 (Cquat), 62.9 (CH2), 61.2 (CH2), 40.1 (CH2), 21.5 (CH3), 14.2 (CH3), 13.8 (CH3). HRMS
(ESI-TOF) m/z: calcd for C21H26NO6S [M + H]+ 420.1481, found 420.1470.

General Procedure for the Aza-Reformatsky Reaction of α-Ketiminophosphonates 3

A solution of the corresponding α-ketiminophosphonate 3 (1 mmol) in dry CH3CN
(3 mL) was stirred at room temperature under dry air atmosphere. To this mixture, the
corresponding iodoacetate (2 mmol) and Me2Zn (6.6 mL, 1.2 M in toluene, 8 mmol) were
added and the mixture was stirred for 2h at room temperature. The reaction was quenched
by a slow addition of a saturated aqueous solution of NH4Cl (3 mL), extracted with AcOEt
(2 × 5 mL) and dried with anhydrous MgSO4. The organic layer was concentrated under re-
duced pressure to yield the crude product, which was purified by column chromatography
in silica gel (AcOEt/Hexanes) [51].

Ethyl 3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)-3-phenylpropanoate (7a).
The general procedure was followed, starting form imine 3a (367 mg, 1 mmol) to afford
414 mg (91%) of 7a as a white solid. M.p. (CH2Cl2-hexanes). 98–99 ◦C. 1H NMR (400 MHz,
CDCl3) δ 7.47 (d, 3JHH = 8.3 Hz, 2H), 7.40–7.27 (m, 2H), 7.18 (m, 1H), 7.17–6.93 (m, 4H),
6.17 (d, 3JPH = 11.2 Hz, 1H), 4.14 (q, 3JHH = 7.1 Hz, 2H), 3.59 (dd, 3JPH = 22.7 Hz,
2JHH = 16.4 Hz, 1H), 3.46 (d, 3JPH = 10.7 Hz, 3H), 3.45 (dd, 3JPH = 7.5 Hz, 2JHH = 16.4 Hz,
1H), 3.38 (d, 3JPH = 10.5 Hz, 3H), 2.36 (s, 3H), 1.24 (t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR
(101 MHz, CDCl3) δ 170.2 (d, 3JPC = 8.0 Hz, Cquat), 143.2 (Cquat), 139.2 (d, 4JPC = 1.5 Hz,
Cquat), 134.4 (d, 2JPC = 7.3 Hz, Cquat), 129.1 (CH), 128.3 (d, 5JPC = 2.9 Hz, CH), 128.2 (d,
3JPC = 5.1 Hz, CH), 127.9 (d, 4JPC = 2.6 Hz, 2xCH), 127.6 (CH), 62.1 (d, 1JPC = 153.8 Hz,
Cquat), 61.0 (CH2), 54.5 (d, 2JPC = 7.4 Hz, CH3), 54.0 (d, 2JPC = 7.7 Hz, CH3), 38.0 (CH2),
21.6 (CH3), 14.2 (CH3). 31P NMR (120 MHz, CDCl3): δ 22.1. FTIR (neat) νmax 3259 (N-H),
1741 (C=O), 1338 (O=S=O), 1247 (P=O), 1158 (O=S=O). HRMS (ESI-TOF) m/z: calcd for
C20H27NO7PS [M + H]+ 456.1240, found 456.1245.

Ethyl 3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)-3-(p-tolyl)propanoate (7b).
The general procedure was followed, starting form imine 3b (380 mg, 1 mmol) to afford 403
mg (86%) of 7b as a white solid. M.p. (CH2Cl2-hexanes). 117–118 ◦C. 1H NMR (400 MHz,
CDCl3) δ 7.50 (d, 3JHH = 8.3 Hz, 2H), 7.24 (dd, d, 3JHH = 8.6 Hz, 4JPH = 2.4 Hz, 2H), 7.15
(d, 3JHH = 7.9 Hz, 2H), 6.94 (d, 3JHH = 8.6 Hz, 2H), 6.13 (d, 3JPH = 11.3 Hz, 1H), 4.16 (qd,
3JHH = 7.1, 1.3 Hz, 2H), 3.63–3.53 (m, 1H), 3.50 (d, 3JPH = 10.7 Hz, 3H), 3.47–3.39 (m, 1H),
3.42 (d, 3JPH = 10.7 Hz, 3H), 2.40 (s, 3H), 2.28 (s, 3H), 1.27 (t, 3JHH = 7.1 Hz, 3H). 13C{1H}
NMR (75 MHz, CDCl3) δ 170.3 (d, 3JPC = 8.1 Hz, Cquat), 143.2 (Cquat), 139.2 (Cquat), 138.2
(d, 5JPC = 3.1 Hz, Cquat), 131.3 (d, 2JPC = 7.3 Hz, Cquat), 129.0 (CH), 128.7 (d, 4JPC = 2.7 Hz,
CH), 128.1 (d, 3JPC = 5.0 Hz, CH), 127.7 (CH), 61.9 (d, 1JPC = 154.8 Hz, Cquat), 61.0 (CH2),
54.6 (d, 2JPC = 7.4 Hz, CH3), 54.0 (d, 2JPC = 7.6 Hz, CH3), 37.9 (CH2), 21.6 (CH3), 21.1 (CH3),
14.2 (CH3). 31P NMR (120 MHz, CDCl3): δ 22.3. FTIR (neat) νmax 3311 (N-H), 1732 (C=O),
1335 (O=S=O), 1244 (P=O), 1160 (O=S=O). HRMS (ESI-TOF) m/z: calcd for C21H29NO7PS
[M + H]+ 470.1397, found 470.1403.

Ethyl 3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)-3-(m-tolyl)propanoate (7c).
The general procedure was followed, starting form imine 3c (381 mg, 1 mmol) to afford
427 mg (91%) of 7c as a pale yellow solid. M.p. (CH2Cl2-hexanes). 103–104 ◦C. 1H NMR
(400 MHz, CDCl3) δ 7.47 (d, 3JHH = 8.2 Hz, 2H), 7.14 (d, 3JHH = 8.2 Hz, 2H), 7.12–6.98
(m, 4H), 6.19 (d, 3JPH = 10.3 Hz, 1H), 4.18 (q, 3JHH = 7.1 Hz, 2H), 3.66 (dd, 3JPH = 24.4 Hz,
2JHH = 16.4 Hz, 1H), 3.49 (d, 3JPH = 10.7 Hz, 3H), 3.45 (m, 1H), 3.42 (d, 3JPH = 10.5 Hz, 3H),
2.38 (s, 3H), 2.09 (s, 3H), 1.28 (t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3)
δ 170.4 (d, 3JPC = 6.9 Hz, Cquat), 143.2 (Cquat), 139.4 (d, 4JPC = 1.0 Hz, Cquat), 137.5
(d, 4JPC = 2.9 Hz, Cquat), 134.0 (d, 2JPC = 7.5 Hz, Cquat), 129.5 (d, 3JPC = 4.8 Hz, CH),
129.2 (d, 5JPC = 3.2 Hz, CH), 129.1 (CH), 128.0 (d, 4JPC = 2.7 Hz, CH), 127.6 (CH), 125.0
(d, 3JPC = 5.3 Hz, CH), 62.2 (d, 1JPC = 153.8 Hz, Cquat), 61.1 (CH2), 54.6 (d, 2JPC = 7.4 Hz,
CH3), 54.1 (d, 2JPC = 7.7 Hz, CH3), 38.3 (CH2), 21.6 (CH3), 21.5 (CH3), 14.3 (CH3). 31P
NMR (120 MHz, CDCl3): δ 22.4. FTIR (neat) νmax 3276 (N-H), 1735 (C=O), 1338 (O=S=O),
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1241 (P=O), 1157 (O=S=O). HRMS (ESI-TOF) m/z: calcd for C21H29NO7PS [M + H]+ 470.1397,
found 470.1398.

Ethyl 3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)-3-(4-((trichloromethyl)thio)
phenyl)propanoate (7d). The general procedure was followed, starting form imine 3d
(516 mg, 1 mmol) to afford 525 mg (87%) of 7d as a pale yellow solid. M.p. (CH2Cl2-
hexanes). 123–124 ◦C. 1H NMR (400 MHz, CDCl3) δ 7.57 (d, 3JHH = 8.3 Hz, 2H), 7.53–7.46
(m, 4H), 7.17 (d, 3JHH = 8.1 Hz, 2H), 6.26 (d, 3JPH = 10.5 Hz, 1H), 4.15 (m, 2H), 3.63 (dd,
3JPH = 23.5 Hz, 2JHH = 16.4 Hz, 1H), 3.49 (d, 3JPH = 10.8 Hz, 3H), 3.46 (m, 1H), 3.49 (d,
3JPH = 10.6 Hz, 3H), 2.38 (s, 3H), 1.26 (t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 169.9 (d, 3JPC = 7.1 Hz, Cquat), 143.7 (Cquat), 139.1 (d, 4JPC = 1.2 Hz, Cquat), 138.8
(d, 2JPC = 7.3 Hz, Cquat), 136.5 (d, 4JPC = 2.8 Hz, CH), 130.8 (d, 5JPC = 3.6 Hz, Cquat),
129.4 (CH), 129.2 (d, 3JPC = 4.9 Hz, CH), 127.5 (CH), 98.5 (d, 7JPC = 3.2 Hz, Cquat), 62.3 (d,
1JPC = 152.2 Hz, Cquat), 61.2 (CH2), 54.8 (d, 2JPC = 7.4 Hz, CH3), 54.4 (d, 2JPC = 7.6 Hz, CH3),
38.3 (CH2), 21.7 (CH3), 14.2 (CH3). 31P NMR (120 MHz, CDCl3): δ 21.5. FTIR (neat) νmax
3291 (N-H), 1733 (C=O), 1331 (O=S=O), 1258 (P=O), 1159 (O=S=O). HRMS (ESI-TOF) m/z:
calcd for C21H26Cl3NO7PS2 [M + H]+ 605.9919, found 605.9928.

Ethyl 3-(4-bromophenyl)-3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)propanoate
(7e). The general procedure was followed, starting form imine 3e (445 mg, 1 mmol) to
afford 485 mg (91%) of 7e as a white solid. M.p. (CH2Cl2-hexanes). 138–139 ◦C. 1H NMR
(400 MHz, CDCl3) δ 7.38 (d, 3JHH = 8.3 Hz, 2H), 7.18–7.12 (m, 4H), 7.07 (d, 3JHH = 8.3 Hz,
2H), 6.24 (d, 3JPH = 10.1 Hz, 1H), 4.07 (m, 2H), 3.49 (m, 1H), 3.47 (d, 3JPH = 10.8 Hz, 3H),
3.39 (d, 3JPH = 10.6 Hz, 3H), 3.32 (dd, 2JHH = 16.4 Hz, 3JPH = 8.0 Hz, 1H), 2.32 (s, 3H), 1.18
(t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 169.6 (d, 3JPC = 7.7 Hz, Cquat),
143.3 (Cquat), 138.8 (m, Cquat), 133.4 (d, 2JPC = 6.7 Hz, Cquat), 130.6 (d, 4JPC = 2.6 Hz, CH),
129.8 (d, 3JPC = 5.1 Hz, CH), 129.0 (CH), 127.3 (CH), 122.5 (d, 5JPC = 3.6 Hz, Cquat), 61.6
(d, 1JPC = 154.3 Hz, Cquat), 60.8 (CH2), 54.4 (d, 2JPC = 7.4 Hz, CH3), 54.0 (d, 2JPC = 7.7 Hz,
CH3), 37.6 (CH2), 21.36 (CH3), 14.0 (CH3). 31P NMR (120 MHz, CDCl3): δ 21.7. FTIR (neat)
νmax 3293 (N-H), 1729 (C=O), 1337 (O=S=O), 1245 (P=O), 1154 (O=S=O). HRMS (ESI-TOF)
m/z: calcd for C20H26BrNO7PS [M + H]+ 534.0345, found 534.0311.

Ethyl 3-(4-chlorophenyl)-3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)propanoate
(7f). The general procedure was followed, starting form imine 3f (401 mg, 1 mmol) to
afford 430 mg (88%) of 7f as a pale yellow solid. M.p. (CH2Cl2-hexanes). 133–134
◦C. 1H NMR (400 MHz, CDCl3) δ 7.47 (d, 3JHH = 8.1 Hz, 2H), 7.29 (dd, 3JHH = 8.7 Hz,
4JPH = 2.4 Hz, 2H), 7.16 (d, 3JHH = 8.0 Hz, 2H), 7.08 (d, 3JHH = 8.6 Hz, 2H), 6.18 (d, 3JPH =
10.3 Hz, 1H), 4.17 (q, 3JHH = 7.2 Hz, 2H), 3.62 (m, 1H), 3.55 (d, 3JPH = 10.5 Hz, 3H), 3.47
(d, 3JPH = 10.5 Hz, 3H), 3.40 (dd, 2JHH = 16.1 Hz, 3JPH = 7.5 Hz, 1H), 2.41 (s, 3H), 1.28 (t,
3JHH = 7.2 Hz, 3H). 13C{1H} NMR (75 MHz, CDCl3) δ 170.0 (d, 3JPC = 7.2 Hz, Cquat), 143.5
(Cquat), 139.0 (Cquat), 134.5 (d, 5JPC = 3.5 Hz, Cquat), 133.0 (d, 2JPC = 7.0 Hz, Cquat), 129.7
(d, 3JPC = 5.1 Hz, CH), 129.2 (CH), 128.0 (d, 4JPC = 2.7 Hz, CH), 127.6 (CH), 61.7 (d, 1JPC =
154.2 Hz, Cquat), 61.1 (CH2), 54.7 (d, 2JPC = 7.3 Hz, CH3), 54.2 (d, 2JPC = 7.5 Hz, CH3), 38.0
(CH2), 21.6 (CH3), 14.2 (CH3). 31P NMR (120 MHz, CDCl3): δ 21.9. FTIR (neat) νmax 3256
(N-H), 1732 (C=O), 1335 (O=S=O), 1246 (P=O), 1160 (O=S=O). HRMS (ESI-TOF) m/z: calcd
for C20H26ClNO7PS [M + H]+ 490.0851, found 490.0856.

Ethyl 3-(3-chlorophenyl)-3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)propanoate
(7g). The general procedure was followed, starting form imine 3g (401 mg, 1 mmol) to
afford 440 mg (90%) of 7g as a pale yellow solid. M.p. (CH2Cl2-hexanes). 88–89 ◦C. 1H
NMR (400 MHz, CDCl3) δ 7.46 (d, 3JHH = 8.3 Hz, 2H), 7.27–7.22 (m, 2H), 7.19–7.09 (m,
4H), 6.20 (d, 3JPH = 9.4 Hz, 1H), 4.20 (q, 3JHH = 7.1 Hz, 2H), 3.65 (dd, 3JPH = 24.9 Hz,
3JHH = 16.2 Hz, 1H), 3.54 (d, 3JPH = 10.7 Hz, 3H), 3.51 (d, 3JPH = 10.6 Hz, 3H), 3.42 (dd,
3JHH = 16.2 Hz, 3JPH = 7.6 Hz, 1H), 2.40 (s, 3H), 1.29 (t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR
(101 MHz, CDCl3) δ 170.1 (d, 3JPC = 6.1 Hz, Cquat), 143.7 (Cquat), 139.0 (Cquat), 136.5
(d, 2JPC = 7.7 Hz, Cquat), 134.1 (d, 4JPC = 3.3 Hz, Cquat), 129.4 (CH), 129.2 (d, 4JPC =
2.9 Hz, CH), 129.2 (d, 3JPC = 4.9 Hz, CH), 128.6 (d, 5JPC = 2.9 Hz, CH), 127.5 (CH), 126.2
(d, 3JPC = 5.1 Hz, CH), 62.0 (d, 1JPC = 153.2 Hz, Cquat), 61.2 (CH2), 54.7 (d, 2JPC = 7.3
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Hz, CH3), 54.4 (d, 2JPC = 7.6 Hz, CH3), 38.3 (CH2), 21.7 (CH3), 14.3 (CH3). 31P NMR
(120 MHz, CDCl3): δ 21.9. FTIR (neat) νmax 3276 (N-H), 1732 (C=O), 1341 (O=S=O), 1238
(P=O), 1161 (O=S=O). HRMS (ESI-TOF) m/z: calcd for C20H26ClNO7PS [M + H]+ 490.0851,
found 490.0857.

Ethyl 3-(3,4-dichlorophenyl)-3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)
propanoate (7h). The general procedure was followed, starting form imine 3h (435 mg,
1 mmol) to afford 450 mg (86%) of 7h as a white solid. M.p. (CH2Cl2-hexanes). 109–110 ◦C.
1H NMR (400 MHz, CDCl3) δ 7.43 (d, 3JHH = 8.2 Hz, 2H), 7.33 (s, 1H), 7.23–7.18 (m,
2H), 7.15 (d, 3JHH = 8.2 Hz, 2H), 6.24 (d, 3JPH = 9.3 Hz, 1H), 4.17 (q, 3JHH = 7.5 Hz, 2H),
3.59 (m, 1H), 3.58 (d, 3JHH = 10.8 Hz, 3H), 3.54 (d, 3JHH = 10.7 Hz, 3H), 3.36 (dd, 2JHH =
16.2 Hz, 3JPH = 8.3 Hz, 1H), 2.38 (s, 3H), 1.27 (t, 3JHH = 7.5Hz, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 169.7 (d, 3JPC = 6.4 Hz, Cquat), 143.9 (Cquat), 138.7 (d, 4JPC = 1.4 Hz, Cquat), 134.7
(d, 2JPC = 6.6 Hz, Cquat), 132.7 (d, 5JPC = 3.7 Hz, Cquat), 132.1 (d, 4JPC = 2.9 Hz, Cquat), 130.9
(d, 3JPC = 5.1 Hz, CH), 129.7 (d, 4JPC = 2.6 Hz, CH), 129.4 (CH), 127.4 (d, 3JPC = 5.1 Hz, CH),
127.3 (CH), 61.4 (d, 1JPC = 153.7 Hz, Cquat), 61.2 (CH2), 54.7 (d, 2JPC = 7.3 Hz, CH3), 54.5
(d, 2JPC = 7.6 Hz, CH3), 38.0 (CH2), 21.6 (CH3), 14.2 (CH3). 31P NMR (120 MHz, CDCl3): δ
21.7. FTIR (neat) νmax 3251 (N-H), 1738 (C=O), 1338 (O=S=O), 1261 (P=O), 1160 (O=S=O).
HRMS (ESI-TOF) m/z: calcd for C20H25Cl2NO7PS [M + H]+ 524.0461, found 524.0465.

Ethyl 3-(3-chloro-4-methoxyphenyl)-3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)
propanoate (7i). The general procedure was followed, starting form imine 3i (431 mg,
1 mmol) to afford 420 mg (81%) of 7i as a white solid. M.p. (CH2Cl2-hexanes). 153–154 ◦C.
1H NMR (400 MHz, CDCl3) δ 7.44 (d, 3JHH = 8.3 Hz, 2H), 7.24–7.18 (m, 2H), 7.15 (d, 3JHH =
8.3 Hz, 2H), 6.71 (d, 3JHH = 8.7 Hz, 1H), 6.17 (d, 3JPH = 9.0 Hz, 1H), 4.20 (q, 3JHH = 7.1 Hz,
2H), 3.86 (s, 3H), 3.62 (dd, 3JPH = 25.6 Hz, 2JHH = 16.1 Hz, 1H), 3.55 (d, 3JPH = 10.7 Hz, 3H),
3.52 (d, 3JPH = 10.7 Hz, 3H), 3.36 (dd, 2JHH = 16.1 Hz, 3JPH = 7.6 Hz, 1H), 2.39 (s, 3H), 1.30
(t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 170.1 (d, 3JPC = 5.9 Hz, Cquat),
154.9 (d, 5JPC = 2.7 Hz, Cquat), 143.7 (Cquat), 138.9 (d, 4JPC = 1.7 Hz, Cquat),130.9 (d, 3JPC =
4.8 Hz, CH), 129.3 (CH), 127.7 (d, 3JPC = 5.5 Hz, CH), 127.5 (CH), 126.8 (d, 2JPC = 7.4 Hz,
Cquat), 122.0 (d, 4JPC = 3.0 Hz, Cquat), 111.0 (d, 4JPC = 2.6 Hz, CH), 61.3 (d, 1JPC = 155.4 Hz,
Cquat), 61.2 (CH2), 56.2 (CH3), 54.7 (d, 2JPC = 7.3 Hz, CH3), 54.3 (d, 2JPC = 7.7 Hz, CH3), 38.2
(CH2), 21.7 (CH3), 14.3 (CH3). 31P NMR (120 MHz, CDCl3): δ 22.2. FTIR (neat) νmax 3275
(N-H), 1732 (C=O), 1333 (O=S=O), 1263 (P=O), 1158 (O=S=O). HRMS (ESI-TOF) m/z: calcd
for C21H28 ClNO8PS [M + H]+ 520.0956, found 520.0959.

Ethyl 3-(dimethoxyphosphoryl)-3-(4-fluorophenyl)-3-((4-methylphenyl)sulfonamido)propanoate
(7j). The general procedure was followed, starting form imine 3j (417 mg, 1 mmol) to
afford 421 mg (89%) of 7j as a white solid. M.p. (CH2Cl2-hexanes). 111–112 ◦C. 1H NMR
(300 MHz, CDCl3) δ 7.47 (d, 3JHH = 8.5 Hz, 2H), 7.34 (m, 2H), 7.16 (d, 3JHH = 8.1 Hz, 2H),
6.81 (t, 3JHH = 8.7 Hz, 2H), 6.19 (d, 3JPH = 10.0 Hz, 1H), 4.18 (q, 3JHH = 7.1 Hz, 2H), 3.62
(m, 1H), 3.54 (d, 3JPH = 10.5 Hz, 3H), 3.46 (d, 3JPH = 10.5 Hz, 3H), 3.40 (m, 1H), 2.40 (s,
3H), 1.28 (t, 3JHH = 7.2 Hz, 3H). 13C{1H} NMR (75 MHz, CDCl3) δ 170.1 (d, 3JPC = 7.0 Hz,
Cquat), 162.5 (dd, 1JFC = 248.9 Hz, 5JPC = 3.2 Hz, Cquat), 143.5 (Cquat), 139.1 (Cquat), 130.3
(dd, 3JFC = 8.3 Hz, 3JPC = 5.0 Hz, CH), 130.1 (dd, 2JPC = 6.9 Hz, 4JFC = 3.3 Hz, Cquat), 129.2
(CH), 127.6 (CH), 114.8 (dd, 2JFC = 21.6 Hz, 4JPC = 2.7 Hz, CH), 61.7 (d, 1JPC = 155.0 Hz,
Cquat), 61.2 (CH2), 54.7 (d, 2JPC = 7.4 Hz, CH3), 54.2 (d, 2JPC = 7.7 Hz, CH3), 38.2 (CH2),
21.6 (CH3), 14.2 (CH3). 31P NMR (120 MHz, CDCl3): δ 22.2. 19F NMR (282 MHz, CDCl3)
δ −113.8. FTIR (neat) νmax 3264 (N-H), 1735 (C=O), 1335 (O=S=O), 1241 (P=O), 1161
(O=S=O). HRMS (ESI-TOF) m/z: calcd for C20H26FNO7PS [M + H]+ 474.1146, found 474.1148.

Ethyl 3-(dimethoxyphosphoryl)-3-(3-fluorophenyl)-3-((4-methylphenyl)sulfonamido)propanoate
(7k). The general procedure was followed, starting form imine 3k (417 mg, 1 mmol) to
afford 421 mg (89%) of 7k as a white solid. M.p. (CH2Cl2-hexanes). 111–112 ◦C. 1H NMR
(400 MHz, CDCl3) δ 7.48 (d, 3JHH = 8.3 Hz, 2H), 7.17–7.09 (m, 4H), 7.01 (m, 1H), 6.90 (m,
1H), 6.22 (br s, 1H), 4.15 (q, 3JHH = 7.1 Hz, 2H), 3.59 (dd, 3JPH = 23.5 Hz, 2JHH = 16.4 Hz,
1H), 3.51 (d, 3JPH = 10.7 Hz, 3H), 3.47 (d, 3JPH = 10.7 Hz, 3H), 3.40 (dd, 2JHH = 16.4 Hz,
3JPH = 7.5 Hz, 1H), 2.37 (s, 3H), 1.25 (t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz,
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CDCl3) δ 169.9 (d, 3JPC = 7.3 Hz, Cquat), 162.2 (dd, 1JFC = 246.1 Hz, 4JPC = 2.9 Hz, Cquat),
143.6 (Cquat), 139.0 (d, 4JPC = 1.4 Hz, Cquat), 137.1 (t, 2JPC = 3JFC = 7.1 Hz, Cquat), 129.4
(dd, 3JFC = 8.1 Hz, 4JPC = 2.8 Hz, CH), 129.2 (CH), 127.5 (CH), 123.7 (dd, 3JPC = 5.2 Hz,
4JFC = 2.9 Hz, CH), 116.0 (dd, 2JFC = 24.1 Hz, 3JPC = 4.9 Hz, CH), 115.3 (dd, 2JFC = 21.0 Hz,
5JPC = 3.0 Hz, CH), 61.9 (dd, 1JPC = 153.6 Hz, 4JFC = 1.9 Hz, Cquat), 61.1 (CH2), 54.6 (d, 2JPC
= 7.4 Hz, CH3), 54.3 (d, 2JPC = 7.6 Hz, CH3), 38.1 (CH2), 21.6 (CH3), 14.2 (CH3). 31P NMR
(120 MHz, CDCl3): δ 21.7. 19F NMR (282 MHz, CDCl3) δ −113.0. FTIR (neat) νmax 3281
(N-H), 1732 (C=O), 1333 (O=S=O), 1244 (P=O), 1157 (O=S=O). HRMS (ESI-TOF) m/z: calcd
for C20H26FNO7PS [M + H]+ 474.1146, found 474.1155.

Ethyl 3-(dimethoxyphosphoryl)-3-(2-fluorophenyl)-3-((4-methylphenyl)sulfonamido)propanoate (7l).
The general procedure was followed, starting form imine 3l (417 mg, 1 mmol) to afford
440 mg (93%) of 7l as a pale yellow solid. M.p. (CH2Cl2-hexanes). 140–141 ◦C. 1H NMR
(400 MHz, CDCl3) δ 7.58 (d, 3JHH = 8.3 Hz, 2H), 7.48–7.40 (m, 1H), 7.23–7.19 (m, 1H), 7.16
(d, 3JHH = 8.3 Hz, 2H), 6.99 (m, 1H), 6.80 (dd, 3JFH = 12.8 Hz, 3JHH = 8.1 Hz, 1H), 6.21 (d,
3JPH = 13.1 Hz, 1H), 4.17–4.01 (m, 2H), 3.63 (d, 3JPH = 10.8 Hz, 3H), 3.60 (m, 2H), 3.54 (d,
3JPH = 10.7 Hz, 3H),2.38 (s, 3H), 1.23 (t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3)
δ 170.2 (d, 3JPC = 10.8 Hz, Cquat), 160.6 (dd, 1JFC = 249.9 Hz, 3JPC = 5.8 Hz, Cquat), 143.3
(Cquat), 138.8 (d, 4JPC = 1.3 Hz, Cquat), 130.4 (dd, 3JFC = 9.4, 3JPC = 2.8 Hz, CH), 130.3 (dd,
3JFC = 4.8 Hz, 5JPC = 2.9 Hz, CH), 129.2 (CH), 127.6 (CH), 123.9 (dd, 4JFC = 3.3 Hz, 4JPC =
2.5 Hz, CH), 123.2 (m, Cquat), 116.4 (dd, 2JFC = 24.6 Hz, 4JPC = 2.5 Hz, CH), 61.4 (dd, 1JPC =
154.0, 3JFC = 3.4 Hz, Cquat), 60.9 (CH2), 54.7 (d, 2JPC = 7.6 Hz, CH3), 54.5 (d, 2JPC = 7.4 Hz,
CH3), 38.6 (d, 4JFC = 6.8 Hz, CH2), 21.6 (CH3), 14.2 (CH3). 31P NMR (120 MHz, CDCl3):
δ 22.1. 19F NMR (282 MHz, CDCl3) δ −107.6. FTIR (neat) νmax 3236 (N-H), 1755 (C=O),
1328 (O=S=O), 1239 (P=O), 1160 (O=S=O). HRMS (ESI-TOF) m/z: calcd for C20H26FNO7PS
[M + H]+ 474.1146, found 474.1126. The spectroscopic data match the data reported in the
literature [51].

