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Preface to ”“Boron in Catalysis and Materials
Chemistry: A Themed Issue in Honor of Professor
Todd B. Marder on the Occasion of His 65th Birthday”

Professor Todd B. Marder, a pioneer in boron chemistry, has had an illustrious career featuring
many contributions to science in different fields, while mentoring students who are now academics
and industrial scientists around the world. This special collection of articles in the themed issue
“Boron in Catalysis and Materials Chemistry”, on the occasion of his 65th birthday in
November 2020, is a tribute to his accomplishments and a depiction of the diversity he has
maintained and promoted in his science and his group members.

Ashok Kakkar
Editor
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Professor Todd B. Marder grew up in Brooklyn, New York, and received his BSc from the
Massachusetts Institute of Technology, Cambridge (USA, 1976), and his PhD from the University of
California at Los Angeles (USA, 1981). This was followed by postdoctoral research at the University of
Bristol (UK, 1981-1983). Working with the well-renowned inorganic chemists Professor Alan Davison,
FRS (BSc), Professor Fred Hawthorne (PhD), and Professor Gordon Stone, CBE, FRS (postdoc) embedded
the seeds of curiosity in inorganic chemistry in him, and it initiated his passion for organometallic and
boron chemistry, homogeneous catalysis, dynamic NMR studies, and MO calculations. After two years
as a visiting research scientist at DuPont Central Research, Wilmington, Delaware (USA), he began his
independent academic career at the University of Waterloo (Canada) in 1985, where I first encountered
this young, highly enthusiastic, gentleman inorganic chemist. I am proud to be the first PhD student to
have graduated from his group.

Within a short span of about 8 years, he was promoted first to Associate Professor and then Full
Professor in 1993. Diversity in chemistry was apparent in Todd’s very first collection of young graduate
students: indenyl-rhodium chemistry (Ashok Kakkar); Rh and Pt-acetylide chemistry: Pauline Chow,
Davit Zargarian (Professor at Université de Montreal, Canada), M.J. Gerald Lesley (Professor at Southern
Connecticut State University, USA), Dr. Graham Stringer and Dr. Ian R. Jobe (early postdocs from
Oxford and the University of Western Ontario, respectively); metal boryl complexes and metal-catalyzed
hydroboration chemistry: Steve Westcott (Professor at Mt. Allison University, Canada). As they say, there
is always a woman behind every successful man, and Todd met his wife and a gem of a person, Anne,
who was also teaching at the University of Waterloo. These two are a team that continue to support some
of the best scientists in their care. In fact, their son, Ian, is an Assistant Professor in Criminology in the
Department of Law at Maynooth University, Ireland, so academics run in the family.

With the excellence in chemistry that Todd demanded from himself and his crew, awards started to
follow, the first being the Rutherford Memorial Medal for Chemistry (1995), given by the Royal Society of
Canada to the leading chemist in Canada under 40 years of age.

After spending 12 years in Canada, Todd was lured by the British way of life, and decided to
move from the colonies to the kingdom in 1997, when he accepted the Chair in Inorganic Chemistry
at the University of Durham in England. He received the Royal Society of Chemistry Award in Main
Group Element Chemistry in 2008 for his contributions to the chemistry of boron and its organometallic
compounds and their applications, and a Japan Society for the Promotion of Science (JSPS) Invitation
Fellowship (Japan), a Humboldt (Senior) Research Award (Germany), and the Royal Society (UK) Wolfson
Research Merit Award, all in 2010. It was finally the lure of German beer, sausages and boron chemistry that
brought him to the Institut fiir Anorganische Chemie, Julius-Maximilians-Universitdt Wiirzburg (Germany)
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in 2012, as Professor and Chair I of Inorganic Chemistry, as well as co-Head of the Institute for Sustainable
Chemistry & Catalysis with Boron. Todd also won the Royal Society of Chemistry Organometallic
Chemistry Award and was elected to the Bayerische Akademie der Wissenschaften (Bavarian Academy of
Sciences) in 2015, Fellow of the American Association for the Advancement of Science (AAAS) in 2018,
and Fellow of the European Academy of Sciences (EurASc) in 2019. In 2018, he was also awarded Docteur
Honoris Causa, by the Université de Rennes 1, France.

Todd loves varied cultures, food, and his many friends scattered around the world and, prior to the
current pandemic, would never miss an opportunity to travel both to contribute and to learn. This has led
to several Visiting and similar Professorships in Europe (England, France), Asia (China, Hong Kong, India,
Japan), and Australia (David Craig Visiting Professor at the Australian National University, 2014). He
has served on the editorial board of several journals including Inorganic Chemistry, Organometallics, the
Journal of Organometallic Chemistry, Applied Organometallic Chemistry, Canadian Journal of Chemistry,
Crystal Engineering, and Chinese Journal of Chemistry.

Todd has given over 400 invited lectures worldwide, published over 385 papers with an h-index of 88
and around 25,000 citations (WoS). The co-workers he has trained occupy academic (over 35 of them) as
well as industrial and other positions all over the world, and their success is his proudest achievement.
Indeed, he refers to us as his children, and our academic offspring as his grandchildren, and has even
had the pleasure of supervising a postdoc who was also his academic great granddaughter, Marie-Hélene
Thibault (Professeure adjointe, Université de Moncton, Canada)!

Todd embraces diversity not only in his group members and numerous local and international
collaborators, but also in his research interests [1-20]. For over 30 years, a significant part of his research
has focused on metal-catalyzed borylation reactions, metal boryl complexes, mechanisms of borylation and
other catalytic reactions [1-6], and the development of diboron(4) compounds and their chemistry [7-9].
One of the diboron(4) compounds he developed in collaboration with Prof. N. C. Norman (Bristol
University), namely Byneop,, is now available commercially world-wide and is produced in multi-ton
quantities. He also works in the fields of conjugated organometallic [10], organoboron [11-16] and
organic materials [17-19] for linear and nonlinear optics, 2-photon excited fluorescent cell imaging [15],
DNA/RNA /protein sensing [16], and on crystal engineering using perfluoroarene-arene interactions [20],
among other areas, often combining several areas of his research in a single project.

Boron chemistry continues to offer a diverse platform for new directions in catalysts [21-23], as well
as new cluster [24,25] and other materials [26-30] with varied applications, as indicated in these reviews,
some by authors of papers in this issue. Professor Todd B. Marder has contributed significantly to expand
the scope of boron chemistry, and it is an honor to celebrate his achievements, and mark his 65th birthday
with a Special Issue of Molectles: “Boron in Catalysis and Materials Chemistry: A Themed Issue in Honor
of Professor Todd B. Marder on the Occasion of His 65th Birthday”. It includes excellent review articles
on conjugated N"C-organoboron materials, and tri(boryl)-alkanes and -alkenes as versatile reagents in
organic synthesis [31,32], and research articles depicting diversity [33-39], as noted in the research interests
of Professor Marder. We thank all the authors for joining us to congratulate Todd, and for making this
issue a successful one through their excellent scientific contributions.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Boron-containing m-conjugated materials are archetypical candidates for a variety of
molecular scale applications. The incorporation of boron into the m-conjugated frameworks
significantly modifies the nature of the parent 7-conjugated systems. Several novel boron-bridged
m-conjugated materials with intriguing structural, photo-physical and electrochemical properties have
been reported over the last few years. In this paper, we review the properties and multi-dimensional
applications of the boron-bridged fused-ring m-conjugated systems. We critically highlight the
properties of m-conjugated N"C-chelate organoboron materials. This is followed by a discussion on
the potential applications of the new materials in opto-electronics (O-E) and other areas. Finally,
attempts will be made to predict the future direction/outlook for this class of materials.

Keywords: boron; m-conjugated materials; opto-electronics; tetracoordinated

1. Introduction

The continuing development in the area of 7-conjugated materials during the last few decades is
the result of the combined interdisciplinary research interests of chemists, physicists, and materials
scientists [1]. This class of materials provides an excellent platform to merge the features of organics
with inorganics to obtain hybrid materials [2,3]. -Conjugated materials are of considerable interest to
academic and industrial researchers compared to conventional inorganic semiconductor materials,
which have involve costs and labor-intensive fabrication procedures. The synthetic versatility, solution
processability, and ability to tune their photophysical properties render conjugated organic materials
as attractive candidates for applications in various domains of materials science [4].

To realize a material with superior optical and electronic properties for real-life applications, one
or more strategies, such as ring expansion, m-length extension, and metal or main-group element
incorporation into the 7-conjugated organic system are being adopted. Among these, the incorporation
of a non-carbon dopant is an emerging strategy, as it induces a network of covalent and non-covalent
interactions, and allows fine tuning of the frontier orbitals (FOs) and the intramolecular charge transfer
(ICT) processes. In the last two decades, a plethora of molecular and polymeric systems incorporating
heteroatoms (viz. N, Si, S, Se, B, and P) have been reported with intriguing properties and applications.
In particular, research on 7-conjugated organoboron materials has seen a tremendous upsurge due to
high usability in several real-life applications. Both three and four coordinated B-based conjugated
materials have been reported. In this review, we wish to present properties and applications of
N"C-chelated tetra-coordinated B-based conjugated oligo- and polymeric materials.
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2. Boron-Bridged m-Conjugated Materials: Properties and Features

Boron (B, atomic number = 5, electronic configuration = 1s2 25> 2p!) is a group 13 element with three
valence electrons and two vacant p-orbitals. Depending upon the chelating and auxiliary fragments
present, a m-conjugated organic backbone can be attached to the B-center to realize trigonal planar
and tetrahedral organoboron compounds. The chelation of organic and inorganic fragments induces
rigidity into the framework, along with enhanced 7-conjugation and improved photoluminescence (PL)
properties [5,6]. Consequently, physio-chemical properties, stability, and applications of the resulting
materials can be significantly controlled and tuned by variation of the coordination environments
around the B-center.

The trigonal planar B-fragment is considered to be isoelectronic with the carbocation (sp?
hybridization with one unoccupied p, orbital); thus, it is formally electron deficient (Lewis acid).
Therefore, when it is incorporated into a 7-conjugated framework, there is an overlap between the
p orbital of boron and m-orbitals of the organic segment, leading to significant delocalization and
PL property modulation [7]. It is interesting that the vacant p-orbital can be both advantageous and
detrimental. The benefit of this vacant orbital is that it can be exploited to tune PL properties through
Lewis base coordination. On the other hand, low stability against moisture (or other nucleophiles) is
also attributed to this vacant orbital. To overcome this challenge, one or more bulky substituents such
as 2,4,6-trimethylphenyl (Mes), 2,4,6-tri-iso-propylphenyl (Tip), and 2,4,6-tris(trifluoromethyl)phenyl
(FMes) are often employed. These substituents not only modulate electron density over the material
but also sterically shield the boron atom and provide kinetic stability towards air and moisture. Overall,
a trigonal planar boron system functions as a strong m-acceptor and a o-donor [8]. Exploiting these
features, a number of main/side chain, cyclic, and Lewis acid-base type B-functionalized materials are
available with intriguing properties and applications.

As mentioned above, coordination of vacant p,, orbital of the B-atom paves a unique way to develop
new materials with tunable properties. A range of neutral tetracoordinated organoboranes can be
obtained by forming covalent bonds with mono-anionic chelate ligands. Tetracoordinated B-units can
act as electron-donating substituents. A large number of chelating ligands based on C, N, and O donors
have been synthesized and reported by different groups. Unlike three-coordinated compounds, boron
atoms here play a more significant role in tetracoordinated boron compounds with the opportunity to
fine tune the properties via modulation of electronic and steric effects. The introduction of a boron
atom in tetracoordinated disposition within a conjugated framework enhances the planarity of the
host (conjugated) structure, leading to improved charge transfer and other properties [9]. Besides,
tetracoordinated organoboron structures possess high stability and rigid structure, leading to high
fluorescence quantum yields. B < N coordinate bond is labile compared to the B-F bond; this feature
can be exploited to develop molecular switches with on-off PL properties [10]. In the literature,
synthesis, characterization, and applications of numerous C"O- [11], N"O [12], N"N [13], N*C [14],
C"C [15], and O"O [16] chelated B-containing m-conjugated materials have appeared. These chelating
sites come from pyridine, thiazole, iso-quinoline, pyrimidine/quinoline, pyrazine, imidazole, and
other cores.

In this review, we wish to present the features and properties of N"C-chelate tetracoordinated
m-conjugated oligomeric and polymeric materials (Figure 1). In the last two decades,
such organoboron-functionalized materials have been extensively studied by the research groups
led by Wang, Pischel, and Yam, among others. They discovered several new features and properties
associated with these materials. In this review we highlight the recent advances in the new area of
N"C chelate compounds because these materials display promising PL features and a specific area has
not been reviewed previously. Readers interested in related topics are referred to the reviews [17-23].
We have divided this review into five main headings. Following this introduction (Section 1), we have
briefly compared the features of tricoordinated and tetracoordinated Boron-bridged m-conjugated
materials in Section 2. In Section 3, we have discussed the properties of different N"C-chelate-based
organoboron compounds. We have reviewed and compared properties of some classical compounds
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in conjunction with recent ones. Following this, we have outlined some applications of N"C-chelate
m-conjugated oligomeric and polymeric organoboron materials in Section 4. In this section, applications
such as O-E, imaging, sensing, and other areas have been covered. At the end, in Section 5, we discuss
the opportunities and challenges existing in this area of research.

-C R =

. :®, Symmetric or assymteric
—/’R ancillary ligands

n—conjugated N-/C-donating
chelating fragments

Figure 1. General structure of N"C-chelate organoboron materials discussed in this review. Ar! and
Ar? represent aromatic N/C-donating fragments while R represents symmetric or asymmetric
ancillary ligands.

3. m-Conjugated N"C-Chelate Organoboron Materials

Developed around a decade and a half ago, tetracoordinated N"C-chelate organoboron compounds
are a unique class of photoresponsive materials. Figure 2 depicts a simple 2-phenylpyridine (ppy)
based N"C donor ligand and the effect on the lowest unoccupied molecular orbital (LUMO) energy
level upon borylation [24]. As is clear, borylation of a ppy ligand causes polarization of the LUMO.
For instance, in non-borylated material, pyridine and phenyl rings contributed ~43% and ~55%,
respectively to the LUMO level. Upon B-N coordination, the major contribution was from pyridine
ring (~74%) indicating the polarization of the orbitals. This, in turn, led to modulated energy levels and
stability (viz. destabilization of phenyl 7t* and the stabilization of pyridine 7* orbital) of the compound.
In addition, it has also been demonstrated that borylated unit possesses a significantly lower LUMO
energy than their non-coordinated counterparts. The replacement of ancillary ligand such as bromine
by an aromatic ring such as a thienyl or a phenyl ring has been found to increase the thermal and
chemical stability of N"C-chelate organoboron materials [25]. The above-mentioned features motivated
researchers to develop new materials with modified C and N-based fully color tunable materials [26,27].
In the subsections below, we discuss properties of different N*C-donor based organoboron compounds.

N=
- N\ 4 X
@—Q 1 B-N @ 3

@ <) coordination

43% 55% 20% | 74%

LUMO LUMO

Figure 2. Schematic representation of molecular orbital polarization induced by B-N coordination.
Reproduced with permission from reference [24].
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3.1. 2-Arylpyridine-Derived N"C-Chelates

In 2008, Wang and coworkers discovered that the ppy-BMes, organoboron compound (1, Figure 3)
undergoes intramolecular C-C/C-B bond rearrangement to produce reversible isomerized 1a and
an irreversible isomerized 1b (Figure 3) products accompanied by a dramatic change in color [28].
Structure property relationship studies using symmetrical and unsymmetrical systems indicated that
a bulky substituent (viz. mesityl) on boron fragment is required to initiate the photoisomerization
process. In asymmetrical systems (2, Figure 3), borirane ring formation takes place regioselectively on
the less bulky substituent attached to boron (2a; Figure 3). Further thermally assisted transformation
produced 4bH-azaborepins (2b; Figure 3) [21]. It has been found that in a multi-borylated 7-conjugates
systems, isomerization takes place at one boron center only while others remain intact and assist this
process via ICT [29]. Despite this fascinating process, the rearranged “dark” products significantly

(BOMes)3 :
(1b)

limit their usability for real-life applications [30].

1\
>N
Symmetric /@i i hea* Nz

Asymmetric

5
7

|
o

Figure 3. Photoisomerization and oxidation of symmetric and asymmetric organoboron compound
ppy-BMes; (Mes = mesityl).

In order to control such process and to increase photochemical stability, several modifications
(such as modulation of electronic factors and steric congestion) have been suggested [31,32]. It is shown
that the functionalities attached to the chelating/auxiliary units significantly affect the isomerization
process [33]. For instance, when a m-conjugated metal acetylide fragment was attached to the pyridine
ring, a significant quenching of the photoisomerization (at boron unit) resulted, owing to a low-lying
intra-ligand charge transfer (ILCT)/ metal to ligand charge transfer (MLCT) triplet state [34]. On the
other hand, conjugation extension using an olefin was found to be an effective strategy as it inhibits
photoisomerization (at boron unit) via dissipating energy through the alternative cis-trans isomerization
pathway (3 and 4, Figure 4) [31]. This cis—trans isomerization of the olefinic bond has also been found to
be modulated by metal chelation in such systems [35]. In contrast to this study, authors found that when
a bithienyl unit is attached via an alkynyl ligand, it completely turned off photoisomerization arising
from the N,C-chelate boryl core (5 and 6, Figure 4). They attributed this to relatively low-lying t — m*
transition state of the bithienyl unit along with its effective competition with the CT transition of the
boryl unit [36]. A similar observation was made by Yam et al. [37] Here, the authors merged photoactive
diarylethene-functionalized NAC chelated thienylpyridine with bis-alkynyl borane complexes.
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Figure 4. Photoisomerization processes in alkyne and olefin-containing organoboron compounds.

In order to examine the competitive photoisomerization processes, Wang and coworkers [38]
prepared a series of cis and trans Pt(Il) acetylides containing two photochromic units; i.e.,
dithienylethene (DTE) and B(ppy)Mes, (7a—c, Figure 5). Interestingly, in such systems, DTE showed
preferential reversible photochromism over the boryl unit while the latter enhanced photoisomerization
quantum efficiency of the DTE via antenna effect. The quantum efficiency (open — closed) of the
system follows the order 7a < 7b < 7c. In order to realize a swift reversible isomerization process,
the presence of bulky groups and electron-donating groups has been found to be favorable while the
opposite was found for the presence of electron withdrawing groups on the N"C-chelate [39]. Similarly,
cyclometallation of the N"C ligands also quenched the photoisomerization process of the B(ppy)Mes,
chromophore [40]. Several other studies have been carried out to obtain an in-depth knowledge of
such chromophores and more can be found in references [38,41-46].

Figure 5. Examples of borylated materials in which two photochromic units are separated by cis,
trans-Pt(Il)-acetylide, and Si-containing spacers.

Through various structural modifications and analogues, it has been established that
photoisomerization could also be extended to N"C-chelate in addition to the ppy systems [47].
For instance, in a recent work, Wang and coworkers [47] replaced pyridine by a pyrazole as the N-donor
(8, Figure 6) and reported its two-stage photoreactivity. These new systems undergo photoisomerization
to produce thermally stable aza borata bisnorcaradienes (8a), which upon prolonged irradiation led
to isomerize products 14aH-diazabor-epins or BNN-benzotropilidene (8b). Although irreversible,
formation of such interesting isomeric products is rare and opens up new vistas for researchers.
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Figure 6. New generation organoboron compounds with rare two-stage photoreactivity.

3.2. 2-Arylthiazole and Aminobenzothiadiazole Derived N"C-Chelates

Research work on 2-arylthiazole as the N"C-chelates dates back to 2006 when Yagamuchi
and coworkers reported the synthesis and hole mobility properties of mono, di, and oligomeric
thienylthiazole-based tetracoordinated B-materials [48]. They found that the incorporation of boryl
units into the thienylthiazole core promotes a planar configuration of the 7-conjugated framework by
intramolecular B-N coordination, which reduces the LUMO level and increases the electron-accepting
ability (electron affinity) of the materials. Later they found that the electron affinity along with the
thermal stability of the materials can be further improved by replacing thienyl by a C¢F4 moiety
and by coordination with (C¢Fs),B [49]. For example, Figure 7 shows the effect of borylation on
thienylthiazole-based N"C-chelates [50]. As can be seen, the LUMO level of the chelated system
reduces upon borylation and further dips upon the modification of ancillary ligands. Similarly, Wang
and co-workers reported a decrease in HOMO/LUMO energy level (by 0.6 eV) of a conjugated system
upon B-N coordination [51].

i\’/é_) vs. (—w Modification of the electronic structure

by intramolecular B=N coordination bonds

I'
Ar= Mesn:y] Ar=4-CFCgH, Ar=35-(CF3):CeHs

KS-LUMO EE S‘

—ﬂ 57 eV

Energy

-1.83 eV
-0.36 eV iy
., =2.37eV
.. —2.58 eV
-0.44 eV ~ Ap—
-0.21eV

Figure 7. Effect of merging pyridine with phenyl followed by B-N coordination on the LUMO levels.
Reproduced with permission from reference [50].

Benzothiadiazole (BTD) is a well-known strong electron-acceptor and is used to develop
high-performance donor-acceptor (D-A) materials. BTD-containing materials often possess low
band gaps, intense absorption, and emission that extends to the visible to near infrared (NIR) region,
and thus are considered as unique materials for opto-electronics (O-E) and other applications [52].
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Besides, it has also been reported that HOMO-LUMO energy levels of N"C-chelate organoboron
compounds can be tuned via changing the exocyclic boron substituents [53]. Ingleson and coworkers
reported simple routes to realize (N"C-chelate)B(aryl), species (9-15, Figure 8) [54,55]. They found that
the incorporation of borylated aryl amine donor units in compound 9 (Ar = C4¢F5) raised the HOMO
level, thereby lowering the band gap (~1.5 eV). Despite the fact that the borylated D—A-D material

possesses Amax. > 700 nm, low PL quantum yields was the main drawback to these systems.

A

/B Ar S\ —] Al B\
N\/N NBA’ " NNBA PhB\NN
PhN NPh, O O O ' Br an
0 Q ‘
Ar=Ph or CeFs CBH” CgHiz CeH17 CeHyr CaHn
©) (10) ) (12)
Ph Ph
Ph— B\N W N N~B Ph
CgHi7  CeHiz CgH
CgHy7 CgHq7. 817 CeHi7

(15)

Figure 8. Some examples of BTD-containing N"C-chelate organoboron compounds.

An analysis of the molecular structure of such systems indicated the presence of strain arising

from the steric bulkiness of the groups attached to the B-center and the BTD unit. Such a strain can lead
to the formation of B-N bonds that can be broken reversibly. Based on this idea, Shimogawa et al. [56]
reported a near infrared (NIR) emitting Mes, B-substituted BTD material 16 (Figure 9a) having the ability
to reversibly form intramolecular B-N coordination bonds. Such reversible bond breaking/formation
has a direct effect on the electronic properties and color that are visible to the naked eye. For example,
compound 16a, depending upon its bond formation/cleavage exhibited interesting thermo, solvo,

and mechanochromism features (Figure 9b—d).
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Figure 9. (a) Reversible formation of an intramolecular B-N coordination bond in 16a. (b) Photographs
of 16a as an annealed film, yellow crystals, solution in CHCl3, and cast film; (c) thermochromism of 16a
in toluene; and (d) yellow crystals of 16a before and after grinding. Reproduced with permission from
reference [56].
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3.3. 2-Arylquinolines-Derived N"C-Chelates

Molecular fluorophores capable of absorbing and emitting light at different wavelengths are
highly desirable for OE and bioimaging applications. In this quest, Shaikh et al. [57] reported
molecular fluorophores based on 2-arylquinoline chelates (17a—f, Figure 10). The substituents present
on the quinolines or on the boron center control the color of the emission. Because of their intense
luminescence covering the whole visible region, the fluorophores were used for the imaging of
breast cancer cells (MCEF 7). Cell viability assays indicated the safe nature (at 1 tM) of organoboron
compounds. Extensive bioimaging studies revealed its potential for targeted imaging. Bachollet et
al. [58] carried out an extensive structure—-optical property relationship study on bipyridine-based
tetracoordinated B-materials (BOBIPYs). The new BOBIPYs showed promising properties, such as
solid-state luminescence, blue to green emission, and high quantum yields. One of the derivatives based
on compound 18 (Figure 10) has the potential to be used as an imaging probe. Other quinoline-based
systems with aggregation-induced emission (AIE) properties have also been reported [59].

®
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i - 3 O)
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R =Me, n-Octyl Br
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17e)
R = Me, Et, n-Octyl, Phenyl, Br

Ry =R;=H, R3 + R4 = benzo
Ry =R4=H, R, + R3 = benzo
R3=R4=H, Ry + Ry = benzo

Figure 10. Some examples of 2-arylquinoline-derived N"C-chelates.
3.4. 1-Arylisoquinolines-Derived N"C-Chelates

N"C-chelate organoboron dyes, including those with arylisoquinoline ligands (19-20, Figure 11),
display high stability in air-equilibrated media, and an excited state intramolecular charge-transfer
(ICT) character leading to high Stokes shifts, solvatofluorochromic behavior, and high photochemical
stability [60,61]. Pischel and coworkers [61] found that the m-extended system 20a—c (Figure 11) exhibits
unique two-photon absorption (TPA) properties in the NIR region. In such compounds, the presence
of D/A moieties on the termini significantly affected the two-photon absorption cross-section and
emission properties. For example, the compound having the donor-m-acceptor (D-m-A) configuration
20a (X = NMe;) showed TPA cross Section 59 GM (960 nm) and 95 GM (700 nm). On the other hand,
compound 20b, having the acceptor-r-acceptor (A-m-A) configuration showed TPA cross Section 14 GM
(900 nm) and 223 GM (700 nm). The values higher than their non-extended counterpart 20d (20 GM at
710 nm and 13 GM at 840 nm) clearly indicated the usefulness of the extension of the m-conjugation via
the alkynyl core.
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(19)
R =H, OMe, NMe,, N-Methyl piperazine

(20a)
X= OMe, NMe,

OCHj

(21)
R = OMe (a), N-Methyl piperazine (b)

M enantiomer
(22a)
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(22b)
X = H, OMe, NMe,

Figure 11. Some examples of 1-arylisoquinoline-derived N"C-chelates.

Similarly to 16a (Figure 9), arylisoquinoline-based borylated compounds 21a and b (Figure 11)
exhibited a unique steric hindrance-dependent response against temperature and PL properties.
These systems exhibited a different geometry in the ICT excited states and thus acted as molecular
thermometers [62]. For instance, 21a has a three-times higher emission quantum yield than the sterically
hindered compound. Likewise, the sterically hindered compound showed no temperature effect.
In contrast to this, the emission properties of compounds with helicene-type substituents on a borylated
arylisoquinoline skeleton 22a and b (Figure 11) were found to be controlled by the electron-donating
substituents on the helicene-type cores [63].

4. Applications

Design and development of electronic devices based on conjugated organic materials have seen a
huge upsurge in the last few decades. This is due to their synthetic flexibility, excellent film-forming
properties, and tunable electronic properties which gained them popularity [64]. As highlighted in the
sub-sections above, the PL properties, stability, and applications of B-containing conjugated polymers
are greatly determined by the lability of the B-N coordination bond, N"C-donating, 7t-conjugated cores,
and the ancillary ligands. Based on this, several tetradentate B-based small, large, and polymeric
m-conjugated materials have been tested for a range of applications. Since we restricted ourselves to N"C
based conjugated materials, we highlight some pertinent examples and applications of such materials.

4.1. O-E Applications

4.1.1. Organic Light Emitting Diodes (OLEDs)

For applications as OE components, and sensory or imaging probes, both oligomeric and polymeric
systems have been tested. Among these, polymeric materials are favored over oligomeric systems
due to manifold benefits. The intense emission extending to the Vis-NIR region, high quantum yield,
and charge carrier mobility are some of the important features that make organoborons promising
candidates for full-color tunable light emitters [5]. It has been shown that B-N coordination improves
EL properties of the luminogens [65]. As discussed before, tetracoordinated B-materials act as
electron-donating substituents, and in the presence of a suitable acceptor (such as BT), they create D-A
systems with low lying LUMOs. Ingleson and co-workers found that BTD-based D-A materials 23a—c
(Figure 12) possess low LUMO energy levels, minimally changed HOMO energy levels, far red/NIR
emission with solid state quantum yields of up to 34%, and good stability towards moisture [66].
OLEDs fabricated using these materials showed low turn-on and operation voltages. Among the
reported compounds, OLED fabricated using 23a showed the maximum external quantum efficiency
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(EQE) value of 0.46% (Table 1) with the EL emission maxima (Amax) at 678 nm. The EL value improved
slightly (0.48%, Amax = 679 nm) upon changing the device architecture (95:5 wt% PF8BT/23a).

Cst Cer
"NBPh hBN\ ’NBcstcGFSBN‘
CgHi7~ CgHyz CgHy7~ CgHyz
(23a) (23b) (23¢)

>

W Q@ QOO

C6H5 CsHs
(24) 25a, X, =F, X, =H
25b, X, =X, =F

Figure 12. Examples of N"C-donating, m-conjugated cores as OLEDs materials.

Table 1. OLED performances of different t—conjugated N"C-chelate organoboron materials.

Current Power
Comp. # Device Architecture EQE (%) Efficiency Efficiency Ref.
(Cd/A) (Im/W)
23a ITO/Plexcore OC/PF8-TFB/PF8-BT/PF8-TFB/23a)/Ba 0.46 - - [66]
23b ITO/Plexcore OC/PF8-TFB/PF8-BT/PF8-TFB/23b)/Ba 0.14 - - [66]
23c ITO/Plexcore OC/PF8-TFB/PF8-BT/PF8-TFB/23c)/Ba 0.13 - - [66]
ITO/PEDOT:PSS/TAPC/mCP/mCPCN doped with a a
25a 252)/3TPYMB/LIF/Al 20.2 63.9 66.9 [67]
ITO/PEDOT:PSS/TAPC/mCP/mCPCN doped with b b
25b 25b)/3TPYMB/LiF/Al 26.6 88.2 81.5 [67]
26 ITO/HAT-CN/x-NPD/CCP/EML/PPF/TPBi/Liq/Al 22.7 56.4 44.3 [24]
27a ITO/PEDOT:PSS/27a/MCP/3TPYMB/TmPyPB/LiF/Al 1.1 1.6 1.0 [68]
27b ITO/PEDOT:PSS/27b/MCP/3TPYMB/TmPyPB/LiF/Al 1.3 48 3.0 [68]
27c ITO/PEDOT:PSS/27b/MCP/3TPYMB/TmPyPB/LiF/Al 09 1.4 0.9 [68]

2 = Peak value at 8 wt% concentration; ® = Peak value at 25 wt% concentration; ITO = indium tin oxide; OC = organic
conductive; PF8-TFB = poly[(9,9-dioctyl-fluorenyl-2,7-diyl)-co-(4,40-(N-(4-sec-butylphenyl)-diphenylamine)];
PF8-BT = poly[(9,9-di-n-octyl-fluorenyl-2,7-diyl)-alt-(benzo[2,1,3]-thiadiazol-4,8-diyl)]; PEDOT:PSS = poly
(3,4-ethylenedioxythiophene): poly(styrenesulfonate); TAPC = di-[4-(N,N-ditolylamino) phenyl] cyclohexane;
mCP = N,N-dicarbazolyl-3,5-benzene; mCPCN = 9-(3-(9H-carbazol-9-yl)phenyl)-9H-carbazole-3-carbonitrile;
3TPYMB = tris-[3-(3-pyridyl)mesityl]borane; LiF = lithium fluoride; HAT-CN = 1,4,58,9,11-hexaaza
triphenylenehexacarbonitrile; «-NPD = 4,4’-bis-[N-(1-naphthyl)-N-phenylamino]-1,1’-biphenyl; CCP =
9-phenyl-3,9"-bicarbazole; EML = emission/emitting layer; PPF = 2,8-iso (diphenylphosphoryl) dibenzo[b,d]furan;
TPBi = 1,3,5-tris(N-phenylbenzimidazol-2-yl)-benzene; Liq = 8-hydroxyquinoline lithium; MCP =
N,N’-dicarbazolyl-3,5-benzene; TmPyPB = 1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene.

Due to their well separated FO, high solid-state quantum efficiency, and small AEgs — 1, Wang and
coworkers [69] fabricated OLEDs based on compound 24 (Figure 12). However, this material failed
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dramatically and degraded under operational condition, thereby displaying very poor performance.
They suggested that such systems undergo photo-oxidation or exciton-driven transformations within
OLEDs, and thus N,C-chelate organoboron compounds bearing an amino group are not suitable for use
as emitters in OLEDs. However, another study proved this finding wrong. By replacing phenoxazine
by a N,N-diphenylamino core (present over ancillary boron) and introducing one or more F-atom
on the C-donating ppy yielded high quantum yield (56.4-100%) materials 25a-b (Figure 12) with
significant delayed fluorescence (Figure 13a,b) [67]. OLEDs that contain dopant 25a (8 wt%) exhibited
an EQE value 20.2%, while those fabricated using 25b (25 wt%) showed nearly 27% EQE with high
current (~64 and 88 Cd/A) and power efficiency (~67 and 82 Im/W) (Figure 13c,d and Table 1). These
values (~27%) are considered as some of the best values for thermally activated delayed fluorescence
(TADF) materials-based OLEDs. Fluorination not only improved the OLED performance, but also
its stability.
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Figure 13. Absorption (arrow towards left) and emission (arrow towards right) spectra of (a) 25a,
and (b) 25b in solid (black), and in toluene (red), DCM (blue), and ACN solution (green) at 298 K.
Fabricated TADF OLED of (c) 25a (8 wt%) and (d) 25b (25 wt%) devices. Reproduced with permission
from reference [67].

Bipolar molecules are considered as a unique class of materials for OE applications as they can
transport both the electrons and holes. Despite the fact that bipolar molecules bearing D and A
fragments are well known for their ability to enhance TADF, one main challenge in their use as host
material is the compression of the band gap via ICT processes, leading to reduction in the device
performance. Fortunately, in tetrahedral N"C coordinated materials, the B-atom acts as a node as it
separates the FOs, thereby making TADF materials excellent candidates as colorful emissive materials
in OLEDs. Matsio and Asuda [24] reported a twisted organoboron TADF molecule 26 (Figure 12),
bearing ppy-BPh; as the acceptor and a spiro[2,7-dimethylacridan-9,9’-fluorene] (MFAc) as the D
units. OLED fabricated using 26 showed EL an emission maxima (Amax) at 494 nm (i.e., intense green
color) leading to 22.7% EQE with high current (56.4 Cd/A) and power efficiency (44.3 Im/W, Table 1).
On the other hand, devices doped with spiro compounds 27a—c (Figure 12) exhibited tunable EL
emission color [68]. Clearly, the presence of different N-donating substituents had a marked effect
on the emission. For example, a device with dopant 27a exhibits a blue emission (Amax = 468 nm);
27b showed a green emission (Amax = 519 nm); and 27¢ showed red EL (Ayax = 605 nm, Table 1).
Recently, Adachi and coworkers found that the OLEDs fabricated using dopant 28 (Figure 12) exhibit a
very high efficiency (up to 10.5%), and surpasses the theoretical limit (5%) for conventional fluorescence
emitters [70].

4.1.2. Organic Field-Effect Transistors (OFETs)

Organic field-effect transistors (OFETs) have great potential to be developed as next-generation
flexible displays, and e-skins. However, compared to p-type semiconductors, a limited number
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of investigations has been carried out on the n-type materials. Based on the idea that borylation
significantly rigidifies the backbone and increases the electron affinity of the resulting materials, new
generation OFETs have been developed. For example, Wang and coworkers [71] designed A-m-A
type small organic frameworks incorporating indandione and 1,1-dicyanomethylene-3-indandione as
acceptors bridged by thienylthiazyl-boron-core (29a—c, Figure 14). They found that OFETs fabricated
using 29a did not work, which was attributed to the steric hindrance and small size 7-core. On the
other hand, 29b and 29¢ based semiconducting layers exhibit high performance. In fact, 29¢ showed
the highest electron mobility value (~1.4 x 1072 ecm? V1571 reported for small organoboron molecules.
They attributed this high performance to increased interchromophoric interactions imparted by the
acceptor units with an extended 7-surface. Additionally, devices based on 29¢ showed much more
defined structures and high crystallinity. Besides, control experiments (using C-analogue) indicated
that the borylation is an effective way to realize n-type materials [72].
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Figure 14. Examples of N"C-donating, -conjugated cores as OFETs materials.

Similar results (structure dependent electron/hole mobilities) were found for semiconductors such
as 30 (Figure 14) [73]. It was noted that the transport characteristics (n-type) of fluorinated systems
(30b) were much better than non-fluorinated ones (30a). OFETs studies (top gate/bottom contact
TGBC configuration) indicated ambipolar transport characteristics of these materials. Because of the
coplanar backbone conformation of the polymers, both 30a and 30b show impressive hole and electron
mobilities (1073-10"2 cm? V-1 s71), with 30b being more effective (~2X) for electron mobility than 30a.
On the other hand, OFET tests indicate a well-defined p-type characteristic for both 31a-b (Figure 14).
The hole mobilities of 31b and 31a tested by OFETs are 0.059 and 0.035 cm? V! 571, respectively [74].

4.1.3. Photovoltaics

Oligo and polymeric m-conjugated N"C-chelate organoboron materials have also been tested
as component (donor, acceptor, or dye) in bulk heterojunction (BHJs) and dye sensitized solar cells
(DSSCs). As discussed before, science is advancing towards the development of the next-generation
organic electronic devices, also called plastic electronics. In the design and development of light
to electricity converting devices (solar cells), all-polymer solar cells (all-PSCs) are in great demand.
To realize all-PSCs, development of new acceptor materials is one of the most challenging tasks [75].
This is why compared to donor materials, fewer research initiatives have been carried out in the area of
acceptor materials.

Fortunately, N"C-chelate organoboron materials fulfill the requirement of promising acceptor
materials due to their unique structures and excellent optoelectronic properties [76]. Several
tetracoordinate organoboron materials are available with low band gaps and LUMO levels comparable

18



Molecules 2020, 25, 2645

to PC41BM’s LUMO level [72]. While developing materials with high efficiency, Wang and workers [77]
found that the electron mobility of a borylated polymer can be significantly modulated by reducing the
steric hindrance effect. Using this knowledge, they developed acceptors 32a—c (Figure 15) exhibiting
power conversion efficiency (PCE) up to 4.95% (Table 2). Similarly, halogenation is an effective
strategy to regulate the performance of PV materials. To understand the effect of halogenation on OE
properties, Huang and co-workers [76] reported 33 (Figure 15) with different halogens installed on
the donor fragment. This arrangement (BDT as acceptor and halogenated CN borane as acceptor) led
to weakened ICT transitions. Depending upon the presence and the type of halogen, downshifted
energy levels and varying efficiency were observed. For example, polymer 33 (X = Cl, 1 = 4.10%,
Table 2) showed higher efficiency than 33 (X = F, 1 = 3.65%, Table 2), which in turn were better than
non-halogenated 33 (X = H, 1 = 1.54%, Table 2). A further significant improvement in the efficiency was
noted when benzodithiophene fragment from 33 was replaced by a thiophene or 3,4-difluorothiophene
34 (Figure 15) [73]. Good coplanarity, narrow bandgap, downshifted energy levels, and extended
absorption profiles (350-800 nm) were some of the features found with 34. A BHJ device fabricated
using acceptor 34 (X = F) exhibited a very high PCE (8.42%, Table 2) attributed to the favorable film
morphology, balanced charge carriers, and collection among others.

Table 2. PV (all-PSCs and DSSCs) performances of selected m-conjugated N"C-chelate
organoboron materials.

. . Voe Jse FF PCE?
Comp. # Device Architecture W) (MA/em2) (%) %) Ref.
ITO/PEDOT:PSS/PTB7-Th:32a/Ca/Al 0.92 1137 48 495
32a ITO/PEDOT:PSS/PTB7:32a/Ca/Al 0.93 9.05 45 371
120 ITO/PEDOT:PSS/PTB7-Th:32¢/Ca/Al 1.08 051 2 0.10
ITO/PEDOT:PSS/PTB7:32¢/Ca/Al 1.00 248 30 0.63
0.97 (X = H) 415 38.12 1.54
33 ITO/PEDOT:PSS/PBDB-T:33/PDINO/Al ~ 095(X=F) 874 4366 365  [76]
095(X=Cl)  9.19 4655 410
A ] 092(X=H) 801 487 3.79
34 ITO/PEDOTPSS/PBDB-T:34PNDITFAN/AL o) &~ ) 2y o a7
36 ITO/PEDOT:PSS/36:PC71 BM/LiF/Al 0.82 9.89 46.1 362 [78]
37 37/Ti0, 051073  103-142 5472 39-61 [50]
38TBP/TiO, or
38/TiO, or
38 38+ DCATBD/TIO, o 044068 78198 4968 3261 [79]
38+DCA/TiO,

2 = average PCE value. PDINO = 2,9-Bis[3-(dimethyloxido amino)propyl]anthra[2,1,9-def:6,5,10-
d’e’f’]diisoquinoline-1,3,8,10(2H,9H)-tetrone; PNDIT-E3N = poly[[2,7-bis(2-ethylhexyl)-1,2,3,6,7,8-hexahydro-1,3,6,8-
tetraoxobenzo[lmn][3,8]phenanthroline-4,9-diyl]-2,5-thiophenediyl[9,9-bis[3-(dimethylamino)propyl]-9H-fluorene-2,
7-diyl]-2,5-thiophenediyl]; PTB7-Th = poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’]-dithiophene-co
-3-fluorothieno[3,4-b]thiophene-2-carboxylate]; PTB7 = poly({4,8-bis[(2-ethylhexyl)oxy]-benzo[1,2-b:4,5-b"]dithiophene
-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]  thieno[3,4-b]thiophenediyl}); = PBDB-T= poly[(2,6-(4,8-bis(5-
(2-ethylhexyl) thiophen-2-yl)-benzo[1,2-b:4,5-b’ |dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo
[1",2'-c:4’ 5'-c’]dithiophene-4,8-dione)]; PC71BM = [6,6]-phenyl-Cy; -butyric acid methyl ester; TiO, = titanium(IV)
oxide or titanium dioxide; DCA = deoxycholic acid; TBP = 4-tert-butylpyridine.
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Figure 15. Examples of N"C-donating, m-conjugated cores as BH]J active layers.

To get in-depth knowledge about different side chains on phase separation morphology and
all-PSC device performance, Wang and co-workers [80,81] assessed the performance of regio-random
amorphous polymer with large steric hindrance (35, Figure 15). The reported acceptor has been found
to possess energy level matching that of several donor materials. leading to high performance devices
(Voe = 0.89-1.98 V, Jo. = 10.18-14.24 mA/cm?, FF = 3.78-6.55%, and PCE = 3.8-6.6%). Among six
donor polymers studied, the active layer containing J91:35 blend showed the most optimal phase
separation morphology and the best performance (Figure 16). On the other hand, J51:35 blend exhibits
sub-optimal active layer morphology and poor PV performance (Figure 16). These results indicate that
the aggregation tendency in solution of polymer donor is the dominant factor in the phase separation
of semi-crystalline polymer donor/amorphous polymer acceptor blend in all-PSCs.

m\Voc (V) mJsc (mA/cm2) mFF (%) mPCE (%)

14.24
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503 5.04
378
1.98
089 (52 0.96 (52 093 g5 0.89 4 4o I 0.47 1064 51
B = H = B = - B =
PTB7-Th J71 PFBTT.20D J51 J61 J91
DONORS

Figure 16. All-PSC device performance of compound 35 with different donors [80,81].
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To be used as donor materials, a common strategy is to prepare D-A molecular architecture,
which offers tunable LUMO/HOMO energy levels as a low FO level is helpful for harvesting sunlight.
Since B-N based materials offer such opportunity, Wang et al. [78] compared the efficiency of polymers
36 (Figure 15). Clearly, the replacement of C-C unit by a B <— N unit significantly altered the frontier
energy levels and PV performance. They found that control polymer (all carbon analogue) exhibited
higher FOs energy levels, which is detrimental for use in BHJ as donor materials. On the other hand,
borylation led to reduction in FOs energy levels, delocalization of FMO throughout the structure, and
enhancement in the device performance (PCE up to 3.62%, Table 2).

Despite the fact that the conversion efficiency of DSSCs has reached >10%, further improvement
is necessary. This is especially because of two reasons: one is practical applications on a commercial
scale and the second is to develop metal free dyes. In the quest for metal free dyes, Shimogawa and
coworkers [50] prepared a series of D-m-A dyes (37, Figure 17) as DSSC sensitizers, which contain
triphenylamine as electron donors (D), bithiophene as m-spacer, boryl-substituted thienylthiazoles
as electron acceptors (A), and carboxylic acid derivatives as anchor groups. DSSCs based on 37
exhibited good PCE values (5.1-6.1%). Based on these results, they replaced the bithiophene unit by
diketopyrrolopyrrole to develop D-n-A dyes 38 (Figure 17). DSSCs containing these dyes exhibited
high Jsc values (<19.8 mA cm™2) as the absorption of 38 extends into the NIR region. [79]
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Figure 17. Examples of N"C-donating, m-conjugated cores as DSSC dyes.
4.2. Sensing

Due to the highly labile intramolecular N — B-Lewis pair formation dependent PL properties, N"C
complexes have also been utilized for the detection of ions in solution and gaseous analytes. In a recent
work, Liu et al. [82,83] found that, in the presence of light, red colored BN-functionalized anthracene
39 (Figure 18) rapidly reacts with oxygen to form colorless endoperoxides. Generally, for this type
of reaction on typical diarylanthracenes, a photosensitizer is typically required to promote singlet
O, generation. However, 39 did not require any catalyst and exhibited self-sensitizing properties.
This high, catalyst-free O, reactivity was attributed to strong absorption of visible light, the small
singlet-triplet gaps, and the release of steric strain upon peroxide formation. In another report, Schraff
et al. [84] showed that in triazole-appended boranes, N-B-coordinate bonds are weak in solution and
exist in close (coordinated)-open (non-coordinated) forms. The strength of such bonds (close-open
equilibria) can be significantly modulated by changing the substituents present on the triazole ring.
The same group showed that this process can be used to monitor on/off emission features upon the
addition of different anions [85]. Yan et al. [10] exploited the labile nature of the B <~ N coordinate bond
and developed a fluorescent probe 40 (Figure 18), which selectively detected fluoride anions (F~) in
organic solvent. The authors proposed that in the presence of F~ anions a competitive reaction (labile B
< N vs stable B-F bond) takes place leading to the formation of an open form with quenched emission.
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Figure 18. Examples of N"C-donating, r--conjugated cores for sensing and bioimaging.
4.3. Bioimaging

Bioimaging using a fluorescent chemical probe is an emerging area of research. Several organic,
inorganic, and organometallic probes have been reported for the imaging of cellular organelles and
biological processes [86-88]. Due to their high demand in non-invasive early disease detection
and progression, a number of borylated molecular fluorophores have been reported. For example,
due to their characteristic features (high chemical and photostability, absorption/emission spanning
visible/NIR/FIR regions, biocompatibility, etc.), arylquinolie-based molecular fluorophores emerged
as potential candidates [57]. Pischel and coworkers [89] utilized an aryl isoquinoline containing
organo-boron N"C chelate dye 41 (Figure 18) for the imaging of the N13 mouse microglial cell line.
Moderate absorption co-efficient, large Stokes shift, polarity sensitive fluorescence, and possibility
of bioconjugation make them promising imaging probes. Moreover, significant TP absorption
cross-sections (up to 61 GM) allow the use of excitation wavelengths in the NIR region (>800 nm).
Borylated poly(9,9-dioctylfluorene-alt-benzothiadiazole), 42 (m = 1, Figure 18), is a deep red/near-IR
absorbing and highly emissive polymer tested for both OLED and bioimaging applications [90].
Conjugated polymer nanoparticles prepared using pegylated poly(lactic-co-glycolic acid) encapsulating
42 (m = 1) were found to be bright, photostable, low toxicity bioimaging agents for in vivo optical
imaging. This includes, but is not limited to, high signal to background ratios, quantum yield (2.3%),
low photobleaching (less than 10%), low toxicity, and preferential accumulation in the liver.

4.4. Others

In addition to the above-mentioned applications, other applications have been reported
too. This includes the activation of small molecules [91,92], switchable chiral anions [93],
NLO materials [94,95], among others. In a recent example, Wang et al. [96] reported blue fluorescent
polymers exhibiting thermally reversible photochromism. These photochromic polymers, based on
photochromic boron chromophores, showed monomer-ratio-dependent photoisomerization quantum
efficiencies and boron dependent fluorescence quenching efficiency. The developed material can be
used as switchable/erasable ink and are promising candidate for optical device applications.

5. Opportunities and Challenges

We highlight the features, properties, and applications of N"C-chelate tetracoordinate 7-conjugated
borylated materials. As discussed, different types of organic backbone can be utilized as N and C
donors in combination with various ancillary ligands to prepare small, medium, and large m-conjugated
materials. A thorough review of the literature indicated that a minor change in structure significantly
modulates properties; therefore, several new synthetic pathways have been reported. The labile B-N
bond formation offers coordination-induced stability to the structure and luminescence enhancement.
Complexes such as those based on the phenylpyridine core show interesting reversible “bright” and
“dark” photochromic states, while those on pyrazole display rare isomerism (two-stage photoreactivity).
Such features can be exploited to develop smart optical devices. Due to their excellent charge transport
abilities, especially hole transfer, they are being extensively used for the development of acceptor
materials in all-PSCs. Compared to imide and cyano-based polymers, organoboron materials exhibit
low performance, which is mainly attributed to the lack of well-designed studies [76]. It is envisioned
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that the selection of suitable co-units and halogenation at ideal positions are important to further
improve the performance [76], which should be considered in future studies.

Some researchers also assessed boron containing complexes as donor materials for BHJs;
more research is needed to improve the device performance. Similarly, by modifying 7-skeletons,
intrinsic D/A fragments, a range of dyes could also be achieved. For the biological applications, it is
essential to carry out in vivo studies to explore the pros and cons of the materials in the human body.
Besides, to achieve targetability, probes bearing a targeting unit (such as peptides) should also be
prepared and assessed.

6. Conclusions

This article provides an overview of m-conjugated N"C-chelate organoboron materials.
We delineated the important properties, features, and applications of different classes of such materials.
We discussed here the effects of different structural components on the properties of the materials.
The examples selected in this article clearly demonstrate that tetracoordinate N"C-chelate organoboron
materials are potential candidates for the development of next generation materials. We have also
suggested some future directions which might prove helpful for the design and development of new
boron-based materials for modern applications.
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Abstract: The interest of organoboron chemistry in organic synthesis is growing, together
with the development of new and versatile polyborated reagents. Here, the preparation of
1,1,1-tri(boryl)alkanes, 1,2,3-tri(boryl)alkanes, 1,1,2-tri(boryl)alkanes, as well as 1,1,2-tri(boryl)alkenes
as suitable and accessible polyborated systems is demonstrated as being easily applied in the
construction of new carbon-carbon and carbon-heteroatom bonds. Synthetic procedures and
limitations have been collected to demonstrate the powerful strategies to construct selective molecules,
taking advantages of the easy transformation of carbon-boron bond in multiple functionalities, under
the total control of chemo- and stereoselectivity.

Keywords: 1,1,1-tri(boryl)alkanes; 1,2,3-tri(boryl)alkanes; 1,1,2-tri(boryl)alkanes; 1,1,2-tri(boryl)
alkenes; synthetic approaches; synthetic applications

1. Introduction

The possibility of preparing a compound that contains three C-B bonds within its formula enhances
the power towards polyfunctionalization strategies in a sequential manner. The fact that the three boryl
units can be bonded to the same C or different carbons of the same single compound opens a large
number of possibilities to construct a new functional product, especially from the perspective that the
presence of more than one boryl group contributes to the stabilization of the intermediate carbanions
formed, facilitating the transformation of the C-B bond, even under room temperature conditions. Both
tri(boryl)alkanes and tri(boryl)alkenes preserve the stereoselectivity along the transformations and
the current approaches to functionalize chemoselectively one boryl unit versus the other two, which
nowadays open an unlimited opportunity to stimulate the creativity of synthetic chemists towards
accessible protocols for useful applications.

2. 1,1,1-Tri(boryl)alkanes

2.1. Synthetic Approaches

Triborylmethane compounds have originally been prepared by Matteson and co-workers,
developing a reliable synthetic procedure by mixing dimethoxyboron chloride, Cl-B(OMe),, with CHCl3
and Li (Scheme 1) [1,2]. By using the appropriate chlorinated reagents, related triboryl compounds can
be easily prepared, giving access to a new generation of organopolyborated species.

B(OMe)
OMe THF, -30°C 2

3 CI—B. + CHCl3 + 6L ———> H+B(0Me)z
OMe - 6 LiCl B(OMe),

Scheme 1. Synthesis of H(B(OMe);)s.
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The lability of dimethoxyboryl moieties contributes to several difficulties in isolating the
corresponding organotriboronates, and consequently, cyclic boronic esters have been prepared, as they
are generally more stable towards hydrolysis. The transesterification of tris(dimethoxyboryl)methane
with ethylenglycol or pinacol provides a direct access to the cyclic esters ethylenglycolboryl and
pinacolboryl [3], with the expected degree of stability (Scheme 2) [4].

HO, HO.
O e
B o HO _TLOMe)Z HO B Ojé
H_|_B, H—-B(OMe), —— H_‘_B:
B \oj B(OMe), B O
oo o o
/

Scheme 2. Synthesis of H(Bpin); from H(B(OMe),)s.

In particular, the synthesis of tris(pinacolboryl)methane has been recently redesigned by Suginome
and co-workers, via the «,x-diborylation of pyrazolylaniline-modified methylboronic acid with Bypin,
in the presence of [Ir(1-OMe)(COD)]; as catalyst (Scheme 3) [5].

H,N
HN ) 2.5 mol% [Iu-OMe)COD), 4 o
Ne \} 1 equiv HN 4 equiv Bypin, B" o
HC-B(OH), ——+  Hc-E "H_B/ ﬁ
toluene, reflux ,N )\ 50°C, 24h B, o
Na o o

Scheme 3. Synthesis of H(Bpin); from Me-B(OH)j,

Triborylalkane derivatives have been prepared via the triple borylation of terminal C(sp®)-H bonds
with transition-metal complexes. Sato, Mita and co-workers determined the first catalytic C(sp3)—H
triborylation at a single carbon with the assistance of a nitrogen directing group [6]. Model substrate
2-ethylpyridine forms a five-membered metallacycle intermediate, via C(sp®)-H activation with Ir
from [Ir(u-Cl)(COD)];, catalyst, that subsequently reacts with 4 equiv of Bpin, towards site-selective
C(sp®)-H borylation leading to the desired triborylated product (Scheme 4a). Triborylation of terminal
C(sp®)-H bonds in toluene was also observed by Chirik and co-workers by using 50 mol% of a-diimine
cobalt bis(carboxylate) precatalysts and 4 equiv of Bypin, (Scheme 4b) [7]. Similarly, x-diimine nickel
bis(carboxylate) complex enables the selective preparation of benzyltriboronates via the triborylation
of benzylic C—H bonds (Scheme 4c) [8].

a)

N 5 mol% [Ir(u-Cl)(COD)l, N »
| 3.5 equiv B,pin, | A Bpin
N/ N/ | B Bpin
\ N Boi
n-octane, reflux Ir pin
H
Cy Cy

b) N ©) =N,
— Co(O,CR), — Ni(OPiv),
50 mol% r}j 15 mol% N
: ¢
©\ 300 mot% HBpin"Y @Bpm 100 mol% MAO Y @\
P E— Bpin

4 equiv B,piny Bpin 4 equiv Bypin,
CPME, 100°C, 48h CPME, 80°C, 48h

Scheme 4. Transition metal catalytized C(sp®)-H triborylation at a single carbon.

The sequential dehydrogenative borylation/hydroboration of terminal alkynes with Cu complexes
contributes to the expansion of the triborylalkane derivatives synthesis. Marder and co-workers
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have developed a one-step synthesis via the dehydrogenative borylation of alkynes followed by
the double hydroboration of 1-alkynylboronate intermediate with HBpin (HBpin = pinacolborane)
catalyzed by Cu(OAc); (Scheme 5a) [9]. Interestingly, other copper sources, such as CuCl,, CuCl,
and Cu(OTf),, resulted in being inactive in this transformation. The base KF was essential in a
stoichiometric manner, presumably by promoting the Cu-H formation in an early step of the catalytic
cycle (Scheme 5b). This strategy complements a pioneer attempt by Marder and co-workers to
perform the Rh-catalyzed reaction of ethynylarenes with HBcat (HBcat = catecholborane), to obtain the
corresponding tris(catecholboryl)alkane, via vinylboronate intermediate [10]. Catechol-substituted
monoborylacetylene could be regioselectively hydroborted via the transition-metal free syn-addition
of catecholborane favoring the formation of the 1,1-diborylalkene, that can be further hydroborated
selectively with HBCl, to provide the corresponding 1,1,1-triborylethane. The subsequent substitution
of Cl atoms by cathecol leads to the desired tris(catecholboryl)ethane [11]. Further treatment of
tris(catecholboryl)ethane with 'BuLi results in the formation of 1,1,1-tris[di(tert-butyl)boryl]ethane
(Scheme 6).

a) 10 mol% Cu(OAc), / 20 mol% P"Bus Bpin
4 equiv HBpin Bpin
Ar—=—H A—=—8pin | — - A Bpin
1 equiv KF P
toluene, 40°C, 24h
HBpin
b)
R——CuL, R—=——Bpin
R—=—H M
L,CuH;
Hy [LCuH]
HBpin + KF \
reduction .
L,Cu(OAc), [LaCu(OAc)] [L,CuH] Bpin
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Scheme 5. (a) sequential dehydrogenative borylation/hydroboration of terminal alkynes; (b)
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Scheme 6. Synthesis of 1,1,1-tris(catecholboryl)alkane and 1,1,1-tris[di(tert-butyl)boryl]ethane.

Alternatively, Chirik and co-workers have demonstrated that a cyclohexylsubstituted
pyridine(diimine) cobalt methyl complex allows the dehydrogenative 1,1-diboration of terminal
alkynes with Bypin, at room temperature. This 1,1-diborylalkene intermediate can accomplish a
consecutive cobalt-catalyzed hydroboration with HBpin to generate the desired of 1,1,1-triborylalkane
(Scheme 7) [12]. The methodology is described as a one pot-sequential 1,1-diboration of terminal
alkynes with B,piny, followed by hydroboration with HBpin, although two different types of cobalt
complexes are used for each step.
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Scheme 7. Cobalt-catalyzed dehydrogenative 1,1-diboration of terminal alkynes.

Huang and co-workers have developed a Co(I)-catalyzed double dehydrogenative borylation of
vinylarenes with Bypin, to generate a 1,1-diborylalkene intermediate, which undergoes hydroboration
with pinacolborane to give 1,1,1-tris(boronates) in high yield (Scheme 8a) [13]. The dehydrogenative
borylation of alkenes leading to vinylic boron compounds was first reported in 1992 [14], and it is
understood as being the result of a catalytic hydroboration of an alkene with a monohydrideborane,
followed by the elimination of hydrogen. However, Huang and co-workers have postulated a
mechanism where the dehydrogenative borylation occurs by the insertion of vinylarenes into the Co—B
bond to generate a 3-boryl-substituted Co(I) species, which undergoes 3-hydride elimination to give
monoborylalkenes and the Cu-H intermediate that regenerates the Co-B catalytic species via o-bond
methatesis with Bypin,, maintaining the same type of reactivity along the catalytic cycle (Scheme 8b).
As a limitation, this protocol cannot be applied for 1,2- and 1,1-disubstituted vinylarenes as well as
vinylalkanes, since 1,1,1-tris(boronates) were not formed.
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Scheme 8. (a) Co(I)-catalyzed double dehydrogenative borylation of vinylarenes; (b) mechanistic
proposal.

2.2. Synthetic Applications

The reactivity of 1,1,1-tris(pinacolboryl)alkanes has been launched by alkoxide-assisted
deborylative pathways, via «-bis(boryl) carbanion formation, that can be eventually trapped by
different electrophiles [4]. The deborylative alkylation of 1,1,1-tris(boronate) products has been applied
to the synthesis of internal geminal bis(boronates), by reaction with alkyl bromides in the presence
of NaOMe (1.5 equiv), at 25 °C (Scheme 9) [13]. Interestingly, 1,1,1-tris(boronates) seems to be more
reactive for deborylative alkylations than the analogue 1,1-bis(boronates), as the reactions with the
latter require the use of an excess of NaO'Bu (3 equiv) [15]. The reaction is compatible with diverse
functionalities in the electrophiles, including cyanide, propylene epoxide, ester, halides and amines.
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Scheme 9. Reactivity of 1,1,1-tris(pinacolboryl)alkanes with RBr.

Double deborylative alkylation delivers tertiary boronic esters, as well as carbocyclic derivatives.
Using 1,n-dihalides as electrophiles and NaO'Bu (4 equiv), the base-assisted deborylation acts twice
on the triborylated reagent, to facilitate the formation of x-vinylboronates (when n = 0) and cyclic
organoboronates (when n = 1-5) at room temperature within 6h (Scheme 10) [9]. Following the same
synthetic strategy, different alkyl groups can be introduced in a stepwise manner through sequential
deborylative alkylations, providing access to tertiary boronic esters, which, after in situ oxidation with
H,0,/NaOH, furnished tertiary alcohols containing three different alkyl groups in moderate yield
(Scheme 11) [9].
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Scheme 10. Double deborylative alkylation of 1,1,1-tris(pinacolboryl)alkanes.
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Scheme 11. Sequential deborylative alkylations, followed by in situ oxidation with H,O,/NaOH,
towards tertiary alcohols.

The deborylative conjugate addition of 1,1,1-tris(pinacolboryl)alkanes has been pursued through a
NaOEt (1 equiv) assisted reaction to generate benzylic x-diboryl anions that can act as soft nucleophiles
to be added to (E)-methylcrotonate, at room temperature, followed by aqueous work up (Scheme 12) [8].
Products formed from the deborylative conjugate addition to phenyl-substituted (E)-methyl cinnamate,
as well as «,3,y,5-unsaturated ethyl sorbate, suffered from a competitive 1,2-addition to the more
electron deficient enoates (Scheme 12) [8]. The reaction can be diastereoselective for a-subtituted
substrates, such as methyl (E)-2-methylbut-2-enoate, in favor of the anti diastereomer. The stereocontrol
at the a-position of the ester group has been suggested to occur during the protonation when the
reaction is quenched (Scheme 13a) [8]. Remarkably, when the deborylative conjugate addition of
the benzylic a-diboryl anion to (E)-methylcrotonate was quenched with iodomethane, the resulting
product was isolated in >20:1 as the syn diastereomer (Scheme 13b) [8], highlighting the exclusive
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ability of boronate groups to act as masking groups for soft nucleophilic anions and also as elements
for substrate-controlled diastereoselectivity.

1
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[77%] [56%] 137%] 126%]
Scheme 12. Deborylative conjugate addition of 1,1,1-tris(pinacolboryl)alkanes.
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Scheme 13. (a) diastereoselective deborylative conjugate addition of 1,1,1-tris(pinacolboryl)alkanes; (b)
diastereoselective sequential deborylative conjugate addition / electrophilic methylation.