Ethyl 3-(2,4-difluorophenyl)-3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)
propanoate (7m). The general procedure was followed, starting form imine 3m (403 mg,
1 mmol) to afford 457 mg (93%) of 7m as a white solid. M.p. (CH2Cl2-hexanes). 135–136 ◦C.
1H NMR (400 MHz, CDCl3) δ 7.55 (d, 3JHH = 8.3 Hz, 2H), 7.39 (m, 1H), 7.15 (d, 3JHH =
8.3 Hz, 2H), 6.68 (m, 1H), 6.52 (m, 1H), 6.25 (br d, 3JPH = 8.9 Hz, 1H), 4.09 (m, 2H), 3.65
(d, 3JPH = 10.8 Hz, 3H), 3.57 (d, 3JPH = 10.7 Hz, 3H), 3.57–3.47 (m, 2H), 2.37 (s, 3H), 1.22 (t,
3JHH = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 170.0 (d, 3JPC = 10.9 Hz, Cquat), 162.9
(ddd, 1JFC = 251.3 Hz, 3JFC = 12.7 Hz, 5JPC = 2.9 Hz, Cquat), 160.7 (ddd, 1JFC = 252.9 Hz,
3JFC = 11.7 Hz, 3JPC = 5.7 Hz, Cquat), 143.5 (Cquat), 138.6 (Cquat), 131.4 (m, CH), 129.2 (CH),
127.5 (CH), 119.4 (m, Cquat), 110.8 (br d, 2JFC = 21 Hz, CH), 104.5 (ddd, 2JFC = 27.9 Hz, 2JFC
= 25.3 Hz, 4JPC = 2.5 Hz, CH), 60.9 (CH2), 60.9 (dd, 1JPC = 154.6 Hz, 3JFC = 3.7 Hz, Cquat),
54.6 (br d, 2JPC = 7.6 Hz, CH3), 54.6 (br d, 2JPC = 7.3 Hz, CH3), 38.5 (d, 4JFC = 6.9 Hz, CH2),
21.6 (CH3), 14.1 (CH3). 31P NMR (120 MHz, CDCl3): δ 22.0. 19F NMR (282 MHz, CDCl3)
δ −103.0, −110.3 ppm. FTIR (neat) νmax 3248 (N-H), 1741 (C=O), 1335 (O=S=O), 1247
(P=O), 1155 (O=S=O). HRMS (ESI-TOF) m/z: calcd for C20H25F2NO7PS [M + H]+ 492.1052,
found 492.1058.

Ethyl 3-(3,4-difluorophenyl)-3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)
propanoate (7n). The general procedure was followed, starting form imine 3n (403 mg,
1 mmol) to afford 447 mg (91%) of 7n as a white solid. M.p. (CH2Cl2-hexanes).
98–99 ◦C. 1H NMR (400 MHz, CDCl3) δ 7.48 (d, 3JHH = 8.0 Hz, 2H), 7.19 (d, 3JHH =
8.0 Hz, 2H), 7.17–7.07 (m, 2H), 6.95 (q, 3JHH = 9.2 Hz, 1H), 6.21 (d, 3JPH = 9.6 Hz, 1H), 4.19
(q, 3JHH = 7.1 Hz, 2H), 3.61 (m, 1H), 3.59 (d, 3JPH = 11.1 Hz, 3H), 3.53 (d, 3JPH = 10.6 Hz,
3H), 3.36 (dd, 2JHH = 16.1 Hz, 3JPH = 7.9 Hz, 1H), 2.41 (s, 3H), 1.29 (t, 3JHH = 7.2 Hz, 3H).
13C{1H} NMR (101 MHz, CDCl3) δ 169.8 (d, 3JPC = 6.8 Hz, Cquat), 150.2 (ddd, 1JFC = 250.6 Hz,
2JFC = 11.8 Hz, 5JPC = 3.1 Hz, Cquat), 149.5 (ddd, 1JFC = 246.0 Hz, 2JFC = 10.6 Hz,
4JPC = 3.0 Hz, Cquat), 143.9 (Cquat), 139.0 (d, 4JPC = 1.3 Hz, Cquat), 131.6 (m, Cquat), 129.3
(CH), 127.5 (CH), 124.4 (m, CH), 118.4 (dd, 2JFC = 19.6 Hz, 3JPC = 4.8 Hz, CH), 116.5 (dd,
2JFC = 17.4 Hz, 4JPC = 2.7 Hz, CH), 61.5 (d, 1JPC = 154.6 Hz, Cquat), 61.3 (CH2), 54.7 (d, 2JPC
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= 7.3 Hz, CH3), 54.4 (d, 2JPC = 7.6 Hz, CH3), 38.2 (CH2), 21.6 (CH3), 14.2 (CH3). 31P NMR
(120 MHz, CDCl3): δ 21.7. 19F NMR (282 MHz, CDCl3) δ −137.6, −138.0. FTIR (neat) νmax
3262 (N-H), 1738 (C=O), 1338 (O=S=O), 1249 (P=O), 1163 (O=S=O). HRMS (ESI-TOF) m/z:
calcd for C20H25F2NO7PS [M + H]+ 492.1052, found 492.1060.

Ethyl 3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)-3-(perfluorophenyl)
propanoate (7o). The general procedure was followed, starting form imine 3o (457 mg,
1 mmol) to afford 501 mg (92%) of 7o as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.52
(d, 3JHH = 8.3 Hz, 2H), 7.16 (d, 3JHH = 8.3 Hz, 2H), 6.23 (d, 3JPH = 10.5 Hz, 1H), 4.18–4.07
(m, 2H), 3.98 (m, 1H), 3.80 (d, 3JPH = 10.9 Hz, 3H), 3.75 (d, 3JPH = 10.9 Hz, 3H), 3.45 (m,
1H), 2.36 (s, 3H), 1.24 (t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 170.1 (d,
3JPC = 8.4 Hz, Cquat), 145.9 (m, Cquat), 144.1 (Cquat), 140.8 (m, Cquat), 137.7 (d, 4JPC = 1.9 Hz,
Cquat), 137.5 (m, Cquat), 129.2 (CH), 127.1 (CH), 111.2 (m, Cquat), 61.0 (CH2), 60.0 (d, 1JPC =
153.3 Hz, Cquat), 55.7 (d, 2JPC = 7.2 Hz, CH3), 54.9 (d, 2JPC = 7.8 Hz, CH3), 40.3 (d, 4JFC =
5.3 Hz, CH2), 21.4 (CH3), 14.1 (CH3). 31P NMR (120 MHz, CDCl3): δ 21.7. 19F NMR (282
MHz, CDCl3) δ −135.0, −154.3, −162.8. FTIR (neat) νmax 3284 (N-H), 1741 (C=O), 1333
(O=S=O), 1254 (P=O), 1166 (O=S=O). HRMS (ESI-TOF) m/z: calcd for C20H22F5NO7PS [M +
H]+ 546.0769, found 546.0781.

Ethyl 3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)-3-(4-(trifluoromethyl)
phenyl)propanoate (7p). The general procedure was followed, starting form imine 3p
(435 mg, 1 mmol) to afford 455 mg (87%) of 7p as a white solid. M.p. (CH2Cl2-hexanes).
114–115 ◦C. 1H NMR (400 MHz, CDCl3) δ 7.47 (3JHH = 8.8 Hz, 3JFH = 2.3 Hz, 2H), 7.42 (d,
3JHH = 8.4 Hz, 2H), 7.34 (d, 3JHH = 8.4 Hz, 2H), 7.12 (d, 3JHH = 8.2 Hz, 2H), 6.24 (d, 3JPH =
10.1 Hz, 1H), 4.18 (qd, 3JHH = 7.2 Hz, 3JFH = 1.7 Hz, 2H), 3.68 (dd, 3JPH = 23.8 Hz, 2JHH =
16.2 Hz, 1H), 3.58 (d, 3JPH = 10.8 Hz, 3H), 3.49 (d, 3JPH = 10.8 Hz, 3H), 3.44 (dd, 3JPH = 8.2
Hz, 2JHH = 16.2 Hz, 1H), 2.39 (s, 3H), 1.28 (t, 3JHH = 7.1 Hz, 3H). 13C{1H} NMR (75 MHz,
CDCl3) δ 170.0 (d, 3JPC = 6.8 Hz, Cquat), 143.7 (Cquat), 138.9 (Cquat), 138.6 (d, 2JPC = 6.6 Hz,
Cquat), 130.4 (dq, 2JFC = 32.8 Hz, 5JPC = 3.0 Hz, Cquat), 129.3 (CH), 128.8 (d, 3JPC = 5.0 Hz,
CH), 127.5 (CH), 124.7 (m, CH), 123.9 (q, 1JFC = 272.4 Hz, Cquat), 62.0 (d, 1JPC = 152.8 Hz,
Cquat), 61.3 (CH2), 54.8 (d, 2JPC = 7.4 Hz, CH3), 54.4 (d, 2JPC = 7.6 Hz, CH3), 38.1 (CH2),
21.6 (CH3), 14.3 (CH3). 31P NMR (120 MHz, CDCl3): δ 21.9. 19F NMR (282 MHz, CDCl3) δ
−63.4. FTIR (neat) νmax 3261 (N-H), 1735 (C=O), 1327 (O=S=O), 1263 (P=O), 1163 (O=S=O).
HRMS (ESI-TOF) m/z: calcd for C21H26F3NO7PS [M + H]+ 524.1114, found 524.1121.

Ethyl 3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)-3-(4-nitrophenyl)propanoate
(7q). The general procedure was followed, starting form imine 3q (412 mg, 1 mmol) to
afford 425 mg (85%) of 7q as a white solid. M.p. (CH2Cl2-hexanes). 129–130 ◦C. 1H NMR
(400 MHz, CDCl3) δ 7.96 (d, 3JHH = 9.0 Hz, 2H), 7.56 (dd, 3JHH = 9.0 Hz, 3JPH = 2.3 Hz, 2H),
7.50 (d, 3JHH = 8.2 Hz, 2H), 7.17 (d, 3JHH = 8.2 Hz, 2H), 6.30 (d, 3JPH = 10.3 Hz, 1H), 4.16
(m, 2H), 3.62 (dd, 2JHH = 16.5 Hz, 3JPH = 6.2 Hz, 1H), 3.58 (d, 3JPH = 10.8 Hz, 3H), 3.55 (d,
3JPH = 10.7 Hz, 3H), 3.48 (dd, 2JHH = 16.5 Hz, 3JPH = 8.2 Hz, 1H), 2.41 (s, 3H), 1.27 (t, 3JHH =
7.2 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 169.7 (d, 3JPC = 7.6 Hz, Cquat), 147.4 (d, 5JPC
= 3.4 Hz, Cquat), 144.1 (Cquat), 142.5 (d, 2JPC = 6.6 Hz, Cquat), 138.8 (d, 4JPC = 1.4 Hz, Cquat),
129.4 (CH), 129.3 (d, 3JPC = 5.0 Hz, CH), 127.5 (CH), 122.8 (d, 4JPC = 2.6 Hz, CH), 62.3 (d,
1JPC = 152.2 Hz, Cquat), 61.4 (CH2), 54.9 (d, 2JPC = 7.3 Hz, CH3), 54.6 (d, 2JPC = 7.5 Hz, CH3),
38.3 (CH2), 21.7 (CH3), 14.2 (CH3). 31P NMR (120 MHz, CDCl3): δ 21.2. FTIR (neat) νmax
3272 (N-H), 1743 (C=O), 1349 (O=S=O), 1244 (P=O), 1163 (O=S=O). HRMS (ESI-TOF) m/z:
calcd for C20H26N2O9PS [M + H]+ 501.1091, found 501.1098.

Ethyl 3-(5-chlorothiophen-2-yl)-3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)
propanoate (7r). The general procedure was followed, starting form imine 3r (407 mg,
1 mmol) to afford 378 mg (76%) of 7r as a pale brown solid. M.p. (CH2Cl2-hexanes).
93–94 ◦C. 1H NMR (400 MHz, CDCl3) δ 7.48 (d, 3JHH = 8.3 Hz, 2H), 7.17 (d, 3JHH = 8.3 Hz,
2H), 6.79 (dd, 3JHH = 4.0 Hz, 4JPH = 3.4 Hz, 1H), 6.61 (d, 3JHH = 4.0 Hz, 1H), 6.23 (d, 3JPH =
7.2 Hz, 1H), 4.20 (q, 3JHH = 7.2 Hz, 2H), 3.68 (d, 3JPH = 10.7 Hz, 3H), 3.66 (d, 3JPH = 10.5 Hz,
3H), 3.61 (m, 1H), 3.21 (dd, 2JHH = 15.5 Hz, 3JPH = 7.1 Hz, 1H), 2.40 (s, 3H), 1.30 (t, 3JHH =
7.2 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 169.5 (d, 3JPC = 5.6 Hz, Cquat), 143.6 (Cquat),
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138.7 (d, 4JPC = 1.4 Hz, Cquat), 135.9 (d, 2JPC = 7.7 Hz, Cquat), 132.3 (d, 5JPC = 3.6 Hz, Cquat),
129.3 (CH), 128.6 (d, 3JPC = 7.3 Hz, CH), 127.5 (CH), 125.3 (d, 4JPC = 2.8 Hz, CH), 61.4 (CH2),
60.0 (d, 1JPC = 161.5 Hz, Cquat), 55.2 (d, 3JPC = 7.3 Hz, CH3), 54.5 (d, 3JPC = 7.6 Hz, CH3),
39.0 (CH2), 21.7 (CH3), 14.2 (CH3). 31P NMR (120 MHz, CDCl3): δ 20.3. FTIR (neat) νmax
3270 (N-H), 1735 (C=O), 1341 (O=S=O), 1243 (P=O), 1163 (O=S=O). HRMS (ESI-TOF) m/z:
calcd for C18H24ClNO7PS2 [M + H]+ 496.0415, found 496.0444..

Ethyl 3-([1,1’-biphenyl]-4-yl)-3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)
propanoate (7s). The general procedure was followed, starting form imine 3s (443 mg,
1 mmol) to afford 478 mg (90%) of 7s as a white solid. M.p. (CH2Cl2-hexanes). 112–113
◦C. 1H NMR (400 MHz, CDCl3) δ 7.56–7.46 (m, 4H), 7.45–7.40 (m, 5H), 7.39–7.33 (m, 2H),
7.13 (d, 3JHH = 8.3 Hz, 2H), 6.21 (d, 3JPH = 10.5 Hz, 1H), 4.20 (q, 3JHH = 7.2 Hz, 2H), 3.69
(dd, 3JPH = 23.4 Hz, 2JHH = 16.4 Hz, 1H), 3.56 (d, 3JPH = 10.7 Hz, 3H), 3.49 (m, 1H), 3.46
(d, 3JPH = 10.6 Hz, 3H), 2.38 (s, 3H), 1.29 (t, 3JHH = 7.2 Hz, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 170.3 (d, 3JPC = 7.3 Hz, Cquat), 143.3 (Cquat), 141.0 (d, 5JPC = 3.1 Hz, Cquat), 140.1
(d, 4JPC = 1.4 Hz, Cquat), 139.2 (Cquat), 129.2 (CH), 129.0 (CH), 128.8 (d, 3JPC = 5.1 Hz, CH),
128.3 (Cquat), 127.8 (CH), 127.7 (CH), 127.1 (CH), 126.5 (d, 4JPC = 2.8 Hz, CH), 62.1 (d, 1JPC =
153.9 Hz, Cquat), 61.1 (CH2), 54.7 (d, 2JPC = 7.4 Hz, CH3), 54.2 (d, 2JPC = 7.6 Hz, CH3), 38.2
(CH2), 21.7 (CH3), 14.3 (CH3). 31P NMR (120 MHz, CDCl3): δ 22.2. FTIR (neat) νmax 3308
(N-H), 1729 (C=O), 1332 (O=S=O), 1241 (P=O), 1161 (O=S=O). HRMS (ESI-TOF) m/z: calcd
for C26H31NO7PS [M + H]+ 532.1553, found 532.1555.

Methyl 3-(dimethoxyphosphoryl)-3-(3-fluorophenyl)-3-((4-methylphenyl)sulfonamido)
propanoate (12). The general procedure was followed, starting form imine 3k (417 mg,
1 mmol) to afford 372 mg (81%) of 12 as a white solid. M.p. (CH2Cl2-hexanes). 115–116 ◦C.
1H NMR (400 MHz, CDCl3) δ 7.48 (d, 3JHH = 8.3 Hz, 2H), 7.20–7.09 (m, 4H), 7.00 (m, 1H),
6.91 (m, 1H), 6.21 (br d, 3JHH = 7.8 Hz, 1H), 3.73 (s, 3H), 3.64 (dd, 3JPH = 24.4 Hz, 2JHH =
16.2 Hz, 1H), 3.56–3.50 (m, 6H), 3.46 (dd, 2JHH = 16.2 Hz, 3JPH = 7.6 Hz, 1H), 2.39 (s, 3H).
13C{1H} NMR (101 MHz, CDCl3) δ 170.6 (d, 3JPC = 6.8 Hz, Cquat), 162.3 (dd, 1JFC = 246.0 Hz,
4JPC = 3.0 Hz, Cquat), 143.7 (Cquat), 139.0 (Cquat), 137.1 (m, Cquat), 129.5 (dd, 3JFC = 8.1 Hz,
4JPC 2.8 Hz, CH), 129.3 (CH), 127.5 (CH), 123.7 (dd, 3JPC = 5.1 Hz, 4JFC = 3.0 Hz, CH), 116.1
(dd, 2JFC = 24.1 Hz, 3JPC = 4.8 Hz, CH), 115.5 (dd, 2JFC = 21.1 Hz, 5JPC = 2.9 Hz, CH), 62.0
(dd, 1JPC = 153.7 Hz, 4JFC = 1.4 Hz, Cquat), 54.9 (d, 2JPC = 7.7 Hz, CH3), 54.4 (d, 2JPC = 7.6 Hz,
CH3), 52.3 (CH3), 38.2 (CH2), 21.6 (CH3). 31P NMR (120 MHz, CDCl3): δ 21.7. 19F NMR
(282 MHz, CDCl3) δ −112.9. FTIR (neat) νmax 3281 (N-H), 1729 (C=O), 1330 (O=S=O), 1243
(P=O), 1159 (O=S=O). HRMS (ESI-TOF) m/z: calcd for C19H24FNO7PS [M + H]+ 460.0990,
found 460.1004.

Benzyl 3-(dimethoxyphosphoryl)-3-(3-fluorophenyl)-3-((4-methylphenyl)sulfonamido)
propanoate (13a). The general procedure was followed, starting form imine 3k (417 mg,
1 mmol) to afford 449 mg (84%) of 13a as a white solid. M.p. (CH2Cl2-hexanes). 78–79 ◦C.
1H NMR (400 MHz, CDCl3) δ 7.47 (d, 3JHH = 8.2 Hz, 2H), 7.41–7.31 (m, 5H), 7.17–7.08 (m,
4H), 7.03–6.98 (m, 1H), 6.94–6.87 (m, 1H), 6.24 (d, 3JPH = 10.2 Hz, 1H), 5.19 (d, 2JHH = 12.3
Hz. 1H), 5.13 (d, 2JHH = 12.3 Hz, 1H), 3.73–3.63 (m, 1H), 3.57–3.34 (m, 7H), 2.38 (s, 3H).
13C{1H} NMR (101 MHz, CDCl3) δ 169.9 (d, 3JPC = 6.9 Hz, Cquat), 162.3 (dd, 1JFC = 246.0 Hz,
4JPC = 3.0 Hz, Cquat), 143.6 (Cquat), 139.0 (d, 4JPC = 1.3 Hz, Cquat), 137.1 (Cquat), 135.6 (Cquat),
129.4 (dd, 3JFC = 8.2 Hz, 4JPC = 2.5 Hz, CH), 129.3 (CH), 128.7 (CH), 128.7 (CH), 128.5 (CH),
127.5 (CH), 123.7 (dd, 3JPC = 5.0, 4JFC = 2.9 Hz, CH), 116.0 (dd, 2JFC = 24.0 Hz, 3JPC = 4.7 Hz,
CH), 115.4 (dd, 2JFC = 21.1 Hz, 5JPC = 3.1 Hz, CH), 67.0 (CH2), 61.9 (dd, 1JPC = 153.6 Hz,
4JFC = 1.6 Hz, Cquat), 54.8 (d, 2JPC = 7.5 Hz, CH3), 54.3 (d, 2JPC = 7.7 Hz, CH3), 38.2 (CH2),
21.6 (CH3). 31P NMR (120 MHz, CDCl3): δ 21.6. 19F NMR (282 MHz, CDCl3) δ −112.9.
FTIR (neat) νmax 3281 (N-H), 1735 (C=O), 1331 (O=S=O), 1247 (P=O), 1154 (O=S=O). HRMS
(ESI-TOF) m/z: calcd for C25H28FNO7PS [M + H]+ 536.1303, found 536.1322.

Benzyl 3-(dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)-3-phenylpropanoate (13b).
The general procedure was followed, starting form imine 3a (367 mg, 1 mmol) to afford
476 mg (92%) of 13b as a white solid. M.p. (CH2Cl2-hexanes). 84–85 ◦C. 1H NMR (400 MHz,
CDCl3) δ 7.46 (d, J = 8.3 Hz, 2H), 7.37–7.29 (m, 7H), 7.20–7.15 (m, 1H), 7.12–7.06 (m, 4H),
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6.22 (d, 3JPH = 11.1 Hz, 1H), 5.14 (d, 2JHH = 12.2 Hz, 1H), 5.09 (d, 2JHH = 12.2 Hz, 1H), 3.65
(dd, 3JPH = 22.3 Hz, 2JHH = 16.6 Hz, 1H), 3.49 (dd, 2JHH = 16.6 Hz, 3JPH = 7.5 Hz, 1H), 3.37
(d, 3JPH = 10.7 Hz, 3H), 3.31 (d, 3JPH = 10.7 Hz, 3H), 2.34 (s, 3H). 13C{1H} NMR (101 MHz,
CDCl3) δ 169.8 (d, 3JPC = 8.1 Hz, Cquat), 143.1 (Cquat), 139.0 (d, 4JPC = 1.4 Hz, Cquat), 135.5
(Cquat), 134.1 (d, 2JPC = 7.3 Hz, Cquat), 129.0 (CH), 128.4 (CH), 128.4 (CH), 128.2 (CH), 128.2
(CH), 128.0 (d, 3JPC = 5.0 Hz, CH), 127.8 (d, 4JPC = 2.6 Hz, CH), 127.4 (CH), 66.5 (CH2),
61.9 (d, 1JPC = 154.1 Hz, Cquat), 54.4 (d, 2JPC = 7.4 Hz, CH3), 53.8 (d, 2JPC = 7.7 Hz, CH3),
37.7 (CH2), 21.4 (CH3). 31P NMR (120 MHz, CDCl3): δ 22.0. FTIR (neat) νmax 3322 (N-H),
1739 (C=O), 1337 (O=S=O), 1248 (P=O), 1163 (O=S=O). HRMS (ESI-TOF) m/z: calcd for
C25H29NO7PS [M + H]+ 518.1397, found 518.1372.

Procedure for the Obtention of 3-(Dimethoxyphosphoryl)-3-((4-methylphenyl)sulfonamido)-
3-phenylpropanoic acid 14

A mixture of aminophosphonate 13b (518 mg, 1 mmol) and Pd-C 10% (106 mg,
0.1 mmol) in MeOH (50 mL) were stirred for 12 h under H2 atmosphere (75 psi). The
mixture was then filtered on celite and concentrated under reduced pressure to yield
product 14 as a white solid (402 mg, 94%), after crystallization in MeOH. M.p. (MeOH).
145–146 ◦C. 1H NMR (400 MHz, CDCl3) δ 9.91 (br s, 1H), 7.48 (d, 3JHH = 8.2 Hz, 2H), 7.33
(d, 3JHH = 7.6 Hz, 2H), 7.20 (m, 1H), 7.17–7.09 (m, 4H), 6.60 (d, 3JPH = 10.6 Hz, 1H), 3.67
(dd, 3JPH = 23.9 Hz, 2JHH = 16.0 Hz, 1H), 3.52 (d, 3JPH = 10.8 Hz, 3H), 3.49 (m, 1H), 3.47
(d, 3JPH = 10.6 Hz, 3H), 2.38 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 173.5 (d, 3JPC = 7.7
Hz, Cquat), 143.3 (Cquat), 139.2 (d, 4JPC = 1.4 Hz, Cquat), 134.1 (d, 2JPC = 7.6 Hz, Cquat), 129.2
(CH), 128.4 (d, 5JPC = 3.0 Hz, CH), 128.3 (d, 3JPC = 5.1 Hz, CH), 128.0 (d, 4JPC = 2.6 Hz, CH),
127.6 (CH), 62.1 (d, 1JPC = 155.6 Hz, Cquat), 55.1 (d, 2JPC = 7.3 Hz, CH3), 54.5 (d, 2JPC = 7.9
Hz, CH3), 38.0 (CH2), 21.6 (CH3). 31P NMR (120 MHz, CDCl3): δ 21.8. FTIR (neat) νmax
3500–2500 (O-H st), 3271 (N-H st), 1714 (C=O st), 1337 (O=S=O st as), 1235 (P=O st), 1163
(O=S=O st sim) cm–1. HRMS (ESI-TOF) m/z: calcd for C18H23NO7PS [M + H]+ 428.0927,
found 428.0901.

Procedure for the Obtention of Dimethyl (1-((4-methylphenyl)sulfonamido)-1-phenylethyl)
phosphonate 18

A solution of 3a (367 mg, 1 mmol) in dry CH3CN (3 mL) was stirred at room temper-
ature under N2 atmosphere. To this mixture, Me2Zn (1.7 mL, 1.2 M in toluene, 2 mmol)
was added and the mixture was stirred for 2h at room temperature. The reaction was
quenched by a slow addition of a saturated aqueous solution of NH4Cl (1 mL) and dried
over anhydrous MgSO4. The solid was removed by filtration and washed with AcOEt, and
the filtrate was concentrated at reduced pressure to yield the crude product, which was
purified by column chromatography in silica gel (AcOEt/Hexanes) to give 326 mg (85%) of
18 as a white solid [60]. M.p. (Et2O/pentane). 163–164 ◦C. Lit. 161–162 (Et2O). 1H NMR
(400 MHz, CDCl3) δ 7.53 (d, 3JHH = 8.3 Hz, 2H), 7.40 (m, 2H), 7.22–7.18 (m, 3H), 7.11 (d,
3JHH = 8.2 Hz, 2H), 5.78 (d, 3JPH = 8.1 Hz, 1H), 3.70 (d, 3JPH = 10.4 Hz, 3H), 3.35 (d, 3JPH =
10.4 Hz, 3H), 2.36 (s, 3H), 1.97 (d, 3JPH = 16.8 Hz, 3H). 13C {1H} NMR (75 MHz, CDCl3) δ
142.3 (Cquat), 141.8 (d, 4JPC = 1.7 Hz, Cquat), 133.4 (Cquat), 128.6 (CH), 128.4 (d, 3JPC = 6.0 Hz,
CH), 128.1 (d, 4JPC = 2.2 Hz, CH), 128.0 (d, 5JPC = 2.9 Hz, CH), 126.7 (CH), 61.1 (d, 1JPC =
152.2 Hz, Cquat), 54.5 (d, 2JPC = 7.1 Hz, CH3), 53.9 (d, 2JPC = 7.0 Hz, CH3), 21.3 (CH3), 20.4
(d, 2JPC = 5.2 Hz CH3). 31P NMR (120 MHz, CDCl3) δ 26.1. FTIR (neat) νmax 3315 (N-H),
1327 (O=S=O), 1242 (P=O), 1166 (O=S=O). HRMS (ESI-TOF) m/z: calcd. for C17H22NO5PS
[M + Na]+ 406.0848, found 406.0856.

3.2. Biology
3.2.1. Materials

Reagents and solvents were used as purchased without further purification. All
stock solutions of the investigated compounds were prepared by dissolving the powered
materials in appropriate amounts of dimethylsulfoxide (DMSO). The final concentration
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of DMSO never exceeded 5% (v/v) in the reactions. The stock solution was stored at 5 ◦C
until it was used.

3.2.2. Cell Culture

Human epithelial lung carcinoma cells (A549) (ATCC® CCL-185™, ATCC, Manassas,
VA, USA) were grown in Kaighn’s Modification of Ham’s F-12 Medium (ATCC® 30-2004™,
ATCC, Manassas, VA, USA) and lung fibroblast cells (MRC5) (ATCC® CCL-171™, ATCC,
Manassas, VA, USA) were grown in Eagle’s Minimum Essential Medium (EMEM, ATCC®

30-2003™, ATCC, Manassas, VA, USA). Epithelial ovary adenocarcinoma cells (SKOV3)
(ATCC® HTB-77™, ATCC, Manassas, VA, USA) were grown in McCoy’s 5A medium
(ATCC® 30-2007™, ATCC, Manassas, VA, USA). All of them were supplemented with 10%
of fetal bovine serum (FBS) (Sigma-Aldrich, Madrid, Spain) and with 1% of NORMOCIN
solution (Thermo Fisher, Waltham, MA, USA). Cells were incubated at 37 ◦C and 5%
CO2 atmosphere, and were split every 3–4 days to maintain monolayer coverage. For the
cytotoxicity experiments, the A549 and SKOV3 cells were seeded in 96-well plates at a
density of 2.5–3 × 103 cells per well and incubated overnight to achieve 70% of confluence
at the time of exposition to the cytotoxic compound.

3.2.3. Cytotoxicity Assays

Cells were exposed to different concentrations of the cytotoxic compounds and were
incubated for 48 h. Then, 10 µL of cell counting kit-8 was added into each well for an
additional two hours’ incubation at 37 ◦C. The absorbance of each well was determined
by an Automatic Elisa Reader System (Thermo Scientific Multiskan FC Automatic Elisa
Reader System, Thermo Scientific, Shanghai, China) at 450 nm wavelength.