The carboxylation of 1,1,1-tris(pinacolboryl)alkanes, using CsF as a mild activator for
deborylation [16], has been explored under 1 atm of CO;, providing the corresponding carboxylated
products in moderate yields, after esterification with RI (Scheme 14) [6]. In addition, the sequence
based on the trioxidation of 1,1,1-tris(pinacolboryl)alkanes using H,O, in the presence of an acidic
additive such as TsSOH-H,O prevents protodeborylation pathways, and n-CgHj3-I allows the isolation
of hexyl 2-(4-methylpyridin-2-yl)acetate in moderate yield. Both methods’ results are useful, since
carboxylic acids with complementary chain lengths can be prepared by selecting the appropriate
reagents to interact with the tris(boryl)alkane.

1) 3 equiv CsF 1) 10 equiv H,O,
1atm CO, i .
P NP e 12h P Bpin 1 equiv TSOH-H,0 P o
| , ' I Bpin THF, tt, 3h |
\N On-CgHq3 \N . X
I 2) n-CgHya-| BPIN ) n-CeHyl N Or-Ceftis
Cs,CO4 Cs,CO3

[58%] [56%]

Scheme 14. Carboxylation of 1,1,1-tris(pinacolboryl)alkanes.

Other interesting reactivity in C-C bond formation from tris(boryl)alkane involves deborylative
Boron-Wittig olefination, via the B-O elimination pathway. Originally, the proof of concept was
established by the addition of methyllithium to tris(ethylenedioxyboryl)methane, to generate in situ
the corresponding bis(ethylenedioxyboryl)methide salt, that interacts with aldehydes or ketones to
give the corresponding alkene monoboronic esters (Scheme 15) [17,18].

o\r,\o 0.0 j\ Og- o o H
B" 0l MeLi B R R B. B H,05 °
H X j H—|®®Li o — I
B _ 0O B, R RTOR
o o o o R ©
/

Scheme 15. Deborylative Boron-Wittig olefination from tris(boryl)alkanes.
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The analogue 1,1,1-tris(boryl)methide salt has exclusively been prepared via base-assisted
deborylation of the corresponding tetra(boryl)methane (C(BO,C;Mey)s) [19], promoting the
condensation with aldehydes and ketones to obtain 1,1-gem-diborylalkenes (Scheme 16) [20].
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(Biﬁ 0~Bj15i?

|
0 R™OR'

[\ [\ o
o._0 o._0 g
o B o MeLi O B R™ R
[ ,B_‘_B\ j [ ,B‘i OdLj
0 g o o &
oo oo R’

Scheme 16. Deborylation of tetra(boryl)methane and condensation with aldehydes and ketones.

The reactivity developed from 1,1,1-tris(boryl)alkanes offers a significant number of applications,
since their activation in the presence of bases generates the corresponding carbanions, which are
strongly stabilized by delocalization, with vacant p-orbitals of the remaining two boron atoms. The
possibility to perform further functionalization of the remaining C-B bonds eventually leads to new
strategic synthetic protocols, emphasizing the straightforward methodology, as well as the smooth
reaction conditions.

3. 1,2,3-Tri(boryl)alkanes

3.1. Synthetic Approaches

The introduction of three vicinal boryl moieties in a one-pot protocol represents a challenging
reaction. The triboration of alkynes towards 1,2,3-triborated compounds has been accomplished by
Yoshida and co-workers [21] via the Cu-PCyj3 catalysed borylcupration of alkyl-substituted propargyl
ethers (Scheme 17a). This approach demonstrates the easy access to multifunctinalized organoboron
compounds that contain two alkenyl boryl and one allylboryl moiety. Mechanistically, it has been
suggested that alkyl-substituted propargyl ethers insert regioselectively into Cu-B bonds generating
the alkenyl copper where Cu is located next to OMe group. Subsequently, o-bond methatesis with
Bypiny facilitates the formation of 7-allyl species that after a second o-bond methatesis with the
diboron reagent provides the triborated product (Scheme 17b). However, phenyl-substituted propargyl
ethers react towards the diborated product, presumably as a consequence of the regioselective alkenyl
copper species formation, with Cu next to Ph group, and eventual o-bond metathesis with B,pin,
(Scheme 17Db).
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Scheme 17. (a) Borylcupration of alkyl-substituted propargyl ethers; (b) mechanistic proposal.
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Alternatively, Ma and co-workers [22] developed a highly selective 1,2,3-triboration of propargylic
carbonates towards (E)-propen-1,2,3-triboronates, by the catalytic systems Pd(PPh3)s and CuCl as
co-catalyst (Scheme 18a). Mechanistically, two catalytic cycles have been suggested. The first one
is based on the Pd(0) catalyzed Sn2’-type oxidative addition of propargylic carbonates to give
1,2-allenyl palladium intermediate I1 (Scheme 18b), with the concomitant release of CO,. In the
following step, I1 undergoes transmetallation with Cu-Bpin species, previously formed from Cu-OMe
and Bypiny, in order to generate the intermediate 12. Subsequent reductive elimination allows the
formation of 1,2-allenyl boronate P1, that releases from the catalytic cycle 1. Interestingly, it has been
suggested that P1 might insert in a Pd-B bond in catalytic cycle 2, producing n!-allylic intermediate
I3, which undergoes reductive elimination to afford the final triborated product with exclusive (E)-
stereoselectivity (Scheme 18b).
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Scheme 18. (a) 1,2,3-Triboration of propargylic carbonates; (b) mechanistic proposal.

All the previous efforts devoted to introducing three vicinal C-B bonds into a one-pot sequential
reaction required transition metal complexes to activate the borane reagent and facilitate the addition to
the unsaturated substrates. However, Fernandez, Szabo and co-workers [23] were first to observe the
possibility of conducting the 1,2,3-triboration reaction in a transition-metal free context, using allylic
alcohols as substrates and conducting a one-pot allylic borylation/diboration sequence (Scheme 19).
The reaction takes place in the presence of catalytic amount of base Cs,CO3, that contributes to the
generation of MeO™ from MeOH. The methoxy group activates the Bypin, through intermediate
[Hbase][MeOB,pin,], and promotes the nucleophilic attack of the Bpin moiety to the terminal position
of the tertiary allylic alcohol (Scheme 20).

The initial mechanism of this reaction can be described as an Sn2’-type process. In the absence of
MeOH or base, the reaction does not take place. After the transition-metal free allylic borylation, the
allylic boronate product can interact with the [Hbase][MeOB;pin;] adduct and complete the diboration
reaction [24], to generate the 1,2,3-triborated product (Scheme 20). This unprecedented tandem allylic
borylation/diboration reaction in the absence of transition-metal catalysts had not been observed before
and served as the basis of a new methodology towards polyborated compounds.
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Scheme 19. Transition metal-free one-pot allylic borylation/diboration sequence.
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Scheme 20. Mechanistic proposal of transition metal-free 1,2,3-triboration of allylic alcohols.

Fernandez and co-workers also explored the viability of performing a direct 1,2,3-triboration
reaction in a transition-metal free scenario via the 1,4-hydroboration of 1,3-dienes [25], followed by the
in situ diboration reaction of the resultant allylic boronate (Scheme 21) [26]. This work represents an
unprecedented tandem 1,4-hydroboration/diboration reaction, that is generalized for terminal and
internal 1,3-dienes.
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Scheme 21. Transition metal-free 1,2,3-triboration of conjugated dienes.

The nucleophilic attack of the Bpin moiety from [Hbase][MeOB,pin;] takes place to the less
hindered position of the conjugated dienes throughout a SN2’-borylative process. The resulting allylic
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boronate product conducts a transition-metal free diboration reaction of the internal C=C bond, giving
access to the 1,2,3-triborated product (Scheme 22) [26].

OMe”
o |o
BB H*-base
\/ ° °

Bopin,
MeOH
AN
base
MeO-Bpin
OMe”
o |0
H*-base e BB
o |0 Bpin 0\ o
B—
d © 1 baseH*‘/\:/j
B,pin, i Ar
MeOH Ar
base
OMe”
. |o
B
Bpin Bpin '\ /o
Ar Bpin AT NFN\_-Bpin

Scheme 22. Mechanistic proposal of transition metal-free 1,2,3-triboration of conjugated dienes.
3.2. Synthetic Applications

The polyfunctionalization of 1,2,3-triborated products can be accomplished throughout the
cross-coupling reaction. Interestingly, in the presence of the 1 equiv of aryliodide and Pd complex, it
was possible to exclusively functionalize the internal C-B bond of the triborated product (Scheme 23) [26].
The reaction was general for para- and ortho-substituted aryl systems, as well as for furyl groups.
The in situ oxidation of the resulting 1,3-diborated products, in the presence of H,O,/NaOH, allowed
access to 1,3-butanediol 2,3-diaryl systems in a straightforward manner (Scheme 23) [26].
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Scheme 23. Selective polyfunctionalization of 1,2,3-triborated products.

Aggarwal and co-workers have reported an alternative functionalization of 1,2,3-triborated
compounds following a photoredoxcatalyzed mono-deboronation. Initially the reaction proceeds
through the generation of primary B-boryl radicals that undergo a rapid 1,2-boron shift to form
thermodinamically favored secondary followed by a subsequent 1,2-boron shift towards tertiary
radicals (Scheme 24). This protocol allows for the selective transformation of the more hindered boronic
ester from the 1,2,3-triborated substrate [23], conducting its radical addition to tert-butyl-acrylate [27].
The product is obtained with high selectivity, highlighting the thermodynamic control that favors the
most stabilized radical center as the site of the reaction.
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Scheme 24. Photoredoxcatalyzed mono-deboronation of 1,2,3-triborated products.

4. 1,1,2-Tri(boryl)alkanes

4.1. Synthetic Approaches

The preparation of versatile 1,1,2-tri(boryl)alkanes has been conducted via the Pt-catalyzed
diboration of vinylboronates, (Scheme 25) [28]. Morken and co-workers employed chiral phosphonite
to induce enantioselectivity along the internal C-B bond formation in the presence of Pt(dba); and
bis(catecholato)diboron. Further treatment of the triborated product with pinacol, allowed the
purification of the desired stable products with moderate to high enantioselectivity. The reaction has
been considered of general application, although limitations are related to a-substituted substrates
that suffered from lower reactivity and selectivity [28].
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Scheme 25. Synthesis of 1,1,2-tri(boryl)alkanes via bis(catecholato)diboron.

Another approach, launched by Song and co-workers [29], involves transition-metal free
base-controlled 1,1,2-tris(boryl)alkane synthesis via diboration of alkenylboronates with B,pin,
(Scheme 26a). The reaction conditions for the synthesis of 1,1,2-tris(boryl)alkane were strictly optimized,
since the corresponding 1,2-di(boryl)alkanes can also be formed as byproducts, depending on the base
used. KoCOj3 (1.5 equivalents) resulted in the optimized one, although 4.5 equivalents of B,pin, were
required. The substrate scope is broad and several functionalized terminal alkynes, such as propargyl
amides and propargyl sulfonamides, are compatible. From a mechanistic point of view, a nucleophilic
attack from the adduct [Hbase][MeOB,pin,], (generated in situ from B,pinybase/MeOH) to the
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alkenylboronate substrate (Scheme 26b) has been suggested, as it was described on the transition-metal
free diboration of alkenes developed by Fernandez and co-workers in 2011 [24].
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Scheme 26. (a) transition-metal free 1,1,2-tris(boryl)alkane synthesis; (b) mechanistic proposal.
4.2. Synthetic Applications

The versatility of 1,1,2-tri(boryl)alkanes is based on the construction of new C-C and C-heteroatom
bonds, since the three boronate moieties can be distinguished in a stepwise manner. Song and
co-workers proved the selective deprotonation on the geminal diboryl moiety, when NaO'Bu is used
as base (5 equiv) producing the 1,2-bis(boronate) product (Scheme 27) [29]. However, in the presence
of Cs,CO;3 (4 equiv) the 1,1,2-tri(boryl)alkane is converted into the linear alkyl monoboronate product
(Scheme 27) [29].

4 equiv Cs,CO5 5 equiv NaO'Bu
5 equiv MeOH 2 equiv ‘BuOH
Bpin  CH,CN,70°C,4h  Bpin  Bpin toluene, rt, 14h Bpin
PR
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Scheme 27. Selective deprotonation on the geminal diboryl moiety in 1,1,2-tri(boryl)alkanes.

A simple transformation from 1,1,2-tri(boryl)alkane into mixed Bpin and B-MIDA triboronate
compounds (MIDA=N-(methyliminodiacetic acid) has been developed by Sharma and co-workers [30].
However, the experiment showed that the treatment of 1,1,2-tri(pinacolboryl)alkane with MIDA
provided a mixture (1:1 ratio by NMR) of the two mono-B(MIDA)-diBpin species, possessing the
B(MIDA) group vicinal to Bpin or geminal to the Bpin moiety (Scheme 28). Unfortunately, the mixture
resulted in being inseparable, using silica gel chromatography.

40



Molecules 2020, 25, 1758

6- 10 equiv MIDA Me,

e,
4 equiv HC(OEt); ;\‘%O
B<0 0

Bpin  Bpin  DMSO.130,16h  gpin

(¢} N~ i
" * /
C§_<Bpin Bpin Me C§_<Bpin

Scheme 28. Transformation from 1,1,2-tri(boryl)alkane into mixed Bpin and B-MIDA
triboronate compounds.

Deborylative alkylation reactions with chiral 1,1,2-tris-(boronates) were performed in the group
of Morken [28], and they found that five equivalents of NaO'Bu in toluene were efficient to form the
new C-C bond from one of the geminal boryl moieties. The syn diastereoisomer was the predominant
product, obtained as 1,2-diol upon oxidative workup. The reaction was applied for primary and
seconary electrophiles (Scheme 29). The deborylative alkylation with alkenyl electrophiles represents
a suitable method for the synthesis of internal vicinal bis(boronates), in the presence of terminal
alkenes. When the substrate contains alkyl halide groups, the vinyl boronate diboration enables
the construction of 1,1,2-tri(boryl)alkanes that may undergo intramolecular alkylation to form cyclic
1,2-bis(boronates). This method allows the construction of five, six and seven membered rings, which,
after in situ oxidation, provides anti-1,2-diol (Scheme 29).

5 equiv NaO'Bu NaOH,
Bpin Bpin R'-X Bpin R' H,0, HO R
R Bpin toluene, it, 14h R Bpin K oH
Me,
HO Me HO;_/—Ph H(i_/_// HO}_)*Me O;\OH
n-hex OH n-hex OH n-hex "’OH n-hex "'OH OH
(X=1) [93%] (X=Cl) [90%] (X=CI) [82%] (X=Br) [73%] (X=CI) [67%]
>20:1dr 9:1dr 15:1 dr >20:1 dr >20:1dr

Scheme 29. Deborylative alkylation with chiral 1,1,2-tris-(boronates).
5. 1,1,2-Tri(boryl)alkenes

5.1. Synthetic Approaches

The preparation of polyborated alkenes has originally been accomplished by Marder and
co-workers, via the tandem desilylative borylation of bis(trimethylsilyl)acetylene and the subsequent
diboration with Bypiny in the presence of [Pt(PPh3),(n2-C,Hy)] as catalyst (Scheme 30a) [31]. Similarly,
Srebnik and co-workers established the convenience of using [Pt(PPhs3)s] as catalyst to diborate
1-alkynylboronates to easily obtain the expected 1,1,2-triborylalkenes (Scheme 30b) [32]. More
extensively, Nishihara and co-workers launched a more general platinum catalyzed diboration of
phenylethynyl MIDA boronate with B,piny that proceeds to yield 1,1,2-triboryl-2-phenylethene, with
two different classes of the boron functionalities (Scheme 30c) [33]. This protocol uses the MIDA
boronic group in the substrate, which is considered a masked group [34], towards strategic further
selective C-B functionalization.

Moving from diboration to the hyroboration of alkynylboronates, Ozerov and co-workers
discovered that pinacolborane (HBpin) can be efficiently added to terminal alkynes in the presence of
iridium SiNC pincer complex, to efficiently prepare alkynylboronates. The following pathway involved
the dehydrogenative diboration with HBpin and the same iridum complex under an atmosphere of
CO (Scheme 31) [35]. The formation of 1,1,2-tri(boryl)alkanes through this protocol can be extended
to a large number of substrates. However, the authors noted that the mechanism remains unclear,
discarding the intermediacy of a hydroborated product or diboration with Bypin,.
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a 3 mol% [Pt(PPhs)a(nCoHy)]

B,pin, Bpin, Bpin
Me;Si—=—SiMe; =
toluene, 80°C Me3Si Bpin
b) 3 mol% [PL(PPha)]
pel Bopin, Bpin, Bpin
R—=—& [ , _
toluene, 80°C R Bpin
R=Ph, nBu
9 Me 5mol% [P(PPha),]
)“ B,pin, Bpin Bpin
R—= B\OLL _— =
\o e toluene, 100°C R B(MIDA)
R=Ph, nHex

Scheme 30. (a) Tandem desilylative borylation of bis(trimethylsilyl)acetylene and the subsequent
Pt-catalyzed diboration; (b) Pt-catalyzed diboration of 1-alkynylboronates; (c) platinum-catalyzed
diboration of phenylethynyl MIDA boronate.

SiHiPr
1 mol% N-—I‘rlH@

1) HBpin CgFsF, t, 10 min

0 Bpin_  Bpin
o 2) HBpin 1, atm CO, 55°C, 18h R Bpin
Bpin_  Bpin Bpin_  Bpin Bpin  Bpin Bpin  Bpin
§i§_<8pin Cﬁ_ﬂipin §:§_<Bpin C§_<Bpin
MeO FisC
[74%] [75%] 3 [80%] [71%]
Bpin  Bpin Bpin  Bpin Bpin  Bpin Bpin  Bpin

4/—)_<Bpin B Bpin J—):<Bpin /—):<Epin
Cl TMSO
[63%] [73%] [79%] [42%)

Scheme 31. Dehydrogenative diboration with HBpin of alkynylboronates.

Marder and co-workers have developed a copper catalyzed triboration protocol for the synthesis
of 1,1,2-triborylalkenes, using Cu(OAc), and P"Buj as suitable ligands, and with B,pin; as a boron
source (Scheme 32) [36]. The use of stoichiometric amounts of acrylonitrile as additive seems to be
required as hydrogen (B-H) acceptor, in order to avoid by-products reactions. The reaction features
mild reaction conditions, broad substrate scope and good functional group tolerance.

The mechanism has been suggested on the basis of a coordination of terminal alkynes to [LnCuOAc],
which is formed from Cu(OAc)y, the ligand and a reductive pathway (Scheme 33). Cu(OTf), or CuCl,
resulted inactive catalytic systems. Alternatively, the addition of KOAc to CuCl, and CuCl reactivated
the system, indicating that the "OAc plays an important role in the reaction. The reactivity of
[LnCuOACc] with the terminal alkyne provides the intermediate I1, which interacts with B,pin, through
o-bond methatesis to afford the alkynylboronate and the Cu-Bpin species I12. Consequently, insertion
of the alkynylboronate into Cu-Bpin generates the alkenylcopper I3 that eventually reacts with Bopin,
through o-bond methatesis, to generate the desired 1,1,2-tri(boryl)alkene (Scheme 33). Acrylonirile is
added, because its hydroboration is faster than that of alkynes, avoiding the alkyne hydroboration side
reaction [36].
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5 mol% Cu(OAc),
20 mol% P'Bug ) )
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RN
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Scheme 32. Copper catalyzed triboration of alkynes.
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Cu(OA i 13
u(OAc), [L,CuOAc] HOAc [L,CuBpin] | pii
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[CuLy]
_ NC)\/Bpm B,pin
NC/\/Bpm 14
Bpin Bpin
R Bpin

Scheme 33. Mechanistic proposal of copper catalyzed triboration of alkynes.
5.2. Synthetic Applications

The transformation of 1,1,2-tri(boryl)alkenes can be conducted by palladium-catalyzed arylation
reaction with aryl iodides. Pd(dba)2 was found to be the best catalyst to give the arylated product
and the new C-C is selectively formed in trans to the B(MIDA) moiety (Scheme 34). HP'BuzBF, was
selected as the best ligand to modify the palladium complex in the presence of three equivalents of
K3POy as the base [33]. The limitation of this protocol concerns the aryl halide used, since aryl iodide
results in being very efficient for the cross-coupling reaction, and the aryl bromide and aryl chloride
show a low or null reactivity (Scheme 34). Additionally, other electrophiles such as ethyl iodide or
(E)-octenyl iodide were subjected to the Suzuki-Miyaura coupling reactions, but no desired products
were formed. Despite the fact that some limitations were observed, this method represents the first
example of obtaining gem-diborylated olefins with two different boryl groups via a chemoselective
arylation. The chemoselectivity can be explained simply by a steric effect, because even the addition of
two equivalents of aryl iodides did not provide the diarylated products [33].

The versatility of 1,1,2-tri(pinacolboryl)alkenes was also demonstrated, due to complementarily
stereoselective Suzuki-Miyaura coupling reactions with aryl halides catalyzed by Pd(PPhs), in the
presence of three equivalents of K3POy as the base (Scheme 35) [35]. The (E)-stereochemistry of the
diborated product becomes one of the few examples described in the literature, and becomes a potential
synthetic strategy to obtain trans-diaryldiborylalkenes in a simple way:.
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5 mol% Pd(dba),
5 mol% HP'BuyBF,
Bpin Bpln 3 equiv K3PO4

_ Me

DMSO, MS4A 80°C R B
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MeOC,
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B(MIDA) B(MIDA) B(MIDA) B(MIDA) n-Hex B(MIDA)

[85%] [77%] [88%] [74%) [24%)

Scheme 34. Selective palladium catalyzed arylation of 1,1,2-tri(boryl)alkenes.

OMe
' 10 mol% Pd(PPha), Boin
Bpin Bpln 3 equiv K3PO, P
" Bpin THF, 70°C, 24h Bpin
OMe

[77%]
Scheme 35. Selective palladium catalyzed arylation of 1,1,2-tri(boryl)alkenes.

The utility of the 1,1,2-tri(pinacolboryl)alkenes has also explored different ways to be functionalized
through difluorination (with Selectfluor) to afford gem-difluoroborylakenes (Scheme 36) [36]. Similarly,
dibromination (with NBS) and dichlorination (with NCS) of 1,1,2-tri(pinacolboryl)alkenes facilitated
the formation of gem-dihaloborylakenes (Scheme 36). The use of a lower amount of NBS or NCS,
as well as lower reaction times, generated trans-stereoselectively towards the monohalo-diborylated
alkene (Scheme 36).

Bpin F

MeO [93%]

3 equiv Selectfluor
2.2 equiv NaHCO3

CH3CN, rt, 6h
Bpm cl 2 equiv NCS Bpin, Bpin 2 equiv NBS Bpin Br
CH3CN 60°C, 48h — CH3CN, rt, 72h —
Bpin ————————> Br
MeO MeO
[53%] [86%]
1.3 equiv NCS 1.3 equiv NBS
CHaCN, SOQCV CH3CN, rt, 2h
Bpin Cl Bpin Br
Bpin Bpin
MeO MeO [70%]

[70%]

Scheme 36. Selective functionalization of 1,1,2-tri(boryl)alkenes.

6. Conclusions
The preparation of 1,1,1-tri(boryl)alkanes, 1,2,3-tri(boryl)alkanes, 1,1,2-tri(boryl)alkanes, as well as
1,1,2-tri(boryl)alkenes, appears to be a useful tool to synthesize organic compounds through selective
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C-B functionalization. The assistance of vicinal or geminal boryl units to the selective functionalization
of C(sp?)-B or C(sp?-B) fragments becomes crucial. In part, this advantage is due to the enhanced
a-borylcarbanions stability as intermediates in synthesis. Within the last decade, intensive efforts are
devoted to prepare tri(boryl)alkanes and tri(boryl)alkenes, and significant applications have illustrated
the powerful tool to construct molecules in a selective way. We can only expect that their interest will
keep growing, attending to their real utility.
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Franques grant.
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Abstract: The recently proved one-to-one structural equivalence between a conjugated hydrocarbon
C,H,; and the corresponding borane B, H;;+, is applied here to hybrid systems, where each C=C
double bond in the hydrocarbon is consecutively substituted by planar B(H;)B moieties from
diborane(6). Quantum chemical computations with the B3LYP/cc-pVTZ method show that the
structural equivalences are maintained along the substitutions, even for non-planar systems. We use as
benchmark aromatic and antiaromatic (poly)cyclic conjugated hydrocarbons: cyclobutadiene, benzene,
cyclooctatetraene, pentalene, benzocyclobutadiene, naphthalene and azulene. The transformation
of these conjugated hydrocarbons to the corresponding boranes is analyzed from the viewpoint of
geometry and electronic structure.

Keywords: boron; conjugated hydrocarbon; isoelectronic molecule; electronic structure; quantum
chemistry; singlet-triplet gap

1. Introduction

Planar conjugated hydrocarbons played a key role in the early days of quantum mechanics, when
computers were not available, and physical models were needed in order to understand the electronic
structure of molecules [1], the attractive nature of the chemical bond [2], the nature of ground and
excited states in atoms and molecules [3-5], and mechanistical studies of chemical reactions [6].

On the other hand, a relevant quantity in chemistry is the energy gap between the lowest-lying
singlet and triplet electronic states in a molecule, directly related to the reactivity of the system,
and useful, e.g., for the design of photochemical molecular devices [7]. For instance, methylene CH,
is a very reactive species with a triplet ground state and a singlet-triplet experimental energy gap
of 38 kJ-mol~! [8]. On the other hand, water H,O has a singlet ground state with an experimental
singlet-triplet energy gap of 675 k]-mol~! [9]. Hence, the larger the singlet-triplet energy gap the more
stable a molecule.

The chemistry of boron compounds has evolved along the second half of the XXth century and
beginning of the XXIst century in a generalised dual fashion since the original works of Stock [10] on
By, H,;, boranes syntheses in the beginning of the XXth century: (i) organoboron [11] and metal-boron [12]
chemistry and (ii) the chemistry of 3D polyhedral (metalla)heteroborane structures [13-17]. Given the
huge and magnificent efforts done towards the synthesis of new boron derivatives in the last decades,
a complete literature citation here is impractical.

The recent experimental isolation of borophane layers [18], a 2D (BH); system structurally
equivalent to graphene and the characterisation of chemical structures where one C=C double bond is
substituted by one B(H;)B moiety [19-23] calls for the possibility of creating a new field of research
within boron chemistry, namely, the synthesis of finite planar neutral borane molecules. We have
recently proved that there is a one-to-one structural correspondence between any planar conjugated
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hydrocarbon C,Hj, and the planar borane B;H;; ), indeed with the same number of electrons and n
more hydrogen atoms in the latter [24]. This transformation can be carried out by substituting all C=C
double bonds by a perpendicular planar B(H;)B moiety, which is the central rhombus of diborane(6).
Up to this date we have not found any exception so far to this transformation and is extended here to
non-planar systems.

The problems that we would like to tackle in this work, dedicated to Professor Todd B. Marder
on the occasion of his 65th birthday, are related to the stability of hybrid boron-carbon isoelectronic
chemical structures built by consecutive substitution of C=C by B(H;)B moieties in (poly)cyclic
conjugated hydrocarbons. Particularly, we have chosen examples with 471 7 electrons: cyclobutadiene,
cyclooctatetraene, pentalene and benzocyclobutadiene, and examples with (47 + 2) 7t electrons: benzene,
naphthalene and azulene. The question we would like to answer here is: Given a (poly)cyclic conjugated
hydrocarbon C, H,;, with an even number of carbon atoms or 7 electrons, how similar or different are
the hybrid systems C ;o) BoxHgusor), with k=10, 1,2, ..., n/2}, to the original hydrocarbon from the
structural and electronic structure point of view? In Scheme 1 we gather the conjugated hydrocarbons

considered in this work.

@) (b) () (d)

=

0 T10 T
F X —

=
AN
K

1 K Ks
(e)
Ki K
€3] (8)

Scheme 1. Conjugated hydrocarbons included in this work. Kekulé structures K; [25] are also
included for those structures leading to different hybrid isomers on {C=C < B(H2)B} substitutions.
(a) cyclobutadiene, (b) benzene, (c) cyclooctatetraene, (d) pentalene, (e) benzocyclobutadiene with
Kekulé structures Kj, K, and K3, (f) naphthalene with Kekulé structures K; and Kj, and (g) azulene.
All systems are planar, except for cyclooctatetraene (c) with a D,; symmetry energy minimum.

2. Results

Tables 1-5 gather the formula, structure, electronic energy, vertical singlet-triplet energy gaps and
point-group symmetry (PGS) for all the systems included in this work, derived from a conjugated
hydrocarbon C,H,, with an even number of carbon atoms or 7t electrons and the structures derived
from consecutive k { C=C < B(H;)B } substitutions, with 1 < k < n/2. The triplet energy is computed
with optimized geometry of the singlet ground state due to considerable geometrical changes in
triplet optimizations, and therefore singlet-triplet energies are vertical. From cyclooctatetraene
onwards, all Cg,_oBrHns2k) structures have more than one isomer, for 1 < k < /2. Hence,
one might inquire the extent of change in energy differences and singlet-triplet energies in different
isomers of a given structure. When isomers arise under k {C=C « B(H,)B} substitutions in a given
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structure, these are labelled as {(I), (I}, ... } and ordered in increasing energy, as displayed in
Figures 1-5. All structures and isomers correspond to planar structures, except for cyclooctatetraene
CgHg (k = 0) and structures C(g_ox)B(ax)Hg+2x) (k = 1-4). All structures and isomers presented in this
work, as computed with the B3LYP/cc-pVTZ model, correspond to energy minima. B3LYP/cc-pVTZ
optimised geometries, in cartesian coordinates (A), of the systems included in the work are presented
in Supplementary Materials.

HVB By
| | - L L A(ABsT)[C=C — B(FHL)B]
B—8"
AEst (k=0)=+134 AEst (k=4) = +304 +170
HoH
G
N ./ \3 A(AEsT)[C=C — B(H:)B]
W >
R
AEst (k=0) =+428.0 AEst (k=3) =+420 8
H
TN
oD
- s Ly A(AEsT)[C=C — B(H2)B]
E\E/“\ /a
T
ABst (k=0)=+264 AFst (k=4) =+433 +169

Figure 1. Singlet-triplet gap AEsy(kJ-mol™) for cyclobutadiene, benzene and cyclooctatetraene and
the equivalent B,H,;,+, structures, and the differences A(AEgr)[C=C — B(H,)B] = AEst(B,Hy+1) —
AEgr(CrnHp).

g

el e
NN
- B l - A(AEsr)[C=C — B{Hz)B]

AEer (k=0) = AEer (k= 4) =+257 +157

) @ @ av)
T \ 1 ]
50 50
0 0
Y i "
£ r P 287
z - 130
= 50 - - %0
= r k=2
= r 23
5 [
-1 - -
O "oy 1°
. k-1
140
0 o0
N V4
1 | | !
0] an (] )
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Figure 2. Isomer structure vs. AE(I, Njy,) (k]-mol™') for pentalene, with AE(I, N) = E(Njs,) — E(I).
Nis, is the number of isomers for a given k in C,;_ok) B2k Hpnr2k)- In addition, for each structure the
singlet-triplet gap is shown (kJ-mol™1). The encircled singlet-triplet energy gaps correspond to the
maximum and minimum values.
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Table 1. Cyclobutadiene, benzene, cyclooctatetraene and the corresponding hybrids C(,;—x) BaxyHm+2x),
with formula (k), structure, energies (B3LYP/cc-pVTZ, in au), singlet-triplet vertical energy gaps
(kJ-mol~1) with the B3LYP and B97D functionals, AEstpsryp and AEsrpoyp (italic) respectively,
and point-group symmetry (PGS) in parentheses. For benzene and hybrids we also show the molecular
electrostatic potential (MEP) on the 0.001 au electron density isosurface (blue and red colors indicate
values V(r) > +0.015 au and V(r) < —0.015 au, respectively), and the anisotropy of the induced current

density (ACID). Different isomers of a given structure are labelled as {(I), (II), ...

} and ordered in

increasing energy. All geometries correspond to energy minima. In-plane exo hydrogen atoms bound
to carbon and boron not shown for clarity. B3LYP/cc-pVTZ computations.

Cyclobutadiene Cy—2k) Bk Hua+2r)

Formula (k) C4Hy (0) C,B2Hg (1) BsHg (2)
— B B——B
WH H\Y WH
Struct | | | / /
ructure ‘\/\H H{,, “/\\\/H
Energy —154.734983 —129.488436 —104.182558
AEgtparyp (PGS) 133.5 (Dop) 272.9 (Cay) 303.6 (Dap)
AEst 07D 124.8 265.2 272.3
Benzene C(g—21)B(ox His+26)
CeHe (0) C4ByHg (1) CyB4Hyg (2) BgHiz (3)
N — =
2

\_/

\3
\a 3

' b R
—232.333368 —206.929239 —181.596841 —156.324833
4280 (Dgy) 3259 (Cyy) 3612 (Cay) 419.8 (Dyy)
414.4 312.9 353.1 373.2
Cyclooctatetraene Cg_zz)B k) Hs+2k)
CgHs (0) CeBaHyp (1) C4B4H12 (2 CoBgHia (3) BsHie (4)
T B/jB
H |7 N
( ) H«Jr:H /«l»”
H
-, N )
A4 T~
—309.697808 —284.398420 —259.096253 —233.769903 —208.442935
264.4 (Daq) 3122 (Cy) (1)377.1 (Cay) 3753 (Cy) 433.1 (Daq)
234.3 284.1 344.2 364.4 381.0

—259.084995
(I1) 355.7 (Cy)
332.9
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Table 2. Pentalene and the corresponding hybrids Cg_o) Bk Hss2r), with formula (k), structure,
energies (au), singlet-triplet vertical energy gaps AEgt (kJ-mol~1) and point-group symmetry (PGS)
in parentheses. Different isomers of a given structure are labelled as {(I), (II), ... } and ordered in
increasing energy. All geometries correspond to energy minima. In-plane exo hydrogen atoms bound
to carbon and boron not shown for clarity. B3LYP/cc-pVTZ computations.

Pentalene Cg_» Bk Hs+2k)

CgHg (0) C¢ByHg (1) C4B4Hy (2) C;BgH12 (3) BsHy4 (4)
B B I/r ‘B
wB H'ﬁ _— gy g // \
\\H Q & H\\-Bh gl i
S = HY
7 T~ H,,
BVH‘ Blea I ~ 4 A
—308.476075 —283.193095 —257.898516 —232.562207 -207.215121
100.1 (Cap) (1) 176.7 (Cs) (I) 232.3 (Can) (I) 292.9 (Cs) 257.3 (Cap)
H Ha
LN B B
et~ N e 7
E/F[ Q= A\LL
A\} / \ N2 /
S
— BVH4
—283.179450 —257.881067 —232.544645
(I) 140.2 (Cs) (II) 2225 (Cs) (II) 290.4 (Cs)
D
\8/4 /
wH
—257.869529
(III) 189.9 (Cs)
H
a
5
)
\H//,l /
o
B"H<
—257.866865

(IV) 286.8 (Cap)

Table 3. a. Benzocyclobutadiene Kekulé structures K; and the corresponding hybrid boranes, with
formula (k), structure, energies (au), singlet-triplet vertical energy gaps AEgt (k]'mol~') and point-group
symmetry (PGS) in parentheses. b. Kekulé structures K;. c. Kekulé structures K3. Different isomers
of a given structure are labelled as {(I), (II), ... } and ordered in increasing energy. B3LYP/cc-pVTZ
computations. All geometries correspond to energy minima. In-plane exo hydrogen atoms bound to

carbon and boron not shown for clarity.

(a)
Benzocyclobutadiene Kekulé Structure Ki: C(g_zz)B k) Hg+2k)
CgHg (0) CeByHg (1) C4BgHq (2) C2BgH12 (3) BsHis 4)
Ha Hume B.
B
B ‘B g/\“ m \ ___ =&
NN », gL 5 \4 BK
Y anH /g4 l % Z
NG B .\\H aiH
h hv \*\‘B/
—308.466884 —283.206069 —257.868229 —232.534049 —207.187765
195.3 (Cyy) (I) 303.0 (Cypy) (I) 225.8 (Cs) (I) 361.7 (Cay) 264.0 (Cay)
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@)
Benzocyclobutadiene Kekulé Structure K1: C(g—2x)B i) Hg+2k)
CsHp (0) CeB2Hs (1) C4B4Hyg (2) C2BgHiz (3) BgHig (4)
/ B / \B—B, / B—BaH
. H\ /H NI Y "
NIA A H H 4
H [ | VA S ) H
A Hax 37 ULt <\
X N g
Hv
—283.141948 —257.847770 —232.521784
(I1) 285.1 (Cay) (I1) 338.7 (Cay) (I1) 308.5 (Cy)
Z Hap
g5 g
L e
¢ Lo 41
aH N H >
l\/’B G {’ s
Hw AhoB
—283.125618 —257.820144 —232.488989
(1) 117.7 (Cs) (1) 265.9 (Cs) (I11) 254.3 (Cyy)
H ap
.S
B"//H
Ao
—257.791707
(IV) 108.4 (Cay)
(b)
Benzocyclobutadiene Kekulé Structure Ky: C(g_zz)B i) Hg+2k)
CeHg (0) CeByHg (1) C4BsHqp (2) C2BgH12 (3) BsH1s @)
BwaH B=aH
B B X B g~ =N%k_ g B 2B 8
< -, - v o AW S
EDCEEEANG a1 )%, AN 1%, H| NG
AV S al> / sla H‘J:)\H H/J"H AL, Aok
> N
F BLA
—308.466884 —283.206069 —257.880840 —232.542344 —207.194531
195.3 (Cay) () Cay 3029 = (I) in K; (1) Cay 367.5 (I) Cs 342.3 Cyy 3103
Bt
B'/ \ %}E—ﬁ
H‘ < H | N ’H
N / HIII: B>
B
—283.162243 —257.869238 —232.529224
() Cyy, 267.2 (IT) C; 280.1 (II) Cyy, 323.8
B—aH BwaH
5 P 5\§ 5~ =3
AW o, AW
€7, T 4 l/H L |
H ‘é‘\H alN HII'
F Segd
—283.161645 —257.848002 —232.517824
(II0) Cs 220.2 (1) Cs 280.4 (I11) Cyy 348.8
B=aH

Zt
| Hlu'}jl

—257.842989
(IV) Cyy 3285
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(c)

Benzocyclobutadiene Kekulé Structure K3: C(g—2z)B i) Hg+2k)

CgHg (0) CeB2Hg (1) C4B4Hjqg (2)

C2BgH12 3)

BeHis (4)

|
LA

—308.466884
195.3 (Cay)

—283.151132

—257.848644

(1) 137.7 (Cs) (1) 229.1 (Cs)

}H(
B—B

"N
\\\li l\\H//é

ASE W

—232.527701
(1) 210.9 (Cs)

H‘B
J/ s \B‘_H\B
QY S
Lo Lol
=

~207.196234
374.0 (Cpy)

H
P g2 &g
T

l,,H\\
|
A
\ X W
—283.125618
(I1) 117.6 (Cs)

—257.841430
(I1) 219.6 (Cay)

—232.517894
(I1) 237.0 (Cs)

r>e o
I!{H: ~p2 %

S
g

—257.838383
(I11) 173.8 (Cy)

H;B

l{'i —

b8
257791707

(IV) 1085 (Cay)

Table 4. a. Naphthalene Kekulé structures K; and the corresponding hybrid boranes, with formula (k),
structure, energies (au), singlet-triplet vertical energy gaps AEgy (kJ-mol™!) and point-group symmetry
(PGS) in parentheses. b. Kekulé structures K;. Different isomers of a given structure are labelled
as {(I), (II), ... } and ordered in increasing energy. B3LYP/cc-pVTZ computations. All geometries

correspond to energy minima. In-plane exo hydrogen atoms bound to carbon and boron not shown
for clarity.

(@)
Naphthalene Kekulé Structure K1: C19-2k)BryHs+2k)

C1oHs (0) CgB2Hqp (1) CeBsH12 (2) C4BH14 3) C2BgHi6 (4) B1oHis (5)
H fap pall s 5t
Hag ‘!3 N P S DN
r & & N
H | H
o é{li H | l"l:.l l..\\w// /i' S, l
hob Wi Bed NN
—386.025545 —-360.701217 —335.372607 —310.030119 —284.691550 —259.335521
304.3 (Dyp) (1) 325.9 (Cs) (1) 414.4 (Cyy) (1) 287.8 (Cs) (I) 316.1 (Do) 313.6 (Do)
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@)

Naphthalene Kekulé Structure K1: C(19-2k) B2k Hs+2k)
C2BgHye (4) BioHis (5)

C10Hs (0) CsB2Hy (1) CeByHiz (2) C4BgHis (3)

—360.673209 —335.365370 —310.015638 —284.676167
(I1) 3407 (D) (I1) 266.4 (Cap) (I1) 393.0 (Cay) (I1) 353.7 (Cs)
H H Hapg
PN Ry s e TN
iy Fw o
‘ K/Pﬂg\\H Y/
A F x g A
.y
—335.364766 -310.013813
(II1) 3004 (Cpy)  (ITI) 385.0 (Cop)
H‘B
& e;
“
[
AN
—335.346472 -310.011145
(IV) 322.7 (Cs) (IV) 327.6 (Cay)
(b)
Naphthalene Kekulé Structure Ka: C(10-2k) B2k Hs+2k)
CgB>Hjp (1) C¢BsH1z (2) C4BgH1a (3) C,BgHi6 (4) B1oHis (5)
Hapg Hap H H Ha Ha
L Fo A NN 7 Y
L Lo S~ Ivg P Eg'H .L\ﬂ_ Lo L2
N N3 O S
-360.701217 —335.372607 —310.028387 —284.687476 —259.338265
(1) 325.9 (Cs) (1) 414.4 (Cyy)
LDk, DK (1) 297.5 (Cay) (1) 331.2 (Cs) 307.0 (Cay)
H H
Hapg Aap Hapg ap
S N N =
B'{H \B,ﬁ'::[ J{H Q= |
l.uH R anH
= Np H
‘H\vB hrB hrB
—360.678565 —335.362684 -310.025977 —284.679641
(I1) 223.1 (Cy) (II) Cs 303.3 (I1) 301.6 (Cs) (II) Cyy 351.0
H H H Ha
NN NS, AN
1 H\\.‘L)H " g H\"é‘H " us H:.LIH
”, AV i a7
N N N [
—360.675945 —335.356631 —310.014490 —284.675123
(I11) Cay 187.8 (I11) 256.1 (Cs) (I1I) Cs 251.0 (I11) 313.2 (Cy)
Hag  Hag
dom e
..\\ﬂ |
AN h\é
\dl
—335.352046 -310.014211

(IV) 244.0 (Cs) (IV) 333.7 (Cs)
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(b)
Naphthalene Kekulé Structure Ka: Cq19-2k) B2k Hs+2k)
CgB2Hyg (1) CeByHiz (2) C4BgHis (3) C2BgHye (4) B1oHis (5)
Hag Ha g
=4 !{ 2 R A
i | NS
L.\\\H é..\\H "g)
X0 x g\g/
b 4
—335.335292 —309.998099
(V) Cy 2523 (V) Cay 2349

Table 5. Azulene the corresponding hybrid boranes, with formula (k), structure, energies (au),

singlet-triplet vertical ener; aps -mol™ ") and point-group symmetr in parentheses.
inglet-tripl ical energy gaps AEst (k]-mol™!) and point-group sy y (PGS) in parenth

Different isomers of a given structure are labelled as {(I), (II), ... } and ordered in increasing energy.

B3LYP/cc-pVTZ computations. All geometries correspond to energy minima. In-plane exo hydrogen
atoms bound to carbon and boron not shown for clarity. All structures and isomers have Cs symmetry
except azulene CjpHg and the equivalent boron structure BgH;g both with Cy,, symmetry.

Azulene Co—2k) Bk Hs+2k)
C1oHs (0) CsB2Hyp (1) CsBsH1z (2)

C4BgH14 3)
H

J%\B%:\B
iy HY

~310.017400
(1) 329.9 (Cy)

—385.971486 —360.664485 —335.342898
1963 (Cay) (1) 224.4 (Cy) (1) 260.7 (Cs)

—360.653691 —335.338375 —-310.010310
(I1) 180.5 (Cs) (I1) 235.9 (Cs) (I1) 252.5 (Cs)
H H H
a LN a
’/\,B B’/~B B'/\,B
NF 7 e
B HwB
Hi =
-
—360.644455 —335.335924 —310.009032
(I11) 203.1 (Cs) (I11) 207.6 (Cs) (I11) 335.1 (Cs)
H
ris i
B'//H\\¢ \B'/;B

—360.643019 —335.333474 —310.006879
(IV) 183.3 (Cs) (IV) 239.7 (Cs) (IV) 248.1 (Cy)
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Azulene Cqo—2k) Bk Hs+2k)

C1oHs (0) CsB2Hyp (1) CeBsH1z (2) C4BeH14 (3)

—360.637439 —335.332218 —310.005650
(V) 179.7 (Cs) (V) 212.6 (Cs) (V) 250.4 (Cs)
Azulene Cg—2 Bk Hs+26
CeB4H1z (2) C4BgH14 (3)
H
A H
LB B';~B\ Mg
S S §
\ \_ 24—
= / )
—335.324248 —309.999674
(VI) 219.3 (Cy) (VI) 327.6 (Cs)

—

£

-335.321141 —309.999405
(VII) 272.0 (Cs) (VII) 319.5 (Cs)

VIHH,
» \B/A B/

—335.320601 —309.996626
(VIII) 217.0 (Cs) (VIII) 249.8 (Cs)
H H
LN A
/¢B ./sB
'//H\\ //H\ —
\'1TH '//l_i Hin
A;\; / '4‘\5 ‘/ A
—335.319266 —309.992937
(IX) 208.9 (Cs) (IX) 210.9 (Cs)

N o

~335.313370 —309.989768
(X) 163.1 (Cs) (X) 262.6 (Cs)
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Azulene Co—2k) Bk Hs+2k)

C2BgH1g (4) B1oHi1g (5)
H
7N 45 H
B N
rSe  Ha o B
SN Uy \ .
VIR RN
‘1/H HWY, ‘IIH HY,
4\ = < s Hu B
Ha\s / B/Ah If; \B;\/‘\B/Aﬁ
~H
—284.679284 —259.332171
(I) 315.4 (Cs) (1) 293.3 (Cs)
H
a
L8
B/ st =
HuB
\; Hi. E h
\B/ A
—284.675773
(I1) 311.6 (Cs)
H
ris H,
B//\\ \B'/B
NG
)
N4
—284.667945

(IIT) 320.1 (Cs)

B’/\e‘ \
H HPs
I ‘L =

N o

—284.666066
(IV) 317.1 (Cs)

Ha

B',,,R \B'fH N
& Huy é\:y

7284.666006
(V) 3132 (Cs)

At this point we should emphasize the geometrical changes that a C,H,; conjugated hydrocarbon
undergoes through k {C=C < B(H;)B} substitutions, with k = {0, 1, 2, ..., n/2}, in a given hybrid
boron-carbon C;;—ok) BoxyHu12k) structure.

In Table 1 and Figure 1, we gather the structures, energies and singlet-triplet gaps for
cyclobutadiene, benzene and cyclooctatetraene and the corresponding C;;—2x) B2k Hu+2x) structures.
We start off with the series for n = 4 in cyclobutadiene: C_ox)BoxHusor), with k = {0, 1, 2}. Given
the antiaromatic nature of cyclobutadiene, this molecule is very reactive with tendency to dimerize
and can be observed by matrix isolation below 35 K [26]. Substitution of one {C=C} moiety by one
{B(H)B} moiety in C4Hy (k = 1) leads to a C;B,Hj cyclic structure, with a singlet-triplet energy gap
140 kJ-mol ! larger than in C4Hy. A second {C=C < B(H;)B } substitution in C4Hy (k = 2) leads to
cyclic tetraborane(8), with a even larger singlet-triplet energy gap, 170 kJ-mol~! higher than in C4;Hj.
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The next system to be analyzed is aromatic benzene (n = 6) and the boron-carbon hybrids:
C(6-20BaryHs+21), with k = {0, 1, 2, 3}, as gathered in Table 1 and Figure 1. Benzene is a colorless liquid,
with a characteristic odor, volatile, very flammable and carcinogenic. This molecule is the paradigm
of Hiickel theory [1] and the concept of aromaticity itself, with a very interesting debate reaching
our days on the role of its correlation energy and the 7 electron spin-pairing [27]. As opposed to the
previous example, the singlet-triplet energy gaps for benzene and cyclic hexaborane(12) B¢Hj; are quite
similar, 8 kJ-mol~! larger in benzene, due to the aromatic nature of the latter. The first {C=C < B(H;)B}
substitution in benzene leading to C4B,Hg (k = 1) decreases the singlet-triplet energy gap by more
than 100 kJ-mol~'—due to aromaticity loss—but with further {C=C < B(H;)B} substitutions the
singlet-triplet energy gaps increase by 35 kJ-mol~! and 60 kJ-mol~! for C,B4Hj (k = 2) and BgHy,
(k = 3) respectively. This is a clear indication that breaking the aromaticity of benzene leads, to a first
instance, to a less stable structure. However, this stability is increased by along the series for k = {2, 3},
and three {C=C < B(H;)B} substitutions leads to a structure—Djy, cyclic hexaborane(12) BgHjp,—with
a singlet-triplet energy gap which is only 8 kJ-mol~! lower as compared to benzene. This result is
striking and remains at the very origin of the recent proposal we have put forward [24]: To every
(poly)cyclic planar conjugated hydrocarbon C, H,, there corresponds a boron equivalent structure
By Hy+n which is also an energy minimum.

Inclusion of empirical dispersion corrections with the B97D functional [28] shows a systematic
decrease of the singlet-triplet energy gaps as compared to the B3LYP results, following a similar
tendency, except for the complete borane structures B, Hy,+, with considerably lowering of 47 kJ-mol ™!
for cyclic hexaborane(12), as compared to the B3LYP results. For the cyclooctatetraene series the
lowering is also noteworthy when including dispersion corrections in the functional; the structure
of the stationary points—energy minima—is maintained with both functionals. As described below
in the Discussion section, the bond distances are slightly elongated when dispersion corrections are
included, which is in agreement with lower singlet-triplet energy gaps.
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Figure 3. Cont.
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Figure 3. (a) Isomer structure vs. AE(I, N,) (kJ]-mol ™) for benzocyclobutadiene Kekulé structure K,
with AE(L, Njs,) = E(Nis) — E(). (b) Isomer structure vs. AE(, Njs,) (kJ-mol™!) for benzocyclobutadiene
Kekulé structure K. (c) Isomer structure vs. AE(I, Nj5,) (kK]'mol~1) for benzocyclobutadiene Kekulé
structure K3. Njg, is the number of isomers for a given k in C,—2k) Bk Hgus2k)- In addition, for each
structure the singlet-triplet gap is shown (kJ-mol~1). The encircled singlet-triplet gaps correspond to
the maximum and minimum values.
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Figure 4. (a) Isomer structure vs. AE(I, Nj,) (kJ-mol~1) for naphthalene Kekulé structure K;, with
AE(I, Ni5) = E(Nis) — E(D). (b) Isomer structure vs. AE(1, N) (k]-mol ™) for naphthalene Kekulé structure
K3. Ni, is the number of isomers for a given k in C;,—2k) B2k H421)- In addition, for each structure the
singlet-triplet gap is shown (kJ-mol™!). The encircled singlet-triplet gaps correspond to the maximum
and minimum values.
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Figure 5. Isomer structure vs. AE(I, Nj5) (kJ-mol1) for azulene, with AE(I, Njs,) = E(Nis,) — E(I).
Nis, is the number of isomers for a given k in C,;—ok) B2k Hgnr2k)- In addition, for each structure the
singlet-triplet gap is shown (kJ-mol~1). The encircled singlet-triplet gaps correspond to the maximum
and minimum values.

In order to highlight the electronic structure differences in benzene and its borane hybrids we have
plotted in Table 1 the molecular electrostatic potential (MEP) for the benzene series Cs_2x)B(x)Hs+21),
with k= {0, 1, 2, 3}: The blue and red colors in the MEP indicate negative and positive charge attraction
areas: clearly, the benzene m-electron cloud is a positive-charge attraction area [29,30] and the borane
substituted areas are negative-charge attraction areas, with a complete blue area above the boron-atoms
plane in cyclic hexaborane(12) BgHjy. Just below the MEP in Table 1 we show the anisotropy of the
induced current density (ACID) [31] for the same systems, with a clear blocking of the current in the
region where a {C=C < B(H,)B} substitution is carried out; therefore 7t electron delocalization lowers
considerably as k increases.

We turn now to an antiaromatic system with 1 = 8 7 electrons, cyclooctatetraene and the structural
isoelectronic series summarized in Table 1 and Figure 1: Cg_ox)BonHs2r), with k = {0, 1, 2, 3, 4}.
Cyclooctetraene is a colorless to light yellow flammable liquid at room temperature and adopts a
non-planar Dy, structure in the ground state [32,33]. We should emphasize that cyclooctatetraene
CgHg (k = 0) and the corresponding borane equivalent BgHj4 (k = 4) are transition state structures in
the planar Dy, conformation with energy barriers of 44.0 kJ-mol~! [34] and 55.8 kJ-mol~! respectively
(B3LYP/cc-pVTZ computations), and thus the barrier for the D,y — Dy, process is larger for the borane
compound. Both energy minima correspond to D, structures, and this is the only series of non-planar
hydrocarbon and hybrid boron-carbon structures included in this work. The main purpose of including
cyclooctatetraene is due to the non-planarity of the system, which was not considered before [21].

Consecutive {C=C « B(Hj)B} substitutions in cyclooctatetraene CgHg (k = 0) leads to
C(6-20)BaryHs+2x) structures with a larger singlet-triplet energy gap as k increases from zero to 4, with
a final gap which is 170 kJ-mol~! larger as compared to the original hydrocarbon. Cyclooctatetraene is
the first instance where we have two different positional isomers in C4B4Hj; (k = 2): Isomers I and II,
with lower energy and larger singlet-triplet gap for the more symmetric structure I with Cy, symmetry.
We define Nj, as the number of isomers for a given k in C(;,—2x)B(ox)Hu+2k)- For instance, for azulene
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and k = 2—see Table 5 below, we have a set of ten C¢ByH1, isomers: {I, IL 111, ... , N}, with Njg, =10
in Roman numerals, i.e., Nj5, = X.

We consider next the pentalene molecule CgHg, a two-pentagon one-side fused conjugated system,
also with n = 8 7 electrons, and therefore antiaromatic. Pentalene dimerizes at 173 K [35], and its
derivative, 1,3,5-tri-tert-butylpentalene, has been synthesized [36], as a stabilized planar 87 electron
system. In Table 2 and Figure 2 we gather the results for the pentalene series: C(g_k)BxHs+2x), with
k=1{0,1, 2,3, 4}. Again, due to the antiaromatic nature of the hydrocarbon, the singlet-triplet energy
gap in the equivalent boron structure (k = 4) is 157 kJ-mol ™! higher in energy, as in the previous
antiaromatic cases for cyclobutadiene and cyclooctatetraene, and the energy gap in pentalene is the
lowest along the whole series of structures and isomers derived from C(g_oxBrH+2r) and 1 <k <4,
as the encircled value shown at the top of Figure 2.

The singlet-triplet energy gaps increase along the series for 0 < k < 3; the equivalent boron structure
BgHiy4 (k = 4) has a lower gap as compared to the previous (k = 3) molecule C;B¢Hj;. There are striking
differences in the energy gaps as function of k, the number of {C=C « B(H,)B} substitutions, and also
within the set of isomers of a given k, as shown in Figure 2. The largest and lowest singlet-triplet
energy gaps in the whole series are shown in Figure 2 as encircled numbers and with the corresponding
structure. All structures and isomers for 1 < k < 4 have a larger singlet-triplet energy gap as compared
to original pentalene (k = 0), a clear indication on how unstable this conjugated hydrocarbon is as
compared to the boron-carbon hybrid series.

A shown in Table 2 and Figure 2 the isomer energies for a given structure (k) follow the same order
as the singlet-triplet gaps, except isomer IV for k = 2 with an increase of 100 k]~mol‘1. It is striking that
isomers with very close electronic energies might have such different singlet-triplet gaps. The energy
difference between isomers IIT and IV for k = 2 is only 7 kJ-mol~!. Hence positional {C=C « B(H,)B}
substitutions might have important changes in the interaction of these hybrid boron-carbon isomers
with external perturbations, such as photochemical processes.

We follow with another conjugated hydrocarbon with 1 = 8 7t electrons: benzocyclobutadiene
and the hybrid boron-carbon series Cg_ox) Bk Hs+2r), with k = {0, 1, 2, 3, 4}, similar to pentalene,
and displayed in Table 3a—c and Figure 3a—c. Benzocyclobutadiene polymerises readily and reacts
as a dienophile in Diels-Alder reactions [37]. As opposed to the previous 1 = 8 systems, in this
particular case we need to consider different Kekulé structures, Kj, K, and K3 (Scheme 1) since they
give different structural isomers on consecutive k {C=C < B(Hj;)B} substitutions. The energy gap
in the original hydrocarbon is 195 kJ-mol~! (the same for Ky, K, and K3) and we find for the first
time that {C=C < B(H;)B} substitutions lead to hybrid systems with lower gaps, e.g., isomer IV with
k = 2 in Table 3a with a gap of 108 kJ-mol~!, the lowest among all as shown in Figure 3a, clearly
due to the presence of the strained cyclobutadiene ring in the structure. Only isomers from Kekulé
structures K; and K3 keep this tendency as shown in Table 3a—c respectively. There is an exception to
this behavior: for the Kekulé structure K;—Table 3b—the gaps are always larger in the substituted
isomers, as compared to benzocyclobutadiene. This is striking and due to the presence of only one
double bond C=C in the rectangular cyclobutadiene, hence lowering the strain energy on any further
{C=C < B(H;)B} substitution. Another noteworthy result is the singlet-triplet energy gap differences
in the boron equivalent structures of K, K, and K3, always fairly above benzocyclobutadiene by
70 kJ-mol~!, 115 kJ-mol~! and 180 kJ-mol~! respectively, as shown in Figure 3a—c.

There are many isomers with larger energy gaps as compared to benzocyclobutadiene: The borane
structure for planar (k = 4) BgHy4 in the K3 configuration—Table 3¢ and Figure 3c—has the largest gap
of all structures and isomers, 374 kJ-mol~!. When strain is released from the rectangular cyclobutadiene
moiety in the original hydrocarbon, many isomers have gaps above 300 kJ-mol~!, with the interesting
case of isomer I of K, with k = 2—Table 4b—a cis-butadiene system fused with two diborane
molecules and energy gap 368 kJ-mol~ and the lowest ground state energy. The experimental
vertical singlet-triplet gap in butadiene is 310.7 kJ-mol~! [38] (318.9 kJ-mol~! with a B3LYP/cc-pVTZ
computation). Therefore, the two diborane molecules fused to the cis-butadiene moiety in isomer I
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of C4B4Hyg (k = 2) and Kekulé structure K stabilise the system further by 50 kJ-mol~!. We do not
intend to give spectroscopic accuracy in these examples, but rather an explanation of the tendency
in energy and stability changes upon {C=C < B(H;)B} substitutions in conjugated hydrocarbons.
We should emphasize here that all structures and isomers remain planar upon these substitutions in
benzocyclobutadiene, checked through frequency computations, thus following the previous examples
with the exception of cyclooctatetraene, which is not planar.

Given the topological distribution of single and double bonds in benzocyclobutadiene, only
Kekulé structures K; and K3 retain the cyclobutadiene ring in the hybrid boron-carbon series. Hence,
for K;—Table 3a and Figure 3a—one has isomer III from C¢B,Hg (k = 1), with an energy gap of
118 kJ-mol~" and isomer IV from C4BgHjg (k = 2) with a gap of 108 kJ-mol~! (lowest gap). These
isomers are equivalent in Kz—Table 3¢ and Figure 3c—to isomer II from C¢B,Hg (k = 1), and isomer IV
from C4BgHj (k = 2). The presence of the cyclobutadiene ring explains why these hybrid boron-carbon
isomers have such low singlet-triplet energy gaps.

We turn now to the next aromatic system, naphthalene, with # = 10 7 electrons, and the series
C(10-20BaryHg+2x), with k = {0, 1, 2, 3, 4}. Naphthalene is a white crystalline solid with a characteristic
odor and detectable at very low concentrations and reacts more readily than benzene in electrophilic
aromatic substitution reactions [37]. The two Kekulé structures K; and K, shown in Scheme 1 are
also necessary in order to include all possible different isomers upon consecutive {C=C « B(H,)B}
substitutions. Table 4a,b and Figure 4a,b include the energies and energy gaps for all isomers derived
from Kekulé structures K; and K; in naphthalene, respectively. What differs notably, viz., the energy
gaps as compared to antiaromatic systems (1 = 4, 8)—see above also benzene—is the small difference
between the gaps in the original conjugated hydrocarbon C;oHg and the equivalent borane structure
BigHjs, 10 kjmol~! and 3 kJ-mol~! higher for Kekulé structures K; and K respectively. Therefore, from
a thermochemical point of view, the synthesis of the planar borane structures derived from benzene
and naphthalene, BgH;, and BjoH;g respectively, should be affordable.

Again, for an aromatic system, consecutive {C=C < B(H;)B} substitutions lead to larger energy
gaps compared to naphthalene, with a striking increase for the k = 2 isomer I in structures K; and
Ky—both are equivalent—CgB4Hj, (k = 2)—Table 4a—which corresponds to a fusion of two diborane
molecules to benzene, and giving a further stability to the molecule. Isomers with lower gaps than
naphthalene appear both in K; and K; structures. The two lowest gaps in K; correspond to isomers IT
from C¢B4Hi, (k = 2) and isomer I from C4BgHy4 (k = 3). The lowest gap in K,—Table 4b—correspond
to the k = 1 isomer III from structure CgB,Hj; this destabilisation is clearly due to the loss of aromaticity
in the whole system on substituting one C=C bond by a B(H;)B moiety on the right ending of the
molecule, thus quenching the resonance energy.

We should also emphasize that K; set has more isomers than the K; set with a gap larger than
naphthalene, and all isomers are planar structures corresponding to energy minima for all set of
Kekulé structures.

Finally, the last system included in this work, aromatic azulene with n = 10 7t electrons follows the
same series as in naphthalene: C19_2x)B(x)Hs+2k), with k = {0, 1, 2, 3, 4, 5}. Two terpenoids of azulene
appear in Nature and offer a rich organic chemistry [39]. In azulene we have one, 5 and 10 isomers
for k = {0, 5}, k = {1, 4} and k = {2, 3} respectively, as shown in Table 5 and Figure 5. There is only one
Kekulé structure leading to different isomers, and the presence of a seven-membered ring fused to a
five-membered ring entails a different electronic structure as depicted by the lower energy gap in the
original hydrocarbon as compared to benzene and naphthalene.