4. Conclusions

In conclusion, we report an efficient methodology for the preparation of phos-
phonate analogs of aspartic acid, holding a variety of substituents at their α-aromatic
ring. α-Ketiminophosphonates are generated by the oxidation of their parent tertiary
α-aminophosphonates and a subsequent aza-Reformatsky reaction with alkyl iodoacetate
derivatives. Moreover, this methodology has been successfully extended to aldimines
and activated ketimines, affording the Reformatsky products in high yields. This strategy
allows the possibility of assorted structural diversity in the resultant scaffold depending
on the starting imine or alkyl iodoacetate. Moreover, the phosphorated analogues of as-
partic acid 6 showed in vitro cytotoxicity inhibiting the growth of human tumor cell lines
SKOV3 (human ovarian carcinoma) and A549 (carcinomic human alveolar basal epithelial
cell), and a high selectivity toward the MRC5 non-malignant lung fibroblasts. The most
active substrates were proved to be ethyl ester derivatives. Although p-tolyl derivatives
showed the best result against A549, the introduction of a trifluoromethylphenyl moiety
in the para position exhibited the most remarkable IC50 value against the SKOV3 cell line.
Moreover, the majority of the compounds were selective toward the non-malignant cells.
The best IC50 values obtained are 9.80 µM in the SKOV3 cell line for α-aminophosphonate
7p, with a p-trifluorophenyl substituent, and 0.34 µM in the A549 cell line for substrate 7k,
holding a p-methylphenyl moiety. Most of the compounds presented in this study show
low micromolar activity and a high selectivity toward the non-malignant cells. It has also
been proved that the absolute configuration of the tetrasubstituted stereocenter does not
have any influence on the biological activity of the phosphorated aspartic acid derivatives,
since both enantiomers of substrate 7k showed similar IC50 values.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27228024/s1, 1H, 13C, 31P and 19F copies of compounds
5, 6, 7, 12, 13, 14 and 18. 2D-NMR of compound 7a.
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Abstract: A one-pot lithiation–phosphonylation procedure was elaborated as a method to prepare
heteroaromatic phosphonic acids. It relied on the direct lithiation of heteroaromatics followed by
phosphonylation with diethyl chlorophosphite and then oxidation with hydrogen peroxide. This
protocol provided the desired phosphonates with satisfactory yields. This procedure also had some
limitations in its dependence on the accessibility and stability of the lithiated heterocyclic compounds.
The same procedure could be applied to phosphonylation of aromatic compounds, which do not
undergo direct lithiation and thus require the use of their bromides as substrates. The obtained
compounds showed weak antiproliferative activity when tested on three cancer cell lines.

Keywords: aminophosphonates; heteroaromatic; lithiation; phosphonylation; phosphonic acids;
organophosphorus chemistry; P-containing drugs

1. Introduction

Useful biological and practical applications of heteroaromatic phosphonates, as well
as their utility as intermediates in organic synthesis, have stimulated intensive studies
directed toward methods of their preparation [1]. As indicated, this is a challenging
research endeavor, and quite frequently, the yields of the applied procedures are moderate
or even low [2–5]. Therefore, it is not surprising that the number of papers devoted to the
elaboration of methods to prepare these compounds has increased in recent years [6–12].
The most commonly used method for the introduction of a phosphonate moiety to an
sp2 hybridized aromatic carbon atom is a palladium-catalyzed reaction [5–11]. Due to
continual improvements in its conditions, catalysts, and procedures, this method provides
high yields of products of variable structures. An alternative strategy is to use aryl bromides
and the application of copper (I), nickel (II), or manganese (II) catalysts [2,6,13]. Finally,
the formation of lithium derivatives or Grignard reagents using aryl halides as substrates
may be also employed [2,6,7]. In the past decade, interesting methods of nontypical
specific procedures for the synthesis of heteroaromatic phosphonates have been studied
and elaborated [12,14–25].

It is well known that electron-rich heterocycles easily undergo direct lithiation at
Position 2 when alkyllithium is used. The formed salts are important intermediates in the
syntheses of many groups of organic compounds [26–29]. Thus, the objective of this paper
is to evaluate the scope and limitations of the direct lithiation of heterocyclic compounds,
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followed by a one-pot reaction with chlorophosphates or chlorophosphites, applied as a
method to synthesize heteroaromatic phosphonic acids. Additionally, the antiprolifera-
tive activity of the obtained phosphonic acids was evaluated using three cell lines, RAW
264.7 (used to screen for possible antiosteoporotic and anti-inflammatory activities), PC-3,
and MCF-7 (human prostate cancer and breast cancer cell lines, respectively), showing a
practical lack of activity of the obtained compounds.

2. Results
2.1. Chemistry

The usefulness of the direct lithiation of indole followed by phosphonylation of the
formed lithium salt has been chosen as a model reaction. As shown previously, lithi-
ation of indole with n-buthyllithium had to be preceded by the suitable protection of
the reactive amino group [28]. The use of t-butoxycarbonyl-(Boc) protection followed
by reaction with trivalent phosphoryl chloride, namely, with 1-chloro-N,N-diisopropyl-1-
methoxyphosphinamine, followed by an aqueous work-up, was described as a method
for the synthesis of methyl 2-indolyl phosphinate [30]. Unfortunately, lithiated Boc-indole,
when reacted with both diethyl chlorophosphate and chlorophosphite, failed to produce the
desired product. Thus, the one-pot synthesis of Kartitzky and Akutagawa was adopted [31],
which relied on the conversion of indole into 1H-indolyl-1-carboxylic acid prior to phospho-
nylation (Scheme 1). Initially, the utility of diethyl chlorophosphate as an electrophile was
planned; however, the literature reports [32] suggested that better results were obtained
with the use of diethyl chlorophosphite. Hydrolysis of the resulting diethyl 1H-indol-2-
ylphosphonate (compound 1a) in concentrated hydrochloric caused the decomposition of
the obtained esters with the simultaneous formation of phosphorous acid (H3PO3). More-
over, the application of mild conditions for the removal of ester groups from the phospho-
nate moiety, by conversion of 1 into its di(trimethylsilyl) ester with trimethylchlorosilane,
followed by its cleavage with methanol, also failed to deliver the desired acid 2 [33] and
yielded similar products of decomposition.

Scheme 1. Phosphonylation of indole.
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The reduction of diethyl 1H-indol-2-ylphosphonate 1 provided diethyl indoline-2-
phosphonate (compound 3), which was readily converted into the corresponding acid
4, albeit with moderate yield. Quite unexpectedly, the hydrolysis of diethyl 1H-indol-2-
ylphosphinate also failed, and the decomposition of the molecule with production of indole
was observed.

The elaborated procedure was then used for the phosphonylation of benzothiophene
and benzothiazole (Scheme 2). There was no need to apply the Kartitzky and Akuta-
gawa procedure in this case. The only disadvantage of this method was the extreme
instability of the lithium derivative of benzothiazole. This problem was solved by slight
modifications of the synthetic procedure and reversal of the order of addition of reagents;
the heterocyclic compound was added to the solution of n-butyllithium. Because the
resulting phosphonates esters, diethyl benzo[d]thiazol-2-ylphosphonate 5 and diethyl
benzo[b]thiophen-2-ylphosphonate 6, could be unstable under harsh acidic conditions, we
applied transesterification with bromotrimethylsilane for the preparation of the correspond-
ing acids benzo[d]thiazol-2-ylphosphonic acid 7 and benzo[b]thiophen-2-ylphosphonic
acid 8.

Scheme 2. Phosphonylation of benzothiazole, benzothiophene and benzoxazole.

The phosphonylation of the lithiated benzoxazole failed, resulting in a complex mix-
ture of products despite the modifications to the synthetic procedure. This may derive
from the possible opening of the pentacyclic ring of this compound upon the action of
lithium [34]. According to the published data, the opened product is in equilibrium with
lithiated benzoxazole (Scheme 2); however, it did not react with diethyl chlorophosphite in
the desired manner, and the compound 9 was not obtained.

In turn, the reaction of benzofuran yielded the inseparable mixture of phosphonate 10
and phosphinate 11 in moderate yield accompanied with the equimolar mixture of tri-2-
benzofuryl phosphine 12 and its oxide 13. This mixture was the major reaction product
(Scheme 3). The mixture of compounds 12 and 13 readily crystallized out over time from the
reaction mixture. The pure compound 13 was obtained in a small quantity only in a single
case by crystallization from the spent solvent after the crystallization of the mixture of
compounds 12 and 13. The transesterification of the ester groups of the mixture of 10 and 11
with bromotrimethylsilane followed by methanolysis afforded benzofuran-2-ylphosphonic
acid 14.

163



Molecules 2023, 28, 3135

Scheme 3. Phosphonylation of benzofurane.

The crystallographic data are given in Table 1.

Table 1. X-ray crystallography experimental details.

13 15

Crystal data

Chemical formula C144H92O22P6 C12H9O4P
Mr 2359.99 248.16

Crystal system, space group Trigonal, R
−
3 Orthorhombic, P212121

a, b, c (Å) 30.3245 (9), 30.3245 (9), 10.5270 (3) 7.9719 (2), 10.8701 (3), 13.3094 (4)
α, β, γ (◦) 90, 90, 120 90, 90, 90

V (Å3) 8383.4 (6) 1153.33 (6)
Z 3 4

µ (mm−1) 0.18 0.24
Crystal size (mm) 0.3 × 0.25 × 0.2 0.4 × 0.3 × 0.2

Data collection

No. of measured, independent
and observed [I > 2σ(I)] reflections 19,039, 3651, 2079 5500, 2274, 2103

Rint 0.072 0.022
(sin θ/λ)max (Å−1) 0.617 0.617

Refinement

R[F2 > 2σ(F2)], wR(F2), S 0.039, 0.063, 0.83 0.027, 0.066, 1.02
No. of reflections 3651 2274
No. of parameters 271 154

∆ρmax, ∆ρmin (e Å−3) 0.30, −0.21 0.31, −0.25

The solid-state structure of the crystals was determined by the X-ray diffraction

method. The structure was solved in the trigonal crystal system and the R
−
3 space group,

respectively. In the unit cell, there was tri-2-benzofuryl phosphine oxide (Figure 1) co-
crystallized with a water molecule, which occurred on threefold axes. In the crystal
structure, there were channels formed by phosphine along the c axis. The partial occupancy
oxygen atoms O5 from the water molecules were located in the channels by O-H . . . O
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hydrogen bonds, arranging the molecules in crystal packing in quite a rare and specific
network (Figure 2).

Figure 1. Compound 13 in the asymmetric part of the unit cell. The displacement ellipsoids are
drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.

Figure 2. Crystal packing of the complex of tri-2-benzofuryl phosphine oxide 13. The displacement
ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.

The reaction of furan afforded a complex mixture of products from which only tri-
2-furylphosphinoxide 15 was isolated in low yield (Scheme 4). Its structure was also
confirmed by X-ray analysis (Figure 3).
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Scheme 4. Phosphonylation of furane.

Figure 3. The crystal structure of tri-2-furylphosphinoxide 15.

The structure of tri-2-furylphosphinoxide 15 was solved in the orthorhombic crystal
system and P212121 space group, respectively (Figure 3). This structure was measured at
room temperature and compared with the one described earlier by Jenkis and cowork-
ers [35]. In our investigation, for the measurement series, the structure was confirmed
at 100 K. In the molecular structure, the bond lengths and angles were within normal
ranges [36]. The crystal structure involved intermolecular C-H . . . O hydrogen bonds.

It is well known that N-methylbenzimidazole and N-methylindoles undergo lithiation
quite readily at C2 [27]. However, these compounds, similar to the unprotected benzimi-
dazole, did not provide the desired phosphonates (reaction of butyllithium with trivalent
phosphorus compound), and instead the predominant formations of tributyl phosphine
or salts of ethyl butyl phosphinous acid were observed. Moreover, the application of
the Kartitzky and Akutagawa procedure failed to provide the desired phosphinates in
these cases.

To enlarge the scope of the studied reaction, lithiation–phosphonylation of
2-methylthiophene and N-methylpyrrole was carried out. As expected, the 2-methylthiophene
reacted readily, providing the desired diethyl 2-methyltihophen-5-yl-phosphonate 16,
which upon sequence of transesterification with trimethylbromosilane and methanoly-
sis readily afforded 2-methylthiophene-5-yl-phosphonic acid 17 in good yield (Scheme 5A).
Since N-methylpyrrole is not susceptible to direct lithiathion [37], addition of a known
lithium chelator, tetramethylethylenediamine (TMEDA), and an elevated temperature of
the reaction (boiling diethyl ether instead of −70 ◦C) were required to promote the reaction.
In the reaction carried out in this way, an equimolar amount of chlorophosphite was added
dropwise to the solution of the lithiated N-methylpyrrole. After oxidation with hydrogen
peroxide provided the mixture of two esters, diethyl (1H-pyrrol-2-yl)phosphonate 18 and
ethyl di(1H-pyrrol-2-yl)phosphinate 19 (Scheme 5B) were obtained, with compound 19
being the major. Diethyl phosphite 20 was the third product of this reaction. The reversal
of the addition of the reagents (lithium reagent added to chlorophosphite solution) also
provided the mixture of esters 18 and 19, still with the predominance of compound 19.

The utility of the elaborated procedure of direct phosphonylation was additionally
proven using bromobenzene, 1-bromo-3-methoxybenzene, and 1-bromonaphthalene as
substrates, since the direct lithiation of benzene, anisole, and naphtalene is impossible. As
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seen from Scheme 6, in this case also, the proposed one-pot procedure had satisfactory
results providing the desired diethyl phosphonates (diethyl phenylphosphonate 21, diethyl
3-methoxylphenylphosphonate 22, and diethyl naphthalen-1-ylphosphonate 23), which
were converted into the corresponding phosphonic acids (compounds 24, 25, and 26) by
hydrolysis with 6N concentrated hydrochloric acid.

Scheme 5. Phosphonylation of 2-methylthiophene (A) and N-methylpyrrole (B).

Scheme 6. Phosphonylation of bromobenzene, 1-bromo-3-methoxybenzene, and 1-bromonaphthalene.

2.2. In Vitro Antiproliferative Evaluation

The antiproliferative activities of the obtained phosphonic acids were evaluated to-
wards three cell cultures, namely, RAW 264.7, PC-3, and MCF-7.

The choice of these lines was governed by the fact that the murine macrophage
cell line, RAW 264.7, is often used to initially screen the immunomodulating activity of
natural compounds [38] and is used as an osteoclast surrogate in preliminary screening
for compounds inhibiting osteoclastogenesis [39], thus being promising antiosteoporotic
agents. On the other hand, the PC-3 cell is considered as a classic prostate cancer cell line
used as a model of androgen-independent prostate cancer [40], while MCF-7 is popular
largely due to its exquisite hormone sensitivity through expression of the estrogen receptor,
making it an ideal model to study the hormone response [41]. All the studied compounds
appeared to be weakly active or lacked activity and could be considered as practically
inactive towards these cell lines. The most active compounds are collected in Table 2.
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Table 2. Structures and in vitro antiproliferative activities of the phosphonic acids against RAW 264.7
mouse macrophages, PC-3 human prostate cancer cells, and MCF-7 human breast cancer cells.

Compound Structure
IC50

a [µM]

RAW 264.7 PC-3 MCF-7

4 6.49 ± 0.139 4.78 ± 3.69 1.25 ± 0.47

7 16.95 ± 2.11 4.942± 4.08 5.83 ± 2.26

8 28.07 ± 17.8 16.03 ± 3.40 5.40 ± 1.55

14 18.21 ± 2.11 3.95 ± 4.18 15.78 ±7.55

17 15.08 ± 2.47 10.00 ± 2.83 4.00 ± 2.83

24 38.91 ± 0.132 6.18 ± 1.02 8.55 ±1.48

26 14.05 ± 3.37 3.96 ± 1.63 6.09 ± 1.73

Zoledronic acid 42.2 ± 8.40 146.0 ± 67.4 115.3 ± 87.6

Cisplatin (H2N)2PtCl2 0.93 ± 0.40 9.83 ± 1.70 6.37 ± 0.80
a IC50 values were determined at concentrations in the range of 1–1000 µg/mL. Values are the mean ± standard
deviation from at least three experiments, performed in triplicate.

As seen in Table 2, all the studied phosphonic acids more effectively inhibited the prolif-
eration of the RAW 264.7 cells than the effective antiosteoporotic drug, zolendronate, simul-
taneously being significantly less active than the popular anticancer agent cisplatin. This
suggests that they could rather be considered as antiosteoporotic than anti-inflammatory
agents. However, in order to determine their potential as antiosteoporotics, more detailed
studies are required.

All the studied compounds exerted quite substantial antiproliferative activity towards
PC-3 and MCF-7 cells, being nearly equipotent or even more active than cisplatin. In this
respect, compounds 4, 7, 24, and 26 were found to be the most effective. Thus, they might
be considered lead substances for further studies.

3. Conclusions

A one-pot lithiation–phosphonylation procedure starting from the lithiation of a het-
eroaromatic compound with butyllithium, with the further reaction of an intermediate
lithium salt with diethylchlorophospite, followed by the oxidation of the product with
hydrogen peroxide, appeared to be an interesting alternative for the synthesis of heteroaro-
matic phosphonates. This simple reaction, however, had significant limitations, which were
dependent on the ease of the lithiation procedure, as well as on the stability and reactivity
of the lithium intermediate. The elaborated procedure was also successfully used for the
preparation of aromatic phosphonates when starting from simple bromoarenes.

4. Materials and Methods
4.1. General Information

All solvents and reagents, purchased from commercial suppliers were of analytical
grade and were used without further purification. Unless otherwise specified, the solvents
were removed with a rotary evaporator. The 1H-, 31P-, and 13C-NMR spectroscopic ex-
periments were performed on a Bruker Avance II Ultrashield Plus (Bruker, Rheinstetten,
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Germany) operating at 600.58 MHz (1H), 243.12 MHz (31P{1H}), and 151.016 MHz (13C),
a Bruker Avance III 500 MHz (Bruker, Rheinstetten, Germany) operating at 500.14 MHz
(1H), 202.46 MHz (31P{1H}), and 125.77 MHz (13C), and a JEOL JNM-ECZ 400S Research FT
NMR Spectrometer (JEOL Ltd., Tokyo, Japan) operating at 399.78 MHz (1H), 161.83 MHz
(31P{1H}), and 100.53 (13C). Measurements were made in CDCl3, D2O, and solutions of
D2O + NaOD at 300 K, and all solvents were supplied by Merck Life Science (Darmstadt,
Germany). The chemical shifts are reported in ppm relative to TMS and 85% H3PO4,
used as external standards, and the coupling constants are reported in Hz. The melting
points were determined on an SRS Melting Point Apparatus OptiMelt MPA 100 (Stanford
Research Systems, Sunnyvale, CA, USA) and are reported uncorrected. The purity of all
test compounds was higher than 95% by 1H NMR and LC-MS. The mass spectra were
recorded at the Faculty of Chemistry, Wroclaw University of Science and Technology, us-
ing a Waters LCT Premier XE mass spectrometer (method of electrospray ionization, ESI)
(Waters, Milford, MA, USA).

4.2. Crystallography

The relevant crystallographic data for the molecules and the full geometrical infor-
mation are summarized in Table 2 and Supplementary Materials Table S2. The crystals
were mounted on a CCD Xcalibur diffractometer (Rigaku Oxford Diffraction, Sevenoaks,
Kent, UK), equipped with a CCD detector and a graphite monochromator (Rigaku Oxford
Diffraction), with MoKα radiation, λ = 0.71073 Å at 100.0 (1) K. The reciprocal space was
explored byω scans with detector positions at 60 mm distance from the crystal. The diffrac-
tion data processing of the studied compounds (Lorentz and polarization corrections were
applied) was performed using the CrysAlis CCD software package version 1.171.37.33c;
Oxford Diffraction Ltd: Abingdon, Oxfordshire, UK, 2005 [42]. Both crystal structures were
solved by direct methods using the SHELXS-2013/1 and SHELXL-2014/7 programs [43,44].
All non-hydrogen atoms were located from difference Fourier synthesis and refined by
the least squares method in the full-matrix anisotropic approximation using SHELXL14
software [42,43]. In both structures, the H atoms were located from difference Fourier
synthesis. The structure drawings were prepared using the Mercury 2022.3.0 program [45].

The crystallographic data for 13 and 15 have been deposited at the Cambridge Crys-
tallographic Data Centre as supplementary publication nos. CCDC 1904705 for 13 and
CCDC 1960286 for 15. These data can be obtained free of charge via http://www.ccdc.cam.
ac.uk/conts/retrieving.html (accessed on 5 March 2023) or from the Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 144-1223-336-033;
email: deposit@ccdc.cam.ac.uk.

4.3. General Procedure for the Synthesis
4.3.1. Preparation of Diethyl 1H-indol-2-ylphosphonate (1)

First, 10 mmol of indole (1.17 g) was dissolved in 20 mL dry THF. The solution was
cooled to −70 ◦C while a slow stream of N2 was passed through. Subsequently, 10.5 mmol
of BuLi (6.6 mL, 1.6 M in hexane) was added to the solution resulting in the appearance
of the suspension of the lithium salt. The mixture was left for 30 min at −70 ◦C. Then,
dry CO2 was bubbled through the mixture until the solution became completely clear
(ca. 10 min), and it was left for 10 min at −70 ◦C. In the next step, the solvent and excess
of CO2 were evaporated under reduced pressure at the lowest possible temperature. The
resulting solid residue was dissolved in 20 mL of dry THF and cooled to −70 ◦C under
a nitrogen atmosphere. Then, 10.5 mmol of BuLi (6.6 mL, 1.6 M in hexane) was added,
and the precipitation of the yellow intermediate was observed. The temperature was
maintained at−70 ◦C for 1 h. Afterwards, 10 mmol (1.56 g, 1.42 mL) of ClP(OEt)2 dissolved
in 5 mL dry THF was added dropwise, and the resulting mixture was allowed to warm
to −40 ◦C. Subsequently 3 mL of a 30% solution of H2O2 was added dropwise, and the
solution was left to reach room temperature. The resulting mixture was poured out into
30 mL of saturated solution of NH4Cl, acidified with sulfuric acid, and slightly warmed.
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The product was extracted with diethyl ether and purified by column chromatography
(silica gel/ethyl acetate). Compound 1 was obtained as a cream-colored solid (2.10 g, 83%);
m.p. 66–67 ◦C (lit.[46] m.p. 81–82 ◦C); 31P-NMR (243.12 MHz, CDCl3,): δ = 10.54 ppm;
1H-NMR (600.58 MHz, CDCl3): δ = 1.36 (t, 6H, J = 7.1 Hz, POCH2CH3), 4.12–4.25 (m, 4H,
POCH2CH3), 7.09 (s, 1H, CH = CP), 7.19 (t, 1H, J = 7.4 Hz, ArH), 7.33 (t, 1H, J = 8.3 Hz,
ArH), 7.51 (d, 1H, J = 7.9 Hz, ArH), 9.67 (s, 1H, NH) ppm; 13C-NMR (151.02 MHz, CDCl3):
δ = 16.14 (d, J = 7.55 Hz, POCH2CH3), 62.98 (d, J = 4.53 Hz, POCH2), 112.15 (d, J = 9.06 Hz,
P-C=C), 112.26 (d, J = 9.06 Hz), 120.48, 121.75, 123.01 (d, J = 220.49 Hz, P-C=C), 124.60, 127.23
(d, J = 15.10 Hz, P-C=C-C), 138.43 (d, J = 12.08 Hz, P-C=C-N-C) ppm; HRMS (ESI + TOF)
m/z: [M + H]+. Calcd for C12H16NO3P: 254.0946; found: 254.0954.

4.3.2. Preparation of 1H-indolin-2-ylphosphonic Acid (4)

To 1 mmol (0.25 g) of ester 1 dissolved in TFA (10 mL) and cooled in an ice bath,
6.3 mmol (0.40 g) of NaBH3CN was added carefully over a period of 30 min, and the
mixture was left stirring for 24 h at room temperature. Then, the flask contents were
poured into a solution prepared by dissolving 5 g of NaOH in a 20 mL water/ice mix-
ture. The crude product was extracted with CHCl3 (4 × 20 mL) and purified by column
chromatography (silica/ethyl acetate). Then, 0.10 g of the resulting diethyl ester of 1H-
indolin-2-ylphosphonic acid (compound 3, yield 50%) was refluxed for 4 h with 8 mL of a
1:1 mixture of concentrated HCl and H2O. Then, the volatile residues were removed by a
rotary evaporator, and the solid material was heated with 3 mL of anhydrous EtOH. After
cooling, the 1H-indolin-2-ylphosphonic acid crystalized from the dry ethanol. The solids
were filtered, washed with cooled dry ethanol, and dried.

1H-indolin-2-ylphosphonic acid (4) was obtained as a white solid (60 mg, 78% of
yield; m.p. 217–218 ◦C; 31P-NMR (202.46 MHz, D2O + NaOD) δ = 18.47 ppm; 1H-NMR
(500.14 MHz, D2O + NaOD) δ = 3.17–3.31 (m, 2H, CH2CHP), 3.69–3.74 (m, 1H, CH2CHP),
6.85 (t, 1H, J = 9.35 Hz, ArH), 6.86 (t, 1H, J = 7.35 Hz, ArH), 7.14 (t, 1H, J = 7.60 Hz, ArH),
7.24 (d, 1H, J = 7.25 Hz, ArH) ppm; 13C-NMR (125.76 MHz, D2O + NaOD) δ = 32.11, 56.87
(d, J = 137.07 Hz, CP), 111.15, 119.63, 124.91, 127.23, 131.09, 150.84; HRMS (ESI + TOF)
m/z: [M − H]+. Calcd. for C8H10NO3P: 198.0320; found: 198.0318.

4.3.3. General Procedure for the Preparation of Benzo[b]tiophen-2-ylphosphonic Acid (8),
Tri-2-benzofuryl Phosphine Oxide (13), Benzofuran-2-ylphosphonic Acid (14), Tri-2-furyl
oxide (15), 5-Methyltiophen-2-ylphosphonic Acid (17), Phenylphosphonic Acid (24),
3-Methoxyphenylphosphonic Acid (25), and Aphtha-1-ylphosphonic Acid (26)

To the mixture of an appropriate substrate (20 mmol of benzotiophene, benzofuran,
furan, 2-methyltiophene, 1-bromo-naphthalene, bromobenzene, or 3-bromoanisole) dis-
solved in 30 mL anhydrous THF and cooled to −70 ◦C, BuLi (16.2 mL, 26.0 mmol, 1.6 M in
hexane) was added dropwise for 30 min under a stream of N2. Then, the resulting solution
or suspension was stirred for 30 min at −70 ◦C followed by the dropwise addition of a
solution of 20 mmol of ClP(OEt)2 (3.13 g, 2.85 mL) in 30 mL of dry THF, maintaining the
temperature below −65 ◦C. After the addition was complete, the reaction was continued
for 60 min, and then the cooling bath was removed. When the temperature of the mixture
reached −30 ◦C, 5 mL of 30% aqueous solution of hydrogen peroxide was added very
cautiously drop by drop, and the mixture was allowed to warm to room temperature.
The resulting solution was poured into 200 mL of water. The crude phosphonic ester was
extracted with dichloromethane (3 × 20 mL). The organic layers were combined, dried over
anhydrous MgSO4, filtered, and evaporated under reduced pressure. The products were
purified by column chromatography (silica/diethyl ether or ethyl acetate) or used directly
in the next step. The aryl derivatives were hydrolyzed by refluxing in diluted hydrochloric
acid (20%), and the crude products were recrystallized from water. Phosphonate esters of
heterocyclic derivatives were deprotected by application of TMSBr. Thus, 10.0 mmol of the
ester was mixed with dry CH2Cl2 and 40 mmol (6.12 g) of TMSBr and stirred for 72 h. The
volatile components were evaporated under reduced pressure to give a solid residue to
which 15 mL of MeOH was added, and the mixture was stirred for 1 h at room temperature.
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The precipitated product was filtered off, washed with MeOH and Et2O, and recrystallized
from anhydrous ethanol.

Benzo[b]tiophen-2-ylphosphonic acid (8) was obtained as creamy prisms (36% of
yield); m.p. 198–199 ◦C; 31P-NMR (202.46 MHz, D2O + NaOD) δ = 4.33 ppm; 1H-NMR
(500.14 MHz, D2O + NaOD) δ = 7.22–7.28 (m, 2H, ArH), 7.44 (d, 1H, J = 7.95 Hz, ArH), 7.76
(d, 1H, J = 7.45 Hz, ArH), 7.81 (d, 1H, J = 7.70 Hz, ArH) ppm; 13C-NMR (125.76 MHz, D2O
+ NaOD) δ = 122.45 (d, J = 1.79 Hz), 123.99, 124.30, 124.60, 126.78 (d, J = 9.39 Hz), 140.15
(d, J = 14.91Hz, CS), 141.43 (d, J = 6.36 Hz, CHCP), 144.17 (d, J = 170.89 Hz, CP); HRMS
(ESI + TOF) m/z: [M − H]+. Calcd. for C8H7O3P: 212.9775; found: 212.9774.