The azulene equivalent borane structure BjgHjs has a singlet-triplet energy gap 100 kJ-mol ™!
above the original system and again there are isomers with lower and higher energy gaps as compared
to azulene. The largest and lowest gaps correspond to 335 kJ-mol~! and 163 kJ-mol ™" for isomer III
of structure C4BgHj4 (k = 3) and isomer X of structure C¢B4Hjy (k = 2), respectively, as displayed in
Figure 5, with the encircled numbers. The general rule is that the average gap increases with k for
1 < k < 4, namely, the more {C=C < B(H;)B} substitutions, the more stable the system on average.
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One {C=C < B(H,)B} substitution in azulene, leading to five CgB,H;j( isomers (k = 1), shows two
isomers (I, III) with an energy gap above azulene and three isomers (II, IV and V) with energy gaps
below azulene. The energy gap in isomer III is only 4 kJ-mol~! higher than in azulene. Note that
the structural difference between isomer I and isomer V of structure CgB,Hjg (k = 1) stems from
the boron substitution site: pentagon and heptagon respectively, and both on the bridge atomic site.
Boron substitution on the pentagon cycle at the bridge position leads to the least reactive species
(k = 1) CgByHyp (I) as compared to azulene. However, this situation is inverted when the boron
substitution site is on the bridge position of the heptagon cycle, leading to the more reactive isomer V
for CgByHjg (k = 1) as compared to azulene. As commented above, complete boron substitution of
azulene (k = 4) leads to a more stable structure, with a singlet-triplet gap 100 k]-mol~! above azulene.
This is remarkable if we take into account that BjgH;g has never been synthesized.

3. Discussion

The experimental CC and BB distances in ethylene and diborane(6) are 1.340 A and 1.736 A
respectively. These are considerable differences which are due mainly to the presence of two bridge
hydrogen atoms in diborane(6), changing the electronic structure of the substituted systems considerably.
However, the role of these two bridge hydrogen atoms in the B(H;)B moiety correspond, from a
structural and electronic point of view, to the two 7 electrons in ethylene: Every {C=C < B(H,)B}
substitution in the original conjugated C,H,, hydrocarbon leads to a hybrid planar or nonplanar
equivalent structure, as we have seen above in the description of the results. The aromaticity and
antiaromaticity of a conjugated C,H;,; system according to Hiickel’s 41 + 2 and 4# rule for 7 electrons,
respectively, does not necessarily apply by consecutive {C=C < B(Hj;)B} substitutions, leading to
the hybrid systems C,_ox)BoxyHgnr2r), with k = {0, 1, 2, ..., n/2}. The geometrical parameters for
cyclobutadiene, benzene and cyclooctatetraene and the hybrid boron-carbon systems are gathered in
Table 6.

According to Table 6, inclusion of empirical dispersion corrections in the B97D functional leads to
slightly larger distances in a systematic way as compared to the B3LYP results, without changing the
minimum energy nature of the stationary points for the conjugated hydrocarbon structures and the
corresponding boron-carbon hybrids.

As regards to the singlet-triplet energy gaps in the same three model systems, we gathered in
Table 1 the B3LYP and B97D energy gaps, with a systematic lowering when including dispersion
corrections, and following the same trend; since our goal here is a tentative prediction, from a theoretical
point of view, of the stabilities in hybrid boron-carbon systems which are experimentally unknown,
the qualitative description is valid, without pretending spectroscopic accuracy.

A further assessment on the degree of aromaticity in the hybrid boron-carbon systems included in
this work can be tackled with the comparison of the nucleus-independent chemical shifts (NICS) [40],
at the centre of ring—NICS(0)—and 1 A above this point, perpendicular to the ring—NICS(1). NICS is
a computational method which provides the extent of absolute magnetic shielding at the centre of a
ring. The values are reported with a reversed sign to make them compatible with the chemical shift
conventions of NMR spectroscopy, and negative NICS values indicate aromaticity and positive values
antiaromaticity. In Table 7 we gather the NICS(0) and NICS(1) values for cyclobutadiene and benzene
with the corresponding hybrids.

Cyclobutadiene is the most antiaromatic system, and the NICS values decrease with more
{C=C < B(H;)B} substitutions. Clearly, benzene is the most aromatic system considered here
and the first hybrid with one {C=C < B(H,)B} substitution retains certain degree of aromaticity.
A further {C=C < B(H,)B} substitution leads to a positive NICS(0) and a small negative NICS(1).
Complete {C=C < B(Hj)B} substitutions in benzene leads to a non-aromatic cyclic hexaborane(12)
BgHjo. The ACID plots (Table 1) of the benzene derivatives show that each {C=C « B(H;)B} substitution
produces gaps in the isosurface as indication of reduced aromaticity. In Figure 6 we display the
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correlation between the singlet-triplet energy gap vs. NICS(0) and NICS(1) from Table 7. The correlations
are quite linear except for the two encircled hybrid structures.

Table 6. Geometrical distances (A) in optimised geometries of C,_ok) Bk Hgus2r) systems for
cyclobutadiene, benzene and cyclooctatetraene: d(C-C), d(C=C), d(C-H), d(B-B), d(B(Hp)2B)p,
d(B-H), and d(Hp-Hp). Hy, corresponds to a bridge hydrogen atom, i.e., diborane(6) can be
drawn as HpB(Hp);BH,. The first and second (italic) value for each distance corresponds
respectively to B3LYP/cc-pVTZ and B97Djcc-pVTZ computations, the latter with a functional including
dispersion corrections.
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Table 7. NICS(0) and NICS(1), in ppm for cyclobutadiene and benzene and the corresponding hybrids.

Cyclobutadiene NICS(0) NICS(1) Benzene NICS(0) NICS(1)
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Figure 6. Singlet-triplet energy gaps vs. NICS(0) and NICS(1) for cyclobutadiene and benzene series.

The most noticeable changes upon {C=C < B(H;)B} substitutions for a given conjugated
hydrocarbon C,;H,;, from an energy point of view and singlet-triplet gap, is in the loss of aromaticity
or in the inclusion or permanence of very unstable moieties, such as cyclobutadiene. For instance,
for antiaromatic cyclobutadiene and cyclooctatetraene—Table 1 and Figure 1—the minimum and
maximum singlet-triplet energy gaps correspond respectively to the conjugated hydrocarbon C, H,,
and the corresponding borane systems B,;H,;, +, respectively, namely, with all k = /2 {C=C < B(H;)B}
substitutions. This is remarkable, since planarity of borane molecules is an exception rather a rule.
The loss of aromaticity in benzene upon one {C=C < B(H;)B} substitution leads to the minimum
energy gap structure, with the largest gap for benzene itself. Pentalene has the lowest energy gap as
shown in Table 2 and Figure 2, as an antiaromatic system, with the larger gap for the k = 3 isomer (I),
where only one C=C double bond remains in the structure, releasing the constrained hydrocarbon
structure due to longer BB and B(Hy,),;B distances. The particular case of benzocyclobutadiene, also
antiaromatic, is remarkable due to the three different Kekulé structures leading to different isomers,
Table 3a—c and Figure 3a—c. Thus, for Kj, the minimum singlet-triplet gap comes from the k = 2,
isomer (IV), which is nothing but a cyclobutadiene molecule with two diborane(6) moieties attached
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to one of the C=C double bonds forming a six-member cycle: This isomer has a gap which is even
lower than in cyclobutadiene itself! On the other hand, and following the cases of cyclobutadiene
and cyclooctatetraene, the complete borane structure (k = 4) BgH14 has the largest gap. For Kekulé
structure Ky, benzocyclobutadiene itself has the lowest gap and the largest gap corresponds to k = 2
isomer (I), a cis-butadiene molecule with two diborane(6) molecules fused and forming a six- and
four-member ring on the =CH, and =CH- moieties respectively. Hence the conjugation of the two
double bonds is maintained even with the inclusion of diborane moieties. As for K3, the minimum
gap corresponds to the k = 2 isomer (IV) which is cyclobutadiene with two fused diborane molecules
forming a six-member ring; note that whenever a cyclobutadiene is maintained in the {C=C < B(H;)B}
substitutions the energy gap is very, thus predicting a very reactive system. Again, the maximum
energy gap corresponds the completed borane structure with four {C=C < B(H;)B} substitutions: This
is a rule for antiaromatic systems.

We now turn to aromatic naphthalene with the K; and K, Kekulé structures as displayed in
Table 4a-b and Figure 4a,b. Due to the indistinguishable nature of the two valence-bond Kekulé
structures in benzene, the k = 2 isomer (I) is equivalent for K; and K; and corresponds to a benzene
molecule with two diborane molecules fused forming an additional six-member ring. If we use a
valence-bond or multiconfigurational wave function, these isomers would have a different energy due
to the different spin-coupling patterns. In our approximation, this isomer has the largest energy gap
due to the aromaticity of benzene, which is only 14 kJ-mol~! higher than in benzene. The lowest energy
gaps correspond to structures where the cyclic aromaticity is somehow broken due to {C=C < B(H;)B}
substitutions in concrete places: for K; this corresponds to k = 2 isomer (II), with three consecutive
C=C bonds passing through the bridge C=C bond but with two B(H;)B moieties on opposite rings,
thus destroying the cyclic aromaticity. As for Kj, the lowest gap corresponds to the k = 1 isomer (III)
and similarly the aromaticity is destroyed by one {C=C < B(H;)B} substitution on the ending edge.
We should emphasize that in this latter case the energy gap is much lower as compared to the minimum
gap structure for K; since the three consecutive alternating C=C bonds gives further stability of the
k = 2 isomer (II) structure.

Finally, azulene boron-carbon hybrids give a range of singlet-triplet gaps from 163 kJ-mol~! to
335 kJ-mol !, corresponding to structures k = 2 isomer (X) and k = 3 isomer (III) respectively, as shown
in Table 5 and Figure 5. Due to the larger seven-member ring the structures are less constrained, but
the presence of a cyclopentadiene ring lowers the stability. The lowest energy gap structure—k = 2
isomer (X)—consists of a cyclopentadiene ring where one of the connecting atoms is a boron atom; this
structure should be very reactive indeed.

4. Computational Methods

The quantum-chemical computations of the structures and isomers included in this work were
carried out with the B3LYP/cc-pVTZ model [41-44] and with the scientific software Gaussian16 [45].
All geometries correspond to energy minima, checked through frequency computations, with geometry
optimisation thresholds of 0.00045 Hartree/Bohr and 0.00030 Hartree/Bohr for maximum force and
root-mean-square (RMS) force respectively, and 0.0018 Bohr and 0.0012 Bohr for maximum displacement
and RMS displacement respectively. For the computations of the Dy — Dy, barriers in cyclooctatetraene
CgHg and the boron substituted system BgH¢, the optimized geometries showed zero and one imaginary
frequency for the D,y and Dy, geometries, respectively. The MEP and ACID plots for benzene and the
C6-26) B2y Hes+2x) series, k = {1-3} (Table 1), were also computed with Gaussian16.

5. Conclusions

The goal of this work was to check the structural stability from any conjugated hydrocarbon
CHj, through the boron-carbon hybrid series C(;—o1) Bk Hy+21), obtained upon k {C=C < B(H;)B}
substitutions for k = {0, 1, 2, ... , n/2}, leading to the structurally equivalent complete borane B, H;;+,
structure, for k = n/2. We have chosen planar and non-planar conjugated hydrocarbons: cyclobutadiene
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(1 =4), benzene (n = 6), cyclooctatetraene (1 = 8), pentalene (1 = 8), naphthalene (1 = 10) and azulene (1 =
10). As aresult, all hybrid boron-carbon structures appear as energy minima from the quantum-chemical
computations and therefore, from a thermodynamic point of view, they should be a synthetic target
for experimentalists working on planar boron chemistry. This is unusual if we consider that borane
polyhedral molecules are 3D curved structures. In the particular case of cyclooctatetraene CgHg,
a non-planar structure, we have shown that the one-to-one structural equivalence C,H;, < B,Hy4x
also holds; the energy barrier for loss of planarity from a planar transition state structure (Dyy,) to an
energy minimum twisted structure (D) is larger for the cyclic borane BgHy, as compared to cyclic
octatetraene. Structural isomers appear for a given number k of {C=C < B(H;)B} substitutions in an
isoelectronic series C ;25 BaxyHnr2k) with k =1{0, 1,2, ..., n/2} for all conjugated hydrocarbons, except
for cyclobutadiene and benzene, with a maximum number of isomers of 10 for azulene structures with
CeBsgHyp (k = 2) and C4BgHy4 (k = 3) formulae. These isomers are ordered in increasing energy (I, I,

., Njgo}. Striking energy differences in an isomeric series stem from one {C=C < B(H;)B} substitution
in the cyclobutadiene cycle from benzocyclobutadiene with an energy jump of 125 k]-mol~!. As regards
to the energy order of vertical singlet-triplet energy gaps, they do not necessarily follow the same trend
as compared to the energy profile for the isomers of a given k in a C,;_ox) Bk Hu42x) structure.

The vertical singlet-triplet energy gaps in conjugated hydrocarbons C,;H, vs. B,H;;+, change
strikingly in antiaromatic systems, when the number of 7 electrons is 41, with the energy gap always
much larger for the borane systems. On the other hand, for conjugated hydrocarbons with (4n + 2)
electrons—Hiickel rule for aromaticity—the difference in vertical singlet-triplet energy gaps between
CyH;; and B, Hy;4 is minor for benzene and naphthalene and larger for azulene. From these results a
potential rule arises, which will be thoroughly checked in a future work and holds for the systems
included here: the lowest and largest singlet-triplet energy gap for a C;—2x) Bk Hgns2x) series of
structures—with #n multiple of 4—always corresponds to the k = 0 and k = n/2 structure respectively,
namely, to the original conjugated hydrocarbon C,;H;, and the complete borane structure B,H;;+.
We should also emphasize that, if aromatic structures—e.g., 7 sextets in six-member rings—are
maintained in a given isoelectronic C,;_x) Bk H(us2) series, then the singlet-triplet energy gap is
large and similar to the original conjugated hydrocarbon and the structure is predicted to be stable.
On the other hand, the presence of an antiaromatic structure—e.g., cyclobutadiene moieties with 47
electrons—in any C ;25 Bk Hgui2k) system, lowers considerably the energy gap thus predicting an
unstable structure. Finally, the existence of similar structures derived from phenanthrene derivatives
with one {C=C « B(H,)B} substitution in the conjugated hydrocarbon [19-23], gives support to the
possibility of synthesizing or characterizing the hybrid boron-carbon isoelectronic C;;_x) Bk Hns2x)
structures presented in this work.

Supplementary Materials: B3LYP/cc-pVTZ optimised geometries, in cartesian coordinates (A), of the systems
included in the work.
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Abstract: Closo m-CyBjgHjp can perform as a novel core of globular periphery-decorated
macromolecules. To do this, a new class of di and tetrabranched m-carborane derivatives has been
synthesized by a judicious choice of the synthetic procedure, starting with 9,10-I,-1,7-closo-C;B1oHjy.
The 2a-NPA (sum of the natural charges of the two bonded atoms) value for a bond, which is defined
as the sum of the NPA charges of the two bonded atoms, matches the order of electrophilic reaction at
the different cluster bonds of the icosahedral 0-and m- carboranes that lead to the formation of B-I bonds.
As for m-carborane, most of the 2a-NPA values of B-H vertexes are positive, and their functionalization
is more challenging. The synthesis and full characterization of dibranched 9,10-Ry-1,7-closo-carborane
(R = CH,CHCH,;, HO(CH;)3;, ClI(CH,);, TsO(CH);, CsHsCOO(CH,);, Ce¢HsCOO(CH,)s,
N3(CHy);, CH3CHCH, and CgHsCyN3(CHjy);) compounds as well as the tetrabranched
9,10-R-1,7-Ry-closo-CyB1gHg (R = CH,CHCHy, HO(CHy)3) are presented. The X-ray diffraction
of 9,10-(HO(CHa)3),-1,7-closo-C,B1gHyg and 9,10-(CH;CHCH),-1,7-closo-C;B1gHj, as well as their
Hirshfeld surface analysis and decomposed fingerprint plots, are described. These new reported
tetrabranched m-carborane derivatives provide a sort of novel core for the synthesis of 3D radially
grown periphery-decorated macromolecules that are different to the 2D radially grown core of
the tetrabranched o-carborane framework.

Keywords: m-carborane; electrophilic substitution; coupling reaction; organic branches;
Hirshfield Study

1. Introduction

Icosahedral carborane clusters with empirical formula C;BjgHjp can be in three different
isomers: 1,2-closo-C,B1gHj, (0-carborane), 1,7-closo-C,B1gHj1, (m-carborane; 1), and 1,12-closo-C,B1oH1o
(p-carborane). Figure 1 displays a schematic representation of the isomers with their vertexes numbering.
Despite their common icosahedral geometry, they display similarities, but also important differences.
Among the similarities are the high stabilities and 3D geometrical properties, their very similar 3D
aromatic character [1,2] that leads to display great inertia to keep the original scaffold upon electrophilic
substitution, their dual-mode as electron-withdrawing through carbon or electron-donating through
boron vertexes [3-5], their molecular volume that is high compared to rotating benzene [6], and high
hydrophobicity [7-9]. Among the differences are the dipolar moment and their different reactivity
towards boron elimination [8], and the lowest unoccupied molecular orbital (LUMO) geometrical
disposition that is responsible for many of the physical properties of the isomers. Among the three of
them, the most extensively studied is the o-carborane. Some tips to keep in mind between the three
isomers when substitution is sought are: First, the weak acidic C.-H bond (C. = cluster C atom) [10] can
be deprotonated using a strong base followed by an electrophilic reaction to form the C.-R bond [8,11].
Second, the B-H hydrogen atoms with the hydridic character on (B(9,12), B(8,10), and B(4,5,7,11)) are
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subjected to electrophilic substitution to form B-halogen units [8,11] that, if followed by a Kumada
cross-coupling reaction, may lead to the introduction of organic moieties to make B-R vertexes [3-8].
This procedure does not proceed equally for all B-Hs, for instance, at the B(3,6) vertices, which are
the most electron-deficient vertexes, their functionalization does not take place by using the same
process at the other cluster’s vertices [8,11]. Substitution on these positions can be achieved via
the deboration-capping multistep reaction or via the metallation procedure [11-13]. The diverse
regioreactivity of o-carborane, has been exploited and adapted to make o-carborane an exceptional
core for developing a large variety of multibranched molecules, globular macromolecules, dendrimers
(Figure 2b), and so on [14-18]. Moreover, new versatile synthons have been explored through
the multi-functionalization of B and C. atoms jointly, which make the o-carborane clusters an exciting
platform for new materials [6,8,18-25].

Figure 1. Icosahedral 1,2-closo-C;B1gHi2, 1,7-closo-CyB1gHy; (1) and 1,12-closo-C;B1gHj, isomers with
their vertexes numbering. Dark circles are C.-H vertexes and grey ones are B-H vertexes.

This work

Figure 2. Schematic view of the two types of radially expanded tetrabranched core for constructing
dendritic structures. Circles colour: dark grey correspond to Cc-H bonds, black to C atoms, pink to
Boron atoms and grey to B-H vertexes in the tetra-branched clusters.

On the other hand, the reactivity of m-carborane is less studied but for the C.-H vertexes, which
are less acidic as compared to the C.-H vertexes of the o-isomer [10,26]. Using a similar strategy as for
o-carborane, a wide variety of 1-R-1,7-closo-CyB19H11 and 1,7-Ry-1,7-closo-CyB1gHy o derivatives has been
developed [27-35]. To some extent, the current state of knowledge of the m-carborane functionalization
through the B-H vertexes is in an odd situation. As compared to the o-carborane, a much-limited
number of protocols leading to modify the B-H vertexes in the m-cluster have been reported [8,11].
In this context, very few derivatives of m-carborane with a functional group that is bonded to B(9)
or B(9) and B(10) synchronously have been described [27-35]. The Pd-catalyzed cross-coupling
reaction of 9-X-1,7-closo-C;B1gHy; and 9,10-X5-1,7-closo-C;B1gHg (X= halogen atom) represents one
of these examples of derivatization [34,36,37]. By contrast to the o-carborane, no multibranched
m-carborane structures with a general formula 1,7-R»-9,10-R",-1,7-closo-C,B1pHg have been reported
despite the potential of its structure and the relatively high reactivity of the C.-H bonds that should
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allow the reaction to a great extent. Notably, as shown in Figure 2, the m-carborane core provides a 3D
radially growth core while o-carborane a 2D one.

Consequently, we became interested in introducing organic branches connected to B(9) and B(10)
to prepare a new set of 9,10-Rp-1,7-closo-C;B19Hyo derivatives. In the second part of this paper, we
functionalized the two Cc-H of 9,10-(CH,=CHCHy3),-1,7-closo-C;B1oHj to form the quadruped-shaped
structure with a general formula 1,7-R;-9,10-R’;-1,7-closo-C;B19H;jp which might serve as versatile
precursors with free ends for further reaction.

2. Results and Discussion

2.1. Synthesis of di-Branched m-carborane Derivatives at the 9,10 Vertexes

Versatile strategy for the synthesis of the two branches B(9,10) m-carborane derivatives
(9,10-Rp-1,7-closo-C,B1oHjp) was achieved by using 9,10-I5-1,7-closo-C2B1gHjg as the starting compound.

The synthesis of 9,10-I-1,7-closo-C;B19H1p; (2) has been reported by using two different
methodologies: i) the electrophilic iodination reaction of icosahedral closo m-carborane (1) by using a
molar Equiv. Of iodine: monochloride, which acts as an electrophilic agent, in the presence of catalytic
amounts of aluminum chloride, and ii) using iodine as an electrophilic agent in a very acidic media
(HNO3:H50, 1:1). The target compound 2 was obtained in 60% and 87% yield, respectively [38,39].
Our study focused on the synthesis of new Boron disubstituted closo m-carborane derivatives at the 9
and 10 vertexes began with the synthesis of 2 in 87% yield by combining the two reported methods: an
equimolar ratio of m-carborane (1): iodine in acidic HNO35:H,SOy (1:1) solution was left under reflux
to react for 3 h (Scheme 1).

ﬁ} L l%_w CH,CHCH,MgCl, (8 equiv) |gj¥_v
w2 — e ey —
A/ HNO;:H,S0, 1 /i Cis-[Pd(PPhs),Cl,], 4% RS A\
N/ ! Y = /
Cul, 4%

2

1 3

Scheme 1. Synthesis of 9,10-(CH,=CHCH),),-1,7-closo-CpB1oHjg (3). Dark circles are C.-H vertexes,
pink circles are boron atoms, and grey circles are B-H vertexes.

To produce the B-C bonds on 1, a useful and general method is the Kumada cross-coupling reaction
on B-iodinated m-carborane 2 with Grignard reagents in the presence of Pd(Il) and Cu(l) catalysts.
To achieve the di-branched m-carborane derivatives at the 9, 10 vertexes, the cross-coupling reaction on
2 was studied using CH,CHCH,;MgCl Grignard derivative in the presence of [PdCl,(PPh3);] and Cul
as catalysts to give the 9,10-(CH,CHCHy);-1,7-closo-CyB1gHyg (3) in 95% yield [40].

The terminal olefin groups in 3 are ready for further reactions on them, enabling the m-carborane
cluster to become the template for a new type of macromolecules having a rigid head and two
appended branches. As a first example of these molecules, compound 3 was converted to
9,10-(HOCH,CH,CHj),-closo-1,7-C;B19Hjy, (4) following the hydroboration/oxidation reaction on 3 by
using BH3-THF as hydroboration agent and subsequent oxidation with H,O, in a basic aqueous solution.
After workup, crystalline white pure solid, 4, was obtained in 93% yield. The 'H NMR spectrum
displays a new broad peak at 3.43 ppm, which supports the presence of the O-H group in 4. Also,
the 'H and 3C{'H} NMR spectra revealed that the reaction had proceeded by an anti-Markovnikov
addition, therefore having the two hydroxyl groups at terminal positions. No hindered hydroboranes
were thus needed for the control of the reaction’s regioselectivity.

These terminal alcohol groups anticipate versatile chemistry for radial growth, given the availability
of the terminal hydroxyl groups for further elongation of the chains. Moreover, the C.—H vertexes
on the rigid m-carborane head are ready for derivatization or supramolecular assembly. Then,
the m-carborane cluster, as o-carborane does, provides a singular platform for the construction of
highly dense multibranched molecules with a wide range of possibilities. Therefore, derivatives
of m-carborane with precise patterns of substitution, which are sterically different from the ones of
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o-carborane but complementary, can be prepared by a judicious choice of the synthetic procedure.
Consequently, the substitution of the terminal hydroxyl units in 4 by chloro (5), ester (6), tosyl (7)
or azide (8) groups, which enable the branches to grow by a subsequent coupling reaction with
nucleophilic agents, was achieved (Scheme 2).

L),

7

@ BN A DCM/1.5h at RT
o;c\ \/\ A /7 \\ Benzmc acid/DCC/DMAP HO /_\ SOCly/ [N Bu,]CI /_\

5
NaNgl

=
HsC A
Q L2 N3 Ay
/,so\ LN
O,
S

dioxane/ water/ sodium oscorbate
CuSo04.5H,0

8
7 2.06 eq@— \

/,Z
a
>

9

Scheme 2. Derivatization reactions on 9,10-(CH,=CHCH>),-1,7-closo-C,B1gHjo 3. Dark circles are
Cc-H vertexes, pink circles are boron atoms, and grey circles are B-H vertexes.

Chlorination in 3 was achieved using SOCI, and [Nbuy|Cl salt to give 9,10-(CICH,CHCHy),-
1,7-CIOSO—C2B10H10 (5) in 92% yield.

As an example of the esterification of the terminal alcohol groups, compound 6 was obtained
in 90% yield by Steglich esterification [41,42] with benzoic acid using N,N’-dicyclohexylcarbodiimide
as a coupling reagent and the N,N-dimethylaminopyridine as a catalyst.

Furthermore, alcohol groups were converted to tosylate groups by performing the reaction
of 3 with tosyl chloride, Net; as a base, and [HNMe3]Cl as a catalyst [43], obtaining
9,10'(TSOCH2CH2CH2)2-1,7-ClOSO-C2B10H10, 7, in 85% yleld

Overall, we have succeeded in the preparation of these new m-carborane derivatives 5-7 thanks
to the primary alcohol groups, which undergo chain extension reactions. Owing to the formation of
5, a new way of functionalization is opened to prepare the azide derivative 8, which in turn opens
the way to perform the Azide-Alkyne Huisgen Cycloaddition commonly known as the click reaction.
Compound 8 was obtained in 81% yield by avigorous stirring of 5, with excess of NaN3 and [Nbuy]Cl
in a mixture of toluene and water, at reflux for 2448 h. An example of the click reaction on 8
was the compound 9 synthesis in 86% yield by simple reaction with phenylaceylene, sodium ascorbate,
and hydrated CuSO; as a catalyst in a mixture of dioxane/water.
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Therefore, di-branched m-carborane derivatives (Scheme 2) with precise patterns of substitution
are prepared by judicious choice of the synthetic procedure using similar conditions to the preparation
of o-carborane derivatives present in previous work [14].

2.2. Synthesis of tetra-Branched m-carborane Derivatives at the 1,7,9,10 Vertexes

The above described di-branched 9,10-(CH,=CHCH3),-1,7-closo-C,B1gHjg (3) derivative, which
still possesses its two Cc.-H vertexes are ready for derivatization, offers the possibility to
obtain globular icosahedral m-carborane derivatives with four branches as a new dendritic structure
(Figure 2) by the incorporation of functional groups at the two carbon vertexes. Consequently,
starting with 3 the four branched 1,7-(CH;=CHCH3),-9,10-(CH,=CHCH,),-1,7-closo-C,B1oHg, 10,
is obtained in two steps: i) removing the acidic hydrogen atoms with two equivalents of BuLi
and ii) by electrophilic reaction with two equivalents of allylbromide (Scheme 3). From 10,
the tetraalcohol 1,7-(OHCH,CH,CH3),-9,10-(OHCH,CH,CH>),-1,7-closo-C,B19Hg, 11, can be achieved
by hydroboration. In the same way, 11 is ready as a core for constructing a tetra-branched m-derivatives
using the judicious choice of synthetic procedure (Scheme 3).

OH

BHy THF
n-BuLi H202, KOH
‘»14/_\% CH,CHCH,Br A Ho A

4 THF(“) HO\\//\\}@\

/ @)

\?

OH

Scheme 3. (i) Deprotonation reaction on Cc-H of B(9,10)-disubstituted m-carborane derivative 3 with
n-BulLi followed by nucleophilic substitution with allyl bromide. (ii) Hydroboration/oxidation process
on terminal olefinic groups in 10 by using BH3-THF, H,O, in basic aqueous solution (KOH) to obtain 11.
Dark circles are C.-H vertexes, pink circles are boron atoms, black circles are C. atoms and grey circles
are B-H vertexes.

The synthesis of the tetra-substituted dianionic compound [9,10-({3,3"-Co(8’-(OCH,CHj),-
1’,2’-C2B9H10)(1",2”-C2B9H11)}2-1,7-C2310H8)2_ was attempted in THF starting with compound 3ina
two steps reaction: i) the deprotonation of C.-H vertexes of 3 using two equivalents of n-BuLi to form
the intermediate Li;[9,10-(CH,=CHCH3),-1,7-closo-C;B19Hg]] salt and, ii) the nucleophilic attack of
this salt to the dioxanate ring of the zwitterion [3,3’-Co-(8-(CH,CH,0);-1,2-C2BgHy0)(1",2’-C2BoH1)]
in the same way as Liy[1,7-closo-C;B1gHyg]] had performed (see Scheme 4) [44]. Nevertheless,
unexpectedly, the synthesis of the dianionic compound was not achieved while the isomerization of
allyl branches to propenyl ones took place giving the isomer 9,10-(CH;CH=CH),-1,7-closo-C;B19H,
12, in 80% yield (Scheme 4).

The reason for this unexpected reaction can be the comparable acidity of the allyl groups
and the C.-H of the m-carborane unit, which may allow a deprotonation/protonation isomerization of
the allyl group as it is well known for allylbenzenes [45]. The pKa value of the unsubstituted carborane
clusters, which are insoluble in water, have been determined by two methods [6,10]. The pKa by
using Streitwieser’s scale provides the 27.9 value for the isomers m- carborane, while the one obtained
by polarography is 24 [46]. Both experimental techniques support that unsubstituted m-carborane
is a very weak Bronsted acid [46]. The allyl isomerization of 3 to propenyl in 12, which takes place
in THEF, is supported by the formation of solvent separated ion pairs that prevent the carboranyl anion
to act as a nucleophile. To verify this hypothesis, Density-functional theory (DFT) calculations were
performed (details in the S.I.). The proton affinity (PA) of the cluster carbon atom is 332.8 kcal/mol (at
B3LYP-D3/6-311+G**, PCM=tetrahydrofuran level of theory), while the proton affinity of allylic carbon
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atom has a somewhat higher value (342.3 kcal/mol). This moderate difference (APA = 9.5 kcal/mol)
probably allows for the above-mentioned mechanism. The question arises whether the same process
does not occur in the case of the analog o-carborane based compounds [44]. It is known that cluster
carbon in m-carborane is more than 1000 times less acidic than its orto isomer [47,48] therefore
the difference between the two positions (allylic vs carboranyl) is larger as it was verified by our
calculations (APA = 18.6 kcal/mol) as well. It should be highlighted that Li* mediated isomerizations
on allyl substituents bonded at the C.. vertexes of the o-carborane cluster was previously demonstrated
as well, as Et,O does not tend to induce isomerization, whereas THF or DME produces the propenyl
isomer [49]. A similar mechanism should be considered as well.

&=
Df/f}
=N
NS

Li(THF)n

% %&

P \?/71%» A

= ‘3/ = Y L 1F)n
\ ‘%&
P q\—él
AN

Scheme 4. Top: Designed a synthetic reaction to achieve the dianionic species. Bottom:
Achieved reaction was the isomerization of 9,10-(CH,=CHCH,),-1,7-closo-C,B1oH1g, to
9,10-(CH3CH=CH),-1,7-closo-C3B19H;. Dark circles are C.-H vertexes, pink circles are boron atoms,
and grey circles are B-H vertexes.