4.3.4. Mixture of Diethyl Benzofuran-2-ylphosphonate (10) and Diethyl
Benzofuran-2-ylphosphinate (11)

After work-up with water, the mixture of products was extracted to dichloromethane
(3× 20 mL), dried over anhydrous MgSO4, filtered, and evaporated under reduced pressure.
This resulted in a mixture of an oily and crystalline product. The first fraction of crystalline
product (mixture of compound 12 and 13) was isolated by treatment of the mixture with
methanol and filtration. The remaining oil was purified by column chromatography
(silica/diethyl ether), which resulted in the separation of the desired compound 10 from
the mixture of 11 and 12.

The mixture of products 10 (major one) and 11 (minor one) was obtained as a yellow
oil (0.90 g, 18%); 31P-NMR (151.02 MHz, CDCl3) δ = 4.57 and −0.79 ppm (respectively);
1H-NMR (600.58 MHz, CDCl3) δ = 1.368 and 1.369 (t each, J1 = 7.07 Hz, minor, OCH2CH3),
1.40 (t, J = 7.07 Hz, major, OCH2CH3), 4.05–4.31 (m, both compounds, OCH2CH3), 7.330
(t, J = 7.51 Hz, minor, ArH), 7.334 (t, J = 7.50 Hz, major, ArH), 7.44 (t, J = 7.75 Hz, minor,
ArH), 7.46 (t, J = 7.75 Hz, major, ArH), 7.53 (dd, J1 = 2.67 Hz, J2 = 0.73 Hz, major, ArH),
7.57 (dd, J1 = 3.42 Hz, J2 = 0.72 Hz, minor, ArH), 7.59 (bd, J = 8.38 Hz, minor, ArH), 7.60
(bd, J = 8.38 Hz, major, ArH), 7.71 (bd, J = 7.8 Hz, both compounds, ArH); 13C-NMR
(151.02 MHz, CDCl3) δ = 16.16 (d, J = 6.63 Hz, minor, POCH2CH3), 16.29 (d, J = 6.40 Hz,
major, POCH2CH3), 63.22 (d, J = 5.36 Hz, major, POCH2CH3), 63.64 (d, J = 5.66 Hz, minor,
POCH2CH3), 112.14 (minor), 112.18 (major), 118.53 (d, J = 17.54 Hz, minor); 119.05 (d,
J = 24.12 Hz, major), 122.48 (major), 122.50 (minor), 123.61 (major), 123.67 (minor), 126.92
(minor), 127.00 (major), 145.97 (d, J = 236.47 Hz, major, CP), 148.00 (d, J = 214.03 Hz, minor,
CP) ppm; HRMS (ESI + TOF) m/z: [M + H]+. Calcd. for C12H15O4P (10): 255.0786; found:
255.0778; 277.0663 (M + Na); 531.1357 (2M + Na).

The mixture of tri-2-benzofuryl phosphine and its oxide (12 and 13) was obtained as
white crystals (1.75 g, 62%); m.p. 210–211 ◦C; 31P-NMR (243.12 MHz, CDCl3)
δ = −67.73 and −8.26 ppm; 1H-NMR (600.58 MHz, CDCl3) δ = 7.27 (td, 1H, J1 = 7.15 Hz,
J2 = 0.70 Hz, ArH), 7.30 (dd, 1H, J1 = 1.83 Hz, J2 = 0.89 Hz, ArH), 7.36 (m, 2H, ArH), 7.48
(t, 1H, J = 7.52 Hz, ArH), 7.57 (dd, 1H, J1 = 8.37 Hz, J2 = 0.62 Hz, ArH), 7.61 (dd, 1H,
J1 = 1.57 Hz, J2 = 0.61 Hz, ArH), 7.63 (m, 1H, ArH), 7.72 (dd, 1H, J1 = 2.78 Hz, J2 = 0.76 Hz,
ArH) 7.74 (d, 1H, J = 7.84 Hz, ArH) ppm; 13C-NMR (151.02 MHz, CDCl3) δ = 111.76, 112.43,
118.39 (d, J = 22.39 Hz), 120.53 (d, J = 20.92 Hz), 121.47, 122.75, 123.04, 123.88, 125.60, 126.50
(d, J = 10.02Hz), 127.53, 127.84 (d, J = 6.42 Hz), 147.09 (d, J = 152.99 Hz, CP(O)), 150.88 (d,
J = 4.98 Hz, CP), 158.14 (d, J = 5.48 Hz, COCP), 158.09 (d, J = 11.61 Hz, COCP(O)) ppm;
HRMS (ESI + TOF) m/z: [M + H]+. Calcd. for C24H15O4P: 399.0786; found: 399.0792.

Tri-2-benzofuryl phosphine oxide (13) was obtained as a white solid (24%) 31P-NMR
(161.83 MHz, CDCl3) δ = −7.63 ppm; 1H-NMR (399.78 MHz, CDCl3) δ = 7.32
(ddd, 1H, J1 = 0.95 Hz, J2 = 7.20 Hz, J3 = 8.03 Hz, ArH), 7.42–7.46 (m, 1H, ArH), 7.568 (ddd,
1H, J1 = 0.88 Hz, J2 = 1.73 Hz, J3 = 8.44 Hz, ArH), 7.67 (dd, 1H, J1 = 0.98 Hz, J2 = 2.86 Hz,
ArH), 7.67–7.71 (m, 1H, ArH) ppm; 13C-NMR (100.53 MHz, CDCl3)
δ = 112.50 (d, J = 1.16 Hz), 120.62 (d, J = 21.01 Hz), 122.84, 123.96 (d, J = 1.15 Hz), 126.56 (d,
J = 10.07 Hz), 127.61, 147.13 (d, J = 153.07 Hz, CP), 158.16 (d, J = 9.29 Hz) ppm; HRMS (ESI +
TOF) m/z: [M + H]+. Calcd. for C24H15O4P: 399.0786; found: 399.0854; [M + Na]+ 421.0623.
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Benzofuran-2-ylphosphonic acid (14) was obtained as orange crystals (0.90 g, 46%); de-
composed around 400oC; 31P-NMR (161.83 MHz, D2O) δ = 0.62 ppm; 1H-NMR (399.78 MHz,
D2O) δ = 7.17 (dd, J1 = 0.95 Hz, J2 = 2.66 Hz, 1H, ArH), 7.23 (td, J1 = 0.97 Hz, J2 = 7.62 Hz,
1H, ArH), 7.32–7.36 (m, 1H, ArH), 7.52 (dd, J1 = 0.84 Hz, J2 = 8.36 Hz, 1H, ArH), 7.64 (d,
J = 7.72 Hz, 1H, ArH), ppm; 13C-NMR (100.53 MHz, D2O) δ = 111.82 (d, J = 1.27 Hz), 113.70,
113.92, 122.39, 123.38, 126.13, 127.02 (d, J = 11.08 Hz), 152.72 (d, J = 217.97 Hz, CP), 156.41
(d, J = 10.56 Hz, COCP) ppm; HRMS (ESI + TOF) m/z: [M − H]−. Calcd. for C8H7O4P:
197.0004; found: 197.0001; [2M − H] 395.0263.

Tri-2-furyl oxide (15) was obtained as a white solid (0.6 g, 12%); 31P-NMR (161.83 MHz,
CDCl3) δ = −11.04 ppm; 1H-NMR (399.78 MHz, CDCl3) δ = 6.54 (dt, 1H, J1 = 1.66 Hz,
J2 = 3.40 Hz, ArH), 7.15 (ddd, 1H, J1 = 0.72 Hz, J2 = 2.05 Hz, J3 = 3.49 Hz, ArH), 7.72 (ddd,
1H, J1 = 0.72. Hz, J2 = 1.70 Hz, J3 = 2.53 Hz, ArH) ppm; 13C-NMR (100.53 MHz, CDCl3)
δ = 111.15, (d, J = 9.41 Hz), 123.60 (d, J = 21.05 Hz), 146.02 (d, J = 158.84 HZ, CP), 148.98 (d,
J = 8.81 Hz) ppm; HRMS (ESI + TOF) m/z: [M + H]+. Calcd. for C12H9O4P: 249.0317; found:
249.0354; [M + Na]+ 271.0129.

Diethyl 2-Methylthiophen-5-yl-phosphonate (16) was obtained as a yellow oil (2.22 g,
48%); 31P-NMR (243.12 MHz, CDCl3) δ = 12.10 ppm; 1H-NMR (600.58 MHz, CDCl3)
δ = 1.35 (t, 6H, J = 7.11 Hz, 6H, OCH2CH3), 2.56 (s, 3H, CCH3), 4.08–4.19 (m, 4H, OCH2CH3),
6.85 (q, J1 = 2.65 Hz, 1H ArH), 7.49 (dd, J1 = 8.52 Hz, J2 = 3.51 Hz, 1H ArH) ppm; 13C-NMR
(151.03 MHz, CDCl3) δ = 15.26 (d, J = 1.38 Hz, CCH3), 16.21 (d, J = 6.87 Hz, POCH2CH3),
62.44 (d, J = 5.32 Hz, POCH2CH3), 124.91(d, J = 211.78 Hz, CP), 126.59 (d, J = 17.07 Hz),
137.28 (d, J = 11.53 Hz), 148.90 (d, J = 7.15 Hz) ppm; HRMS (ESI + TOF) m/z: [M + H]+.
Calcd. for C9H15O3PS: 235.0558; found: 235.0567; [M + Na]+ 257.0345; [2M + H]+ 469.0922;
[2M + Na]+ 491.0674.

5-Methylthiophen-2-ylphosphonic acid (17) was obtained as an amorphous solid
(65% yield), m.p. 50 ◦C; 31P-NMR (161.98 Hz, CDCl3) δ = 15.26 ppm; 1H-NMR (400.13 MHz,
CDCl3) δ = 2.52 (s, 3H, CCH3), 6.78–6.80 (m, 1H, ArH), 7.43 (dd, J1 = 3.40 Hz, J2 = 9.26 Hz,
1H, ArH), 7.96–8.21 (m, 2H, PO3H2) ppm; 13C-NMR (151.02 MHz, CDCl3) δ = 15.26 (d,
J = 1.38 Hz, CCH3), 124.91 (d, J = 211.78 Hz, CCP), 126.59 (d, J = 17.07 Hz), 137.28 (d,
J = 11.63 Hz), 148.90 (d, J = 7.15 Hz) ppm; HRMS (ESI + TOF) m/z: [M − H]−. Calcd. for
C5H7SO3P: 176.9775; found: 176.9773; [2M + Na]- 375.5813.

Diethyl phenylphosphonate (21) was obtained as a dense oil (66% yield); 31P-NMR
(202.46 MHz, CDCl3) δ = 19.08 ppm; 1H-NMR (500.14 MHz, CDCl3) δ = 1.23 (t, 6H,
J = 7.05 Hz, OCH2CH3), 3.93–4.08 (m, 4H, OCH2), 7.36–7.41 (m, 2H, ArH), 7.45–7.49
(m, 1H, ArH), 7.67–7.72 (m, 2H, ArH) ppm; 13C-NMR (125.76 MHz, CDCl3) δ = 16.05 (d,
J = 6.45 Hz, POCH2CH3), 62.25 (d, J = 5.57 Hz, POCH2), 127.69 (d, J = 198.520 Hz, PC), 128.46
(d, J = 15.08 Hz), 131.53 (d, J = 9.96 Hz), 132.51 (d, J = 3.04 Hz) ppm; HRMS (ESI + TOF)
m/z: [M + H]+. Calcd. for C6H7O3P: 159.0211; found: 159.0209.

Phenylphosphonic acid (24) was obtained as a white solid (51% yield from bro-
mobenzene); m.p. 161–163 ◦C (lit.[47] m.p. 166); 31P-NMR (202.46 MHz, D2O + NaOD)
δ = 11.31 ppm; 1H-NMR (500.14 MHz, D2O + NaOD) δ = 7.10–7.24 (m, 3H, ArH), 7.42–7.55
(m, 2H, ArH) ppm; 13C-NMR (125.76 MHz, D2O + NaOD) δ = 127.70 (d, J = 12.56 Hz),
128.71 (d, J = 2.15 Hz), 130.07 (d, J = 8.75 Hz) ppm; HRMS (ESI + TOF) m/z: [M − H]+.
Calcd. for C6H7O3P: 157.0055; found: 157.0048.

Diethyl 3-methoxyphenylphosphonate (22) was obtained as a dense oil (63%, yield);
31P-NMR (202.46 MHz, CDCl3) δ = 18.64 ppm; 1H-NMR (500.14 MHz, CDCl3) δ = 1.32 and
1.36 (t, 6H, J1 = 7.05 Hz, J2 = 7.10 Hz, OCH2CH3), 3.84 (s, 3H, OCH3), 4.04–4.18 (m, 4H,
OCH2), 7.07–7.09 (m, 1H, ArH), 7.31–7.35 (m, 1H, ArH), 7.36–7.39 (m, 2H, ArH) ppm; 13C-
NMR (125.76 MHz, CDCl3) δ = 16.30 (d, J = 6.49 Hz, POCH2CH3), 55.40 (OCH3), 62.16 (d,
J = 5.39 Hz, POCH2), 116.37 (d, J = 11.36 Hz), 118.72 (d, J = 3.18 Hz), 118.72 (d, J = 3.18 Hz),
123.93 (d, J = 9.28 Hz), 129.55 (d, J = 186.89 Hz, CP), 129.73 (d, J = 17.58 Hz), 159.43 (d,
J = 18.89 Hz) ppm; HRMS (ESI + TOF) m/z: [M + H]+. Calcd. for C11H17O4P: 245.0943;
found: 245.0940. These data are in good agreement with the literature [48].
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3-Methoxyphenylphosphonic acid (25) was obtained as a brownish solid (50% yield
from bromoanisole) m.p. 124–126 ◦C (lit.[49] m.p. 139–142 ◦C); 31P-NMR (202.46 MHz,
D2O + NaOD) δ = 10.82 ppm; 1H-NMR (500.14 MHz, D2O + NaOD) δ = 3.75 (s, 3H,
OCH3), 6.88 (d, 1H, J = 7.05 Hz, ArH), 7.19–7.27 (m, 3H, ArH) ppm; 13C-NMR (125.76 MHz,
D2O + NaOD) δ = 55.38 (OCH3), 114.33 (d, J = 2.64 Hz), 115.59 (d, J = 9.85 Hz), 123.14 (d,
J = 8.23 Hz), 129.10 (d, J = 14.46 Hz), 142.72 (d, J = 165.84 Hz, CP), 158.04 (d, J = 15.82 Hz)
ppm; HRMS (ESI + TOF) m/z: [M − H]+. Calcd. for C7H9O4P: 187.0160; found: 187.0169.

Naphth-1-ylphosphonic acid (26) was obtained as a white solid (56% yield from 1-
bromonaphtalene) m.p. 203–204 ◦C (lit. [50] m.p. 204–206 ◦C); 31P-NMR (202.46 MHz,
D2O + NaOD) δ = 9.09 ppm; 1H-NMR (500.14 MHz, D2O + NaOD) δ = 7.34 (t, 2H,
J = 7.40 Hz, ArH), 7.42 (t, 1H, J = 7.40 Hz, ArH), 7.75 (d, J = 8.10 Hz, ArH), 7.83 (dd,
J = 6.90 Hz, J = 13.85 Hz, PC = CH), 8.59 (d, 1H, J = 8.45 Hz, ArH) ppm; 13C-NMR (125.76 MHz,
D2O + NaOD) δ = 125.09 (d, J = 13.69 Hz), 125.65 (d, J = 19.86 Hz), 128.24, 128.62 (d,
J = 4.55 Hz), 129.41 (d, J = 2.64 Hz), 129.99 (d, J = 7.58 Hz), 132.97 (d, J = 8.79 Hz), 133.28 (d,
J = 10.16 Hz), 137.70 (d, J = 163.22 Hz, CP) ppm; HRMS (ESI + TOF) m/z: [M − H]+. Calcd.
for C10H9O3P: 207.0211; found 207.0212.

4.3.5. Preparation of Benzo[b]thiazol-2-ylphosphonic Acid (7)

The mixture of 30 mL anhydrous THF containing 16 mmol of BuLi (16.2 mL, 1.6 M
in hexane) was placed in a round-bottom flask and cooled to −70 ◦C, while 20 mmol of
benzothiazole (2.70 g) was added dropwise under a stream of N2. The resulting yellow
suspension of lithium salt was stirred for an additional 30 min at −70 ◦C. In the meantime,
in a separate flask, 20 mmol of ClP(OEt)2 (3.13 g) in 30 mL dry THF was prepared and
cooled in an ice bath, and the suspension of the lithium salt to the solution of ClP(OEt)2
in one batch was added to this solution. The resulting orange solution was stirred for
the next 30 min, while the temperature was maintained at 0 ◦C followed by the dropwise
addition of 3 mL of 30% aqueous solution of H2O2, which resulted in the appearance of
a yellow precipitate. The reaction was continued for an additional 1 h. After that, the
flask contents were poured into 200 mL of cold water, and the crude phosphonic ester
was extracted with diethyl ether (3 × 20 mL). The organic phases were combined, dried
over anhydrous MgSO4, filtered, and evaporated under reduced pressure. The product
was purified by column chromatography (SiO2/Et2O) to yield 3.24 g (60%) of diethyl
benzo[b]thiazol-2-ylphosphonate, which was used immediately in the next reaction. Thus,
10.0 mmol (2.71 g) of the resulting ester was mixed with dry CH2Cl2 and 40 mmol (6.12 g)
of TMSBr and stirred for 72 h. The volatile components were evaporated under reduced
pressure to give a solid residue to which 15 mL of MeOH was added, and the mixture was
stirred for 1 h at room temperature. The precipitated product was filtered off, washed with
MeOH and Et2O, and dried.

Compound 7 was obtained as a yellowish solid (84% yield (total yield 50%) m.p.
231–232 ◦C (lit.[51] m.p. 161–163 ◦C); 31P-NMR (202.46 MHz, D2O + NaOD) δ = 0.14 ppm;
1H-NMR (500.14 MHz, D2O + NaOD) δ = 7.34 (t, 1H, J = 7.40 Hz, ArH), 7.42 (t, 1H,
J = 7.10 Hz, ArH), 7.93 (t, 2H, J = 7.50 Hz, ArH) ppm; 13C-NMR (125.76 MHz,
D2O + NaOD) δ = 122.26, 122.43, 125.57, 126.23, 135.45, 153.76 (d, J = 20.00 Hz), 176.30
(d, J = 187.65 Hz, CP) ppm; HRMS (ESI + TOF) m/z: [M − H]+. Calcd. for C7H6SNO3P:
213.9728; found: 213.9728.

4.3.6. Preparation of Ethyl Bis(N-methylpyrrol-2-yl)phosphinate (19)

To the mixture of N-methylpyrrole (0.81 g, 10 mmol) and TMEDA (1.42 g, 15 mmol)
in 15 mL of dry diethyl ether, a solution of n-butyllithium (10.6 mL, 17 mmol, 1.6 M in
hexane) was added dropwise, while a slow stream of N2 was passed through. Then, the
resulting solution was refluxed for 1 h, and ClP(OEt)2 (1.56 g, 10 mmol) in 5 mL of Et2O
was added dropwise with cooling in an ice bath. The reaction was then continued for
8 h at room temperature, and the solution was once again cooled in an ice bath followed
by the slow addition of 3 mL of a 30% aqueous solution of H2O2. When the addition
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was complete, the flask contents were poured onto 30 mL of water. The crude product
containing mostly compound 19 was extracted with CH2Cl2 (3 × 20 mL) and purified by
column chromatography (silica/AcOEt) to yield 0.66 g (52%) of ethyl bis(1-methylpyrrol-2-
yl)phosphinate as a colorless oil. 31P-NMR (202.46 MHz, CDCl3): δ = 14.92 ppm. 1H-NMR
(500.14 MHz, CDCl3): δ = 1.30 (t, 3H, J = 7.05 Hz, POCH2CH3), 3.68 (s, 6H, NCH3),
4.08–4.13 (m, 2H, POCH2), 6.03–6.06 (m, 2H, ArH); 6.53 (td, 2H, J = 3.62 Hz, J = 1.70 Hz,
ArH), 6.73–6.74 (m, 2H, ArH) ppm; 13C-NMR (125.76 MHz, CDCl3): 16.47 (d, J = 6.99 Hz),
36.09, 61.36 (d, J = 5.51 Hz), 108.20 (d, J = 13.42 Hz), 121.32 (d, J = 17.79 Hz), 122.48 (d,
J = 179.35 Hz, CP), 129.38 (d, J = 6.95 Hz) ppm; HRMS (ESI + TOF) m/z: [M + H]+. Calcd.
For C12H17N2O2P: 253.1106; found: 253.1112.

For all the spectral data, see the Supplementary Information.

4.4. Antiproliferative Activity
4.4.1. Cell Culture

Mycoplasma-free MCF-7, PC-3, and RAW 264.7 cell lines were purchased from the
European Collection of Authenticated Cell Cultures (ECACC) and maintained at the In-
stitute of Immunology and Experimental Therapy (IIET), Wroclaw, Poland. The MCF-7
cell line was cultured in an Eagle medium (Life Technologies, Warszawa, Poland), supple-
mented with 10% (v/v) FBS, 2 mM L-glutamine, 1% NEAA, and 0.01 mg/mL insulin (all
Sigma-Aldrich, Poznań, Poland). The PC-3 cell line was cultured in RPMI-1640 medium
(Life Technologies, Scotland), supplemented with 10% (v/v) FBS and 2 mM L-glutamine.
The RAW 264.7 cell line was cultured in DMEM (Life Technologies, Scotland), supple-
mented with 10% (v/v) FBS and 2 mM L-glutamine. All culture media were additionally
supplemented with 100 µg/mL streptomycin and 100 U/mL penicillin. All cell lines were
cultured during all experiments in a humid atmosphere at 37 ◦C and 5% CO2 and passaged
twice a week using EDTA-Trypsin (pH 8; IIET, Wroclaw, Poland) solution as a detachment
agent.

4.4.2. SRB Antiproliferative Assay

Twenty-four hours before adding the tested compounds, the cells were seeded on
96-well plates (Sarstedt, Germany) in an appropriate culture medium with 0.75 × 105 cells/mL
for MCF-7, 105 cells/mL for PC-3, and 0.1 × 105 cells/mL for RAW 264.7. The cells were
treated with each compound in at least four concentrations in the range of 1000 µM–1 µM
for 72 h. The 0.2 M NaOH, used as a stock solution solvent, was tested for antiproliferative
activity, and it did not affect the cell proliferation at 1 mM, the highest concentration used
in the compound solutions.

This was used as previously described [52], with minor modifications for all adher-
ent cells. Briefly, the cells were fixed with 50 µL/well of 50% (w/v) trichloroacetic acid
(Avantor Performance Materials, Gliwice, Poland). After 1 h incubation, the plates were
washed several times with tap water, and 50 µL of a 0.1% (w/v) solution of sulforhodamine
B (Sigma-Aldrich, Schnelldorf, Germany) in 1% (v/v) acetic acid (Avantor Performance
Materials, Gliwice, Poland) was added to each well. After 30 min incubation at room
temperature, the unbound dye was washed out with 1% (v/v) acetic acid, whereas the
bound dye was solubilized with 10 mM of unbuffered TRIS (Avantor Performance Materi-
als, Gliwice, Poland) solution. The entire procedure was performed using a Biotek EL-406
washing station (BioTek Instruments, Winooski, VT, USA). The absorbance was then read
using a Biotek Hybrid H4 reader (BioTek Instruments, USA) at a 540 nm wavelength.

The compounds at each concentration were tested in triplicate in a single experiment,
and each experiment was repeated at least three times independently. The results are
presented as the mean IC50 ± standard deviation (SD) calculated using the Prolab-3 system
based on Cheburator 0.4 software [53].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28073135/s1, Figures S1–S77: The 31P-NMR, 1H-NMR, 13C-
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NMRand HRMS spectra of the representative compounds; Table S1: Relevant crystallographic data for
the molecule and the full geometrical information (Å, ◦); Table S2: Selected hydrogen-bond parameters.
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Division of Organic Chemistry, Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences,
Sienkiewicza 112, 90-363 Łódź, Poland
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Abstract: In this report, new, easily accessible reagents for highly Z-selective HWE reactions are
presented. Alkyl di-(1,1,1,3,3,3-hexafluoroisopropyl)phosphonoacetates, structurally similar to Still–
Gennari type reagents, were tested in HWE reactions with a series of various aldehydes. Very good
Z-selectivity (up to a 98:2 Z:E ratio) was achieved in most cases along with high yields. Application
of the new reagents may be a valuable, practical alternative to the well-established Still–Gennari or
Ando Z-selective carbonyl group olefination protocols.

Keywords: HWE reaction; Still-Gennari olefination; Ando olefination; stereoselective synthesis;
Z-selectivity; Wittig reaction; phosphonates; alkenes; hexafluoroisopropanol; C=C bond formation

1. Introduction

Stereoselective alkene synthesis is one of the major challenges in organic synthesis [1].
The configuration of carbon–carbon double bonds affects all properties of molecules, there-
fore, highly selective methods for the synthesis of E or Z olefins are of great value. However,
Z-selective reactions are considerably more difficult and less developed, mainly because of
thermodynamic factors, which usually favor formation of the more stable E-products [2].
One of the well-established, typically highly E-selective alkene formation methods is the
Horner–Wadsworth–Emmons (HWE) reaction, which is based on the olefination of car-
bonyl groups using dialkyl phosphonate reagents (Scheme 1) [3–7]. Its high E-selectivity
results from the thermodynamic stabilization of E-products and intermediates leading to
its formation. The selectivity of the HWE reaction is one of its important advantages, but in
its classical form, it is restricted to the synthesis of E-alkenes. Nevertheless, the selectivity
of the HWE reaction is highly dependent on the structure of the phosphonate reagents and
it can be modified [8,9]. Attempts to develop Z-selective HWE reagents were made already
in the late 1970s [10–12], but the first reliable and highly Z-selective modification of HWE
reaction was reported in 1983 by Still and Gennari (Figure 1) [13]. In the standard HWE
reaction, diethyl or dimethyl phosphonate reagents are usually applied. The Still–Gennari
modification of the HWE reaction, fairly called “Still–Gennari olefination” due to its broad
applicability and inverted selectivity, is based on the application of bis(2,2,2-trifluoroethyl)
phosphonate reagents for the olefination of carbonyl compounds, usually in the presence
of a strong base system—potassium bis(trimethylsilyl)amide (KHMDS) with 18-crown-6
crown ether. Along with the modification developed in the mid-1990s by Ando [14–18], the
Still–Gennari olefination is one of the most widely applied Z-selective modifications of the
HWE reaction. Its scope of applications was recently discussed in our review article [19].
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Figure 1. Comparison of Z-selective reagents for the HWE reaction [11–14].

Still–Gennari and Ando-type reagents constitute important tools for the Z-selective
alkene formation. However, examples from a total synthesis of biologically active, complex
molecules show that achieving high Z-selectivity using these reagents is not always easy
and the outcome of the olefination reactions is highly dependent on the reaction conditions
and the type of reagent used [19]. Therefore, it would be desirable to broaden the scope of
reliable Z-selective carbonyl olefination reagents in order to improve our synthetic toolbox.

The Z-selectivity of Still–Gennari olefination is a result of the kinetic control of the reac-
tion. An electron-withdrawing effect of R groups (Scheme 1), such as 2,2,2-trifluoroethyl or
phenyl, favors the Z-selective course of the reaction in contrast to standard E-selective HWE
reaction where R is usually the ethyl group (pKa of 2,2,2-trifluoroethanol is 12.4 and pKa of
phenol is 10, while pKa of ethanol is 16). The correlation between the electron-withdrawing
effect of the R group and the stereoselectivity of the reaction was investigated in more detail
by Motoyoshiya and coworkers [9]. Moreover, steric hindrance of R groups may further
affect Z-selectivity as in the case of Ando-type reagents bearing aryl substituents.

In our previous study, we reported a very simple protocol for the synthesis of Still–
Gennari and Ando-type phosphonates [20]. We also reported the synthesis of new phos-
phonate reagents bearing 1,1,1,3,3,3-hexafluoroisopropyl R groups. These compounds are ex-
pected to be highly Z-selective olefination reagents because of a stronger electron-withdrawing
effect of 1,1,1,3,3,3-hexafluoroisopropyl R groups (pKa of 1,1,1,3,3,3- hexafluoroisopropanol
is 9.4). In the present research, we decided to test the performance of our new reagents
and evaluate their applicability on the basis of a series of model reactions with various
aldehydes.
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2. Results and Discussion

The reagents being subjects of this study, methyl, and ethyl bis(1,1,1,3,3,3-hexafluoroi
sopropyl) phosphonates 1a and 1b, were synthesized according to our previously reported
procedure [20]. Because of a structural resemblance and similar reactivity we may consider
1a and 1b as “Still–Gennari-type” reagents. We decided to test these reagents for the
synthesis of disubstituted alkenes by Z-selective HWE reaction. In order to maximize the
yield and the stereoselectivity of the reaction, optimization of the reaction conditions was
necessary (Table 1, Scheme 2).

Table 1. Reaction of 1b with benzaldehyde 2a—optimization [a].