'H-NMR spectrum of 12 supported the allyl branches isomerization to propenyl ones but,
this process was unambiguously proven by X-ray diffraction of 12 from good crystals, which were
grown from its acetone solution.

2.3. Characterization of di-Branched m-carborane Derivatives at the 9,10 Vertexes

The electrophilic substitution of the o-carborane led to the formation of the tetrasubstituted
8,9,10,12-14-1,2-closo-C;B1gHg compound [5,42,43] in which the B-I vertexes reside at the compacted
adjacent positions antipodal to the two cluster carbon C. atoms. Conversely, the iodination electrophilic
substitution takes place only at the B(9) and B(10) vertexes of the m-isomer.

We reported that the 2a-NPA value for a bond, defined as the sum of the NPA charges of the two
bonded atoms (e.g., B-H or C-H), matches the order of attack on the different cluster” bonds [50].
Calculated NPA charges of the two bonded atoms (2a-NPA, calculated at B3LYP-D3/6-311+G** level
of theory) of ortho- and meta-closo-carborane (present in Table 1) explain the higher accessibility of
the B-H vertexes of o-carborane cluster to undergo electrophilic reaction, which drive to the formation
of B-I bonds. While in the case of o-carborane there are four negative 2a-NPA values, in the case
of m-carborane, there are only two. However, these positions exhibit higher reactivity towards
electrophilic agents. Since in the case of m-carborane most of the 2a-NPA values of B-H vertexes are
positive, the functionalization of this compound is more challenging. Table 1 shows that the electron
density at the B-H vertexes of m-carborane follow a different trend B(9), B(10) >>> B(5), B(12) > B(4), B(6),

76



Molecules 2020, 25, 2814

B(8), B(11) B(2), B(3) than o-carborane, which is B(9,12) > B(8,10) > B(4,5,7,11) > B(3,6) [3,51]. Contrary
to the o-carborane that contains two positive natural charges; the m-carborane presents four positive
natural charges on BH vertex, which explain the difficulty of the substitution of the B-H vertexes.
Figure 3 shows that LUMO in o-carborane is located between the C atoms, whereas it is not the case for
m-carborane where it is more disperse. Therefore, the carbon cluster position in the carborane has an
important role related to the substitution of the B-H vertexes. Using the electrophilic iodination, it is
possible to derivatize only B(9) and B(10) because these boron atoms do not have any connection with
the C. in the meta isomer. On the contrary, for the o- isomer the same procedure allows the attack to all
B-H vertexes except B(3) and B(6) that are adjacent to both carbon clusters [52].

Table 1. Theoretical calculations of natural charges, 2a-NPA charges, and cumulative build-up of
the cluster-only total charge (CTC) of ortho-closo and meta-closo carborane. See Figure 1 for the numbering
of the clusters’ vertexes.

U-CIOSO-CzBl() H12 m-ClOSO-Cz B](] H12

NPA 2a-NPA NPA 2a-NPA
c(1) —0.498 ~0.198 Cc(1) —0.654 ~0.354
C(2) —0.498 ~0.198 B(2) 0.151 0.215
B(3) 0.159 0.213 B(3) 0.151 0.215
B(4) 0.000 0.054 B(4) 0.001 0.070
B(5) 0.000 0.069 B(5) 0.023 0.087
B(6) 0.159 0.213 B(6) 0.001 0.070
B(7) 0.000 0.069 C(7) —0.654 —0.354
B(8) —-0.165 —-0.087 B(8) 0.001 0.070
B(9) —-0.140 —-0.067 B(9) —-0.165 -0.087
B(10) —-0.165 -0.087 B(10) —-0.165 -0.087
B(11) 0.000 0.054 B(11) 0.001 0.070
B(12) —-0.140 -0.067 B(12) 0.023 0.087
CTC -1.288 - CTC -1.286 -

LUMO

HOMO

L‘./

m-carborane o-carborane

Figure 3. Comparison of the HOMO and LUMO orbitals of the o- and m-carborane.

The starting (2 and 3) and new compounds (4-9) were fully characterized by 'H, 'H{'!B}, 1B,
1B(1H}, 3C{1H}, and 2D COSY 'B {*H}-11B {'H} NMR spectroscopic techniques to be taken as inputs
for the discussion of the influence of the substituents at the 9,10 vertexes on the Boron disubstituted
closo m-carborane derivatives.

The "B{'H} NMR spectrum of the parent cluster 1 displays four signals with intensities 2:2:4:2
from low to high field 5.6, =9.5, —12,0 and —15.4 ppm, which corresponds to a weighted average
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UB{'H} NMR chemical shift, <§(!'B)> ~ —10.9 ppm [53]. Conversely, the !'B {'H} NMR spectrum of 2
displays four signals with intensities 2:4:2:2 from low to high field at -3.0, -10.4, -17.0, and -19.5 ppm,
which corresponds to a weighted average <5(''B)> ~ —12 ppm. The presence of the two iodo groups
bonded to the B(9,10) in 2 produces a <5(!'B)> upfield of —1.1 ppm in the "B NMR. The upfield
resonance of the 1'B {{H} NMR spectrum of 2 at —19.5 ppm does not split into a doublet in the B-NMR
spectrum supporting that it corresponds to the B-I at the 9 and 10 vertexes.

B {'H}-'B {'H} 2D COSY NMR is of enormous use and potential in polyhedral boron chemistry
because it provides a way of rapidly assigning 'B resonances [54,55]. To assign the resonances of
compounds 1 and 2 to the different cluster’s vertexes by NMR spectroscopy, the two-dimensional ' B
{'H}-'B {'H} COSY NMR spectra of compounds 1 and 2 were run (See Supplementary Information).
Once the B(9,10) has been unambiguously assigned in compounds 1 and 2, it is possible to confirm
that the substitution of hydrogen by iodo causes significant shielding (=10 ppm) on the boron atoms
that support the iodo units. B {'H}-'B {H} 2D COSY NMR spectra of compounds 1 and 2 allow
assigning the vertexes’ resonances for 1 and 2 (see Supplementary Information). On the other hand,
the assignment of the hydrogen atoms to the respective boron cluster vertexes was done by running
the selective irradiation "H{!'B} NMR spectra (Table 2) which confirms the presence of four signals in 1
and only three in 2. Notably, all proton resonances were shifted upfield in the "H{''B} NMR spectrum
which demonstrates the influence of the Iodo groups on all clusters’ vertexes.

Table 2. The "B{*H} and 'H{!'B} chemical shifts of icosahedral compounds 1 and 2. Spectra were
recorded in (CD3),CO. See Figure 1 for vertexes numbering.

1,7-closo-C;B19H12 9,10-1,-1,7-closo-C;B19H1o
UB{IH} (ppm) TH{''B} (ppm) UB{'H} (ppm) TH{"'B} (ppm)
B(5,12) -6.6 227 41 2.76
B(9,10) -10.5 2.10 -20.7 -
B(4,6,8,11) -13.3 2.19 -11.9 2.93
B(5,12) -17.0 2.64 -18.8 3.15

The 'B{'H} NMR spectrum of 3 displays four signals with intensities 2:2:4:2 from low to high
field at 0.6, =5.4, —=12.5, and —19.1 ppm, which corresponds to a weighted average <5('!B)> of
ca. —9.8 ppm. The peak at +0.6 ppm does not split into a doublet in the ''B-NMR spectrum, which
supports the substitution of an iodo by carbon from the allyl group, which causes a downfield shift
on the boron vertexes. On the other hand, the 'H and 'H{!B} NMR spectra are useful to identify
the presence of the organic fragments linked to the carborane cluster. Figure 4a shows the presence
of three new signals (area ratio 1:2:2, from low to the high field), which are related to the typical
resonances of terminal allyl groups. The protons bonded to the boron vertex (Hg) appear as a doublet
(*J(HH) = 7.7 Hz) at 1.78 ppm. There is an overlap of H, and H}, resonances, which should appear,
each one, as a double doublet, but looks like a triplet at 4.88 ppm. H, is the most complicated proton
of the allyl group because of the presence of four different protons at its neighboring carbon atoms.
This appears in the range 5.97-5.82 ppm as a multiplet. The coupling constants of H. with neighbors is
shown in Figure 4b.
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Figure 4. (a) The 1y (1B} spectrum of 3 in CDCl3. (b) He allyl resonance as well as the schematic

coupling between H. protons and the protons of the allyl branches with the corresponding coupling

constant values.

Compounds 4, 5, 6, and 7 were also characterized by IH, TH{"B}, 1B, "B{'H} and *C{1H}

NMR spectroscopy.

Table 3 lists the 1"B{'H} NMR chemical shifts for the B(9,10) disubstituted n-carborane derivatives
while Table 4 summarizes the 'H, 3C{*H } NMR spectra and the stretching frequency of C.-H in the IR
spectra for the B(9,10) disubstituted m-carborane derivatives. The presence of organic branches
connected to B(9) and B(10) causes a resonance downfield shift about +11 ppm on these boron atoms.
Therefore, the average chemical shift value <§(''B)> = ~10.9 ppm of parent 1 is around 9.6 ppm
for 9,10—R2-1,7—CZOSO—C2B10H12 derivatives (R:CHZZCH—CHZ, HO(CH2)3, Cl(CHz)g, PhCOO(CH2)3,
CHj3-CgHy-SO3(CHy)3). There is no difference in these two features between the two isomers, ortho

and meta.

Table 3. B{'H} NMR chemical shifts (in ppm) of di-branched (2-9 and 12) and tetra-branched
(10 and 11) m-carborane derivatives. <5(!1B)> corresponds to the weighted average HB(1H) NMR
spectrum (in ppm). Spectra were recorded in (CDj3),CO and referenced to external BF3.Et,O unless

noted otherwise: #(CDj3),S0.

R B(9,10) A B(5,12) B(4,6,8,11) B(2,3) <6("'B)>
1 H -95 - -5.6 -11.9 -15.4 -10.9
2 9,10-I, -19.4 -9.9 -3.0 -10.4 -17.0 -12.0
3 9,10-(CH,=CH-CH,), 0.6 +10.1 54 -125 -19.1 -9.8
4 9,10-(HO(CHy)3), 1.8 +11.3 -5.3 -12.7 -19.4 -9.7
5 9,10-(CI(CHy)3), 1.3 +10.8 -52 -12.5 -19.0 -9.6
6 9,10-(PhCOO(CH3)3), 16 +11.1 52 -12.5 -19.0 -9.5
7 9,10-(CH;3-C4H4-S05(CHy)3)2 12 +10.7 -5.3 -12.6 -19.1 -9.7
8 9,10-(N3(CHa)3), 1.4 +10.9 -53 -126 -19.1 -9.6
9 9,10-(C¢H5CaN3(CH,)3), # 14 +10.9 -55 -124 -19.0 -9.6
10 1,7,9,10-(CH,=CH-CHy)4 0.8 +10.3 -5.3 -10.2 -15.9 -8.2
11 1,7,9,10-(HO(CH,)3)4 1.4 +10.9 -55 -105 -15.7 -82
12 9,10-(CH3CH=CH), -0.5 +9.0 -58 -125 -19.8 -10.1
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Table 4. Chemical shift of '"H and 3C{'H} NMR spectra (in ppm) and stretching frequencies of Cc-H
(in em™!) in the IR spectra for the 9,10-R,-1,7-closo-C,B19H;jg derivatives. NMR spectra were run
in (CD3),CO unless noted otherwise: * CDCl; and #(CDj3),SO.

R S§TH(C-H) AS'H §13C(C-H)  AS™C(C-H) v(Cc-H)
3.65 - 56.17
1 H 291* - 55.23* B
2 I 411 0.46 58.18 +2.01 -
3 CH,=CH-CH,- 3.50 -0.15 52.35* -2.88* 3062
4 HO(CH,)3- 3.46 -0.19 52.95 -3.22 3038
5 CI(CH,)3- 3.54 -0.11 53.28 -2.89 3063
6 PhCOO(CH,)3- 3.55 -0.10 53.27 -2.90 3064
7 CH3-CgHy-S03-(CHy)3- 3.48 -0.17 53.26 -291 3064
8 N3(CH,)3- 3.54 -0.11 53.26 -291 3065
Not Not
~ #

9 CgH5CoN3(CHy)3 3.86 0.21 observed observed 3057

_ . Not Not
12 CH;3CH=CH- 2.82 0.09 observed observed 3046

Table 3 shows a downfield shift (A = +10.1 ppm) of the B(9,10) resonances of 9,10-(allyl)-
1,7-closo-C,B19Hjg (3) vs the corresponding B(9,10)-H ones in the parent m-carborane. A similar
downfield (Ad = +10.6 ppm) is reported for the B(9,12) vertexes of 9,12-(allyl),-1,2-closo-C,B10H10
with respect to the B(9,12)-H vertexes of the parent o-carborane [14]. The "B{'H} NMR spectrum
provides information on the electron density surrounding B atoms in the cluster vertexes, so it can
be concluded that the effect of a B-allyl vertex concerning to the former B-H in the " B{'H} NMR of
both isomers is almost the same, Ad +10.6 ppm and +10.1 ppm, for o- and m-, respectively. However,
there is a major difference in the chemical shifts of the B-allyl nuclei of the two isomers: & = +7.75 pm
for 9,12-(allyl),-1,2-closo-C;B1gHyg and & = +0.6 pm for 9,10-(allyl);-1,7-closo-C,B19Hip. We should
remember that B-allyl vertexes are located antipodal to the C. vertexes in the o- isomer but antipodal
to B vertexes in the m-isomer. This fact indicates a quite relevant different electronic surrounding
in the B-allyl sites in both isomers, which depends on the atoms’ nature at the antipodal vertexes.

Table 4 summarizes the 'H and 3C{'H } NMR spectra and stretching frequencies of C.-H bonds
in the IR spectra for the reported 9,10-Ry-1,7-closo-C,B19Hj derivatives; the presence of the allyl
branches at the B(9,10) vertexes produces an upfield of the carbon and hydrogen atoms resonances of
the C-H concerning to the parent m-carborane in their 'H and '*C{'H } NMR spectra.

In Table 5, the comparison of the influence of the substituents at the B(9,12) in the o-carborane
and the B(9,10) in the m-carborane is listed. To notice is that the influence on the chemical shift of
the B-halogen (halogen = Cl, Br, I) vertexes in both isomers is the same: iodo is larger than bromo
and bromo is larger than chloro. This is due to the i) electronegativity of halogen atoms, which follows
the trend Cl > Br > I and ii) 7w back donation of halogen is I > Br > Cl.

Table 5. 'H- and ®C{'H} NMR chemical shift values (in ppm) of C.-H vertexes for several
9,12-R;,-1,2-closo-C;B1gHjp and 9,10-Rp-1,7-closo-CyB1gHyg derivatives. NMR spectra were run

in *(CD3),CO or *CDCl3.

S§TH(C-H) AS'H §13C(C-H) AS3C

3.56 % - 54.46 * -

1,2-closo-C,B1oH1, 440 % B 5620 * B
9,12-I,-1,2-closo-C,BygHyg [39] 4.00% +0.44 % 5223 # -2.23%
9,12-Bry-1,2-closo-CyB1gHy [56] 478* +0.38 * 4850 * ~7.70*
9,12-(CHp=CH-CHy),-1,2-closo-CpB1gHyg [14] 3.42% -0.14 % 48.26* -6.2%
9,12-(OHCH,CH,CHj),-1,2-closo-CyB1gH1g [14] 430* —0.10* 49.17* —7.03*
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Table 5. Cont.

S§TH(C.-H) AS'H §13C(C-H) AS3C
) 3.16% +0.40 # - -
9/10-I-1,7-closo-CaBroHio [39] 4.08* +0.32* 5818 * +2.01*
9,10-Cly-1,7-closo-C,B1gHyg [56] 3.76* +0.13* 51.60 * —457*
9,10-Bry-1,7-closo-C,B1gHyg [56] 3.88* +0.25* 54.00 * -2.17*
B 2.84% -0.07# 5235 # -2.88*
9,10-(CH,=CH-CH,),-1,7-closo-C,B1oH1g 350 * _0413* . .
9,10-(OHCH,CH,CHj),-1,7-closo-C,B1gH1o 3.49 % —0.14 52.95*% -3.22%

2.4. Characterization of Tetrabranched m-carborane Derivatives at the 1,7,9,10 Vertexes

From the analysis of the 'H NMR spectra of 10, it is seen that the original signal corresponding to
the protons linked to the carbon cluster, which appear at 2.83 ppm, vanishes while new signals at 5.58,
5.00 and 2.56 ppm corresponding to the allyl branches on these C. vertexes are distinguished.

An important influence of the presence of the organic branches linked to the two C. atoms is
observed in the "B downfield shift of the B(2) and B(3) vertexes that move from —19.1 ppmin 3 to
-15.7 ppm in 10. To notice is the upfield shift of <5(1'B)>when moving from 2 to 10: <6(1B)>=-12.0 ppm
in compound 2 (with two B-I and two Cc-H vertexes), <5(*'B)> = -10.9 ppm on the parent m-carborane,
<6(1'B)>=-9.8 ppm in 3 (with two B-allyl and two C.-H vertexes), <6(1'B)> =-82 ppm in 10 (with
two B-allyl and two Cc-allyl vertexes) (see Table 3). Consequently, the incorporation of organic
branches at the cluster vertexes produces a downfield of <5(1'B)> in the 1B NMR while the iodo
groups have the opposite effect, supporting that cluster-only total charge is dissimilarly affected by
electron-withdrawing substituents than electron-donating ones.

2.5. Structural Description

2.5.1. Crystallographic Studies

A search in the Cambridge Structural Database [57] showed just 3 hits (CUWMUD, TOKCUR
and YOZSOV) for 9,10-R,-1,7-closo-CyB1gH for R =-CCH, -CH,CgHy and -Cg¢Hs, respectively [34,36,37].
In this paper, we contribute with two additional X-ray structures that provide a broader view of
the m-carborane derivatives.

To get information in such a family of compounds, good crystals of 9,10-(HOCH,CH,CHj),-
1,7-closo-C;B1gHyg (4) and 9,10-(CH3CH=CH),-1,7-closo-C,B1oH¢ (12) suitable for X-ray- diffraction
were grown from an acetone solution at low temperature. Compound 4 was solved in the triclinic
system, with a P 1 space group with four molecules in the asymmetric unit (Z = 4) and all atoms laid on
the 1(a) Wyckoff positions. Compound (12) also solved in the triclinic system, but in a different space
group (P-1) with two molecules in the asymmetric unit (Z = 2) and all atoms laid in 1(i) Wyckoff position.
Figure 5 shows the crystal structures of 4 and 12 with the corresponding atom labels. Table 6 displays
all crystallographic data and selected bond distances and angles are in the Supplementary Information.
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020

Figure 5.

Table 6. Crystal data and structure refinement.

ORTEP  presentation

of 9,10—(HOCH2CH2CH2)2—1,7-CIOSO-C2810H10
and 9,10-(CH3CH=CH),-1,7-closo-C,B1oHjo (12) showing the atom numbering and displacement.
Ellipsoids are at 30% and 50% probability level, respectively.

Compound 4 12
Empirical formula CgHp4B100O; CgHpoB1g
Formula weight(g/mol) 260.37 224.34
Temperature (K) 100(2)
Wavelength A 0.71073
Crystal system Triclinic
Space group P1 P-1

Unit cell dimensions

a =10.7502(13)A

b =11.1738(13)A

¢ = 14.2934(16)A
« = 73.346(5)°
B = 75.220(5)°
v = 72.062(5)°

a=6.9248(11)A
b = 7.4642(11)A
¢ =13.454(2)A
« = 90.768(4)°
B = 94.188(4)°
v = 95.488(4)°

Volume A3 1538.5(3) 690.23(18)
z 4 2
pcal (g/cm?) 1.124 1.079
Absorption coefficient (mm™1) 0.062 0.049
F (000) 552 236
Theta range for data collection 2.74 to 28.30° 2.96 to 27.52°
—14<=h<=14 —9<=h<=8
Index ranges —14<=k<=14 —9<=k<=9
-19<=1<=19 -17<=1<=17

Refinement method

Full-matrix least-squares on F2

Final R indices [I > 20(I)]

7879 data; I>20(I)

R1=0.1499
wR2 = 0.3573
all data
R1=0.2389
wR2 = 0.4145

2428 data
1>20(1)
R1 =0.0530,
wR2 =0.1302
all data
R1 =0.0745
wR2 = 0.1444

82



Molecules 2020, 25, 2814

Compound 4 is the first example of a B(9,10) disubstituted closo 1,7-carborane derivative with a
terminal O-H group. Furthermore, compound 12 is the first example of closo m-carborane with branches
containing double bonds. For this, the behaviour of the two branches in the crystal network has been
studied in detail. Exploring the crystal self-assembly, the presence of H - H short contacts in the range
from 1.207 A to 2.240 A for compound 4 and equal to 2.252 A for compound 12 are noticed, which
are presented in Figures 6 and 7, respectively. In carborane chemistry, the dihydrogen H - H short
contacts are related to the presence of two types of H atoms: the acidic C.-H and the hydride B-H [58].
The supramolecular structure of 4 has an extensive network of hydrogen bonding due to the presence of
the terminal OH groups (Figure 6a,b) with intermolecular distances shorter that sum of Van Der Waals
radii (},vdW) minus 0.8 A [59] and O-H:--O angle values of 163.1° and 177.9°. The crystal packing of 4
is also stabilized by O -~ O as shown in Figure 6¢. Accordingly, three different types of H - H short
contacts were observed for 4: C7-H7 --- H16-O16, O20-H20 --- H16-O16, and B3-H3 --- H14-C14.

Figure 6. Network presentation of 4 showing all intermolecular contacts as dashed lines: (a) H'* H,
(b) O Hand (c) O - O (H are omitted for clarity).
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Figure 7. Network presentation of 12 showing all intermolecular contacts as dashed lines: (a) C-H - H-B
and (b) C.-H - minteractions.

As expected, the presence of double bonds in 12 has a noticeable role in the stabilization of
the supramolecular network (Figure 7). The 7 electronic effect of the double bond leads to the formation
of the 7t H-C, contacts (brown dashed lines), which are substantially shorter than 2.90 A corresponding
to the sum of the van der Waals radii (},vdW) [60]. The layers of 12 are connected into the final 3D
structure through the B3-H3 -~ H15A-C15 bonds due to the acceptor character of the hydrogen-bonded
to the boron and the donor character of the hydrogen atoms of the -CHj group.

2.5.2. Hirshfeld Surface Analysis

The Hirshfeld surface analysis, which is a very valuable method for the analysis of intermolecular
contacts that offers a whole-of-the-molecule approach [61], presents three different colours to study
the intermolecular interactions in crystal structures. The red colour means the presence of an
intermolecular distance shorter that ) ,vdW, white colour indicates the presence of intermolecular
distances close to },vdW and blue colour designates the contacts longer than ), vdW. Moreover,
the shape index on the Hirshfeld surface identify hollows (with shape index < 0) and bumps (with
shape index > 0), which are related to the character of each atom; the presence of an acceptor atom is
marked by a concavity and the presence of a donor one is marked by a convexity. Therefore, the previous
results were corroborated by studying the Hirshfeld surface of both structures using the crystal explorer
program [62]. In this respect, Figure 8 presents the dnorm of 4 and 12 to visualize the intermolecular
interactions and their contribution towards the supramolecular network. The two-dimensional
fingerprint plots, which provide information about the percentage of intermolecular contacts present
in the Hirshfeld surface is present in the S.1.

Figure 8. Presentation of close contacts for 4 (on left) and 12 (on right) through the dnorm.
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The darkest red area in the dnorm surface of 4 is observed at the end of the molecule, arising
from the O H short contact as presented in Figure 8 and confirmed in the fingerprint plots
(See Supplementary Information). Furthermore, the dnorm surface has shown the presence of bright
red areas related to the presence of the O-- O and H-'- H short contacts. Because of this packing
arrangement, the O atoms at the molecular extremity present an important behaviour on the stability of
this molecule by showing close contact values with H atoms of adjacent molecules shorter than Y ,vdW.

The dnorm presentation of compound 12 (Figure 8 and S.I.) shows the presence of dark red points
related to the classic H-~* H bonds. The existence of 7t--* H short contacts is observed as a bright
red point. The presence of the 7t acceptor interactions is indicated by the appearance of red concave
triangles surrounded by blue ones in the shape index surface (Figure 9a) [63] while the C.-H donor is
confirmed by the blue convex area (Figure 9b) [64].

(@ ©)

Molecule [

Molecule II
Molecule IT
Molecule I
180° 180°
G +
Molecule I

Molecule II

g }'\ Molecule I
Molecule I

Figure 9. Shape index presentation of 12 showing the red concave and the blue convex areas, which
correspond to (a) H* wand (b) 7t -** H, respectively.

Despite the presence of many strong intermolecular interactions with contacts shorter than the sum
of the van der Waals radii minus 0.80 A, the H--* H interactions are the most dominant with 87.8%
and 94.2% in compounds 4 and 10 respectively, as shown in the fingerprint plots (See S.I.). The presence
of 10.2% contacts O O in 4 and 5.8% of 7t-*- H short contacts in 12 are also relevant.

3. Materials and Methods

3.1. Experimental Section

Materials and instrumentation: All m-carborane clusters prepared are air-stable. All manipulations
were carried out under nitrogen atmosphere. THF and DMF were distilled from sodium benzophenone
before use. Reagents were obtained commercially and used as purchased without purification.
1,7-closo-C,B1gH1, was obtained from Katchem.
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ATR-IR spectra (v, cm™!) were obtained using the a JASCO FT/IR-4700 spectrometer on a
high-resolution (Madrid, Spain). The 'H and 'H{'"'B} NMR (300.13 MHz), 3C{'H} NMR (75.47 MHz),
and 1B and 'B{'H} NMR (96.29 MHz) spectra were recorded on a Bruker ARX300 instrument equipped
with the appropriate decoupling accessories (Bruker Biospin, Rheinstetten, Germany)). All NMR
spectra were performed in the indicated deuterated solvent at 22 °C. The !'B and "'B{'H} NMR
chemical shifts were referenced to external BF3-OEt,, while the 'H, 'H{11B}, and *C{'H} NMR shifts
were referenced to SiMey. Chemical shifts are reported in units of parts per million downfield from
reference, and all coupling constants in Hz.

3.1.1. Synthesis and Characterization of 3

The procedure for the synthesis of 3 was similar to that previously reported [40]. To a stirred
solution of 9,10-I-1,7-closo-CyB1gH1g 2, (300 mg, 1.34 mmol) in THF (15 mL) cooled to 0 °C in an ice-water
bath was added, drop wise, a solution of allylmagnesium chloride in THF (6.06 mL, 1 M, 6.06 mmol).
After stirring at room temperature for 30 min, [PdCl,(PPhs);] (21.28 mg, 4% equiv.) and Cul (5.77 mg,
4% equiv.) were added in a single portion, following which the reaction was heated to reflux overnight.
The solvent was removed, and 20 mL of diethyl ether were added to the residue. The excess of Grignard
reagent was destroyed by slow addition of dilute HCI. The organic layer was separated from the mixture,
and the aqueous layer was extracted with diethyl ether (3 X 10 mL). The combined organic phase
was dried over MgSQy, filtered and the solvent removed under reduced pressure. The crude product
was dissolved in hexane/chloroform mixture (1:1 by volume, ca. 5 mL) and passed rapidly through a
bed of silica. The solvent was removed in a vacuum to give 9,10-(CH,=CHCHy,),-1,7-closo-C,B19oHy 3
as a yellowish oil (161.2 mg, 95%). Elemental analysis: calc: %C 42.8, %H 8.7; exp: %C 45.9, %H 8.7.
ATR: v = 3062 (vs, (Cc-H and =CH),)), 2972, 2902 (vs, (=CH- and -CH,-)), 2592 (vs, (B-H)), 1634 (vs,
(C=Q)), 995, 978, 692 (s, (=CH)). 13C{*H} NMR (75.47 MHz, CDCl3) &: 139.96 (s, CH,=CHCH,), 112.09
(s, CHy=CHCH,), 52.35 (s, Cc-H), 21.67 (m, CH,=CHCH,). "H-NMR (300.13 MHz, CDCl3) &: 5.89 (m,
2H, CH,=CHCHy,), 4.88 (m, 4H, CH,=CHCH,), 4.94 (s, 2H, C.-H), 1.78 (m, 4H, CH,=CHCH,). 'H{'1B}
NMR (300.13 MHz, CDCl3) é: 5.89 (m, 2H, CH,=CHCH),), 4.88 (m, 4H, CH,=CHCHy,), 4.94 (s, 2H,
Ce-H), 2.50 (s, 2H, B(5,12)-H), —2.24 (s, 2H, B(2,3)-H), 2.14 (s, 4H, B(4,6,8,11)-H), 1.77 (d,3](H,H) = 7.8,
4H, CH,=CHCH,). "B NMR (96.29 MHz, CDCl3) 5: —0.1 (s, 2B, B(9,10)), 6.2 (d, }J(B,H) = 160, 2B,
B(5,12)), —13.5 (d, J(B,H) = 163, 4B, B(4,6,8,11)), 20.3 (d, 1J(B,H) = 180, B(2,3)).

3.1.2. Synthesis and Characterization of 4

To a stirred solution of 9,10-(CH,=CHCH,),-1,7-closo-C,B19Hjp, 3, (150 mg, 0.67 mmol) in THF
(2 mL) at 0 °C, was added, drop wise, a solution of BH3-THF in THF (1.37 mL, 1 M, 1.37 mmol).
The resulting suspension was stirred at 0 °C for 30 min and at room temperature for further 30 min.
Then, the reaction mixture was cooled again to 0 °C in an ice-water bath and water (2 mL) was slowly
added. When gas evolution had stopped, an aqueous KOH solution (1.68 mL, 3M, 1.94mmol)
and subsequently, H,O, in water (0.20 mL, 35%, 2.30 mmol), were added. Stirring was maintained
at room temperature for 1.5 h, after which two liquid phases were observed. The upper organic
layer was separated from the mixture and the aqueous layer and washed with THF (3 x 2 mL).
The combined organic phase was dried over MgSQOy, filtered and the solvent removed in vacuo to
give 9,10-(HOCH,;CH,CHy),-1,7-closo-CoB1gHjg 4. Yield: 151 mg (87%). Elemental analysis: calc: %C
36.9, %H 9.22; exp: %C 36.79, %H 8.2. ATR: v= 3305 (vs, vs(O-H)), 3038 (vs, C.-H), 2930, 2886,2850,
2823 (vs, Caiyi-H), 2585 (s, B-H), 1055, 1005, 978 (s, C-O). IBC{'H} NMR (300.13 MHz, (CD3),CO)
d: 64.20 (s, HOCH,CH,CH,), 52.95 (s, C.), 32.27 (s, HOCH,CH,CHy), 10.23 (s, HOCH,CH,CH).
TH-NMR (300.13 MHz, (CD3),CO) &: 3.49 (s, 2H, C..H), 3.55 (m, 4H, HOCH,CH,CHy,), 3.40 (t, 2H,
HOCH,CH,CHy), 1.60 (m, 4H, HOCH,CH,CH,), 0.81 (t, 3J(H,H) = 16.7, 4H, HOCH,CH,CH,). 'H{!B}
NMR (300.13 MHz, (CD3),CO) &: 3.49 (s, 2H, C..H), 3.55 (m, 4H, HOCH,CH,CH,), 3.40 (t, 2H,
HOCH,CH,CH,), 2.48,2.20,2.08 (s, 8H, B-H), 1.60 (m, 4H, HOCH,CH,CH,), 0.81 (t, 3](H,H) = 16.7, 4H,
HOCH,CH,CH,). "B NMR (96.29 MHz, (CD3),CO) &: 1.9 (s, 2B, B(9,10)), —5.3 (d, 'J(B,H) = 157, 2B,
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B(5,12)), -12.7 (d, J(B,H) = 160, 4B, B(4,6,8,11)), =19.3 (d, }J(B,H) = 178, 2B, B(2,3)). Colourless good
crystals suitable for X-ray diffraction were grown in acetone.

3.1.3. Synthesis and Characterization of 5

To a stirred solution of 9,10-(HOCH,CH,CHj),-1,7-closo-C;B19H10, 4, (300 mg, 1.14 mmol)
and [NBuy]Cl (132.59 mg, 0.478mmol) in dry THF (10mL) at 0 °C, was added SOCI, dropwise
(0.52 mL, 7.076 mmol). The resulting solution was stirred at 0 °C for 1 h and at room temperature
overnight. The solvent was removed under reduced pressure, and 8 mL of diethyl ether were added.
A solution of Na;COj3 (8 mL, 2 M) was slowly added with stirring. The mixture was thoroughly shaken,
and the two layers separated. The aqueous layer was extracted with diethyl ether (3 X 5 mL). Then,
the combined organic phase was separated and a solution of HCI (8 mL, 0.1 M) was added, the mixture
was thoroughly shaken again. The upper organic layer was separated from the mixture, and the aqueous
layer was washed with diethyl ether (3 X 5 mL). Finally, the combined organic phase was dried over
MgSQy, filtered and the solvent removed in vacuo to give 9,10-(CICH,CH,CH;),-1,7-closo-C;B1gHy,
5. Yield: 310 mg (92%). Elemental analysis: calc: %C 32.32, %H 7.40; exp: %C 33.04, %H 7.60.
ATR: v= 3053 (s, C-H), 2989, 2972, 2902 (s, Canyi-H), 2626, 2587 (s, B-H), 1310, 1279 (s, CH,-Cl), 728,
647 (s, C-Cl). 3C{'H} NMR (300.13 MHz, (CD3),CO) &: 53.28 (s, Cc), 47.14 (s, CICH,CH,CHy), 32.98 (s,
CICH,CH,CHy), 11.47 (s, CICH,CH,CH,). '"H-NMR (300.13 MHz, (CD3),CO) é: 3.53 (s, 2H, C.-H),
3.61 (t, 4H, CICH,CH,CH,), 1.87 (m, 4H, CICH,CH,CHy,), 0.94 (t, 4H, CICH,CH,CH,). 'H{!'B} NMR
(300.13 MHz, (CD3),CO) &: 3.53 (s, 2H, Ce-H), 3.61 (t, 4H, CICH,CH,CHy), 2.51, 2.23, 2.13 (s, 8H,
B-H), 1.87 (m,4H, CICH,CH,CHy,), 0.78 (t, 4H, CICH,CH,CH,). ''B NMR (96.29 MHz, (CD3),CO)
§: 1.3 (s, 2B, B(9,10)), —5.3 (d, }J(B,H) = 155, 2B, B(5,12)), —12.6 (d, 1J(B,H) = 159, 4B, B(4,6,8,11)),
-19.0 (d, 'J(B,H) = 179, 2B, B(2,3)).

3.1.4. Synthesis and Characterization of 6

To a stirred solution of 9,10-(HOCH,CH,;CHy),-1,7-closo-CyB1gHyp (94 mg, 0.361 mmol), 4,
4-N,N-dimethylaminopyridine (97.17 mg, 0.795 mmol), N,N’-dicyclohexylcarbodiimide (164.11 mg,
0.795 mmol) and benzoic acid (97.17 mg, 0.795 mmol) in dry dichloromethane (10 mL). The resulting
solution was stirred at room temperature for 1 h. The white precipitate (dicyclohexylurea) is filtered
and then an extraction using 10 mL of HCI (1 M) was done. The aqueous layer was extracted with CH,Cl,
(3 x 10 mL). The combined organic phase was dried over MgSQOy, filtered, and the solvent removed
under reduced pressure to give 152 mg (90 %) of 9,10-(CcHs COOCH,CH,CHy),-1,7-closo-CyB1gHjo, 6.
Elemental analysis: calc: %C 56.41, %H 6.83; exp: %C 55.72, %H 6.81. ATR: v= 3064 (vs, C.-H), 2988,
2971, 2904 (vs, Cany1-H), 2594, 2565 (s, B-H), 1711 (s, v5(C=0)), 1599 (s, C-O). *C{'H} NMR (300.13 MHz,
(CD;3)2CO) 8: 165.87 (s, CsHsCOOCH,CH,CHy), 132.82 (s, Caryr), 130.70 (s, Caryl), 129.22 (s, Caryi),
128.45 (s, Cary1), 66.71(s, CeHsCOOCH,CH,CHy), 53.27 (s, Co), 25.37 (s, CeHsCOOCH,CH,CH,) 10.06
(s, CeH5COOCH,CH,CH,). 'H-NMR (300.13 MHz, (CD3),CO) 8: 8.03 (d, !J(H,H) = 8.1, 4H, Hary1),
7.65 (t, 2H, Hypy1), 7.53 (m, 4H, 4y1), 4.30 (t, 4H, 3J(H,H) = 6.8, CsHsCOOCH,CH,CH,), 3.55 (s, 2H,
Cc-H), 1.87 (m, 4H, C¢H5COOCH,CH,CHj,), 0.98 (m, 4H, C4H;COOCH,CH,CH,). 'H{!'B} NMR
(300.13 MHz, (CD3),CO) 6: 8.03 (d, 'J(H,H)= 8.1, 4H, Hywy), 7.65 (t, 2H, Hypy), 7.51 (m, 4H, Hyry),
4.30 (t, 3J(H,H) = 6.8, 4H, C¢H5COOCH,CH,CHy,), 3.55 (s, 2H, C.-H), 2.52, 2.27, 2.16 (s, 8H, B-H),
1.87 (m, 4H, C¢H5COOCH,CH,CH,), 0.98 (m, 4H, C¢H5COOCH,CH,CH,). ''B NMR (96.29 MHz,
(CD3),CO) &: 1.6 (s, 2B, B(9,10)), —5.2 (d, J(B,H) = 149, 2B, B(5,12)), -12.5 (d, J(B,H) = 158, 4B,
B(4,6,8,11)), —19.1 (d, 1J(B,H) = 175, 2B, B(2,3)).

3.1.5. Synthesis and Characterization of 7

To a mixture of 9,10-(HOCH2CH2CH2)2-1,7-ClOSO-CzB]0H10, 4, (163 mg, 0.627 mmol)
and [HNMe;]Cl (12.76 mg, 0.13 mmol) in 5 mL of dry toluene 1.5 mL of Triethylamine was added.
In second flask, the p. toluensulfonyl chloride (363.34 mg, 1.905 mmol) was dissolved in THF,
then converted to the first flask at 0°C. The solvent was evaporated and an extraction using the diethyl
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ether and water. The organic part was dried over MgSQy, filtered, and the solvent removed under
reduced pressure to give 9,10-(CH;3-C¢Hy-SO3-CH,CH,CHy),-1,7-closo-CpB1gHyg, 7, (302 mg, 85%).
ATR: v = 3064 (s, (Cc-H)), 2971, 2955, 2895 (s, (Caiy1-H)), 2596, 2565 (s, (B-H)), 1349 (s, (5=0)),1189,
1175 (s, (S-O)), 1097, 981, 954, 918 (s, (C-0)). BC{1H} NMR (300.13 MHz, (CD3),CO) &: 144.77 (s,
CHj3-CgHy), 133.80 (CsHy-S), 129.94 (s, Cary1), 127.76 (s, Cary1), 72.67 (s, TSOCH,CHCHp), 53.26 (s, Co),
37.28 (s, TsOCH,CH,CHy), 20.62 (s, CH3-Cg¢Hs), 9.78 (br s, sSOCH,CH,CH,). 'H-NMR (300.13 MHz,
(CD3),CO) 6: 7.82 (d, 4H, J(HH) = 7.2, Hary1), 749 (d, 4H,'J(HH) = 8.0, Hary1), 4.05 (t, 3I(H,H) = 6.6,
4H, TsO-CH,), 3.45 (brs, 2H, C.-H), 2.47 (s, 6H, CH3CgHy), 1.75 (m, 4H, TsOCH,CH,CH>), 0.77 (m,
4H, TsOCH,CH,CH,). 'H{!'B} NMR (300.13 MHz, (CD3),CO) &6: 7.82 (d, 4H, lJ(H,H) = 7.2, Hary1),
7.49 (d, 4H, J(H,H)= 8.0, Hary), 4.05 (t, 3/(H,H)= 6.6, 4H, TsO-CH,), 3.45 (br s, 2H, Cc-H), 2.47 (s, 6H,
CH;C¢Hy), 3.04,2.03, 2.00 (br s, 8H, BH),1.75 (m, 4H, TsOCH,CH,CH,), 0.77 (m, 4H, TSOCH,CH,CH,).
1B NMR (96.29 MHz, (CD3),CO) &: 3.4 (s, 2B, B(9,10)), 5.4 (d, 1J(B,H) = 153, 2B, B(5,12)), -12.7 (d,
1J(B,H) = 155, 4B, B(4,6,8,11)), —19.2 (d, }J(B,H) = 177, 2B, B(2,3)).

3.1.6. Synthesis and Characterization of 8

To a stirred solution of previously dried 9,10-(CICH,CH,CHy),-1,7-closo-C,B19Hjg, 5, (95 mg,
0.319 mmol) in DMF (10 mL), NaN3 (314.41 mg, 4.83 mmol) was added. At room temperature,
the mixture was stirred for 24 h. Then, the solvent was evaporated under vacuum and an extraction
with a mixture C4H5;CH3-H,O was done. After washing it several times with H,O, the collected
organic layer was dried over MgSQy, filtered, and the solvent removed under reduced pressure to
give 9,10-(N3CHCH,CHy),-1,7-closo-C,B1gHjg, 8, (80.75 mg, 81%). ATR: v= 3076 (C.-H), 2929, 2890
(Caiky1-H), 2591 (B-H), 2095 (C-N). 3C{'H} NMR (300.13 MHz, (CD5),CO) 5: 53.42 (s, C-N3), 53.26 (C-H),
11.13 (m, CH,). "H-NMR (300.13 MHz, (CD3),CO) &: 3.84 (s, 2H, C.-H), 3.34 (t, 3J(H,H) = 6.90, 4H,
N3CH,CH,CHj,), 1.69 (m, N3CH,CH,CHy), 0.89 (m, 4H, N3CH,CH,CH,). *H{B} NMR (300.13 MHz,
(CD3),CO) &: 3.84 (s, 2H, Cc-H), 3.34 (t, 3J(H,H) = 6.90, 4H, N3CH,CH,CH)), 2.52, 2.23, 2.13 (br s,
BH), 1.69 (m, N3CH,CH,CHy), 0.89 (m, 4H, N3CH,CH,CH,). !B NMR (96.29 MHz, (CD;),CO) &:
1.4 (s, 2B, B(9,10)), -5.3 (d, 'J(B,H)= 157, 2B, B(5,12)), —12.6 (d, 'J(B,H) = 160, 4B, B(4,6,8,11)), —19.1 (d,
17(B,H) = 180, 2B, B(2,3)).

3.1.7. Synthesis and Characterization of 9

To a solution of 9,10-(N3CH,CH,CHj),-1,7-closo-CyB1gHj, 8, (27 mg, 0.086 mmol) in a mixture of
dioxane (2 mL) and distilled H,O (2 mL), phenylacetylene (0.04 mL, 0.36 mmol), sodium ascorbate
(17.037 mg, 0.086 mmol) and CuSO4.5H,O (21.47 mg, 0.086 mmol) were added in this order. After 20 min,
a yellow solid started to be formed. The reaction was stopped after 3 h, when the walls of the small
flask were full yellow solid and the solution was green. Then, the yellow solid was separated and very
well dried under vacuum to give 9,10-(C¢HsC,N3;CH,CH,CHy),-1,7-closo-CoB1oHjig, 9, (76 mg, 86%).
Elemental analysis: calc: C% 56.23, H% 6.29; exp: %C 56.69, %H 6.88. ATR: v= 3057 (C.-H), 2924,
2892, 2852, 2826 (C,iyi-H, CH,N), 2588 (B-H). 3C{'H} NMR (300.13 MHz, (CD3),SO) 5: 146.69
(CgH5-C-N=N-N), 131.35 (C4H5-C=C-N), 129.34 (C¢Hs), 128.22, 125.57 (C¢Hs), 121.68 (C¢Hs), 54.15
(Ce-H), 52.25 (N-CH,CH,CHy), 30.68 (N-CH,CH,CH,), 11.4 (NCH,CH,CH,). '"H-NMR (300.13 MHz,
(CD3),S0) 8: 8.56 (s, 2H, C=CH-N), 7.85 (d, 4H,!] = 7.7, CsHs), 7.44 (t, 4H, 3] = 7.5, C¢Hs), 7.32 (t,
2H,23] = 7.1, C¢Hs), 3.86 (s, 2H, Ce-H), 4.34 (m, 4H, NCH,CH,CHy,), 1.86 (m, 4H, NCH,CH,CHy), 0.69
(m, 4H, NCH,CH,CH,). "H{"'B} NMR (300.13 MHz, (CD3),SO) &: 8.56 (s, 2H, C=CH-N), 7.85 (d,
4H,'] =7.7, CgHs), 7.44 (t, 4H, 3] = 7.5, C¢Hs), 7.32 (t, 2H,*] = 7.1, C¢Hs), 3.86 (s, 2H, C-H), 4.34 (m, 4H,
NCH,CH,CH,), 2.38, 2.10, 2.02 (br s, B-H), 1.86 (m, 4H, NCH,CH,CHj), 0.69 (m, 4H, NCH,CH,CH,).
1B and ""B{'H} NMR (96.29 MHz, (CD;),SO) &: 1.4 (s, 2B, B(9,10)-C), -5.5 (2B, B(5,12)), —13.2 (4B,
B(4,6,8,11)), —19.9 (2B, B(2,3)).
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3.1.8. Synthesis and Characterization of 10

To a stirred solution of 9,10-(CH,=CHCH3),-1,7-closo-C;B19H;jp (150 mg, 0.67 mmol) in dry
THF (10 mL) at 0 °C were added dropwise n-BuLi in hexane (0.98 mL, 1.5 M, 1.47 mmol),
the resulting solution was stirred at 0 °C for 1 h. Then the mixture was cooled at —78°C to add
dropwise a solution of CHy,=CHCH,-Br in dry THF (1.54 mL, 1 M, 1.54 mmol), and allowed
to stir overnight at room temperature. Afterwards, the solvent was removed and 10 mL
of diethyl ether and 10 mL of HCI (0.25M) were added to the residue. The organic layer
was separated from the mixture, and the aqueous layer was extracted with diethyl ether
(8 X 10mL). The combined organic phase was dried over MgSQOy, filtered, and the solvent removed
under reduced pressure to give 71% of 9,10-(CH,=CHCH,),-1,7-(CH,=CHCH;),-closo-C,B1oHg
(145 mg). 3C{'H} NMR (300.13 MHz, (CD3),CO) &: 140.17 (s, CHy=CH-CH,-B(9,10)), 133.96 (s,
CH,=CHCH,-C(1,2)), 117.98 (s, CH,=CH-CH,-B(9,10)), 111.96 (s, CH,=CH-CH,-C(1,2)), 71.8 (s,
Ce), 40.97 (s, CH,=CH-CH,-C(1,2)), 21.48 (m, CH,=CH-CH,- B(9,10)). H-NMR (300.13 MHz,
(CD3),CO) &: 5.80 (m, 2H, CH,=CH-CH,-B(9,10)), 5.60 (m, 2H, CH,=CH-CH,-C(1,2)), 4.90
(m, 4H, CH,=CH-CH,-C(1,2)), 4.86 (m, 4H, CH,=CH-CH,-B(9,10)), 2.57 (d, 3J(H-H)=7.3 Hz,
4H, CH,=CH-CH,-C(1,2)), 1.71 (br s, 4H, CH,=CH-CH,-B(9,10)). 'H{!'B} NMR (300.13 MHz,
(CD;),CO) 5: 5.80 (m, 2H, CH,=CH-CH,-B(9,10)), 5.60(m, 2H, CH,=CH-CH,-C(1,7)), 4.90 (m,
4H, CH,=CHCH,-C(1,7)), 4.86 (m, 4H, CH,=CHCH,-B(9,10)), 2.57 (d, 3J(H,H) = 7.3 Hz, 4H,
CH,=CHCH,-C(1,7)), 2.17 (brs, 2H, B(5,12)-H), 2.12 (brs, 4H, B(4,6,8,11)-H), 1.87 (brs, 2H, B(2,3)-H),
1.71 (brs, 4H, CH,=CH-CH,-B(9,10)). "B-NMR (96.29 MHz, (CD3),CO) 5: 0.8 (s, 2B, B(9,10)), —5.4 (d,
1(B,H) = 154, 2B, B(5,12)), —10.2 (d, \J(B,H) = 159, 4B, B(4,6,8,11)), —15.9 (d, }J(B,H) =174, 2B, B(2,3)).

3.1.9. Synthesis and Characterization of 11

To a stirred solution of 9,10-(CH,=CHCHy,),-1,7-(CH,=CHCH,;),-closo-C;B19Hg, 3, (130 mg,
0.24 mmol) in THF (3.5 mL) at 0 °C, was added, drop wise, a solution of BH3-THF in THF (1.765 mL,
1M, 1.765 mmol). The resulting suspension was stirred at 0 °C for 30 min and at room temperature for
further 30 min. Then, the reaction mixture was cooled again to 0 °C in an ice-water bath and water
(ImL) was slowly added. When gas evolution had stopped, an aqueous KOH solution (0.583 mL, 3 M,
1.75 mmol) and subsequently, H,O, in water (0.3 mL, 35%), were added. Stirring was maintained at
room temperature for 1.5 h, after which two liquid phases were observed. The upper organic layer
was separated from the mixture and the aqueous layer. Then, it was washed with THF (3 x 2 mL).
The combined organic phase was dried over MgSQOy, filtered and the solvent removed in vacuo to
give 9,10-(HOCH,CH,;CHy),-1,7-(HOCH,CH,CHy3),-closo-C; B1gHg. Yield: 119mg (74%). Elemental
analysis: calc: C% 44.7, H% 9.6; exp: %C 45.1, %H 9.8. 13C{TH} NMR (300.13 MHz, (CD3),CO) &:
66.04 (s, HOCH,CH,CH,-C(1,7)), 64.18 (s, HOCH,CH,CH,-C(1,7), HOCH,CH,CH,-B(9,10)), 60.52
(s, HOCH,CH,CH,-C(1,7)), 33.38 (s, HOCH,CH,CH,-C(1,7), 33.19 (s, HOCH,CH,CH,-B(9,10)),
23.83 (s, HOCH,CH,CH,B(9,10)). 'H{''B} NMR (300.13 MHz, (CD;),CO) &: 3.67-3.51 (m, 12H,
HOCH,CH,CH,), 1.59 (m, 8H, HOCH,CH,CHj,), 0.99-0.81 (m, 12H, HOCH,CH,CH,). 'B-NMR
(96.29 MHz, (CD3),CO) 8: 1.2 (s, 2B, B(9,10)), —5.6 (d,'J(B,H) = 147, 2B, B(5,12)), —10.6 (d, }J(B,H) = 150,
4B, B(4,6,8,11)), —15.8 (d, 'J(B,H) = 175, 2B, B(2,3)).

3.1.10. Synthesis and Characterization of 12

To a stirred solution of 9,10-(CH,=CHCHy),-1,7-closo-C;B19Hjp, 3, (20 mg, 0.09 mmol) in THF
(3mL) at 0 °C, was added, drop wise, a solution of BuLi (0.18 mmol, 1.6 M, 0.12 mL). The resulting
suspension was stirred at 0 °C for 30 min and at room temperature for further 30 min. In another
flask and under nitrogen, 8-{3,3"-Co(8-C4HgO,-1,2-C,BgHy)(1’,2"-C2B9H11) (0.18 mmol, 77 mg)
was dissolved in 8 mL of THE. Then, the new solution was transferred to the suspension mixture
and the reaction mixture stirred 2 h under reflux at inert atmosphere. The solvent was evaporated,
and an extraction took place. The organic layer was evaporated to give a mixture of white and orange
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compounds. The 8-{3,3"-Co(8-C4HgO,-1,2-C,BgH10)(1",2"-C,BgH;1) was recuperated and the new
isomer 9,10-(CH3CH=CH),-1,7-closo-C,B19Hjg, 12, was obtained with 80% of yield (16 mg). ATR:
v = 3046 (Cc-H), 2998-2849 (m, vs(CHj, =CH)), 2623, 2592 (vs, vs(B-H)), 1634, 1442 (vs, vs(C=C)),
978 (s, Vas(-CH=CH-)). 'H-NMR (300.13 MHz, CDCl3) &: 5.90 (m, 2H, CH3CH=CH), 5.55 (m,
2H, CH3CH=CH), 2.82 (s, 2H, C.-H), 1.78 (dd, 3J(H,,Hyp) = 6.3, 4J(H,,H.) = 1.6, 6H, CH3CH=CH).
TH{"B} NMR (300.13 MHz, CDCl3) &: 5.90 (m, 2H, CH3CH=CH), 5.57 (m, 2H, CH;CH=CH), 2.82
(s, 2H, C-H), 2.50 (s, 2H, B(5,12)-H), 2.34 (s, 2H, B(2,3)-H), 2.19 (s, 4H, B(4,6,8,11)-H), 1.78 (d, 6H,
CH3CH=CH). "B-NMR (96.29 MHz, (CD3),CO) &: —0.5 (s, 2B, B(9,10)), —5.8 (d,'J(B,H) = 159, 2B,
B(5,12)), —12.5 (d, 'J(B,H) = 163, 4B, B(4,6,8,11)), —19.8 (d, 'J(B,H) = 180, B(2,3)). Good crystals suitable
for X-ray diffraction were grown in acetone.

3.2. X-ray Structure Determinations of 9,10-(HOCH,CH,CH3),-1,7-closo-C,B19H19, 4
and 9,10-(CH3CH=CH),-1,7-closo-C,B19H79, 12

Single-crystal data collections for 4 and 12 were performed with an Bruker D8 QUEST ECO
three-circle diffractometer system equipped with a Ceramic x-ray tube (Mo Ka, A = 0.71076 A)
and a doubly curved silicon crystal Bruker Triumph monochromator (Bruker, Karlsruhe, Germany).
The structures were solved by direct methods and refined on F? by the SHELXL97 program [65].
The non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen
atoms were treated as riding atoms using the SHELXL97 default parameters. The crystallographic,
structure refinement, and bond parameters for 4 and 10 are reported in CIF-files deposited at CCDC
with the reference numbers CCDC 2004945 and 2004946. These data can be obtained free of charge
via www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, U.K; fax: +44-1223-336033; or e-mail: deposit@ccdc.cam.ac.uk).

3.3. Hirshfield Surface Analysis

The Hirshfeld surface analyses were run using the CIF format by the CrystalExplorer program [62].
Hirshfeld surface analysis help to recognize the strong and weak intermolecular interactions area
and the nature of these interactions from the electron distribution. The dporm (normalized contact
distance) is given by the Equation (1):

Lo it L .
norm  — ;,vdw + rvdw ( )
i e

where d; is from the Hirshfeld surface to the nearest atom outside-external, de from the Hirshfeld
surface to the nearest internal atom, and V¥ is the Van Der Walls radii of the atom

4. Conclusions

All allyl di and tetrabranched derivatives of the m-carborane framework have been synthesized.
The starting 9,10-(allyl),-1,7-closo-carborane compound was made by Kumada cross-coupling reaction
on 9,10-I-1,7-closo-carborane with allyl Grignard reagent in the presence of Pd(Il) and Cu(I)
as catalysts. These olefin groups have led to a variety of functional groups, alcohol, chloro,
tosyl, and azide that have permitted to produce esters and 1,2,3-triazoles by the azide-alkyne
cycloaddition, as examples of reactions that show the wide possibilities of this globular icosahedral
m-carborane to act as a novel core for periphery-decorated macromolecules. Importantly, the four
branches in the tetrabranched m-carborane derivatives are located in two perpendicular planes
and are coplanar in the o-carborane isomer. This difference provides novel cores for 3D and 2D
radially grown periphery-decorated macromolecules, respectively. Unexpectedly, the isomerization
of B-allyl to B-propenyl vertexes in 9,10-(allyl),-1,7-closo-C,B19Hj9 was observed in THE. DFT
calculation studies conclude that the comparable acidity of the allyl groups and the Cc-H of
the m-carborane unit allows a deprotonation/protonation isomerization of the allyl group as it
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is well known for allylbenzenes. X-ray crystal structures of 9,10-(OHCH,CH,;CH,),-1,7-closo-C,B19H1
and 9,10-(CH3CHCH),-1,7-closo-C;B1oHj ¢ compounds show an extensive network of hydrogen bonding
and 7---H-C, contacts, respectively, due to the presence of alcohol and olefin groups that have been
analyzed by Hirshfeld surfaces and decomposed fingerprint plots.

Supplementary Materials: The following are available online, Spectroscopic characterization of compounds 1-12.
Figures S1-578 with IR and NMR spectra and crystal packing of 4 and 12. Table S1-54 containing the bond lengths
and bond angles of crystals 4 and 12; S5-511 with XYZ coordinates and total energies of the investigated systems.
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Abstract: Ruthenium-based complexes have received much interest as potential metallodrugs. In this
work, four Ru'! complexes bearing a dicarbollide moiety, a carbonyl ligand, and a phenanthroline-based
ligand were synthesized and characterized, including single crystal diffraction analysis of compounds
2, 4, and 5 and an observed side product SP1. Complexes 2-5 are air and moisture stable under
ambient conditions. They show excellent solubility in organic solvents, but low solubility in water.

Keywords: dicarbollide; ruthenium; metallodrug; kinase inhibitor

1. Introduction

Metal-containing compounds are of increasing interest for applications in medicinal chemistry
due to their diverse coordination geometries, unusual reactivities, and useful physicochemical
properties [1-3]. Ruthenium shows a low general toxicity [4] and is an excellent metal for this approach.
Ru'l is usually coordinated in an octahedral or pseudo-octahedral half-sandwich fashion and forms
quite stable coordinative or covalent Ru-ligand bonds, which affects cellular metabolism. Furthermore,
the reactivity of ruthenium ions is well-known; thus, reactions are predictable and facilitate drug
design [5-8]. To date, predominantly ruthenium half-sandwich complexes have been developed as
potential anti-cancer agents, antiproliferative drugs, antibiotics, and immunosuppressants [9-14].

Meggers et al.,, recently reported an interesting class of organometallic protein kinase
inhibitors which were inspired by the alkaloid staurosporine (Figure 1) [4,15,16]. For example,
the ruthenium half-sandwich complex DW12 is a potent inhibitor of glycogen synthase kinase 3
(GSK-3), whereas staurosporine constitutes a very unselective inhibitor of a large number of protein
kinases [5,16-18]. In staurosporine, the important groups for the interaction with protein kinase are the
lactam unit, the indolocarbazole heterocycle, and the carbohydrate moiety. In DW12, the ruthenium
serves as a purely structural center and enables a geometry, which cannot be easily achieved with
purely organic molecules. Thus, the NH group of the maleimide moiety forms a hydrogen bond with
the amide carbonyl of Asp133 in the adenosine triphosphate (ATP) binding site of GSK-3. Additionally,
one carbonyl group of the maleimide moiety interacts with the NH group of Val135, and the second
carbonyl of the same moiety forms a water-mediated hydrogen bond with Asp200. The indole OH
group interacts with the carbonyl amide group of Val135. One special feature of DW12 is the presence
of the CO ligand, which exhibits a clearly reduced dipolar character due to the interaction with the
transition metal ruthenium. Displaying this behavior, the CO ligand is able to undergo an unusual
interaction mode with the glycine-rich loop of the ATP binding site. In that way, DW12 achieves a
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geometry, which seems to be optimal for the ATP binding site of GSK-3, rendering DW12 a more potent
inhibitor for GSK-3 than staurosporine.

H
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4 *BH
Cl) oo F °CH
_NH
staurosporine half-sandwich kinase inhibitor this study

Figure 1. Staurosporine, a ruthenium half-sandwich staurosporine mimic (DW12), and the
ruthenacarborane complex synthesized and investigated in this study [17].

In order to design novel potential drugs, bioisosteric replacement has become a wide-spread
approach [11,14,19-23]. Thus, the development of drugs in which the carborane moiety mimics
a phenyl group or is the pharmacophore itself is actively studied [23-29].  Applications
of such carborane-containing drugs are for example cancer therapeutics and enzyme
inhibitors [11,14,19,20,22,23,30-37]. Due to its isolobal relationship with the cyclopentadienyl ligand
(Cp™) the dicarbollide anion (nido-carborate(2-), C,BoH112, Cb?7) is a suitable replacement as ligand
for transition metals [38,39]. However, distinct activities and reactivities of the respective metal
complexes, bearing the Cb?~ or the Cp~, are observable and caused by the different charge, size,
symmetry, and hybridization of the orbitals of the respective ligands [40]. Furthermore, the dicarbollide
moiety is highly hydrophobic and could enhance the transport of the corresponding metallodrug
across cellular membranes [19,20,22]. Additionally, these clusters are metabolically stable, which
renders them robust compounds in biological media [11,23]. Furthermore, the possible regioselective
introduction of specific substituents at either the carbon or the boron vertices of the cluster enables
customization of the structure and, therefore, the activity of the metallodrug [19,21].

Former studies have shown the importance of the heteroaromatic bidentate pyridocarbazole
and CO ligand in DW12 and related complexes for mimicking staurosporine binding in the ATP
binding site [5,17,18,41]. Therefore, the presence of a carbonyl ligand and an aromatic moiety are very
important features.

In this work, we report the combination of Cb?~ with Rull (CO)—phenanthroline derivatives as
mimics for DW12. To our knowledge, this approach to combine the scaffold of an active ruthenium-based
protein kinase inhibitor with a dicarbollide moiety has not been pursued before. In DW12, the Cp~
ring points away from the ATP binding site towards the aqueous solvent. Thus, there should be
sufficient space available in this part of the active site to accommodate larger moieties [42]. Replacing
the Cp~ ligand with a much bulkier, hydrophobic Cb%- ligand would allow additional van der Waals
interactions to be formed with this part of the active site and to profit from the hydrophobic effect
which often increases the potency of enzyme inhibitors. Due to the replacement of the cyclopentadienyl
ligand with a dicarbollide ligand, the anionic N,N ligand in DW12 must be substituted with a
neutral one. As the maleimide moiety in the N,N ligand in DW12 is involved in various hydrogen
bond interactions and thus plays an essential role in binding to the ATP binding site of GSK-3,
the design of the novel dicarbollide-containing complex should also employ this motif. Therefore,
the neutral 5H-pyrrolo[3,4-f][1,10]phenanthroline-5,7(6H)-dione, which is similar to the anionic
9-hydroxy-5H-12A\2-pyrido|[2,3-a]pyrrolo[3,4-c]carbazole-5,7(6H)-dione ligand (pyridocarbazole) in
DW12, was used as ligand. In combination with the much more hydrophobic and bulkier Cb?~ ligand,
this should result in increased activity of the respective complex.
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2. Results and Discussion

2.1. Ligand and Precursor Syntheses

The precursor 7,8-dicarba-nido-undecaborane(13) (L1) for the dicarbollide moiety was synthesized
according to the literature (Scheme 1) [43]. Details about the synthetic procedure are given in the
electronic supplementary information.