Entry Base Temperature Yield [b] Z:E Ratio [c]

1 NaH −78 ◦C traces —

2 NaH −40 ◦C 82% 97:3

3 NaH −20 ◦C 94% 97:3

4 NaH 0 ◦C 85% 95:5

5 NaH (excess) [d] 0 ◦C 55% 95:5

6 NaH + NaI [e] −20 ◦C 95% 97:3

7 KHMDS −78 ◦C 37% 91:9

8 KHMDS + 18-crown-6 [f] −78 ◦C 34% 84:16

9 KHMDS −40 ◦C 52% 90:10

10 KHMDS + 18-crown-6 [f] −40 ◦C 61% 86:14

11 t-BuOK −20 ◦C 62% 81:19

12 K2CO3 r.t. traces traces of Z

13 Triton-B −20 ◦C 23% 14:86

14 (CF3)2CHONa −20 ◦C 93% 96:4
[a] All the reactions were conducted in 10 mL of THF for 1 h by analogy with the general procedure (see Section 3.2);
[b] yield was determined by 1H-NMR with dimethyl terephthalate as internal standard; [c] determined by 1H-NMR;
[d] 0.15 equivalent excess of NaH was used; [e] 1 equivalent of NaI was used; [f] 5 equivalents of 18-crown-6 were
used.
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During the optimization study, several base systems were evaluated in the reaction of
1b with benzaldehyde at various temperatures (Scheme 2). All the reactions were run in
THF for 1 h. When using NaH as a base at −78 ◦C, the reaction was very slow, only traces
of Z-product could be detected after 1 h (Table 1, entry 1). This is most probably due to
the slow deprotonation of the phosphonate reagent at this low temperature because when
the reaction was heated from −78 ◦C to room temperature, hydrogen gas evolved, and the
reaction proceeded. Based on this observation, higher temperatures were evaluated (Table 1,
entries 2–4). Quite unexpectedly, the best results regarding yield (94%) and selectivity (97:3
Z:E) were obtained using NaH at −20 ◦C (Table 1, entry 3), while Still–Gennari olefination
is usually conducted at lower temperatures (typically −78 ◦C). This result is very promising
because it shows that by using our new reagents high stereoselectivity may be achieved
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at higher temperatures. Only a slight decrease in stereoselectivity was observed at 0 ◦C
(Table 1, entry 4). It is noteworthy that using an excess of a base resulted in a significant
decrease in the yield (Table 1, entry 5). The possibility of increasing the stereoselectivity
of the reaction by providing additional sodium ions to the reaction mixture according to
Pihko et al. was also investigated. However, no influence of the additive on the reaction
course was observed (Table 1, entry 6) [21].

In contrast to the classic Still–Gennari olefination protocol, application of KHMDS
or KHMDS with 18-crown-6 additive appears to be an inferior option (we made a similar
observation in our previous work concerning the synthesis of Z-α,β-unsaturated phospho-
nates) [22]. The yields of the reactions were moderate (34–61%) and the selectivity was
lower in comparison to the results obtained with NaH (up to a 91:9 Z:E ratio—Table 1,
entries 7–10). Running the reaction at a lower temperature somewhat favored Z-selectivity,
however, it decreased the yield (Table 1, entries 8 and 10). The addition of crown ether
surprisingly decreased the selectivity of the reaction. Moreover, in our hands, the reaction
with KHMDS tends to be a little capricious, sensitive to the reaction conditions, and difficult
to reproduce, since we have previously reported better results which we were unable to
repeat now.

Other bases which were tested include t-BuOK, K2CO3, triton-B (benzyltrimethy-
lammonium hydroxide), and (CF3)2CHONa. Reaction with t-BuOK at −20 ◦C gave 62%
yield of the product in only an 81:19 Z:E ratio (Table 1, entry 11), however, conducting
the reaction at a lower temperature may improve the yield and Z-selectivity to 80% and
92:8 Z:E, as presented earlier [20]. Unfortunately, the reaction with a mild base K2CO3
was unsuccessful, and only traces of Z-product were detected (Table 1, entry 12). Inter-
estingly, the application of triton-B (according to Ando) [14] inverted the stereoselectivity
of the reaction (14:86 Z:E ratio) proving the high influence of the reaction conditions on
the observed results (Table 1, entry 13). Unexpectedly, very good results were obtained
using (CF3)2CHONa—93% yield and 96:4 Z:E product ratio. Based on this observation we
decided to investigate the possibility of using this base with other HWE reagents (Table 2,
Scheme 3).

Table 2. HWE reaction of phosphonate reagents 1 and benzaldehyde 2a with (CF3)2CHONa as a
base [a].

Entry Reagent Temperature Yield [b] Z:E Ratio [c]

1
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The application of (CF3)2CHONa as a base in the standard HWE reaction of methyl
dimethylphosphonoacetate 1c or ethyl diethylphosphonoacetate 1d with benzaldehyde
resulted in excellent E-selectivity and very good yields (Table 2, entries 1 and 2). This
observation indicates that (CF3)2CHONa may be successfully used in HWE reactions.
Despite excellent results with 1b and standard HWE reagents 1c and 1d, the reaction using
(CF3)2CHONa with Still–Gennari and Ando-type phosphonates (1e and 1f, respectively)
was only moderately stereoselective, although very high yielding (Table 2, entries 3–6). It is
noteworthy that lowering the temperature to −78 ◦C resulted in little increased Z-selectivity
compared to the reaction at −20 ◦C, without significant loss of yield.

The time course of the reaction of 1b with benzaldehyde in the presence of NaH at
−20 ◦C was also investigated (Figure 2). Measurements were taken after 5, 10, 15, 30, 60,
and 120 min. The reaction proceeded very fast, after 5 min the yield reached 72% and the
reaction was complete within 1 h (94%).
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Figure 2. Time course of the reaction of 1b and benzaldehyde with NaH at −20 ◦C.

Based on the above observations, all further reactions of 1a and 1b with a series
of various aldehydes 2a–2m were carried out in THF at −20 ◦C for 1 h, using NaH as
a base (Scheme 3, Table 3). Generally, similar reaction yields were observed for both
reagents 1a and 1b; however, slightly better stereoselectivities were observed for ethyl
bis-(1,1,1,3,3,3-hexafluoroisopropyl)phosphonoacetate 1b than for methyl bis-(1,1,1,3,3,3-
hexafluoroisopropyl)phosphonoacetate 1a.

Very good results were obtained with most of the aromatic aldehydes tested (Table 3,
entries 1–9). The standard reaction of 1a or 1b with benzaldehyde 2a gave very high yields
of products 3aa and 3ba respectively along with excellent Z-selectivity with a 97:3 Z:E
ratio. Similarly, reactions with para, meta, and ortho tolualdehydes 2b–2d resulted in high
yields of products 3ab–3ad and 3bb–3bd (81–87%) and a very high Z-selectivity. Besides
minimally better stereoselectivity with o-tolualdehyde 2d, no significant differences in
reactivity of 2b–2d with 1a or 1b were observed. Olefination of para chloro, bromo, and
nitro benzaldehydes 2e, 2f, and 2g, respectively, proceeds in a nearly quantitative manner
(93–99% yield) with very high Z-selectivity as well (94:6–96:4 Z:E ratio). Olefination of
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heterocyclic furfural 2h and 2-thiophenecarboxaldehyde 2i resulted in slightly lower yields,
however, the reactions were still highly stereoselective.

Table 3. Reactions of 1a and 1b with aldehydes 2a–2m [a].

Entry Substrate Aldehyde
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3ac 84% 95:5 3bc 86% 96:4 

4 2d 

 

3ad 84% 97:3 3bd 87% 98:2 

5 2e 

 

3ae 98% 95:5 3be 99% 96:4 

6 2f 

 

3af 95% 95:5 3bf 95% 94:6 

7 2g 

 

3ag 99% 94:6 3bg 93% 95:5 

8 2h 
 

3ah 88% 92:8 3bh 79% 95:5 

9 2i 
 

3ai 79% 94:6 3bi 89% 95:5 

10 2j 

 

3aj 78% 89:11 3bj 82% 91:9 

11 2k 

 

3ak 69% 86:14 3bk 70% 87:13 

12 2l  3al 88% 88:12 3bl 
90% 

(92%) [d] 

88:12 

(78:22) [d] 

13 2m  3am 77% 88:12 3bm 90% 88:12 
[a] All the reactions were conducted according to the general procedure (see experimental section). 
[b] Yield was determined by 1H-NMR with dimethyl terephthalate as the internal standard. [c] De-

termined by 1H-NMR. [d] Reaction with Still–Gennari reagent 1e. 

  

3ad 84% 97:3 3bd 87% 98:2

5 2e
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Olefination of α,β-unsaturated cinnamaldehyde 2j and aliphatic aldehydes 2k–2m
using reagents 1a and 1b gave the corresponding products 3aj–3am and 3bj–3bm in good
yields (69–90%) with high Z-selectivity (86:14–91:9 Z:E ratio, Table 3, entries 10–13). Simi-
lar to that reported for Ando and Still–Gennari Z-selective HWE reaction, olefination of
aliphatic aldehydes resulted in a bit inferior selectivity compared to reactions with aro-
matic aldehydes. Nevertheless, the results obtained with our new reagents 1a and 1b are
comparable with those previously reported [13–18].

In order to compare the performance of the newly developed reagent 1b under the
reported conditions (using NaH in dry THF at −20 ◦C) with standard Still–Gennari reagent
1e, two model reactions with benzaldehyde and octanal were performed (Table 3, entries
1 and 12 in brackets). The Z:E selectivity using Still–Gennari reagent 1e with NaH at
−20 ◦C was found to be inferior both in the olefination of aromatic and aliphatic aldehydes.
The reaction of 1e with benzaldehyde resulted in a quantitative yield but only moderate
Z:E selectivity 74:26, while the application of 1b resulted in an excellent 97:3 Z:E ratio.
Similarly, the reaction of 1e with octanal resulted in poorer Z:E selectivity (78:22) than
the reaction using reagent 1b (88:12 Z:E ratio). These observations (along with data from
Table 1—entries 2–4) suggest that a very good stereochemical outcome of the reactions with
1b may be achieved using an easily accessible base, at higher temperatures than in the case
of Still–Gennari reagent 1e, as typically −78 ◦C and KHMDS with 18-crown-6 additive is
required in order to achieve high Z-selectivity in standard Still–Gennari olefination.

3. Materials and Methods
3.1. General Information

The NMR spectra were recorded using a Bruker Avance Neo 400 spectrometer. Dimethyl
terephthalate was used as an internal standard in all NMR experiments [23]. All solvents
were dried and distilled prior to use. All the starting materials were purchased from
Merck, Sigma-Aldrich, TCI Chemicals, or Fluorochem. Reagents 1a and 1b were prepared
according to the procedure reported earlier [20]. All the reactions were run in duplicate.
The spectra of all the products obtained were in agreement with the data reported in the
literature (see Supplementary Materials) [24–38].

3.2. General Procedure for the Reaction of 1a or 1b with Aldehydes 2a–2m

In a round bottom flask with a magnetic stirrer, under an argon atmosphere, 1.2 mmol
of base (typically sodium hydride—48 mg of 60% dispersion in mineral oil) was placed and
3 mL of THF was added. The solution was cooled to −20 ◦C and 1.3 mmol of reagent 1a
(590 mg) or 1b (608 mg) in 2 mL of dry THF was added. The reaction mixture was stirred
for 15 min and 1 mmol of appropriate aldehyde in 5 mL of THF was added. After 1 h,
0.5 mL samples were collected by a syringe and quenched with saturated NH4Cl solution.
The aqueous layer was extracted two times with 0.5 mL of CH2Cl2. Combined organic
fractions were dried using anhydrous Na2SO4, filtered, and next condensed under reduced
pressure. To a thus obtained crude product, a specific amount of dimethyl terephthalate
was added (as an internal standard for the 1H-NMR measurements), and the mixture was
dissolved in CDCl3 to take 1H-NMR spectra. Yields and Z:E product ratios of the reactions
were calculated based on 1H-NMR with an internal standard [12].

4. Conclusions

In conclusion, we have developed a successful application of new reagents, methyl,
and ethyl bis(1,1,1,3,3,3-hexafluoroisopropyl)phosphonates, 1a and 1b in a highly Z-selective
HWE reaction. The reagents are easily accessible via previously reported synthetic proto-
col [20]. In contrast to previous Z-selective HWE reagents, the application of 1a or 1b does
not require very low temperatures (−78 ◦C) to achieve high stereoselectivity. Moreover,
readily accessible sodium hydride was found to be a very good base for the presented
reaction.
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Olefination of aromatic aldehydes using reagents 1a and 1b gives excellent results—up
to a 98:2 Z:E product ratio, and up to quantitative yield. Slightly lower, however, very high
Z-selectivity can also be achieved in the olefination of aliphatic aldehydes. The presented
reagents may constitute a valuable alternative to well-established Ando and Still–Gennari-
type reagents for highly Z-selective olefination of carbonyl compounds, especially in the
total synthesis of complex biologically active products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27207138/s1, Section S1: Time study; Section S2:
NMR spectra.
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Abstract: This comprehensive review, covering the years 1968–2022, is not only a retrospective
investigation of a certain group of linearly fused aromatics, called acenes, but also a presentation of the
current state of the knowledge on the synthesis, reactions, and applications of these compounds. Their
characteristic feature is substitution of the aromatic system by one, two, or three organophosphorus
groups, which determine their properties and applications. The (PIII, PIV, PV) phosphorus atom in
organophosphorus groups is linked to the acene directly by a P-Csp2 bond or indirectly through an
oxygen atom by a P-O-Csp2 bond.

Keywords: acene; anthracene; phosphine; phosphonate; phosphonium salt; phosphorane; phosphate;
diphosphene; tri-, tetra-, pentacoordinated phosphorus; properties

1. Introduction

Organophosphorus-substituted acenes are an increasingly important group of aro-
matic hydrocarbons due to the unique properties of the phosphorus atom, which can form
tri-, tetra-, and pentacoordinated compounds. This creates the possibility of tuning the
electronic properties of the aromatic system of acenes by substituting with organophospho-
rus groups with different electron characters, from electron-donating phosphine groups
to strongly electron-accepting phosphonium groups. The acenes of this type, especially
anthracenes, have usually been synthesized with the intention of applying them to organic
light-emitting diodes (OLEDs) [1,2]. Other uses of these acenes include the synthesis of lig-
ands for metal catalysts in the hydroformylation reaction [3] or in the Diels–Alder reaction
as dienes [4]. Anthrylphosphonic acids and their derivatives have also been employed in
the synthesis of self-assembled monolayers [5,6] and anthrylbisphosphonates were used to
synthesize fluorescent organic nanoparticles as apoptosis inducers of cancer cells [7].

Scope: Acenes, as defined, are a group of aromatic compounds containing linearly
fused benzene rings. In the literature, compounds with angularly fused benzene rings,
such as phenanthrene, and compounds with fused heteroaromatic five- and six-membered
rings are sometimes included in this group, and they are specifically called angularly
fused acenes and heteroacenes, respectively. Both groups, due to the large number of
combinations of ring types and the ring positioning in the fused acene, in addition to
derivatives of the simplest linearly fused acene, naphthalene, are not the subject of this
review. By virtue of their chemical structure, organophosphorus groups have not been
restricted and include all groups containing three-, four-, and five-coordinate phosphorus
atoms. In the compounds reviewed, organophosphorus groups contain a phosphorus atom,
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which is linked to the acene directly by a P-Csp2 bond or indirectly through an oxygen atom
by a P-O-Csp2 bond, such as in phosphates.

This review of the literature covers the period of 1968–2021 and reveals a lack of aromatics
that contain more than three fused benzene rings (tetracenes, pentacenes, etc.). Therefore, the
subject of this review is anthracenes substituted with any organophosphorus groups.

In addition to the synthesis, this review discusses the reactions that these compounds
undergo, and therefore, due to the difficulty of separating the two categories, “synthesis
and reactions” are combined together in sections and subsections. Moreover, this review
discusses the properties and applications of the synthesized derivatives as well.

This manuscript is divided into five main sections covering phosphines, PIII acids
derivatives, diphosphenes, phosphonates and phosphonic acids, phosphates, and the
hetero analogs of the mentioned compounds. In the subsections, groups of compounds that
can be obtained directly from the precursor included in the main section are identified, e.g.,
phosphine oxides, phosphonium salts, and phosphoranes can be obtained from phosphines
by oxidation, alkylation, and halogenation, respectively, and therefore they are included in
the section devoted to the synthesis and reactions of phosphines and derivatives.

Finally, a comment on Section 3 is necessary. Phosphines (λ3-phosphanes), by defini-
tion, are PIII compounds containing a combination of three P-Z bonds (Z = C,H). Halophos-
phines AnthPX2 and Anthr2PX (X = F, Cl), which contain at least one P-C bond and one or
two halogen atoms, are here classified as halides of the corresponding lower PIII acids [8].
Additionally included in this group are other representatives of the lower PIII acids, i.e.,
phosphonous acid diamides AnthP(NR2)2 (diaminophosphines) and phosphorous acid
esters (phosphites).

As a consequence of this division, phosphonous acid PIV tautomers (H-phosphinic acids)
and phosphinous acid PIV tautomers (H-phosphine oxides) are also reviewed in this section.

Diphosphenes, as the only compounds with a functional group containing more than
one phosphorus atom, are discussed separately in Section 6.

2. Synthesis and Reactions of Phosphines (AnthPR2) (Anth = Anthryl) and Derivatives

This section discusses phosphines, which contain a three-coordinated phosphorus
atom linked to three carbon atoms. The subsections of this chapter include groups of
compounds that can easily be obtained from phosphine precursors by direct transforma-
tion to give compounds with tetra- and pentacoordinated phosphorus atoms. Phosphine
oxides, sulfides, and selenides are placed together in one subsection because most papers
simultaneously describe the synthesis and reactions of two or three groups of these deriva-
tives. Secondary phosphine oxides (H-phosphine oxides) are discussed in Section 3.5 as
phosphinous acid PIV tautomers.

9-Bromoanthracene 1 is the most frequently used starting material for the syntheses of
anthryl phosphines and other derivatives (cf. other subsections throughout this review).

A number of sterically shielded phosphorus ligands for metal catalysts were synthe-
sized by Straub and co-workers via a selective stepwise nucleophilic substitution reac-
tion at the phosphorus atom in triphenyl phosphite (Scheme 1). Thus, first, diphenyl 9-
anthrylphosphonite 2 was obtained in a 70% yield by substitution of one phenoxy group by
anthryllithium, generated from 9-bromoanthracene 1 and n-butyllithium. Next, the second
phenoxy group in triphenyl phosphite was replaced by 1-naphthyllithium to afford phenyl
9-anthryl(1-naphthyl)phosphinite 3 in an overall yield of 46%. Finally, the third least reactive
phenoxy group was replaced by phenyllithium to give (anthryl)(naphthyl)(phenyl)phosphine
4 in a 66% isolated yield over three steps. In another synthetic sequence, [di(9-anthryl)](2-
methoxyphenyl)phosphine 5 was obtained from triphenyl phosphite via phenyl phosphinite 6
by reacting triphenyl phosphite first with 9-anthryllitium, followed by 2-methoxyphenyllitium
at −85 ◦C. Since phosphorus ligands, employed in homogeneous catalysis, often contain at
least one sterically demanding substituent, this method delivers a strategy for the rapid and
cost-efficient synthesis of such ligands [9].
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Scheme 1. The synthesis of sterically hindered phosphine ligands 4 and 5.

Schmutzler et al. reported the synthesis of (anthryl)(diphenyl)phosphine 7 and tri-
anthrylphosphine 8 starting from 9-bromoanthracene 1, which was lithiated to give the in-
termediate 9-lithioanthracene 9. The latter was reacted with 1 equiv. of chlorodiphenylphos-
phine or 1/3 equiv. of PCl3 in diethyl ether at reflux to give 7 or 8 in 71% and 7% yields,
respectively. The irradiation of 7 in the presence of W(CO)6 with a mercury lamp for 34 h
formed the pentacarbonyltungsten complex 10 in an 18% yield (Scheme 2) [10].
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Chan and co-workers reported a simple monophosphinylation reaction of 1,8-dichloro-
anthracene 11, leading to 8-chloro-1-(diphenylphosphino)anthracenes 12 in a 33% yield
(Scheme 3) [11]. This reaction was carried out in DMF at 160 ◦C for 60 h and catalyzed by
10 mol% of palladium supported on charcoal in the presence of 5 equiv. of triphenylphos-
phine. The addition of 5 equiv. of sodium iodide improved both the rate and yield of the
reaction. The second chlorine atom in 11 was not substituted in this reaction and only the
mono-derivative 12 was observed, despite the presence of an excess of triphenylphosphine.
The authors claimed that steric hindrance of the diphenylphosphino group in position 1 of
anthracene protected against the reaction of the second chlorine atom.
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Scheme 3. The synthesis of 8-chloro-1-(diphenylphosphino)anthracenes 12.

Misochko and co-workers [12] obtained 9-(1-phosphirano)anthracene 13 from 9-
phosphinoanthracene 14 and ethylene glycol ditosylate as substrates by adapting the
procedure of Robinson et al. [13] (Scheme 4). In the next step, 9-(1-phosphirano)anthracene
13 was subjected to UV photolysis to receive a stable triplet anthrylphosphinidene 15,
which could be characterized by electron paramagnetic resonance (EPR).
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Che and co-authors reported the rhodium(I)-catalyzed C−H arylation of 9-
(diphenylphosphino)anthracene 7, as an example of functionalization of phosphines, to
give 1-aryl-substituted derivatives 16a and 16b (Scheme 5) [14]. The presented strategy
provided access to peri-substituted (naphth-1-yl)phosphines as well.
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The synthesis of optically active 1,2-ethylene bis(phosphine) (S,S)-17, presented by
Maienza and co-workers, is the only example of a molecule containing two anthrylphos-
phino moieties linked via an alkyl linker [15]. First, 9-(dichlorophosphino)anthracene 18
was utilized in the reaction with methyl magnesium bromide and BH3·SMe2 to obtain
9-anthryldimethylphosphine borane 19. Then, 19 was enantioselectively deprotonated
in the presence of (−)-sparteine with s-BuLi and then oxidatively coupled with Cu (II)
to give a mixture of enantiomers of 1,2-ethylene bis(phosphine) diboranes (S,S)-20 and
(R,S)-20 in a 6:1 ratio and 70% total yield (Scheme 6). Diastereomerically pure (S,S)-20
was received by crystallization from a CH2Cl2/Et2O mixture in a 39% yield and 18% ee.
Finally, the diphosphine borane (S,S)-20 was deprotected by stirring in morpholine at room
temperature for 12 h. In this reaction, the 1,2-ethylene bis(phosphine) (S,S)-17 was obtained
and its enantiomeric excess was determined based on the corresponding phosphine oxide,
which was prepared by oxidation of 17 with an excess of H2O2.
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Scheme 6. The synthesis of 1,2-ethylene bis(phosphine) 17.

In the reviewed literature, the synthesis, transformations, and utilization of anthracenes
with two phosphino groups on the aromatic moiety were found and are presented below.

1,8-Bis(diphenylphosphino)anthracene 21 was synthesized in a three-step reaction
in a 51% overall yield starting from 1,8-dichloro-9,10-anthraquinone 22 by Haenel and
co-workers (Scheme 7). The anthraquinone 22 was converted to 1,8-difluoroanthracene 23
by chlorine-fluorine exchange to give 22a followed by reduction with zinc, from which 21
was obtained by reacting it with potassium diphenylphosphide [16].
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Gelman and co-workers presented the quantitative Diels–Alder cycloaddition of
1,8-bis-(diphenylphosphino)anthracene 21 to diethyl fumarate 24a. The adduct 25a was
used for the synthesis of bifunctional PCsp3P pincer catalyst for the acceptorless dehydro-
genation (CAD) of the primary and secondary alcohols to give carbonylic and carboxylic
compounds (Scheme 8) [17].
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Scheme 8. The Diels–Alder cycloaddition reaction of 1,8-bis-(diphenylphosphino)anthracene 21 with
dialkyl fumarates.

The same research group reported a synthetic scheme that relied on the carbo-Diels–
Alder reaction cycloaddition of 1,8-bis-(diphenylphosphino)anthracene 21 to enantiomeri-
cally pure bis-(methyl-(S)-lactyl) fumarate 24b, leading to the formation of chromatograph-
ically resolvable diastereomers 25b that could be converted into a pair of enantiomerically
pure antipodes (Scheme 8) [18].

Jiang and co-workers [19] showed a practical utilization of 9,10-bis(diphenylphosphino)
anthracene 26. They obtained a red-light-controllable soft actuator, which was driven by
the low-power excited triplet−triplet annihilation-based upconversion luminescence. This
system consisted of 9,10-bis(diphenylphosphino)anthracene 26 and the Pt(II) tetraphenyl-
tetrabenzoporphyrin complex 27 (Scheme 9). It was then incorporated into a rubbery
polyurethane film and assembled with an azotolane-containing film to study its possible
utilization as a highly effective phototrigger of photodeformable cross-linked liquid-crystal
polymers. In this system, the Pt(II) complex 27 acted as a sensitizer, whereas 26 was an
annihilator, which induced trans-cis photoisomerization of azotolane 28 and 29. The authors
achieved a highly effective red-to-blue triplet-triplet annihilation-based upconversion layout
with a low-energy excitation light source, large anti-Stokes shift (165 nm), and high absolute
quantum yield (9.3%).

In the literature reviewed, the chemistry of anthracenes with two or three phosphino
groups and their mixed tetracoordinated derivatives was also found and is presented below.

Thus, 9-bromo-1,8-bis(diisopropylphosphino)anthracene 30, repulsively interacting with
1,8,9-tris(phosphino)anthracene 31 (Scheme 10), single donor stabilized 8-
diisopropylphosphino-1-thiophospinoyl-9-metathio/metaselenophosphono)anthracenes 32
and 33 (Scheme 11), and doubly phosphine donor stabilized phosphenium salt 34 (Scheme 12),
were synthesized by Kilian and co-workers [20]. The attempted introduction of the third
phosphorus atom at the position 9 via Br/Li exchange followed by the reaction with chloro-
bis(dimethylamino)phosphine resulted in formation of 1,8,9-tris- and 1,8-bis(phosphino)
anthracenes 31 and 35, respectively. The derivative 31 had two relatively inert and bulky
diisopropylphosphino groups at positions 1 and 8 whilst the third reactive phosphino group
with two P–N bonds on the middle ring opened up the possibility of various transformations
on this phosphorus atom, situated in a very crowded surrounding.
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(photoisomerization of azotolane).
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Scheme 12. Synthesis of the doubly phosphine stabilized phosphenium salt 34.

Alcoholysis of 31, leading to the intermediate 36, followed by oxidation with sulfur or
selenium, afforded phosphine donor stabilized anthracenes 32 or 33 with metaphosphono
groups, respectively.

Further reaction of 31 with diphosphorus tetraiodide in 1,2-dichloromethane gave the
chlorophosphenium cation 34 stabilized by two phosphino donors at positions 1 and 8,
forming a linear P–P–P arrangement. In the first step, the phosphino-phosphonium cation
37 was formed as a transient species. In the next step, the dimethylaminophosphino group
was substituted by the chloride anion, which was available from the I/Cl halogen exchange
reaction in chlorinated solvent (DCM). Iodide and iodine (I2) and triiodide originated from
disproportionation reaction of P2I4.

2.1. Phosphine Oxides (AnthP(=O)R2), Phosphine Sulfides (AnthP(=S)R2), Phosphine Selenides
(AnthP(=Se)R2)

Phosphine oxides, sulfides, and selenides are placed together in one subsection because
most papers simultaneously describe the synthesis and reactions of two or three groups of
these derivatives. All of them were obtained directly from the corresponding phosphines.

A new method for the synthesis of phosphine oxides was published by Yang et al. [21].
They employed a cross-coupling reaction and showed that aryl, vinyl, and benzyl-ammonium
triflates reacted with the corresponding phosphorus-based nucleophiles in the presence of
the nickel catalyst NiCl2/dppf, (dppf = 1,1’-bis(diphenylphosphino)ferrocene) (Scheme 13).
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Scheme 13. The synthesis of 2-(diphenylphosphinoyl)anthracene 39 using anthryl ammonium triflate 38.

The counterion played a minor role in this reaction, so it could be replaced with chloride,
bromide, iodide, mesylate, or tosylate anions without a significant loss of yield. A considerable
advantage of this synthesis was that ammonium salts are cheap and readily viable.

Another method, which was developed by Zhang et al. [22], involved a direct trans-
formation of aromatic acids into the corresponding phosphine oxides in the presence
of palladium(II) salts. Several substrates were shown to react in this manner, includ-
ing 2-anthroic acid 40, which was transformed to 2-(diphenylphosphinoyl)anthracene 39
(Scheme 14), providing an alternative to the synthesis of the latter from anthryl ammonium
triflate 38 (Scheme 13), although in significantly lower yields.
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The optimal temperature for the reaction was 115 ◦C. Changing the temperature re-
duced the yield, as did changing the solvent to a highly polar one (DMF, N,
N-dimethylformamide).

Another study carried out by Zhao and coworkers [1] showed that 9,10-bis
(diphenylphosphinoyl)anthracene 41 could readily be synthesized from 9,10-dibromoanthracene
42 by substitution of chlorine in chlorodiphenylphosphine with 9,10-dilithioanthracene
obtained from a double Br/Li exchange in 42 followed by oxidation of the resulting
bis(diphenylphosphino)anthracene 26 with hydrogen peroxide to yield 41 in a 47% yield.
9,10-Dibromoanthracene 42 was obtained by bromination of anthracene in chloroform
(Scheme 15).
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Scheme 15. The synthesis of 9,10-bis(diphenylphosphinoyl)anthracene 41 from 9,10-
dibromoanthracene 42.

The product 41 has been synthesized with the intention of applying it in organic
light-emitting diodes (OLEDs). Zhao et al. found that 41 was a yellow-green solid with a
melting point that reached 265 ◦C. A similar study by Tao and co-workers [23] confirmed
the fluorescent properties of 41, which could be used in the construction of OLEDs. The
authors also claimed that the conversion from 26 to 41 was the first reported triplet-triplet
annihilation system activated by hydrogen peroxide.

Furthermore, Xu and co-workers [24] linked the increase in fluorescence properties
within the 26/H2O2 system to the degree of photooxidation. This system could be used as
an indicator of the reaction time, oxygen exposure, and light irradiation or a time-oxygen
and light indicator (TOLI). The compound 41 was also the subject of interest in another
study by Xu et. al. [25], who used it to investigate the properties of a samarium complex
Sm(hfac)3(41)3 (hfac = hexafluoroacetylacetonato).

Wu and co-workers [2] showed the synthesis and properties of (9,10-diphenyl-2-
phosphinoyl)anthracene 43 with the intention of using it as a true-blue OLED material.
The synthesis was similar to the one proposed by Zhao and coworkers [1]: it included
treatment of 2-bromo-9,10-diphenylanthracene 44 with n-BuLi, followed by the addition of
chlorodiphenylphosphine and subsequent oxidation (Scheme 16).
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The compound 43, which readily crystallized as a light-yellow solid, was obtained in
a 30% yield. It exhibited red-shift fluorescence compared to 9,10-diphenylanthracene. This
study showed that 43 was not suitable for the true-blue OLED material due to the fact that
the compound exhibited a red shift.

Yamaguchi et al. [26] reported a synthesis and photochemical characterization of
tri(9-anthryl)phosphine 8 and tri(9-anthryl)phosphine oxide 45 (Scheme 17).
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method by Schwab and co-workers [29] and first required halogen/lithium exchange and 

then oxidation with H2O2. The authors revealed that phosphine oxides 47 and 48 did not 

lead to the formation of a photodimer in the solid state, whereas in chloroform or acetoni-

trile under an N2 atmosphere, at the 365-nm-wavelength irradiation, the [4π + 4π] photo-

dimerization of 47 occurred to give 49. In addition, the absorption and emission spectra 
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of anthryl moieties while photodimerization of the anthryl groups led to the disappear-

ance of these bands. The authors reversibly returned 49 to 47 by heating the probe at 80 

Scheme 17. The synthesis of trianthryl-substituted derivatives 8 and 45 reported by Yamaguchi
and coworkers.

Tri(9-anthryl)phosphine 8 was synthesized from 9-bromoanthracene 1 by treatment with n-
butyllithium, followed by the addition of phosphorus trichloride. Tri(9-anthryl)phosphine oxide
45 was obtained by oxidation of 8 with hydrogen peroxide (Scheme 17). The tri-coordinated 8
and tetra-coordinated derivative 45 exhibited a weak fluorescence.

The synthesis of phosphine oxides 46a–h containing carboxylic acid esters and 9,10-
dihydro-9,10-ethanoanthracene moiety, described by Okada and co-workers, is an example
of utilization in the synthesis of 2-(dipenylphospinoyl)anthracene 39. The bulky compounds
46a–h were synthesized in the reaction of 39 with dimethyl methylene malonate, dimethyl
fumarate, or methyl acrylate and paraformaldehyde in 21–95% yields. (Scheme 18) [27].
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Scheme 18. Synthesis of phosphine oxides 46a–h moiety containing carboxylic acid esters from
2-(dipenylphospinoyl)anthracene 39.

Katagiri et al. [28] synthesized 9- (diphenylphosphinoyl)anthracene 47 and 9-
(anthrylphenylphosphinoyl)anthracene 48 from diphenyl chlorophosphine and phenyl
dichlorophospine, respectively (Scheme 19). The synthesis was analogous to the previous
method by Schwab and co-workers [29] and first required halogen/lithium exchange and
then oxidation with H2O2. The authors revealed that phosphine oxides 47 and 48 did
not lead to the formation of a photodimer in the solid state, whereas in chloroform or
acetonitrile under an N2 atmosphere, at the 365-nm-wavelength irradiation, the [4π + 4π]
photodimerization of 47 occurred to give 49. In addition, the absorption and emission
spectra of the compound 47 in acetonitrile showed characteristic absorption and emission
bands of anthryl moieties while photodimerization of the anthryl groups led to the disap-
pearance of these bands. The authors reversibly returned 49 to 47 by heating the probe at
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80 ◦C. In contrast, analogous irradiation under an O2 atmosphere resulted in the formation
of anthraquinone 50.
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Scheme 19. The synthesis of 9-(diphenylphosphinoyl)anthracene 47, 9-(anthrylphenylphosphinoyl)
anthracene 48, and the products of irradiation of 47 under N2 and O2 conditions, respectively.

During attempts to obtain a “masked” version 51 of the phosphaalkene Mes-P=CH2,
Gates and co-workers [30] synthesized 9-[(methyl)(mesityl)phosphino)]anthracene 52
and the corresponding 9-[(methyl)(mesityl)phosphinoyl)]anthracene 53 in the reaction
between (chloro) (chlorometyl)(mesityl)phosphine 54 and the anthracene magnesium
(MgAnth•3THF) in THF. The expected adduct 51, which was initially formed, then decom-
posed to give the anthracene derivative 52 in an 83% yield. The latter was oxidized to 53 in
a 9% yield only (Scheme 20).

Molecules 2022, 27, x FOR PEER REVIEW 12 of 53 
 

 

°C. In contrast, analogous irradiation under an O2 atmosphere resulted in the formation 

of anthraquinone 50.  

Br 1. n-BuLi, THF, −78 oC

2. Ph2PCl (for 47) 

    or PhPCl2  (for 48)

3. H2O2

P(O)Ph2

PPhO

47 (90%)

48 (89%)

or

P(O)Ph2

47

hv (365 nm), N2

80 oC
49 (95%)

P(O)Ph2

47

hv (365 nm), O2

O

O
50

+ + etc.

P(O)Ph2

Ph2(O)P

Ph2P(O)OH

1

 

Scheme 19. The synthesis of 9-(diphenylphosphinoyl)anthracene 47, 9-(an-

thrylphenylphosphinoyl)anthracene 48, and the products of irradiation of 47 under N2 and O2 con-

ditions, respectively.  

During attempts to obtain a “masked” version 51 of the phosphaalkene Mes-P=CH2, 

Gates and co-workers [30] synthesized 9-[(methyl)(mesityl)phosphino)]anthracene 52 and 

the corresponding 9-[(methyl)(mesityl)phosphinoyl)]anthracene 53 in the reaction be-

tween (chloro) (chlorometyl)(mesityl)phosphine 54 and the anthracene magnesium 

(MgAnth•3THF) in THF. The expected adduct 51, which was initially formed, then de-

composed to give the anthracene derivative 52 in an 83% yield. The latter was oxidized to 

53 in a 9% yield only (Scheme 20).  

Mes P CH2Cl

Cl

Mg 3THF

(= MgAnth 3THF)

THF, −78 oC, 9 h

PMes CH3

O2

PMes CH3

O

(83%) (9%)

54

51

52 53

P Mes

Mes = 2,4,6-trimethylphenyl  

Scheme 20. The synthesis of 9-[(methyl)(mesityl)phosphino)]anthracene 52 and the corresponding 

9-[(methyl)(mesityl)phosphinoyl)]anthracene 53.  
Scheme 20. The synthesis of 9-[(methyl)(mesityl)phosphino)]anthracene 52 and the corresponding
9-[(methyl)(mesityl)phosphinoyl)]anthracene 53.

199



Molecules 2022, 27, 6611

Wang and Zhu reported the palladium-catalyzed decarbonylation of 9-[(1-keto
diphenylphosphinoyl)]anthracene 55 in the presence of 1 mol% of Pd2(dba)3 and 8 mol%
of the phosphine ligand (PCy3) to give 9-(diphenylphosphinoyl)anthracene 47 in an 80%
yield [31] (Scheme 21).
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Stalke and co-workers synthesized three positional isomers of 1-, 2-, and 9- (diphe-

nylthiophosphinoyl)anthracenes 58, 59, and 60 that revealed a solid-state fluorescence in 

three different colors with differences in emission wavelengths of over 100 nm. Analysis 

of the solid-state structure of 59 and photophysical properties allowed the unusual yellow 

emission to be attributed to the formation of excimer in the solid state. Therefore, substi-

tution at position 1 of the anthracene fluorophore with suitable substituents may be a 

promising strategy to obtain long wavelength emission in the solid state using structurally 

easy to modify compounds (Figure 1) [33].  
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Schillmöller and co-workers [34] synthesized four 9-(diphenylthiophosphinoyl)an-

thracenes 58 and 61-63 with alkyl and phenyl substituents at the position 10 via sulfuriza-

tion of 9-(diphenylphosphino)anthracenes 7 and 64-66. The latter were obtained from the 

corresponding bromoanthracenes 1 and 67-69 (Scheme 23) [35,36].  

Scheme 21. Decarbonylation of 9-[(1-keto diphenylphosphinoyl)]anthracene 55.

Drabowicz and co-workers synthesized optically active 9-[(t-butyl)(phenyl)
phosphinoyl)]anthracene 56 in a 71% yield in the Hirao reaction of palladium-catalyzed cross-
coupling reaction of 9-bromoanthracene 1 with optically active t-butylphenylphosphine
oxide 57 (Scheme 22) [32]. The formation of carbon–phosphorus bonds took place with
retention of the configuration, and the stereoretention of this reaction was confirmed by
X-ray analysis.
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Scheme 22. The synthesis of optically active 9-[(t-butyl)(phenyl)phosphinoyl)]anthracene 56.

Stalke and co-workers synthesized three positional isomers of 1-, 2-, and 9- (diphenylth-
iophosphinoyl)anthracenes 58, 59, and 60 that revealed a solid-state fluorescence in three
different colors with differences in emission wavelengths of over 100 nm. Analysis of the
solid-state structure of 59 and photophysical properties allowed the unusual yellow emis-
sion to be attributed to the formation of excimer in the solid state. Therefore, substitution
at position 1 of the anthracene fluorophore with suitable substituents may be a promising
strategy to obtain long wavelength emission in the solid state using structurally easy to
modify compounds (Figure 1) [33].

Figure 1. Three positional isomers of 1-, 2- and 9-(diphenylthiophosphinoyl)anthracenes 58, 59, and 60.

Schillmöller and co-workers [34] synthesized four 9-(diphenylthiophosphinoyl)
anthracenes 58 and 61–63 with alkyl and phenyl substituents at the position 10 via sulfur-
ization of 9-(diphenylphosphino)anthracenes 7 and 64–66. The latter were obtained from
the corresponding bromoanthracenes 1 and 67–69 (Scheme 23) [35,36].
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Scheme 23. The preparation of 9-(diphenylthiophosphinoyl)anthracenes 58 and 61–63.

The compounds 58 and 61–63 were crystallized and their X-ray structures were then
determined. These studies revealed that oxidation of the phosphorus atom with sulfur signif-
icantly changed the molecular structural parameters and the crystal packing. This caused
a strong bathochromic shift, which resulted in a green solid-state fluorescence. Moreover,
the authors prepared four host-guest complexes, with 62 as a host molecule and benzene,
pyridine, toluene, and quinoline as guest molecules. This resulted in enhanced emission and
up to a five times higher quantum yield in comparison to the pure compound 62.

Walensky et al. characterized 9-(diphenylthio- and diphenylselenophosphinoyl)
anthracenes 58 and 70, respectively, by NMR and optical spectroscopy (Scheme 24) [37].
The authors demonstrated that 31P NMR shifts for 58 and 70 were shifted upfield when
compared to the unoxidized analog. This was due to the loss of planarity and relatively
greater σ- than π-bonding between the phosphorus atom and the anthracene carbon.
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Scheme 24. The syntheses of 9-(diphenylthio- and diphenylselenophosphinoyl)anthracenes 58 and 70.

When excited at 310 nm, compounds 58 and 70 showed emission similar to that
of unsubstituted anthracene, displaying peaks at 380, 402, 430, and 450 nm. When the
excitation wavelength was shifted to 410 nm, the observed emission became structureless
and was red-shifted by around 50 nm relative to the typical emission of the unsubstituted
anthracene. The authors did not observe excimer formation for these compounds. Moreover,
a small deviation from planarity in the anthracene ring was observed for 58 and 70 and the
angle of deflection was 3◦ and 5◦, respectively.

Schwab and co-workers [38] obtained 9-bromo-10-(diphenylphosphino)anthracene 71 and
its thio- 72 and seleno- 73 derivatives (Scheme 25). In the first stage, 9,10-dibromoanthracene
42 was treated with n-BuLi followed by the addition of chlorodiphenylphosphine to give 9-
bromo-10-(diphenylphosphino)anthracene 74. Then, 74 was oxidized to the corresponding oxo-,
thio-, and seleno derivatives 71–73 in high yields according to the procedure described by Stalke
et al. [39]. Their spectral and structural properties were investigated and shown to be largely
consistent with those of the 9,10-diphosphino derivatives 80–82 mentioned below (Scheme 27).
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selenium (toluene, reflux), respectively (Scheme 27). The compounds obtained were sig-

nificantly more soluble in organic solvents than the starting material 26. The absorption 

and emission spectra of 80-82 were recorded in solution and in the solid state. In solution, 

only 80 exhibited a detectable emission whereas 81 did not emit. The latter showed strong 

fluorescence in the solid state at λ = 508 nm. This molecule formed single crystals pos-

sessing a groove suitable for binding toluene reversibly to the anthracene chromophore 

by means of C-H···π-ring center interactions. Hence, the crystalline 81 was the first solid-

state excimer that could serve as a chemosensor to detect toluene selectively. Single crys-

tals of 80 emitted at λ = 482 nm, whereas the selenium derivative 82 did not emit in the 

solid state. In addition, the crystal structures of compounds 80-82 were analyzed using 

Scheme 25. The synthesis of 9-bromo-10-(diphenylphosphino)anthracene 6 and its oxo-, thio-, and
seleno derivatives 71–73.

In an analogous manner, the same authors [29] synthesized bulky 9-(diisopropylphosphino)
anthracene 75, 9-bromo-10-(diisopropylphosphino)anthracene 76, and 9,10-symmetrically-
substituted anthracene 77, which were then oxidized to the corresponding derivatives 78a–
f and 79 (Scheme 26).
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Scheme 26. The synthesis of phosphinoanthracenes 75, 76, and 77 and their oxo-, thio-, and seleno
derivatives 78a–f and 79.

9,10-Bis(diphenylphosphinoyl)anthracene 80, 9,10-bis(diphenylthiophosphinoyl)
anthracene 81, and 9,10-bis(diphenylselenophosphinoyl)anthracene 82 were obtained
by oxidation (E = O, S, Se) of 9,10-bis(diphenylphosphino)anthracene 26 again using
H2O2•(NH2)2C=O (urea) (dichloromethane, 0 ◦C), elemental sulfur (toluene, reflux), and
selenium (toluene, reflux), respectively (Scheme 27). The compounds obtained were sig-
nificantly more soluble in organic solvents than the starting material 26. The absorption
and emission spectra of 80–82 were recorded in solution and in the solid state. In solution,
only 80 exhibited a detectable emission whereas 81 did not emit. The latter showed strong
fluorescence in the solid state at λ = 508 nm. This molecule formed single crystals possess-
ing a groove suitable for binding toluene reversibly to the anthracene chromophore by
means of C-H· · ·π-ring center interactions. Hence, the crystalline 81 was the first solid-state
excimer that could serve as a chemosensor to detect toluene selectively. Single crystals of 80
emitted at λ = 482 nm, whereas the selenium derivative 82 did not emit in the solid state. In
addition, the crystal structures of compounds 80–82 were analyzed using the single-crystal
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X-ray diffraction technique (Scheme 27) [39]. The substrate 26 was obtained based on the
procedure described by Prabhavathy and co-workers [40].
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Scheme 28. The reaction of enantiomerically pure oxazaphospholidineborane 83 with anthryllith-

ium.  

1,8-Bis-(diisopropylphosphino)-9-methoxyanthracene 86, as a starting material for 

the synthesis of 9-boron-substituted 1,8-bis-(diisopropylphosphino)anthracene 87a/87b, 

was prepared by Akiba and co-workers by treatment of 1,8-dibromo-9-methoxy-anthra-

cene 88, first with n-BuLi and then with diisopropylchlorophosphine. Diphenylchloro-

phosphine was used as well; however, only the diisopropylphosphine derivative 86 could 

be successfully transformed into 1,8-bis(diisopropylphosphino)-9-bromoanthracene 30 

with LDBB (lithium di-tert-butylbiphenylide) followed by treatment with BrCF2CF2Br, as 

a brominating agent, in a 51% yield. The introduction of a boron substituent at the position 

9 in 30 via Br/Li exchange followed by reaction with chloroborane 89 led to the formation 

of 1,8-bis(diisopropylphosphino)-9-borylanthracene 87a/87b. The 1H and 31P NMR spectra 

of 86 showed a symmetrical anthracene pattern at room temperature. This meant that a 

very rapid bond switching process between 87a and 87b occurred in solution (Scheme 29) 

[42].  

Scheme 27. The synthesis of 9,10-bis(diphenylphosphinoyl)anthracene and thio- and seleno deriva-
tives 80–82.

2.2. Phosphine Boranes (AnthPR2•BH3)

In this subsection, the presented syntheses and reactions of phosphine molecules with
P-B coordinate (semipolar, dative) bonds are presented.

The ring opening of enantiomerically pure oxazaphospholidineborane 83 with bulky
anthryllithium to give phosphineboranes 84 was studied by Stephan and co-workers. The
authors proposed an explanation for the low 4% yield of 84. They reported that in the
case when the attack on the phosphorus atom was hindered, deprotonation of the ben-
zylic proton occurred, yielding trans-(N-methylamino)(phenyl)(1-phenyl-1-propenyloxy)
phosphineborane 85 instead of 84 (84/85 = 5/95) (Scheme 28) [41].
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1,8-Bis-(diisopropylphosphino)-9-methoxyanthracene 86, as a starting material for 

the synthesis of 9-boron-substituted 1,8-bis-(diisopropylphosphino)anthracene 87a/87b, 

was prepared by Akiba and co-workers by treatment of 1,8-dibromo-9-methoxy-anthra-

cene 88, first with n-BuLi and then with diisopropylchlorophosphine. Diphenylchloro-

phosphine was used as well; however, only the diisopropylphosphine derivative 86 could 

be successfully transformed into 1,8-bis(diisopropylphosphino)-9-bromoanthracene 30 

with LDBB (lithium di-tert-butylbiphenylide) followed by treatment with BrCF2CF2Br, as 

a brominating agent, in a 51% yield. The introduction of a boron substituent at the position 

9 in 30 via Br/Li exchange followed by reaction with chloroborane 89 led to the formation 

of 1,8-bis(diisopropylphosphino)-9-borylanthracene 87a/87b. The 1H and 31P NMR spectra 

of 86 showed a symmetrical anthracene pattern at room temperature. This meant that a 

very rapid bond switching process between 87a and 87b occurred in solution (Scheme 29) 
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Scheme 28. The reaction of enantiomerically pure oxazaphospholidineborane 83 with anthryllithium.

1,8-Bis-(diisopropylphosphino)-9-methoxyanthracene 86, as a starting material for the
synthesis of 9-boron-substituted 1,8-bis-(diisopropylphosphino)anthracene 87a/87b, was
prepared by Akiba and co-workers by treatment of 1,8-dibromo-9-methoxy-anthracene
88, first with n-BuLi and then with diisopropylchlorophosphine. Diphenylchlorophos-
phine was used as well; however, only the diisopropylphosphine derivative 86 could be
successfully transformed into 1,8-bis(diisopropylphosphino)-9-bromoanthracene 30 with
LDBB (lithium di-tert-butylbiphenylide) followed by treatment with BrCF2CF2Br, as a
brominating agent, in a 51% yield. The introduction of a boron substituent at the position 9
in 30 via Br/Li exchange followed by reaction with chloroborane 89 led to the formation of
1,8-bis(diisopropylphosphino)-9-borylanthracene 87a/87b. The 1H and 31P NMR spectra of
86 showed a symmetrical anthracene pattern at room temperature. This meant that a very
rapid bond switching process between 87a and 87b occurred in solution (Scheme 29) [42].

2.3. Phosphine–Metal Complexes (AnthPR2-Metal)

In this subsection, complexes of phosphines possessing at least one anthryl substituent
with metals, such as Au, Ag, Au/Ag/Sb, Fe, Pd, Pt, Ir, Lu, Eu, Ru, and Ni, are reviewed.

Other metals (W, Os, Co), i.e., the pentacarbonyltungsten complex of 9-diphenylphospino)
anthracene, are reported in Section 2 while the triosmiumdodecacarbonyl cluster and dinuclear
cobalt complex are discussed in Section 3, respectively.

Gold and platinum(II) complexes of the phosphine ligands PAnthnPh3-n (Anth = anthryl)
were synthesized by Mingos et al. [43]. The authors recorded 31P{1H} NMR chemical shifts for
(anthryl)(diphenyl)phosphine, (dianthry)(phenyl)phosphine and trianthrylphosphine, their
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oxo derivatives, and gold (I) halide and gold (I) nitrate complexes. Moreover, a crystal
structure of the [AuCl(PAnth2Ph)]•CH3Cl complex was determined by X-ray analysis. An
example of the preparation of the gold (I) complex [Au(NO3)(PAnthPh2)] 90 obtained from
9-(diphenylphosphino)anthracene 7 is shown in Scheme 30.
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Scheme 30. An example of the preparation of the gold (I) complex [Au(NO3)(PAnthPh2)] 90.

Several other Au and Pt complexes were also synthesized: trans-[PtCl2(PAnthPh2)2]
(64%); trans-[Pt (CH3CN)2(PAnthPh2)2](BF4)3 (74%); trans-[Pt (CH3CN)2(PAnth2Ph)2](BF4)3
(68%); [Au(NO3)(PAnthPh2)] (95%); [Au(NO3)(PAnth2Ph)] (79%); [Au(NO3)(PAnth3)]
(53%); [AuCl(PAnthPh2)] (91%); [AuCl(PAnth2Ph)] (93%); and [AuCl(PAnth3)] (72%).

A luminescent molecular metalla(Au)cyclophane 91, which was synthesized from the
self-assembly of the molecular “clip” 92 and bipyridine, showed a large rectangular cavity
of 7.921(3) × 16.76(3) Å (Scheme 31). The electronic absorption/emission spectroscopy
and electrochemistry of 91 were studied. The 24+ ions were self-assembled into a 2D
mosaic in the solid state via complementary edge-to-face interactions between phenyl
groups. 1H NMR titrations ratified the 1:1 complexation of the cations 91 and various
aromatic molecules. Comparison of the structures of the inclusion complexes indicated an
induced-fit mechanism operating in the binding. The luminescence emission of 914+ could
be quenched upon the guest binding. The binding constants were determined by both 1H
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NMR and fluorescence titrations. Solvophobic and ion-dipole effects were shown to be
important in stabilizing the inclusion complexes [44].
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Scheme 32. The synthesis of the trinuclear Au(I) complex [Au3(PAnthP)3][ClO4]3 93.  

Scheme 31. Synthesis of metalla(Au)cyclophane 91.

Complexes 92 (X = OTf−, ClO4
−, PF6

−, BF4
−), as discrete binuclear, trinuclear, and

tetranuclear metallacycles, were isolated and characterized, showing novel puckered-ring
and saddles-like structures in the tri- and tetranuclear metallacycles (Scheme 31) [45].

The trinuclear Au(I) complex [Au3(PAnthP)3][ClO4]3 93 was synthesized by Yip and
co-workers in the reaction of 9,10-bis-(diphenylphino)anthracene (PAnthP) 26 and 1 equiv.
of Me2S AuCl in methanol at reflux. The authors observed a stable gold ring in the solution
and no NMR signals arising from the free ligand (Scheme 32) [40].
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Scheme 32. The synthesis of the trinuclear Au(I) complex [Au3(PAnthP)3][ClO4]3 93.  Scheme 32. The synthesis of the trinuclear Au(I) complex [Au3(PAnthP)3][ClO4]3 93.

The UV/Vis absorption spectra of 26 and its complex 93 showed intense bands at
396 and 424 nm assigned to 1π-π* transitions in the anthryl ring. Excitation of CH3CN
solution of 93 at 400 nm gave an emission at 475 nm with a quantum yield of Θ = 0.05.

The reaction of 26 (PAnthP) with 2 equiv. of Me2SAuX in CH2Cl2 led to the new binu-
clear complexes (µ-PAnthP)(AuCl)2 94a and (µ-PAnthP)(AuBr)2 94b with Au(I)−X−Ag(I)
halonium cation (Scheme 33) [46]. The reaction of 94a and 94b with 2 equiv. of AgSbF6 led
to spontaneous formation of the [(µ-PAnthP)-Au2]2+ ion, and then, after the addition of
AgSbF6 (0.5 equiv.) in a THF solution, gave crystals of {[(µ-PAnthP)(AuCl)2]2Ag}+SbF6−

95a and {[(µ-PAnthP)(AuCl)2]2Ag}+SbF6
− 95b as products.

205



Molecules 2022, 27, 6611

Molecules 2022, 27, x FOR PEER REVIEW 19 of 53 
 

 

The reaction of 26 (PAnthP) with 2 equiv. of Me2SAuX in CH2Cl2 led to the new bi-

nuclear complexes (µ-PAnthP)(AuCl)2 94a and (µ-PAnthP)(AuBr)2 94b with 

Au(I)−X−Ag(I) halonium cation (Scheme 33) [46]. The reaction of 94a and 94b with 2 equiv. 

of AgSbF6 led to spontaneous formation of the [(µ-PAnthP)-Au2]2+ ion, and then, after the 

addition of AgSbF6 (0.5 equiv.) in a THF solution, gave crystals of {[(µ-

PAnthP)(AuCl)2]2Ag}+SbF6- 95a and {[(µ-PAnthP)(AuCl)2]2Ag}+SbF6- 95b as products. 

PAnthP

4 equiv.

CH2Cl2
26

2 2 (-PAnthP)(AuX)2 {[(-PAnthP)(AuX)2]2Ag}   SbF6

94a: X = Cl
94b: X = Br

AgSbF6

THF/CH2Cl2

Me2S AuCl

95a: X = Cl
95b: X = Br

2 h, rt 3 days, rt
 

Scheme 33. The synthesis of Au/Ag/Sb complexes 94a–b and 95a–b.  

9,10-Bis(diphenylphosphino)anthracene (PAnthP) 26 with two donor phosphorus at-

oms has been used as a P-ligand unit for metals. Thus, the double-helicate dinuclear sil-

ver(I) complex, [Ag2(4’-Ph-therpy)2](SO3CF3)2, was reacted with 26 to give the correspond-

ing dinuclear complex 96 (4’-Ph-therpy = 4’-phenyl-terpyridine). The latter showed a 

strong fluorescence in the solid state with an excitation band at 383.5 nm, emission band 

at 535.5 nm, and lifetime of 4.20 ns, but the derived complexes did not show fluorescent 

properties (Figure 2) [47].  

N

N

N

Ag P P N

N

N

Ag
Ph2 Ph2

2

96

2 CF3SO3

 

Figure 2. The dinuclear silver complex 96 derived from 9,10-bis(diphenylphosphino)anthracene.  

An iron(0)tetracarbonyl complex 97 was synthesized from di(9-anthryl)fluorophos-

phine 98, which was stable to redox disproportionation (Scheme 34) [48].  

PF
2

Fe2(CO)9

− Fe(CO)5

P
2

F

Fe(CO)4

98 97 (99%)  

Scheme 34. The synthesis of the iron(0)tetracarbonyl complex 97.  

Pincer iridium complexes 99 derived from 1,8-bis(diphenylphosphino)anthracene 35 

turned out to be suitable platforms for the C−H activation of methyl tert-butyl ether 

(MTBE) (Figure 3) [49].  

Scheme 33. The synthesis of Au/Ag/Sb complexes 94a,b and 95a,b.

9,10-Bis(diphenylphosphino)anthracene (PAnthP) 26 with two donor phosphorus
atoms has been used as a P-ligand unit for metals. Thus, the double-helicate dinuclear
silver(I) complex, [Ag2(4’-Ph-therpy)2](SO3CF3)2, was reacted with 26 to give the corre-
sponding dinuclear complex 96 (4’-Ph-therpy = 4’-phenyl-terpyridine). The latter showed
a strong fluorescence in the solid state with an excitation band at 383.5 nm, emission band
at 535.5 nm, and lifetime of 4.20 ns, but the derived complexes did not show fluorescent
properties (Figure 2) [47].

Molecules 2022, 27, x FOR PEER REVIEW 19 of 53 
 

 

The reaction of 26 (PAnthP) with 2 equiv. of Me2SAuX in CH2Cl2 led to the new bi-

nuclear complexes (µ-PAnthP)(AuCl)2 94a and (µ-PAnthP)(AuBr)2 94b with 

Au(I)−X−Ag(I) halonium cation (Scheme 33) [46]. The reaction of 94a and 94b with 2 equiv. 

of AgSbF6 led to spontaneous formation of the [(µ-PAnthP)-Au2]2+ ion, and then, after the 

addition of AgSbF6 (0.5 equiv.) in a THF solution, gave crystals of {[(µ-

PAnthP)(AuCl)2]2Ag}+SbF6- 95a and {[(µ-PAnthP)(AuCl)2]2Ag}+SbF6- 95b as products. 

PAnthP

4 equiv.

CH2Cl2
26

2 2 (-PAnthP)(AuX)2 {[(-PAnthP)(AuX)2]2Ag}   SbF6

94a: X = Cl
94b: X = Br

AgSbF6

THF/CH2Cl2

Me2S AuCl

95a: X = Cl
95b: X = Br

2 h, rt 3 days, rt
 

Scheme 33. The synthesis of Au/Ag/Sb complexes 94a–b and 95a–b.  

9,10-Bis(diphenylphosphino)anthracene (PAnthP) 26 with two donor phosphorus at-

oms has been used as a P-ligand unit for metals. Thus, the double-helicate dinuclear sil-

ver(I) complex, [Ag2(4’-Ph-therpy)2](SO3CF3)2, was reacted with 26 to give the correspond-

ing dinuclear complex 96 (4’-Ph-therpy = 4’-phenyl-terpyridine). The latter showed a 

strong fluorescence in the solid state with an excitation band at 383.5 nm, emission band 

at 535.5 nm, and lifetime of 4.20 ns, but the derived complexes did not show fluorescent 

properties (Figure 2) [47].  

N

N

N

Ag P P N

N

N

Ag
Ph2 Ph2

2

96

2 CF3SO3

 

Figure 2. The dinuclear silver complex 96 derived from 9,10-bis(diphenylphosphino)anthracene.  

An iron(0)tetracarbonyl complex 97 was synthesized from di(9-anthryl)fluorophos-

phine 98, which was stable to redox disproportionation (Scheme 34) [48].  

PF
2

Fe2(CO)9

− Fe(CO)5

P
2

F

Fe(CO)4

98 97 (99%)  

Scheme 34. The synthesis of the iron(0)tetracarbonyl complex 97.  

Pincer iridium complexes 99 derived from 1,8-bis(diphenylphosphino)anthracene 35 

turned out to be suitable platforms for the C−H activation of methyl tert-butyl ether 

(MTBE) (Figure 3) [49].  

Figure 2. The dinuclear silver complex 96 derived from 9,10-bis(diphenylphosphino)anthracene.

An iron(0)tetracarbonyl complex 97 was synthesized from di(9-anthryl)fluorophosphine
98, which was stable to redox disproportionation (Scheme 34) [48].
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Pincer iridium complexes 99 derived from 1,8-bis(diphenylphosphino)anthracene
35 turned out to be suitable platforms for the C−H activation of methyl tert-butyl ether
(MTBE) (Figure 3) [49].
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Osawa et al. [51] synthesized bis[(9-diisopropylophosphino)anthracene]-tris(hex-

afluoroacetylacetonato)europium(III) 108 (Scheme 36). First, the authors prepared 9-

(diisopropylphosphino)anthracene 78a (Scheme 26) according to the Schwab et al. proto-

col [29], which was next reacted with tris(hexafluoroacetylacetonato)europium(III) 108a 

for 8 h in refluxing methanol solution to obtain 108 in a 55% yield after recrystallization.  

Osawa and co-workers determined the crystal structure of the Eu(III) complex 108 

and studied its intra-complex energy transfer. The studies revealed that laser irradiation 

of this compound in n-hexane gave blue emission, which was ascribed only to the 9-(diiso-

propylphospino)anthracene moiety, not to the central Eu(III) ion (Scheme 36).  
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A series of thermally stable Ir, Ni, and Pd complexes were obtained from 1,8-bis(dialkyl
and diphenylphosphino)anthracenes 100, 35, and 21. The anthracenes 100 and 35 were prepared
similarly to 21 by direct nucleophilic substitution of fluorine atoms in 1,8-difluoroanthracene by
potassium di-tert-butylphosphide or potassium di-iso-propylphosphide. The reaction of 100 with
IrCl3•3H2O in 2-propanol/water afforded the complex 101 as a red crystalline powder in an
86% yield (Scheme 35). The reduction of 101 under a hydrogen atmosphere gave mixtures of the
yellow-colored iridium tetrahydride 102 and the red-colored iridium dihydride 103. By saturating
solutions of such mixtures with hydrogen, the equilibrium was shifted towards 102. Evaporation
of the solvent under vacuum resulted in the formation of the analytically pure complex 103 in a
>95% yield. The thermally stable complexes 103 and 104 were ideal for homogeneous catalysts
in the alkane dehydrogenation above 200 ◦C. The complex 103 in alkane solution was stable at
250 ◦C and catalyzed the dehydrogenation reactions at this temperature [50].
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Scheme 35. The synthesis of thermally stable iridium complexes 103 and 104.

Osawa et al. [51] synthesized bis[(9-diisopropylophosphino)anthracene]-tris
(hexafluoroacetylacetonato)europium(III) 108 (Scheme 36). First, the authors prepared
9-(diisopropylphosphino)anthracene 78a (Scheme 26) according to the Schwab et al. proto-
col [29], which was next reacted with tris(hexafluoroacetylacetonato)europium(III) 108a for
8 h in refluxing methanol solution to obtain 108 in a 55% yield after recrystallization.
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First, the anthracene 110 was synthesized from 2,6-dibromo-9,10-diphenylanthra-

cene 111 and diphenylphosphine. The first step of the synthesis was performed in the 

presence of potassium acetate and palladium acetate, and next the resulting bisphosphine 

intermediate was oxidized to 110 in a 28% yield. The polymer 109 was prepared in a mi-

crotube by the liquid-liquid diffusion-assisted crystallization method. The authors stud-

ied the photophysical properties and thermal stability of 109 and its oxide 110. The lumi-

nescence quantum yield was enhanced from 18% up to 25% (λex = 380 nm) due to the 

introduction of Lu(hexafuoroacetylacetonate)3 molecules into the phosphine oxide sys-

tem, as a result of which bright, pure sky-blue emission was observed. In addition, the 

compound 109 showed a higher temperature of decomposition (340 °C) than 110.  

The diphosphine-bridged dimer of the oxo-centered triruthenium–acetate cluster 

unit [{Ru3O(OAc)6(py)2}2(dppan)](PF6) 112 was synthesized by Chen and his co-workers 
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Osawa and co-workers determined the crystal structure of the Eu(III) complex 108
and studied its intra-complex energy transfer. The studies revealed that laser irradiation
of this compound in n-hexane gave blue emission, which was ascribed only to the 9-
(diisopropylphospino)anthracene moiety, not to the central Eu(III) ion (Scheme 36).
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Kitagawa and co-workers [52] obtained a novel coordination polymer 109 based on
9,10-diphenyl-2,6-bis(diphenylphosphinoyl)anthracene 110 as a core and two molecules of
Lu(hexafuoroacetylacetonate)3 that interacted with the core (Scheme 37).
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Scheme 37. The preparation of the coordination polymer 109.

First, the anthracene 110 was synthesized from 2,6-dibromo-9,10-diphenylanthracene
111 and diphenylphosphine. The first step of the synthesis was performed in the presence
of potassium acetate and palladium acetate, and next the resulting bisphosphine interme-
diate was oxidized to 110 in a 28% yield. The polymer 109 was prepared in a microtube
by the liquid-liquid diffusion-assisted crystallization method. The authors studied the
photophysical properties and thermal stability of 109 and its oxide 110. The luminescence
quantum yield was enhanced from 18% up to 25% (λex = 380 nm) due to the introduction
of Lu(hexafuoroacetylacetonate)3 molecules into the phosphine oxide system, as a result
of which bright, pure sky-blue emission was observed. In addition, the compound 109
showed a higher temperature of decomposition (340 ◦C) than 110.

The diphosphine-bridged dimer of the oxo-centered triruthenium–acetate cluster
unit [{Ru3O(OAc)6(py)2}2(dppan)](PF6) 112 was synthesized by Chen and his co-workers
(Scheme 38). The reaction of [Ru3O(OAc)6(py)2(CH3OH)](PF6) with 9,10-bis
(diphenylphosphino)anthracene (dppan) 26 resulted in the formation of 112 in a 67% yield.
The redox studies of the complex 112 revealed the presence of electronic communication
between two triruthenium units mediated through bridging dppan [53].

A number of tri-, tetra-, and penta-ruthenium clusters 113–115 were synthesized by
Deeming and co-workers. When a suspension of [Ru13(CO)12] and a slight excess of 9-
(diphenylphosphino)anthracene 7 in octane were heated to reflux at 125 ◦C for 4 h, several prod-
ucts were obtained, including the yellow trinuclear cluster [Ru3(µ-H)2(CO)8(µ3- C14H7PPh2)]
113 and the purple tetraruthenium butterfly complex [Ru4(CO)11(µ4-C14H7PPh2)] 114. Both
anthracyne complexes and also the dark purple pentaruthenium bow-tie cluster, [Ru5(CO)13(µ5-
η1:η2:η3: η3-C14H8- η1- PPh2)] 115 were obtained via the double metallation from one of the
unsubstituted rings (Scheme 39). Furthermore, treatment of the trinuclear species 113 with
1 equivalent of [Ru3(CO)12] in refluxing octane resulted in a cluster build-up, with the formation
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of the tetra- and penta-ruthenium species 114 and 115. Likewise, the thermolysis reaction of
114 with [Ru3(CO)12] also led to 115. The crystal structure of 3 revealed a unique µ5-interaction
of the ligand with the ruthenium cluster [54].
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Scheme 39. The synthesis of tri-, tetra-, and penta-ruthenium clusters 113, 114, and 115.

The bulky phosphine ligand 116 was prepared by Claverie et al. and used to generate
the phosphine palladium complex 117. The complex catalyzed ethene polymerization to
yield linear polyethene; however, its catalytic activity was smaller compared to complexes
with phenyl, naphthyl or phenanthryl substituents, which corresponded to increasing cone
angles and decreasing basicity (Scheme 40) [55].
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Yamamoto and Shimizu synthesized 9-(diphenylphosphino)anthracene-based palladacy-
cles 118a and 118b that catalyzed conjugate addition of arylboronic acids to electron-deficient
alkenes, such as α,β-unsaturated ketones, esters, nitriles, and nitroalkenes. The monomeric cat-
alysts, which were synthesized from K2PdCl4, 9-(diphenylphosphino)anthracene, and trialkyl
phosphites, exhibited turnover numbers of up to 700 (Figure 4) [56].
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routes, such as either C–H activation or oxidative insertion of a coordinated transition 

metal into the C–X bond of the halogenated spacer [58].  

Figure 4. Structures of phosphapalladacycles 118a and 118b.

Mingos and co-workers reported the synthesis and structural characterization of the
Pd complex [Pd(dba)L2] 119 (where L = 120 and dba = dibenzylideneacetone) obtained from
[Pd2(dba)3] and the corresponding 1-(diphenylphosphino)anthracene 120 (L) (Scheme 41).
The single-crystal X-ray structural analyses confirmed that these complexes adopted a
trigonal planar structure, with the dba ligand coordinated by a double bond [57].
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Scheme 41. The synthesis of the palladium complex 119 with 1-(diphenylphosphino)anthracene 120
(L) as a ligand.

Dibenzobarrelene-based C(sp3)-metallated pincer complexes 121a, 121b, and 121c
were synthesized by the Diels–Alder [4 + 2] cycloaddition reaction of organometallic
anthracene dienes 122a, 122b, and 122c with dimethyl alkyne dicarboxylate as a dienophile
(Scheme 42). This straightforward approach has an advantage over traditional synthetic
routes, such as either C–H activation or oxidative insertion of a coordinated transition
metal into the C–X bond of the halogenated spacer [58].

Molecules 2022, 27, x FOR PEER REVIEW 24 of 53 
 

 

Cl

PPh2MPh2P

CO2Me

MeO2C

Cl

PPh2MPh2P

CO2Me

MeO2C

(EtOCH2CH2)2O

reflux

a: M = Pd
b: M = Ni 
c: M= Pt

a: M = Pd (71%)
b: M = Ni (73%)
c: M = Pt (81)%

+

122a−c

121a-c

 

Scheme 42. The synthesis of (Pd, Ni, Pt)-complexes 121a-c via the Diels–Alder approach.  

A number of metal complexes 122a, 122b, and 123 have been synthesized using 1,8-

bis(diphenylphosphino)anthracene 21 as a ligand (Scheme 43). The latter was synthesized 

from dipotassium 1,8-anthracenedisulfonate 124 and potassium diphenylphosphide 

(Ph2PK). The reaction of 21 with nickel(II) chloride or bis-(benzonitrile)palladium(II) chlo-

ride led to cyclometallation of the anthracene C-H bond at 9-position and resulted in the 

formation of square-planar chelate complexes 122b or 122a, respectively. Treating the 

complex 122b with aqueous potassium cyanide did not remove nickel from 122b but con-

verted 122b into 123 by substituting chloride with cyanide, confirming the high stability 

of these cyclometallated chelate complexes. The strong metal bonding in 122b made it an 

ideal ligand for the development of new catalysts. Like the anthracene unit in 21, other 

polycyclic acenes or heteroarenes might also be useful as a rigid backbone for bidentate 

phosphines [59].  

SO3 SO3 PPh2 PPh2

180 °C, 20 h

Ph2P PPh2M

124
21

2 equiv. Ph2P   K

K K

X

(C2H5OCH2CH2)2O

122a: M = Pd, X = Cl
122b: M = Ni, X = Cl
123: M = Ni, X = CN

 

Scheme 43. The synthesis of the 1,8-bis(diphenylphosphino)anthracene ligand 21 and metal com-

plexes 122a, 122b, and 123.  

The platinum (II) complex 125 and photochemically dimerized product 126 were syn-

thesized from 9-(difluorophosphino)anthracene 127 (Scheme 44), obtained in the reaction 

of anthryllithium with chlorodifluorophosphine, with the former being synthesized in the 

reaction of n-butyllithium with 9-bromoanthracene 1. The dimer 126 constituted one of 

the six possible rotational isomers. A rotation of the PF2 group was hindered by strong F-

H interactions at temperatures up to at least 105 °C [60].  

Scheme 42. The synthesis of (Pd, Ni, Pt)-complexes 121a–c via the Diels–Alder approach.

A number of metal complexes 122a, 122b, and 123 have been synthesized using
1,8-bis(diphenylphosphino)anthracene 21 as a ligand (Scheme 43). The latter was synthe-
sized from dipotassium 1,8-anthracenedisulfonate 124 and potassium diphenylphosphide
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(Ph2PK). The reaction of 21 with nickel(II) chloride or bis-(benzonitrile)palladium(II) chlo-
ride led to cyclometallation of the anthracene C-H bond at 9-position and resulted in the
formation of square-planar chelate complexes 122b or 122a, respectively. Treating the
complex 122b with aqueous potassium cyanide did not remove nickel from 122b but con-
verted 122b into 123 by substituting chloride with cyanide, confirming the high stability
of these cyclometallated chelate complexes. The strong metal bonding in 122b made it an
ideal ligand for the development of new catalysts. Like the anthracene unit in 21, other
polycyclic acenes or heteroarenes might also be useful as a rigid backbone for bidentate
phosphines [59].
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Scheme 43. The synthesis of the 1,8-bis(diphenylphosphino)anthracene ligand 21 and metal com-
plexes 122a, 122b, and 123.

The platinum (II) complex 125 and photochemically dimerized product 126 were syn-
thesized from 9-(difluorophosphino)anthracene 127 (Scheme 44), obtained in the reaction
of anthryllithium with chlorodifluorophosphine, with the former being synthesized in the
reaction of n-butyllithium with 9-bromoanthracene 1. The dimer 126 constituted one of the
six possible rotational isomers. A rotation of the PF2 group was hindered by strong F-H
interactions at temperatures up to at least 105 ◦C [60].
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Scheme 44. The synthesis of the Pt(II) complex 125 and the dimer 126.

Hu et al. [61] described the cycloplatination reaction of 9,10-bis(diphenylphosphino)
anthracene 26 with Pt(bis(diphenylphosphino)methane)(OTf)2 128 to give [Pt(bis
(diphenylphosphino)methane)(9-(diphenylphosphino)anthracene)PO-H)]OTf 129. The
uncoordinated P atom in the complex was oxidized when exposed to air (Scheme 45).
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Scheme 45. The preparation of the platinum complex 129.

The same authors also studied the influence of the reaction conditions on the regiose-
lectivity of the double cyclometallation process (Scheme 46) [62].
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dichloroethane, Kubiak and co-workers obtained 9-(1-phosphirano)anthracene 13. Then, 
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Scheme 46. The synthesis of the dicyclometalated complexes 130–132 (syn and anti) and the monocy-
clometalated complex 133.

Other dicyclometalated complexes syn- and anti-[Pt2(L)2(PAnthP-H2)](OTf)2(Pt2) (Anth
= anthrylene) 130–132 have been synthesized in reactions of 26 (PAnthP) with Pt(L)(OTf)2
(L = diphosphine, OTf) (Scheme 46). To understand the effect of the number of Pt ions
on the extent of perturbation, a mononuclear analog 133 was also prepared. The UV–vis
absorption spectra of 133 and PAnth displayed moderately intense vibronic bands at around
320–440 nm. The spectra of the binuclear complexes 130–132 were different from that of
133. The spectra of the syn-isomers 130a, 131a, and 132a displayed two intense overlapping
absorption bands at 320–520 nm. The anti-isomers 130b and 132b also displayed two intense
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bands in a similar spectral range (300–500 nm). The emission energies in degassed DCM at
room temperature followed the order 133 > 131b, 132b > 130a, 131a, and 132a [62].

9-(Dihydrophosphino)anthracene 134 was prepared in two steps starting from 9-
bromoanthracene 1, which was next was converted to 9-(dihalophosphino)anthracenes 135
(X = Cl, Br) via the Grignard reagent 136, which reacted with PCl3 or PBr3, respectively.
Next, reduction of the latter with 2 equiv. of LiAlH4 in diethyl ether at −78 ◦C and then
reflux for 1 h delivered 134. In the reaction of the dilithium derivative of 134 with 1,2-
dichloroethane, Kubiak and co-workers obtained 9-(1-phosphirano)anthracene 13. Then,
the reaction of 13 with 0.5 equiv. of PtCl2(1,5-cyclooctadiene) gave the platinum complex,
cis-dichlorobis[1-(9-anthracene)phosphirano]platinum(II) 137 (Scheme 47) [63]. The com-
plex 137 displayed novel intramolecular π-stacking interactions between the anthracene
ring systems.
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Scheme 47. The synthesis of 9-(1-phosphirano)anthracene 13 and its platinum complex 137.

The same research group synthesized other platinum complexes, such as bis[1-(9-
anthracene)phosphirano]dithiolateplatinum complexes 138a–d, in the reaction of 137 with
appropriate potassium-ethylene-2,2-dithiolates 139a–d containing two electron-withdrawing
groups (EWGs) in positions 1, such as methoxycarbonyl, ethoxycarbonyl and cyano groups.
The final products 138a–d were obtained in CH2Cl2/MeOH mixture after 18 h at room
temperature in high yields. X-ray studies of the complexes displayed the intra- or inter-
molecular anthracene ring of the cis-bis{1-(9-anthracene)phosphirane} stacked structures
(Scheme 48) [64].

All of the platinum complexes 138a–d reported emitted light at low temperatures in
the solid state. Complexes 138a–d exhibited a strong green fluorescence at 530 nm at low
temperatures in the solid state. Moreover, the complex 138d strongly emitted blue light
in the THF or benzene solution at 450 nm after excitation at 420 nm. The blue emission of
the complex 138d with two cyano groups and a very small Stokes shift was similar to that
observed for free 9-(1-phosphirano)anthracene and anthracene rings.
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Scheme 48. The synthesis of bis{1-(9-anthracene)phosphirano}dithiolatoplatinum(II) complexes 138a–d.

The pincer complexes 140, 141, and 142 were synthesized by irradiating the cyclomet-
alated complex 122c in the presence of O2, which led to oxidations of the anthryl ring
(Scheme 49). The first photoproduct, a Pt(II)-9,10-endoperoxide complex 143, was con-
verted photochemically to the Pt(II)-9-hydroxyanthrone complex 140, which was further
oxygenated to the Pt(II)-hemiketal 141. The oxidation of 140, which could be accelerated
by light irradiation, probably involved a Pt(II)-anthraquinone intermediate. The Pt(II)-
hemiketal 141 underwent acid-catalyzed ketalization to form a binuclear Pt(II) 2-diketal
142. The structures were characterized by NMR and single-crystal X-ray diffraction. All
complexes possessed similar absorption spectra, showing a moderately intense vibronic
band at 390–480 nm (λmax = 454 nm, εmax = 7.6–9.2 × 103 M−1 cm−1) and a very intense
band at 280 nm (εmax = 5.2–5.9 × 104 M−1 cm−1). The Pt complexes were also luminescent
in solution and in the solid state at room temperature. Irradiating degassed CH2Cl2 so-
lutions of the complexes at 390 nm resulted in an emission band at λmax = 474 nm with a
vibronic shoulder at 520 nm [65].
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2.4. Phosphoranes (AnthPR2X2) (X = F)

Yamaguchi et al. [26] reported the synthesis and photochemical characterization of
tri(9-anthryl)difluorophosphorane 144 obtained from the reaction of xenon difluoride with
tri(9-anthryl)phosphine 8. The synthesis of 144 is presented in Scheme 50.
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Scheme 50. The synthesis of tri(9-anthryl)difluorophosphorane 144.

The authors proved that the fluorescence intensity is attributed to the coordination
number of phosphorus. The tri-coordinated 8 exhibited a weak fluorescence while pentaco-
ordinated 18 showed a significant fluorescence.

2.5. Phospinimines (AnthR2P = N-R1) and Phosphiniminium Derivatives (AnthR2P = NH2
+)

Jurisson and co-workers synthesized the N-protected phosphinimine 145 and its phos-
phiniminium ion pairs 146a and 146b with [ReO4−] and [TcO4–] anions. The phosphinimine
145 was fluorescent but the addition of [TcO4

−] or [ReO4
−] anions to 145 did not change

the original spectrum in terms of the overall spectral features or intensity. In addition, the
anthracene molecule scintillated in the presence of [99TcO4−], making it a possible reporter
group for a scintillation sensor using this molecule (Scheme 51) [66].
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Scheme 51. The synthesis of N-trimethylsilyl-protected phosphinimine 1 and phosphiniminium salts
146a and 146b.

2.6. Phosphonium Salts (AnthPR3
+)

Usually, phosphonium salts are obtained from phosphines by quaternization of a
tricoordinated phosphorus atom with a free electron pair.

The D–π–A type of phosphonium salts, in which electron acceptor (A = +PR3) and
donor (D = NPh2) groups were linked by polarizable π-conjugated spacers, showed an
intense fluorescence classically ascribed to the excited state intramolecular charge transfer
(ICT). Therefore, a series of such phosphonium salts with different lengths of spacers and
counterions were synthesized and characterized. The salt 147 was synthesized by the two-
step approach involving the preparation of tertiary aryl phosphine from 158 followed by
methylation with methyl iodide. The peak wavelengths (λabs) were gradually red-shifted
along with the extension of the π-spacer: π = phenylene (333 nm) < π = biphenylene
(387 nm) < π = naphthylene (407 nm) < π = anthrylene (147, 519 nm). The extension of
the π–system from phenylene to the polycyclic naphthalene and anthracene motifs in 147
caused a gradual growth of λem to 560 and 679 nm for 147 in DCM, which was, however,
accompanied by a drop in the quantum yield (Scheme 52) [67].
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A metal-free synthesis of 2-anthryl phosphonium bromide 149 by the reaction of
triphenylphosphine with 2-bromoanthracene 150 in refluxing phenol was developed by
Huang et al. Examination of other solvents with a boiling point of around 200 ◦C showed
that tetralin, PhCN, ethoxybenzene, or 2-chlorophenol could also produce phosphonium
salts, although in lower yields (5–44%). A two-step addition-elimination mechanism was
proposed, in which the second step of the bromide elimination was fast, as indicated by the
deuterium experiment. The authors suggested that phenol could form a hydrogen bond
with bromide, facilitating the addition of triphenylphosphine and elimination of bromide
by polarizing the carbon–bromide bond, and making phenol the optimal solvent among
the solvents tested (Scheme 53) [68].
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Scheme 53. The synthesis of the phosphonium bromide 149.

Nikitin and co-workers [69] synthesized 9-(methylphenylphosphinoyl)anthracene 151
by the oxidation of 9-(methylphenylphosphino)anthracene 152 with hydrogen peroxide
in acetonitrile solution (Scheme 54). The compound 151 was then converted into the
corresponding phosphonium chloride 153a and bromide 153b using oxalyl chloride and
bromide, respectively. The authors measured the exchange barriers of self- and cross-
exchange of halides in phosphonium salts using the 2D EXSY NMR technique to visualize
the processes.
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Scheme 54. The synthesis of the phosphonium chloride 153a and the phosphonium bromide 153b.

Tri(9-anthryl)(methyl)phosphonium iodide 154 was synthesized by Yamaguchi et al.
in the quaternization reaction of the phosphine 8 with methyl iodide. The tri-coordinated 8
and tetra-coordinated derivatives 154 exhibited a weak fluorescence (Scheme 55) [26].
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Scheme 55. The synthesis of tri(9-anthryl)methylphosphonium iodide 154.

Bałczewski et al. [70,71] recently presented a novel, one-pot phospho-Friedel–Crafts–
Bradsher cyclization, which led to higher-substituted phosphonium salts 155. In the new
reaction, (o-diacetaloaryl)arylmethanols 156, as the starting materials, in the presence of
triphenylphosphine and acids HA, spontaneously cyclized directly to 155 under very mild
reaction conditions (Scheme 56).
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3. Synthesis and Reactions of PIII Acids, Their PIV Tautomers, and Derivatives

This section covers PIII acids derivatives containing at least one anthracene moiety
linked either directly to the phosphorus atom via the P-Csp2 (Anth) bond (Sections 3.1
and 3.2) or indirectly via the P-O-Csp2 (Anth) bond (Section 3.3). The phosphonous RP(OH)2,
phosphinous R2POH, and phosphorous P(OH)3 free acids are the organophosphorus mem-
bers of the group of substances known as the lower acids of phosphorus. These PIII trivalent
species exist as minor tautomers in equilibrium with major PIV tetravalent forms, which
exhibit one less acidic function than might be expected [8]. Derivatives of PIII acids, such as
halides, amides, and esters, may exist in stable, trivalent forms and they will be described
separately in Sections 3.1–3.3. The PIV tautomers are discussed in Sections 3.4 and 3.5.

3.1. Phosphonous Acid Dihalides and Phosphinous Acid Halides (Halophosphines) (AnthPX2) and
(Anth2PX) (X = F, Cl, Br)

Halo- and dihaloanthracenes of the formula AnthPX2 and Anth2PX (X = F, Cl, Br),
which contain at least one P-C bond and one or two halogen atoms, are classified as
halides of the corresponding lower PIII acids. Syntheses of 9-(difluoro, dichloro, di-
bromo)anthracenes are also described in Section 2.3.

9-Difluoroanthracene 127 was synthesized by Schmutzler et al. starting from 9-
bromoanthracene 1 and chlorodifluorophosphine in a 96% yield (Scheme 57) [10].
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9-(Difluorophosphino)anthracene 127 was also employed by the group of Schmut-
zler in further investigations. They used 9-(dihydrophosphino)anthracene 14 and ir-
radiated it with a mercury lamp in toluene for 22.5 h to obtain two isomeric dimers
157a and 157b in a 2:1 ratio, which could be observed in 31P NMR. Irradiation of 9-
(difluorophosphino)anthracene 127 under the same conditions gave only one dimeric
isomer 126. Hydrogenation reaction of the latter with 10 equiv. of LiAlH4 in diethyl ether
at reflux for 24 h delivered a single isomer 157a in a 93% yield (Scheme 58) [10].
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Scheme 58. The photodimerization of 14 and 127 and the reduction reaction of the dimer 126 to 157a.

Kirst and et al. [72] synthesized 9-(dichlorophosphino)anthracene 18 by the reaction of
PCl3 with the organozinc compound 158. The latter was obtained from 9-bromoanthracene
1, which was first lithiated with n-butyllithium to obtain 159 and then submitted to the
Li/Zn transmetallation with dry ZnCl2 (Scheme 59).
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Scheme 59. The synthesis of 9-(dichlorophosphino)anthracene 18.

9-(Dichlorophosphino)anthracene 18 was further utilized by the group of Schmut-
zler in the preparation of cyclic (P-anthrylphosphino)phosphonium chloride remaining
in equilibrium 160a/160b in the reaction of 9-(dichlorophosphino)anthracene 18 and N-
[tert-butyl(phenyl)phosphino]-N,N-dimethyl-N-(trimethylsilyl)urea 161 in CH2Cl2 at room
temperature in a 46% yield. The existence in solution of the equilibrium between the ionic
structure 160a and the covalent form 160b was observed. Next, the chloride 160a/160b
was converted into the corresponding phosphonium tetraphenylborate 162 by treatment of
NaBPh4 in CH2Cl2/CH3CN in a 50% yield (Scheme 60) [73].
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3.2. Phosphonous Acid Diamides (AnthP(NR2)2)  

Scheme 60. The synthesis of (P-anthrylphosphino)phosphonium chloride 160a/160b and the
tetraphenylborate 162.

Schmutzler and co-workers presented a synthesis of 9-(dichlorophosphino)anthracene
18 and 9-(anthrylchlorophosphino)anthracene 163 from 9-bromoanthracene 1 using a large
excess of PCl3 (19 equiv.) in a 48% yield. The resulting mixture of 18 and 163 was reduced
with 5.4 equiv. of LiAlH4 in diethyl ether at reflux to obtain 9-(dihydrophosphino)anthracene
14 and (anthrylhydrophosphino)anthracene 163. Next, pure 14 was reacted with 1 equiv.
of Os3(CO)11(CH3CN) in CH2Cl2 at room temperature to give triosmiumdodecacarbonyl
cluster 164 quantitatively (Scheme 61) [10].
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3.2. Phosphonous Acid Diamides (AnthP(NR2)2)  

Scheme 61. The synthesis of 9-(chlorophosphino)anthracenes 18, 163, 9-(hydrophosphino)anthracenes
14, 165, and the osmium complex 164.
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3.2. Phosphonous Acid Diamides (AnthP(NR2)2)

9-[Bis(diethylamino)phosphino]anthracene 166 and 9,10-bis[bis(diethylamino)
phosphino]anthracene 167 were prepared by Tokitoh and co-workers starting from 9-
bromoanthracenes 1 and 42, which were first lithiated with n-butyllithium and then reacted
with bis(diethylamino)chlorophosphine. The resulting anthracenes 166 and 167 were trans-
formed to 9-(dichlorophosphino)anthracene 18 and 9,10- bis(dichlorophosphino)anthracene
168 using hydrogen chloride in diethyl ether (Scheme 62) [74].
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3.3. Phosphorous Acid Esters (Phosphites) (AnthOP(OR)2)

This subsection covers PIII acids derivatives containing one anthracene moiety linked
indirectly to the phosphorus atom via the P-O-Csp2 (Anth) bond.

Kloß et al. conducted a study of numerous phosphite-based ligands for rhodium
catalysts, which were used in hydroformylation reactions [3]. The authors revealed that
anthryl phosphites were susceptible to hydrolysis, which limis their use for the synthesis
of catalysts. Therefore, they synthesized relatively stable phosphites, one of which was the
phosphite 169.

The latter, as a solid, was synthesized by a procedure involving the treatment of
benzopinacol 170 with phosphorus trichloride to give chlorophosphite 171, followed by
the addition of lithium anthr-9-olate 172 (Scheme 63).
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Implemented in a rhodium catalyst, it exhibited high activity towards hydroformyla-
tion. The ligand turned out to be relatively stable under hydrolysis conditions.

3.4. Phosphonous Acid PIV Tautomers (H-phosphinic Acids) (AnthP(O)H(OH))

The synthesis of the ester of the PIII tautomeric form of phosphonous acid, i.e., diphenyl
9-anthrylphosphonite 2, is mentioned in Section 2.

Schmutzler and co-workers presented the hydrolysis of 9-(dichlorophosphino)anthracene
18 in CH2Cl2 with water at room temperature, which gave anthryl-H-phosphinic acid 173 in a
77% yield (Scheme 64) [10].
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176 was catalyzed by 3 mol% Pd2(dba)3 CHCl3/Xantphos®  as a supporting ligand and was 

Scheme 64. The synthesis of anthrylphosphinic acid 173.

Yakhvarov et al. reported the synthesis of the first example of dinuclear nickel complex
20 with the bridging anthr-9-yl-P(H)O2 ligands. Anthr-9-yl-phosphinic acid 173 in the
reaction with NiBr2(bpy)2 in dimethylformamide after 8 days at room temperature gave
the nickel complex 174 in a 46% yield (Scheme 65) [75].

Molecules 2022, 27, x FOR PEER REVIEW 35 of 53 
 

 

3.4. Phosphonous acid PIV Tautomers (H-phosphinic Acids) (AnthP(O)H(OH))  

The synthesis of the ester of the PIII tautomeric form of phosphonous acid, i.e., diphe-

nyl 9-anthrylphosphonite 2, is mentioned in Section 2.  

Schmutzler and co-workers presented the hydrolysis of 9-(dichlorophosphino)an-

thracene 18 in CH2Cl2 with water at room temperature, which gave anthryl-H-phosphinic 

acid 173 in a 77% yield (Scheme 64) [10].  

PCl2

(77%)

H2O

CH2Cl2

P
O OH

H

18 173
rt

 

Scheme 64. The synthesis of anthrylphosphinic acid 173.  

Yakhvarov et al. reported the synthesis of the first example of dinuclear nickel com-

plex 20 with the bridging anthr-9-yl-P(H)O2 ligands. Anthr-9-yl-phosphinic acid 173 in 

the reaction with NiBr2(bpy)2 in dimethylformamide after 8 days at room temperature 

gave the nickel complex 174 in a 46% yield (Scheme 65) [75].  

2 [NiBr2(bpy)2]

P2

O OH
H

173

8 days, rt

N

N

Ni
O

O

N

N

N

N

N

N

46%

P

P

O

O

Anth

Anth

HH Ni

174

2

2 Br

DMF

bpy = 2,2'-bipyridine

 

Scheme 65. The synthesis of the binuclear nickel complex 174 with the AnthP(H)O2 ligand.  

The same authors reported the formation of the first example of a neutral dinuclear 

cobalt complex 175 formed in the reaction of cobalt dibromide with 2,2'-bipyridine (bpy) 

and 9-anthrylphosphinic acid 173 (Scheme 66) [76].  

bpy = 2,2'-bipyridine

P2

O OH
H

173

2 bpy Co
O

O

N

N N

N43%

P

P

O

O

Anth

Anth

HH Co

175

2 CoBr2

Br

Br

EtOH

 

Scheme 66. The synthesis of the dinuclear cobalt complex 175 with the 9-anthrylphosphinic acid 

ligand.  

Stawinski and co-workers reported a microwave-assisted (MW) synthesis of a series 

monoaryl-H-phosphinic acids, including anthr-9-yl-H-phosphinic acid 173 [77]. The mi-

crowave-assisted cross-coupling of 9-bromoanthracene 1 and anilinium H-phosphinate 

176 was catalyzed by 3 mol% Pd2(dba)3 CHCl3/Xantphos®  as a supporting ligand and was 

Scheme 65. The synthesis of the binuclear nickel complex 174 with the AnthP(H)O2 ligand.

The same authors reported the formation of the first example of a neutral dinuclear
cobalt complex 175 formed in the reaction of cobalt dibromide with 2,2’-bipyridine (bpy)
and 9-anthrylphosphinic acid 173 (Scheme 66) [76].
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Stawinski and co-workers reported a microwave-assisted (MW) synthesis of a se-
ries monoaryl-H-phosphinic acids, including anthr-9-yl-H-phosphinic acid 173 [77]. The
microwave-assisted cross-coupling of 9-bromoanthracene 1 and anilinium H-phosphinate
176 was catalyzed by 3 mol% Pd2(dba)3 CHCl3/Xantphos® as a supporting ligand and was
carried out in the presence of 2.5 equiv. of triethylamine. Irradiation of the mixture with
a microwave (MW) for 5 min at 120 ◦C produced H-phosphinic acid 173 in an 82% yield
(Scheme 67).
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Scheme 67. The synthesis of anthr-9-yl-H-phosphinic acid 173 from 9-bromoanthracene 1.

Trofimov and co-workers reported another synthesis of anthr-9-yl-phosphinic acid
173 in the reaction of 9-bromoanthracene 1 with elemental phosphorus in a superbasic
medium [78]. The authors treated 1 with 3.3 equiv. of phosphorus red in DMSO and the
mixture of 4.8 equiv. of KOH and H2O as a superbase at 60 ◦C for 3 h (Scheme 68). In this
case, the yield of 173 was only 10%.
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3.5. Phosphinous Acid PIV Tautomers (H-phosphine Oxides) (Anth2P(O)H)

The synthesis of esters of the PIII tautomeric form of phosphinous acid, i.e., phenyl
9-anthryl(1-naphthyl)phosphinite 3 and phenyl dianthrylphosphinite 6, is mentioned in
Section 2.

The 1-(phosphino)-1,4-diphenyl-1,3-butadiene moiety, incorporated with a dibenzobar-
relene skeleton in 177, was synthesized by Ishii and co-workers [79]. They started the synthe-
sis from lithiation of the starting reagent 178 with n-butyllithium to obtain the organolithium
intermediate 179 followed by treatment of the latter with 9-dichlorophosphinoanthracene 18
to obtain the key precursor (Z)-1-(9-anthrylchlorophosphino)butenyne 180. Then, the diben-
zobarrelene structure 181 was obtained by an intramolecular [4+2] cycloaddition reaction of
180 (Scheme 69). Further hydrolysis of 181 gave the secondary phosphine oxide 177, which
exhibited a long-wavelength absorption (λabs = 355 nm) and emission (λem = 442 nm).
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4. Synthesis and Reactions of Phosphonic Acids (AnthP(O)(OH)2) and Phosphonates
(AnthP(O)(OR)2) (Anth = Anthryl)

In this section, PIV organophosphorus-substituted acenes with one P-Csp2 (Anth)
bond, two P-O, and one P=O bonds are reviewed. Hence, this section includes phosphonic
acids and their esters. Interestingly, no thio-and seleno phosphonic acids AnthP(X)(YH)2
and the corresponding hetero-phosphonates AnthP(X)(YR)2 (Anth = anthryl), (X, Y = S, Se)
were reported in the review period.

The synthesis of a series of anthracenes substituted in position 2 with diethoxyphospho-
ryl groups was described by French and coworkers (Scheme 70) [80]. The Arbuzov reaction
of 2-bromo-anthracene 150 with triethylphosphite, catalyzed by nickel bromide, proceeded
in refluxing mesitylene for 20 h and led to 2-(diethoxyphosphoryl)anthracene 182. Then,
the latter was transformed into the disilyl diester by treatment with bromotrimethylsilane
in dichloromethane and next hydrolyzed to the free acid 183 with methanol. Dissolving 183
in an aqueous solution of a stoichiometric amount of sodium hydroxide gave the sodium
salt 184 quantitatively.
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Then, the authors investigated the spectroscopic properties of the obtained compounds,
including the absorbance, fluorescence, and quantum yields Φ [80]. A slight blue shift was
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observed after the conversion of phosphonate ester into phosphonic acid and also when
the phosphonic acid was converted to the corresponding sodium salt. Shifts of 53, 53, and
49 nm were observed for 182, 183, and 184, respectively. Compounds 182, 183, and 184
showed quantum yields of fluorescence Φ = 33%, 40%, and 0%, respectively. Additionally,
compounds 182, 183, and 184 formed micelles in water.

Nagode and co-workers [81] synthesized 1-hydroxy-4-phenyl-2-(dimethoxyphosphoryl)
anthracene 185 using α-diazophosphonate 186, phenylacetylene 187, Hantzsch ester, and
tetrabutylammonium bromide (TBAB) in dichloroethane under blue LED irradiation. This
reaction was conducted at room temperature for 6–8 h and the product 185 was obtained in a
70% yield (Scheme 71).
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Shu et al. [82] described a new synthetic method for the preparation of 2-hydroxy-1-
(dimethoxyphosphoryl)anthracene 188 in the reaction of an imine derivative of azomethine
189 and dimethyl diazophosphonate 190 in the presence of inorganic additives (Scheme 72).
The reaction was carried out at 100 ◦C and the compound 188 was obtained in a 29% yield.
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Nakamura and co-workers [83] studied the photolysis reactions of di(anthr-9-yl)
metylphosphonate 191. The authors demonstrated that upon irradiation with monochro-
matic light at 365 nm, 191 underwent cyclization to 192 (Scheme 73), similarly to the
compound 230 (see below Scheme 87).
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Bessmertnykh and co-authors presented a direct synthesis of 9-(diethoxyphosphoryl)
anthracene 193 bearing an amino group on the aromatic ring at the position 2 in a Hirao
reaction. The authors carried out a reaction of 2-amino-9-bromoanthracene 194 with diethyl
phosphite in the presence of N,N-dicyclohexylmethylamine in refluxing ethanol for 48 h and
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using catalytic amounts of palladium acetate (5 mol %) and triphenylphosphine (15 mol %).
The outcome of this reaction depended on the stoichiometry used (Scheme 74) [84].
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solid. Additionally, the authors observed that [Zr(Anth)2] 196 did not display a time-de-

pendent quenching of the fluorescence emission, suggesting that the photodimerization 
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trimethylsilyl bromide (TMS-Br) of the obtained bis(phosphonate) 200 gave the bis(phos-
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9,10-bis(phosphonic acid) 197c was prepared analogously, based on the procedure by 

Pramanik et al. of the synthesis of the corresponding tetraethyl ester 201 (Scheme 77) [7], 
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197c exhibited red-shift fluorescence. They were deposited on a zirconium dioxide layer 

as triplet-triplet annihilation acceptors.  
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Leenstra and co-workers synthesized zirconium bis-(2-anthrylphosphonate) [Zr(Anth)2]
196 by mixing zirconyl chloride with hydrofluoric acid, sodium hydroxide, and 2-
naphthylphosphonic acid 183 in water for 5 days at reflux (Scheme 75) [85].
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Scheme 75. The synthesis of zirconium bis(2-anthrylphosphonate) 196.

The same authors showed the readily excimer formation of zirconium bis-(2-
anthrylphosphonate) [Zr(Anth)2] 196 as a powdered solid in glycerol and its precursor,
2-anthrylphosphonic acid 183, in methanol solution (Scheme 75) [86]. The fluorescence
spectrum of 196 [Zr(Anth)2] had a broad emission band with a maximum at 448 nm in
the solid. Additionally, the authors observed that [Zr(Anth)2] 196 did not display a time-
dependent quenching of the fluorescence emission, suggesting that the photodimerization
reaction of the anthracene group to bianthryl did not exist in the solid state.

Zhou and coworkers [6] investigated five anthracene-based bis(phosphonic acids), of
which three 197a, 197b, and 197c possessed the direct P-Csp

2 bonding. They were prepared
according to the literature procedures cited there (Scheme 76). Thus, 4,4-(anthracene-9,10-
diyl)bis(4,1-phenylene) bis(phosphonic acid) 197a was synthesized by treatment of 1,4-
dibromobenzene 198 with n-butyllithium, followed by the addition of the resulting 4-bromo-
1-lithiobenzene to anthraquinone and subsequent reduction of the resulting anthryl dialco-
hol to give 199. Then, the Arbuzov-type reaction followed by hydrolysis with trimethylsilyl
bromide (TMS-Br) of the obtained bis(phosphonate) 200 gave the bis(phosphonic acid) 197a
in a 36 % yield (Scheme 76) [87]. Using this procedure and 1,3-dibromobenzene as the start-
ing material, the authors obtained the corresponding regioisomeric 4,4′-(anthracene-9,10-
diyl)bis(3,1-phenylene)bis(phosphonic acid) 197b [88]. Anthracene-9,10-bis(phosphonic
acid) 197c was prepared analogously, based on the procedure by Pramanik et al. of the
synthesis of the corresponding tetraethyl ester 201 (Scheme 77) [7], which was next hy-
drolyzed in this work with TMS-Br to give 197c. Compounds 197a and 197c exhibited
red-shift fluorescence. They were deposited on a zirconium dioxide layer as triplet-triplet
annihilation acceptors.
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Scheme 77. The synthesis of 9,10-bis(diethoxyphosphoryl)anthracene 201.

M. Pramanik et al. [7] synthesized 201 from 9,10-dibromoanthracene 42 in a 37% yield, at
high temperature, using an excess of triethyl phosphite and NiBr2 in 1,3-diisopropylbenzene
(Scheme 77). The compound 201, in the form of fluorescent organic nanoparticles, was explored
as a selective anticancer candidate by apoptosis-mediated cancer therapy towards U937 cells.

In another study, Yazji et al. [89] obtained 9,10-diphenyl-2,6-bis(phosphonic acids)
202a and 202b (Scheme 78) from 9,10-diaryl-2,6-dibromoanthracenes 203a and 203b which
next were transformed to the corresponding 2,6-dilitio derivatives with t-butyllithium,
and then reacted with diethyl phosphorochloridate to give bis(phosphonates) 204a and
204b, which were finally converted, by the hydrolysis of the diester, to the corresponding
bis(phosphonic acids) 202a and 202b (Scheme 78).
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Next, the authors transformed both phosphonate ester groups in 205 to the corre-

sponding bis(phosphonic acid) 206 by refluxing it in an aqueous solution of hydrochloric 

acid for 2 h in an 80% yield (Scheme 79) [91].  

Organic thin-film transistors based on pentacene as a semiconductor were fabricated 

on silicon. A self-assembled monolayer derived from the phosphonate (SAMP) 207a 

showed an improvement over monolayers using octadecylsilane and other phosphonates 

Scheme 78. The synthesis of bis(phosphonic acids) 202a and 202b from 9,10-diaryl-2,6-
dibromoanthracenes 203a and 203b.

The authors investigated the use of these compounds in thin films deposited on a
silicon dioxide surface, acting as nucleation sites for pentacene crystallization. This study
suggested that high optical anisotropy of pentacene, crystallized on such films, indicated
that compounds 202a and 202b changed the silicon dioxide surface into a lattice, which
induced the nucleation of pentacene. A similar study involving 202a and 202b was also
conducted by Cattani-Scholz and co-workers [90], who synthesized these compounds in
the same manner as the group of Yazji et al.

Kabachnik and coworkers demonstrated a synthesis of tetramethyl bis(phosphonate)
205 starting from 9,10-dibromo-anthracene 42 and dimethyl phosphite (Scheme 79) [91].
This reaction was catalyzed by palladium acetate/triphenylphosphine and was carried out
under bi-phasic conditions for 30 h at 70–80 ◦C in acetonitrile in the presence of K2CO3 as a
base and benzyltriethylammonium chloride (BTEAC) as a phase-transfer catalyst (PTC) to
give the desired product 205 in a 70% yield.
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Next, the authors transformed both phosphonate ester groups in 205 to the corre-
sponding bis(phosphonic acid) 206 by refluxing it in an aqueous solution of hydrochloric
acid for 2 h in an 80% yield (Scheme 79) [91].

Organic thin-film transistors based on pentacene as a semiconductor were fabricated
on silicon. A self-assembled monolayer derived from the phosphonate (SAMP) 207a
showed an improvement over monolayers using octadecylsilane and other phosphonates
(Figure 5). These devices had substantially reduced trap states, on/off ratios of 108, sub-
threshold slopes of 0.2 V/decade, and substantially uniform threshold voltages of −4.5 V
across a large number of devices [92].
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Figure 5. General structures of SAMPs 207, 208, and duplexes 209.

Good device characteristics were also measured for the monolayer 207b, in which the
calculated molecular spacings were about 0.7 nm. This created channels that were on the
order of the “thickness” of an aromatic π system, and which could allow intercalation of
pentacene units, favoring a π-stacking motif for this first pentacene layer [93].

Tornow and co-workers synthesized SAMPs 208c–e and self-assembled organophos-
phonate duplexes 209c,d ensemble on nanometer-thick SiO2-coated, highly doped silicon
electrodes (Figure 5) [5].

Most of the reviewed papers in the previous sections discussed organophosphorus-
substituted anthracenes that did not contain other substituents or anthracenes with a very
low degree of substitution. This problem also concerns a group of phosphonates and
phosphonic acids. Bałczewski et al. [70,71] recently presented a new phospho-Friedel–Crafts–
Bradsher cyclization, which enabled the synthesis of highly substituted anthracenes 210. In
this new reaction, (o-diacetaloaryl)arylmethylphosphonates 211 were cyclized under very
mild conditions at room temperature to give 10-(dialkoxyphosphorylanthracenes 212 in a
70–98% yield. The latter were hydrolyzed to the corresponding phosphonic acids 210 in a
67–85% yield (Scheme 80).
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Scheme 80. The phospho-Friedel–Crafts–Bradsher cyclization of phosphonates 211 to sterically hin-
dered anthracenes 212.

5. Synthesis and Reactions of Phosphoric Acids and Phosphates (AnthOP(=O)(OR)2)
(R = H, alkyl, aryl)

Unlike previous sections (except Section 3.3), which reviewed the synthesis and reac-
tions of compounds containing a phosphorus atom linked to the anthracene moiety directly
by the P-Csp2 (Anth) bond, this section and Section 3.3 cover anthracenes that are bonded
to the phosphorus atom indirectly via an oxygen atom by the P -O-Csp2 (Anth) bond.
Interestingly, no hetero-analogs of phosphates were reported in the reviewed period.

Buckland and Davidson [94] investigated the photo-oxidation of 10-
diethoxyphosphoryloxyanthracene 213, which represents a group of acenyl phosphates.
The authors showed that in the presence of oxygen, the photochemically labile phosphate
213, dissolved in acetonitrile, could be oxidized to anthraquinone 50 and diethyl hydrogen
phosphate 214 upon irradiation with a 365 nm monochromatic light (Scheme 81).
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Yamashita et al. [95] conducted a study in which 1,8-dimethoxyanthr-9-ol 215 was used for
the synthesis of 9-bromo-1,8-dimethoxyanthracene 216. The former was treated with diethyl
phosphorochloridate in the presence of sodium hydride, yielding 9-diethoxyphosphoryloxy-1,8-
dimethoxy-anthracene 217. Then, the phosphate/lithium exchange with Li(DTBB)
(DTBB = 4,4′-di-tert-butylbiphenyl) followed by bromination with 1,2-dibromo-1,1,2,2-
tetrafluoroethane gave 216 as a pale-yellow solid in a 30 % yield (Scheme 82).

Another study, carried out by the group of Yamashita and co-workers [96], showed
further application of the Li(DTBB) system towards the substrate 217. When 2.5 equiv. of
Li(DTBB) was used, the reaction followed the path from Scheme 82. However, when an
excess (10 equiv.) of the Li(DTBB) reagent was used, the phosphate 217 was transformed to
1,8,9-trilithioanthracene 218, which then underwent bromination with 1,2-dibromo-1,1,2,2-
tetrafluoroethane to give 1,8,9-tribromoanthracene 219 (Scheme 83).

229
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Scheme 82. The synthesis of 9-bromo-1,8-dimethoxyanthracene 216 via 9-diethoxyphosphoryloxy-
1,8-dimethoxy-anthracene 217 as the intermediate.
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Scheme 83. The conversion of the phosphate 217 to 1,8,9-tribromoanthracene 219.

Takizawa et. al. [4] discovered an enantioselective, oxidative-coupling reaction of
anthr-2-ol 220 with the chiral vanadium complexes 221a and 221b to deliver bianthrol 222,
which was then esterified with phosphoric acid to give 4,4’-bianthryl phosphoric acid 223
(Scheme 84).
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dium complexes 221a and 221b.

The authors investigated the catalytic properties of 223 in the Diels–Alder reaction of
2-cyclohexenone with aldimines; however, it gave only racemic mixtures.

Another application of anthryl phosphates in the Diels–Alder reaction was performed by
Meek and Koh [97], who described the synthesis of 10-bromo-9-(dimethoxyphosphoryloxy)

230
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anthracene 224 obtained from 10,10-dibromoanthrone 225 and trimethyl phosphite. Next, they
applied 224 as a diene in the Diels–Alder reaction with acrylic acid and maleic anhydride,
which delivered adducts 226 and 227, respectively (Scheme 85).
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Scheme 85. The synthesis of 224 and its application in the Diels–Alder reaction with maleic anhydride
and acrylic acid.

Then, the authors [97] described the reaction of anthraquinone anil 228 with trimethyl
phosphite, yielding 9-dimethoxyphosphoryloxy-10-(phenylamino)anthracene 229 as yellow
needles (Scheme 86).
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Scheme 86. The synthesis of 9-dimethoxyphosphoryloxy-10-(phenylamino)anthracene 229 from
anthraquinone anil 228.

Nakamura and co-workers [83] studied the photolysis reactions of tri(anthr-9-yl)phosphate
230. The authors demonstrated that upon irradiation with a 365 nm monochromatic light, 230
underwent cyclization to 231 (Scheme 87). Interestingly, the product 231 could be transformed
back to 230 upon irradiation with a 254 nm monochromatic light.
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6. Synthesis and Reactions of Diphosphenes (Anth(P=PR)) and Derivatives

In addition to anthracenes substituted by one, two, or three organophosphorus groups
with one phosphorus atom in each group, which have been described in previous sections,
this section reviews anthracenes substituted by organophosphorus groups containing two
or three phosphorus atoms.

9-(Diphospheno)anthracenes 232 and 9,10-bis(diphospheno)anthracenes 233, presumably
the first stable (diphospheno)anthracenes, were synthesized by Tokitoh and co-workers [74,98].
The 2,4,6- tris[bis(trimethylsilyl)methyl]phenyl (Tbt) and 2,6-bis[bis(trimethylsilyl)methyl]-4-
[tris(trimethylsilyl)methyl]phenyl (Bbt) groups, reported by Yoshifuji and co-workers, were
employed for stabilization of these molecules [99]. First, 9-dichlorophosphinoanthracene 18 and
9,10-bis(dichlorophosphino)anthracene 234 were readily prepared in moderate yields from 9-
bromoanthracenes 1 and 42. Next, the condensation reaction of TbtPH2 235a and BbtPH2 235b
with 9-dichlorophosphinoanthracene 18 in the presence of DBU (DBU = 1,8-diazabicyclo[5.4.0]
undec-7-ene) as a base afforded 9-diphosphenoanthracenes 232a and 232b as stable red crys-
tals in 71 and 77% yields, respectively (Scheme 88). 9,10-Bis(diphospheno)anthracenes 233a
and 233b were synthesized in a ca. 20% yield in a manner similar to the synthesis of 9-
diphosphenoanthracenes 232a and 232b using 9,10-bis(dichlorophosphino)anthracene 234
instead of 9-(dichlorophosphino)anthracene 18. The UV-vis spectra of 232 and 233 revealed the
electronic communication between the anthryl and P=P units, which was also supported by the
TD-DFT calculations. The monodiphosphene derivative 232a exhibited a weak fluorescence in
hexane solution, whereas the bis(diphosphene) derivatives 233 displayed no appreciable lumi-
nescence under the same conditions. The compounds 232a,b and 233a,b showed absorption
maxima at 380–400, 380–400, 403–426, and 404–427 nm, accordingly.
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Scheme 89. Sulfonation, selenation, and attempted telluration of 232a.  

Thus, sulfonation of 232a gave thiadiphosphirane 236 while selenation delivered 

selenadiphosphirane 237 in good yields.  

Scheme 88. The synthesis of 9-diphospheno- 232 and 9,10-bis(diphospheno)anthracenes 233.

The same research group also examined the specific reactions of the 9-(diphospheno)
anthracene 232a, including sulfonation, selenation, and attempted telluration with trib-
utylphosphine telluride (Scheme 89) [74,100].
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pheno)anthracene 232a, including sulfonation, selenation, and attempted telluration with 

tributylphosphine telluride (Scheme 89) [74,100].  
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Scheme 89. Sulfonation, selenation, and attempted telluration of 232a.

Thus, sulfonation of 232a gave thiadiphosphirane 236 while selenation delivered
selenadiphosphirane 237 in good yields.

Surprisingly, treatment of 232a with tributylphosphine telluride did not result in
telluration via the tellurium transfer. Instead, the reaction yielded triphosphirane 238 as
yellow crystals and the diphosphene derivative 239 as red crystals.

7. Conclusions

In this review, covering the period 1968–2022, the synthetic methods, reactions, and
applications of acenes were discussed. This review revealed that phosphorus-substituted
acenes with a number of benzene rings greater than three remain unknown. This opens
the way for the development of new syntheses of longer acenes and insights into the
properties and novel applications of such materials. Based on the current knowledge of the
properties of multi-ring fused aromatics, it can be predicted that such acenes, especially
electron-tunable (PIII, PIV, PV) phosphorus-substituted tetracenes and pentacenes, will find
more effective applications than lower analogs, mainly in optoelectronics. In particular,
solid-anchored phosphonic acids that form monolayers may provide an example of such
an application [5,92,93].

The second characteristic of the reviewed compounds was the low degree of sub-
stitution of aromatic rings by other substituents than organophosphorus groups and, in
particular, most of anthracene moieties were unsubstituted. Apart from our preliminary
work [70,71], this review showed, practically, a lack of works devoted to the highly substi-
tuted acene systems. It is noteworthy that highly substituted acenes containing thioorganic
substituents showed extremely high thermal and photochemical stabilities, properties that
would be interesting to verify for acenes with organophosphorus substituents [101,102].
Furthermore, the absence of hetero(S, Se)-analogs of phosphonates and phosphates was
recorded during the reviewed period, which additionally opens the way for further research
in this area.
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