H H e
a) b 4
[l -
L1 L1

Scheme 1. Two-step synthesis of 7,8-dicarba-nido-undecaborane(13) (L1). a) MeOH, KOH, 80 °C, 18 h;
b) C¢Hg, H3POy, rt, 17 h. Yield over two steps: 70% [43].

The phenanthroline derivatives (Figure 2) that were employed in complexation reactions
were prepared according to the literature. Even though 5-nitro-1,10-phenanthroline (L2) can be
synthesized in excellent yields, it was obtained commercially because of the harsh conditions
employed in the synthesis [44]. 1,10-Phenanthroline-5,6-dione (L3) was prepared according to
the literature [45,46], and 1,10-phenanthrolinopyrrole (L4) was formed in a Barton-Zard reaction
from 5-nitro-1,10-phenanthroline (L2) and ethyl isocyanoacetate under basic conditions followed by
hydrolysis of the ester L4” (Scheme 2) [47-54] The respective synthetic procedure for L4 is given in the

electronic supplementary information.
H
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Figure 2. Phenanthroline-based ligands L2-L4.
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Scheme 2. Preparation of L4 starting from 5-nitro-1,10-phenanthroline (L2) with 1,10-phenanthrolinopyrrole
ethyl ester (L4’) as intermediate. a) THF, DBU, ethyl isocyanoacetate, rt, 20 h; b) EtOH, 0.2 M NaOH,
110 °C, 8 h. Yield over two steps: 54%; DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene [49].

The precursor molecule for further reactions, [3-(CO)3-closo-3,1,2-RuC,BgHy1] (1), was prepared
in a redox reaction from triruthenium dodecacarbonyl and L1 (Scheme 3) [55-57]. The respective
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synthetic procedure of 1 is given in the electronic supplementary information. Studies showed that the
dicarbollide ligand is a much stronger ligand than the Cp ligand [11,39].

0o *BH
HH\ Ru
a) A
1/3 Ruz(CO)4p + I 7/
L1 1

Scheme 3. Preparation of 1 with triruthenium dodecacarbonyl and L1. a) C¢Hg, 90 °C, 7 h, 60% [55].
2.2. Synthesis of Ruthenium(II) Complexes

The complexes containing phenanthroline derivatives as ligands were prepared via a ligand
exchange reaction following a procedure of Jellis and co-workers for other chelating N-donor ligands
(Scheme 4) [58]. In this type of reaction, two carbonyl ligands are oxidized to CO, with stoichiometric
amounts of trimethylamine N-oxide [59] to facilitate coordination of one bidentate phenanthroline
derivative. For complex 2, both enantiomers R and S were obtained (Ru is the chiral center). No further
investigations were carried out to determine the ratio of the two enantiomers, which is assumed to be
close to 1:1.

0 +BH
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Scheme 4. Preparation of compounds 24 from the phenanthroline ligands L2-L4 and the ruthenium(II)
complex 1. a) MeCN, trimethylamine N-oxide, rt, 17 h, 13% 2; b) MeCN, trimethylamine N-oxide, rt,
84 h, 73% 3; c) MeCN, trimethylamine N-oxide, rt, 48 h, 46% 4.

Complexes 2—4 were characterized via NMR, IR, MS, and, in the case of compounds 2 and 4, via
single crystal X-ray diffraction. In the 'H-NMR spectrum, compound 3 exhibits three doublets of
doublets in the aromatic region as expected for the dione ligand L3. In the infrared spectrum only
one absorption band for a C=0 stretching vibration was observed for 24 for the single remaining CO
ligand. Additionally, in 2, two absorption bands for the symmetric and asymmetric stretching vibration
of the NO, group were observed. In the negative ESI-MS spectrum, compound 3 is observable with
one additional bromide ion ([M + Br]~, m/z = 552). No suitable single crystals could be obtained for
complex 3. The bifunctional ligand L3 can exhibit several different binding modes: n2-coordination
with both nitrogen or both oxygen atoms. In 3, coordination via the nitrogen atoms is assumed, as Ru?*
is a soft Lewis acid [60,61]. It is also possible for L3 to act as a bridging ligand to form complexes
with different or additional metal centers. In our case the formation of chain-like oligomers formed by
linked complex fragments of 3 are not very likely due to the chosen synthetic procedure.

Crystals suitable for single crystal X-ray crystallography were obtained for compounds 2 and 4.
Compound 2 crystallizes from a mixture of dichloromethane and n-hexane as orange-red, plate-like
crystals in the monoclinic space group P2;/n with one additional DCM molecule in the asymmetric
unit. The solved structure shows a wR; value of 9.9% (Ry: 17.8%), which is caused by the low quality
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of the crystals. Nonetheless, the identity of compound 2 is unambiguous (Figure 3, left). Complex 4
crystallizes as yellow plates from a dichloromethane/n-hexane mixture with two independent molecules
in the asymmetric unit (Figure 3, right, only one molecule is shown).

Bond lengths and bond angles of 2 and 4 are given in Table 1.

Figure 3. Molecule structure of [3-(CO)-3,3-(L2-k*>N,N)-closo-3,1,2-RuC,BgHy1] (2) (left, only the S
enantiomer is shown) and [3-(CO)-3,3-(L4-k*>N,N)-closo-3,1,2-RuC,BgHy1 | (4) (right) as an ellipsoid-stick
model with thermal ellipsoids at 50% probability level. Solvent molecules and hydrogen atoms are
omitted for clarity.

Table 1. Selected bond lengths (in pm) and angles (in °) in 2, 4, and 5 in comparison with
[3-CO-3,3-(bipy-«k>N,N)-closo-3,1,2-RuC,BgHy1 ] (I) (bipy = 2,2’-bipyridine) [58].

Atom Group 2 42 5 1
Ru(1)-C(1) 226.5(9) 222.3(4) [225.0(4)] 221.3(2) 217.4(4)
Ru(1)-C(2) 222.7(9) 217.6(4) [223.4(49] 222.7(2) 222.4(4)
Ru(1)-B(1) 220(1) 222.4(4) [220.1(4)] 220.6(2) 227.9(4)
Ru(1)-B(2) 219(1)) 227.3(4) [220.5(4)] 224.0(2) 227.7(4)
Ru(1)-B(3) 221.5(9) 223.4(4) [223.6(4)] 224.0(2) 220.6(5)
Ru(1)-C(3) 185(1) 185.6(4) [183.5(4)] 184.6(2) 186.6(4)
Ru(1)-N(1) 212.9(8) 210.5(3) [211.6(3)] 212.2(1) 209.3(3)
Ru(1)-N(2) 213.6(7) 212.4(3) [212.2(3)] 211.9(1) 213.5(3)
N(1)--N(2) 261(1) 262.5(5) [262.3(4)] 262.8(2) 261.0(5)
C(3)-0(1) 115(1) 114.7(4) [114.6(4)] 115.0(2) 115.4(5)

N(1)-Ru(1)-C(3) 90.9(4) 91.5(1) [94.9(2)] 93.9(1) 90.1(2)
N(2)-Ru(1)-C(3) 91.0(4) 95.5(1) [94.0(1)] 92.2(1) 92.0(1)
N(1)-Ru(1)-N(2) 75.5(3) 76.7(1) [76.5(1)] 76.6(1) 76.3(1)

Ru(1)-C(3)-O(1)  1764(9)  1734(3)[174.1(4)]  1738(2)  1753(4)

2 values of the second independent molecule of 4 are given in [ ].

After the successful preparation of 4, a selective oxidation of positions 5 and 7 of the
phenanthrolinopyrrole moiety was carried out to prepare [3-(CO)-3,3-{1’,10’-NC5H;3(C(CO)(NH)(CO)C)
NCsHj3-k2N,N}-closo-3,1,2-RuC,BgHy1] (5) (Scheme 5). For this reaction, excess of meta-chloroperoxybenzoic
acid (m-CPBA) was used. For stronger oxidizing agents, a polymerization of the pyrrole moiety is
observed, and milder oxidizing agents lead to lactam scaffolds only and not to the desired maleimide
groups [62,63]. Monitoring the reaction using thin layer chromatography showed that it is necessary
to add the oxidizing agent successively in small portions during the reaction period. It was observed
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that only the ortho positions of the pyrrole moiety were oxidized, whereas the rest of the complex
was unaffected.

*BH
°CH

a)

Scheme 5. Synthesis of [3-(CO)-3,3-{1’,10’-NC5H3(C(CO)(NH)(CO)C)NCsHz-«>N,N}-closo-3,1,2-RuCyBoHy; |
(5) from 4 and meta-chloroperoxybenzoic acid (m-CPBA). a) MeCN, m-CPBA, 82 °C, 84 h, 10%.

After column chromatography and recovery of some starting material, the desired complex 5
was isolated in 10% yield as a red, crystalline powder and characterized. In the TH-NMR spectrum,
a low-field shift for the cluster CH and the aromatic CH groups in comparison to 4 was observed.
The multiplicity pattern of the aromatic protons indicates an ortho substitution of the pyrrole moiety.
Two signals are observed in the negative-mode mass spectrum, namely [M — H*]™ and [M - CO -
H*]~. The IR spectrum shows the presence of only one CO ligand as well as for the previous complexes.
Compound 5 crystallizes from acetonitrile as deep red prisms in the triclinic space group PT with
three acetonitrile molecules in the asymmetric unit (Figure 4). Bond lengths and bond angles of 5 are
given in Table 1.

Figure 4. Molecule structure of [3-(CO)-3,3-{17,10’-NC5H3(C(CO)(NH)(CO)C)NCsH3-k2N,N}-closo-3,1,2-
RuC,;ByHj1] (5) as an ellipsoid-stick model with thermal ellipsoids at 50% probability level. Solvent
molecules and hydrogen atoms are omitted for clarity.

2.3. Biological Studies
Since the target molecule 5 was designed as a mimic of (R)-DW12, protein kinase Pim1 inhibition

studies were carried out but were inconclusive, most likely due to a low solubility of 5 in buffer
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solutions caused by the high hydrophobicity of the dicarbollide moiety. Additional information about
the protein kinase inhibition studies is given in the electronic supplementary information.

As mentioned in the introduction, carborane or metallacarborane derivatives are being studied
as drugs or enzyme inhibitors [11,14,19,21,23,27,28,30,35]. Due to the presence of the hydrophobic
carborane moiety, lack of solubility in aqueous media is often observed, hampering biological
studies. Improved water-solubility was achieved by employing charged species with enhanced
solubility [11,14,31,35] or incorporating hydrophilic side chains [23]. A novel approach, developed by
Hey-Hawkins et al., overcomes the problematic solubility behavior of metallacarborane complexes by
employing bovine serum albumin (BSA) [37]; however, it was also observed that BSA can influence the
activity of the solubilized drug in specific enzyme inhibition assays.

3. Materials and Methods

All syntheses were carried out using the Schlenk technique and nitrogen as inert gas.
Triruthenium dodecacarbonyl, 1,2-dicarba-closo-dodecaborane(12), 5-nitro-1,10-phenanthroline,
ethyl isocyanoacetate, 1,8-diazabicyclo[5.4.0Jundec-7-ene, trimethylamine N-oxide and
meta-chloroperoxybenzoic acid are commercially available.  Trimethylamine N-oxide was
dried and purified by sublimation; meta-chloroperoxybenzoic acid was purified by washing with
phosphate buffer and drying under reduced pressure.  7,8-Dicarba-nido-undecaborane(13)
(L1) [43], 1,10-phenanthrolinopyrrole (L2) [49], [3-(CO)3-closo-3,1,2-RuC,yBoH;1] (1) [55],
and 1,10-phenanthrolino-5,6-dione (L5) [45,46] were synthesized according to the literature.
The oxidation-sensitive compound 7,8-dicarba-nido-undecaborane(13) (L1) was stored under nitrogen
at —55 °C. Ethyl isocyanoacetate was stored under nitrogen atmosphere and meta-chloroperoxybenzoic
acid under normal atmosphere at 4 °C. All other used chemicals were stored under nitrogen atmosphere
at ambient temperatures. All solvents, except acetonitrile, benzene, cyclohexane, and methanol, which
were dried over calcium hydride, sodium, or calcium oxide, respectively, were taken from the solvent
purification system MB SPS-800 (by MBraun). Ethanol was used as a mixture with water. Petrol ether
(40-60 °C) for column chromatography was used as provided.

NMR spectra were measured with an ADVANCE DRX 400 spectrometer from Bruker.
The spectrometer frequency for 'H and B are 400.13 MHz and 128.38 Hz, respectively. As an
internal standard, tetramethylsilane was used for "H-NMR and the E scale was used for 'B-NMR
spectroscopy. Data were interpreted with MestReNova [64]. The numbering scheme of all isolated
compounds is given in the electronic supplementary information. Positive- or negative-mode
low-resolution electrospray ionization mass spectra (ESI-MS) were recorded with an ESI ESQUIRE
3000 PLUS spectrometer with an IonTrap analyzer from Bruker Daltonics. For these measurements,
dichloromethane, acetonitrile, methanol, or a mixture of these solvents were used. Infrared spectra
were recorded with a Spectrum 2000 IR spectrometer from PerkinElmer in the range of 400 to 4000 cm™".
All samples were prepared as KBr pellets. The determination of the single crystal structures was carried
out with a Gemini-S diffractometer from Oxford Diffraction using MoK radiation (A = 71.073 pm).
The visualization of the structures was carried out with Diamond [65]. Additional crystallographic
data are given in the electronic supplementary information. For column chromatography;, silica gel
60 A from the company Acros was used. The particle size was in the range of 0.035 to 0.070 mm.
The solvents for semi-inert chromatography were obtained from the solvent purification device MB
SPS-800. Thin layer chromatography (TLC) was used to monitor reaction processes using glass plates
coated with silica gel 60 Fy54 from Merck. Carborane-containing spots were stained with a 5% solution
of palladium(II) chloride in methanol.

[3-(CO)-3,3-(L2-x2N,N)-closo-3,1,2-RuC,BgHy7] (2): 0.10 g (0.32 mmol, 1.00 eq.) 1 were placed in a
250 mL round bottom flask and dissolved in 25 mL acetonitrile. With stirring, a solution of 0.05 g
(0.64 mmol, 2.00 eq.) trimethylamine N-oxide in 10 mL acetonitrile was added. The mixture was stirred
for 10 min. Subsequently, 0.07 g (0.31 mmol, 0.97 eq.) 5-nitro-1,10-phenanthroline (L2), dissolved
in 20 mL acetonitrile, were added dropwise to the mixture. The reaction mixture was stirred for
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17 h at rt. After the reaction was finished (monitored using TLC), the mixture was filtered and the
filtrate was dried under reduced pressure. The product was purified using column chromatography
(dichloromethane; Ry = 0.60). 2 (0.02 g, 0.04 mmol, 13%) was obtained as an orange-red crystalline
solid. 'H-NMR (400 MHz, CD5CN): § = 1.00-2.80 (br, 9 H, 9x BH), 3.39 (s, br, 2 H, 2x CH!), 8.05 (m,
2 H, CH3, CH), 8.88 (d, 3]y = 8.2 Hz, 1 H, CH®), 9.10 (s, 1 H, CH®), 9.23 (d, 3Jyuy = 8.6 Hz, 1 H, CH*),
9.49 (d, 3Jyy = 5.2 Hz, 1 H, CH®), 9.53 ppm (d, 3Jyy = 5.3 Hz, 1 H, CH?); ''B{'H}-NMR (128 MHz,
CD3;CN): § = —22.2 (s, 1 B, BH), —21.4 (s, 2 B, BH), -9.8 (s, 2 B, BH), —8.9 (s, 2 B, BH), —6.8 (s, 1 B, BH),
—2.0 ppm (s, 1 B, BH); 1'B-NMR (128 MHz, CD5CN): 5 = —21.8 (m, br, 3 B, BH), —9.3 (m, br, 4 B, BH),
-6.8 (d, Jpu = 139 Hz, 1 B, BH), —2.0 ppm (d, /sy = 135 Hz, 1 B, BH); IR (KBr): v = 2524 (s, vBH-sp?),
1970 (s, vCO-sp), 1535 (m, Vasym NO), 1514 (m, vCN-spz), 1342 cm™! (m, vsym NO»); MS (ESI, neg.):
found: m/z (%): 549 (100) [M + NOj3]~; caled: m/z: 549 [M + NOs] ™.

[3-(CO)-3,3-(L3-k*N,N)-closo-3,1,2-RuC,BgH;1] (3): 0.10 g (0.32 mmol, 1.00 eq.) 1 were placed in a
250 mL round bottom flask and dissolved in 25 mL acetonitrile. Subsequently, 0.05 g (0.64 mmol,
2.00 eq.) trimethylamine N-oxide, dissolved in 10 mL acetonitrile, were added. The mixture was stirred
for 10 min at rt. Then, 0.07 g (0.33 mmol, 1.03 eq.) 1,10-phenanthroline-5,6-dione (L3), dissolved in
15 mL acetonitrile, were added dropwise to the mixture. The reaction mixture was stirred for 84 h at
rt. After the reaction was complete (monitored using TLC), the resulting precipitate was filtered off
and the filtrate was concentrated under reduced pressure. The product was purified using column
chromatography (dichloromethane; Rf = 0.17). Yield of 3: 0.11 g (0.23 mmol, 73%), orange solid.
TH-NMR (400 MHz, CD3CN): § = 1.00-3.90 (br, 9 H, 9 x BH), 3.37 (s, br, 2 H, 2x CH'), 7.82 (dd, 3Jyp =
7.9 Hz, 3Jgn = 5.6 Hz, 2 H, 2x CH®), 8.62 (dd, 3Juy = 7.9 Hz, 4Jug = 1.4 Hz, 2 H, 2x CH*), 9.26 ppm
(dd, ®Tup = 5.6 Hz, *Ja = 1.4 Hz, 2 H, 2x CH?); 'B{'H}-NMR (128 MHz, CD3CN): § = —21.9 (s, br,
3 B, BH), —9.6 (s, br, 4 B, BH), -7.8 (s, 1 B, BH), —1.4 ppm (s, 1 B, BH); !'B-NMR (128 MHz, CD3CN):
5=-21.9(d, Jgu = 143 Hz, 3 B, BH), =9.6 (d, /gy = 142 Hz, 4 B, BH), -7.8 (d, gy = 144 Hz, 1 B, BH),
~1.4 ppm (d, 'Jgy = 151 Hz, 1 B, BH); IR (KBr): ¥ = 2507 (m, vBH-sp?), 1984 (m, vCO-sp), 1702 (m,
vCO—spz), 1691 (m, VCN—sz), 802 cm™! (s, 1,2,3-trisubstituted aromatic ring); MS (ESI, neg.): found:
m/z (%): 552 (67) [M + Br]~; caled: m/z: 552 [M + Br]~.

[3-(CO)-3,3-(L4-x?N,N)-closo-3,1,2-RuC,BgHy;] (4): 0.20 g (0.63 mmol, 1.00 eq.) 1 were placed in a
250 mL round bottom flask and dissolved in 25 mL acetonitrile. To this solution, 0.10 g (1.26 mmol,
2.00 eq.) trimethylamine N-oxide, dissolved in 10 mL acetonitrile, were added dropwise. The mixture
was stirred for 10 min at rt. Then, 0.28 g (1.28 mmol, 2.03 eq.) 1,10-phenanthrolinopyrrole (L4) were
added in one portion and the reaction mixture was stirred for 48 h at room temperature. After the
reaction was completed (monitored using TLC), the resulting precipitate was filtered off and the filtrate
was concentrated under reduced pressure. The product was purified using column chromatography
(dichloromethane; Ry = 0.33). Yield of 4: 0.14 g (0.29 mmol, 46%), yellow crystalline solid. TH-NMR
(400 MHz, CD3CN): § = 0.70-2.80 (br, 9 H, 9x BH), 3.28 (s, br, 2 H, 2x CH'), 7.71 (dd, 3Jyyy = 8.1 Hz,
3Ty = 5.4 Hz, 2 H, 2x CH®), 7.92 (d, 3Jyn = 2.8 Hz, 2 H, 2x CH?), 8.67 (d, *Juy = 7.7 Hz, 2 H, 2x CH*),
9.03 (d, }Jgu = 5.1 Hz, 2 H, 2x CH?), 10.70 ppm (s, br, 1 H, NH®); ''B{!H}-NMR (128 MHz, CD;CN):
5=-21.7 (s, br, 3B, BH), —10.1 (s, 2 B, BH), =9.0 (s, 2 B, BH), 7.2 (s, br, 1 B, BH), —2.7 ppm (s, br, 1 B,
BH); 'B-NMR (128 MHz, CD3CN): § = —21.8 (m, 3 B, BH), -8.8 (m, br, 5 B, BH), 2.7 ppm (d, 'Jpn
=139 Hz, 1 B, BH); IR (KBr): ¥ = 2523 (m, vBH-sp?), 1958(s, vCO-sp), 1639 (w, vCN-sp?), 1600 (w,
vCC—spZ), 803 cm™! (m, 1,2,3-trisubstituted aromatic ring); MS (ESI, neg.): found: m/z (%): 480 (100)
[M — HJ~; caled: m/z: 480 [M — H] .

[3-(CO)-3,3-{1",10'-NC5H3(C(CO)(NH)(CO)C)NCsH;3-x*N,N}-closo-3,1,2-RuC,BgHy;]  (5): 031 g
(0.65 mmol, 1.00 eq.) 4 were placed in a 250 mL round bottom flask and dissolved in 30 mL
acetonitrile. Subsequently, 0.45 g (2.61 mmol, 4.01 eq.) m-CPBA, dissolved in 10 mL acetonitrile,
were added under stirring at rt. The reaction mixture was heated under reflux for 84 h. During this
time, two additional portions of 0.28 g (1.62 mmol, 2.49 eq.) m-CPBA, dissolved in 10 mL acetonitrile,
were added after 24 h and 48 h, respectively. After completion of the reaction (monitored using
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TLC), the mixture was cooled to rt; the resulting precipitate was filtered off and the filtrate was
concentrated under reduced pressure. The product was purified using column chromatography
(dichloromethane/acetonitrile, 10:1, (v/v); Ry = 0.52). Yield of 5: 0.03 g (0.06 mmol, 9%, corrected,
after recovery of starting material 4: 10%), deep red crystalline powder. In addition, 0.03 g (0.06 mmol)
4 were recovered. 'H-NMR (400 MHz, acetone-ds): & = 0.82-3.01 (br, 9 H, 9x BH), 3.53 (s, br, 2 H,
2x CHY), 8.31 (dd, [y = 8.3 Hz, 3Juy = 5.2 Hz, 2 H, 2x CH?), 9.59 (dd, 3]y = 8.3 Hz, 3Jyy = 1.4 Hz,
2 H, 2x CH%), 9.73 (dd, 3Jgn = 5.3 Hz, 3Jgu = 1.4 Hz, 2 H, 2x CH?), 10.74 ppm (s, br, 1 H, NH®);
HB{1H}-NMR (128 MHz, acetone-dg): & = —21.7 (s, br, 3 B, BH), 9.3 (s, 2 B, BH), =7.5 (s, 3 B, BH),
-1.3 ppm (s, 1 B, BH); TB-NMR (128 MHz, acetone-dg): 6 = —=21.7 (d, Jgy = 157 Hz, 3 B, BH), 9.2
(d, Jp = 162 Hz, 2 B, BH), -7.5 (d, 'Jpy = 150 Hz, 3 B, BH), 1.3 ppm (d, 'Jpy = 142 Hz, 1 B, BH);
IR (KBr): v = 2531 (s, vBH—sp3), 1956 (s, vCO-sp), 1727 (s, vCO—spz), 1695 cm™! (m, vCN—spz); MS
(ESI, neg.): found: m/z (%): 510 (100) [M — H]~, 482 (26) [M — CO — H]~; caled: m/z: 510 [M - H]~,
482 [M - CO -H]J".

4. Conclusions

Four air stable ruthenium(II) half-sandwich complexes, 2-5, which contain a dicarbollide moiety, a
carbonyl ligand, and a phenanthroline derivative, were prepared in moderate to good yields and fully
characterized. The complexes were designed to mimic the overall shape and structure of the alkaloid
staurosporine and the ruthenium half-sandwich complex DW12. Initial inhibition experiments with the
ruthenium(Il) complexes 4 and 5 against the protein kinase Pim1 were not conclusive, most likely due
to a low solubility of 4 and 5 in buffer solutions caused by the high hydrophobicity of the dicarbollide
moiety. Thus, although a high hydrophobicity is beneficial for the inhibition of a biological target
molecule, a sufficient solubility in aqueous buffer solution must be warranted, which will need to be
addressed in future work.

Supplementary Materials: The electronic supplementary information is available online including the numbering
scheme of all isolated compounds, additional synthetic procedures for L1, L4, and 1, the isolation of SP1 and its
spectroscopic data, crystallographic information of compounds 2, SP1, 4, and 5, and information about the protein
kinase inhibition studies.
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Abstract: Closo-o-carboranyl compounds bearing the ortho-type perfectly distorted or planar
terphenyl rings (closo-DT and closo-PT, respectively) and their nido-derivatives (nido-DT and nido-PT,
respectively) were synthesized and fully characterized using multinuclear NMR spectroscopy and
elemental analysis. Although the emission spectra of both closo-compounds exhibited intriguing
emission patterns in solution at 298 and 77 K, in the film state, closo-DT mainly exhibited a m-7t*
local excitation (LE)-based emission in the high-energy region, whereas closo-PT produced an intense
emission in the low-energy region corresponding to an intramolecular charge transfer (ICT) transition.
In particular, the positive solvatochromic effect of closo-PT and theoretical calculation results at the first
excited (S1) optimized structure of both closo-compounds strongly suggest that these dual-emissive
bands at the high- and low-energy can be assigned to each 7-rt* LE and ICT transition. Interestingly,
both the nido-compounds, nido-DT and nido-PT, exhibited the only LE-based emission in solution at
298 K due to the anionic character of the nido-o-carborane cages, which cannot cause the ICT transitions.
The specific emissive features of nido-compounds indicate that the emissive color of closo-PT in
solution at 298 K is completely different from that of nido-PT. As a result, the deboronation of closo-PT
upon exposure to increasing concentrations of fluoride anion exhibits a dramatic ratiometric color
change from orange to deep blue via turn-off of the ICT-based emission. Consequently, the color
change response of the luminescence by the alternation of the intrinsic electronic transitions via
deboronation as well as the structural feature of terphenyl rings indicates the potential of the developed
closo-o-carboranyl compounds that exhibit the intense ICT-based emission, as naked-eye-detectable
chemodosimeters for fluoride ion sensing.

Keywords: closo-o-carborane; nido-o-carborane; intramolecular charge transfer; deboronation;
color change

1. Introduction

Closo-ortho-carboranes (1,2-dicarba-closo-o-dodecaboranes, o0-1,2-C,B1gH7,) are well-known
boron-cluster components of three-dimensional (3D) icosahedral analogs. Recently,
closo-ortho-carboranes have attracted significant attention as new molecular scaffolds of steric and
electronic substituents for luminescent organic and organometallic compounds due to their unique
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photophysical properties and reasonable thermal and electrochemical stabilities originating from
the o-carborane unit [1-28]. These electronic features are imparted by the electron-withdrawing
properties of the carbon atoms, and the high polarizability of the o-aromaticity of the organic and
organometallic luminophores that comprise the o-carborane moiety. These characteristics lead to
the formation of electronic donor-acceptor dyad systems that induce intrinsic intramolecular charge
transfer (ICT) transitions between the m-conjugated aromatic groups and the o-carborane cage [29-53].
Such ICT characteristics can induce unique luminescence behavior in various o-carborane-based organic
luminophores [29-70]. Interestingly, such an intramolecular radiative mechanism activated by the ICT
transitions in the o-carboranyl luminophores has been found amenable to modifications via variations
to the structure of the o-carborane cages or appended aryl groups [32,43-53,70] and their molecular
geometries [66—-69]. Furthermore, the direct control of the ICT-based emission in the closo-o-carboranyl
compounds involves the conversion of closo-o-carboranes to nido-o-species (0-1,2-C,BgH;,~, one
boron atom removed analog of the closo-o-carborane cage) by reaction with nucleophilic anions.
This powerful process can cause dramatic changes in the inherent electronic environment because
of the strong electron-donating property of nido-o-carboranes [71], leading to the alteration of their
luminescent features [72-78]. For example, Carter et al. reported a fluorene-based dimer bearing an
o-carborane, which exhibited a visible fluorescence change (orange to bright blue) by degradation to the
nido-species [73]. Furthermore, Nufiez et al. reported photoluminescent closo- and nido-di-carboranyl
and tetra-carboranyl derivatives, which possessed intrinsic ICT electronic transitions and demonstrated
differences in the emission band maxima of the two species [75]. We recently reported polyolefins
bearing pendant o-carborane moieties that exhibit strong blue emissions in the solid state. Notably,
the observed emissions disappeared after degradation of the carborane cage upon reaction with
hydroxyl ions [76]. Additionally, 1,3,5-tris-(closo-o-carboranyl-methyl)benzene displayed ratiometric
emissive color change via deboronation to the corresponding nido-o-species [77]. The degradation
of the closo-o-carborane—triarylborane dyad to the nido-o-carboranyl compound exhibited a turn-on
fluorescence response toward fluorides [78]. Thus, these closo-o-carboranyl derivatives exhibited great
potential as polymeric or single-molecular chemodosimeters for sensing nucleophilic anions.

On the basis of inducing significant changes in the electronic properties through the conversion
of closo-o-carborane to its anionic nido-o-species, we sought to investigate in detail the impact
of the deboronation of the closo-o-carboranyl compounds on their ICT-based emission. For this
study, we designed two simple terphenyl-based o-carboranyl compounds based on our previous
results [69] (Figure 1). The first is 2’,5’-dimethyl-1,1":4’,1"’-terphenyl-based closo-o-carborane (DT),
with distorted o-terphenyl rings, which showed a weak ICT-based emission transition, and the second is
6,6,12,12-tetramethyl-6,12-dihydroindeno[1,2-b]fluorene-based closo-o-carboranyl compound (PT), with
planar o-terphenyl rings, which possessed an intense emission from the ICT transition. Subsequently,
the designed closo-o-compounds, as well as the nido-o-carboranyl compounds, were prepared and fully
characterized. The comparison of the photophysical properties of these closo- and nido-compounds
indicated that the deboronation of the o-carborane moiety and the structural feature of the appended
terphenyl rings may deactivate the ICT transition and also quenching of the emission, thereby providing
a novel method for fluoride sensing.
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Figure 1. Synthetic routes to the terphenyl-based closo- and nido-o-carboranyl complexes, closo-DT,
closo-PT, nido-DT, and nido-PT. Reaction conditions: (i) Ethynyltrimethylsilane, Cul, Pd(PPh3),Cl,,
NEts/toluene, r.t., 24 h. (ii) K,COj3, methanol, r.t., 2 h. (iii) BjgHy4, Et,S, toluene, 110 °C, 72 h.
(iv) n-tetrabutylammonium fluoride (TBAF), THEF, 60 °C, 2 h.

2. Results and Discussion

2.1. Synthesis and Characterization

The synthetic routes for the terphenyl-based closo-o- (closo-DT and closo-PT) and nido-o-
(nido-DT and nido-PT) carboranyl compounds, where the o-carborane cages are substituted at
both the ends by terphenyl moieties, are outlined in Figure 1. The Sonogashira coupling
reaction between ethynyltrimethylsilane and the bromo-precursors DT1 and PT1 produced the
ethynyltrimethylsilane-substituted terphenyl compounds DT2 and PT?2, respectively, in high yields
(62% for DT2 and 83% for PT2). The mild base (K,CO3)-mediated deprotection of the trimethylsilyl
protecting groups of DT2 and PT2 furnished DT3 and PT3, respectively, which were then subjected to
decaborane (BjgH;j4)-promoted cage-forming reactions in the presence of Et,S (Figure 1) [79-81] to
prepare the closo-o-carborane-substituted terphenyl compounds closo-DT and closo-PT, respectively.
The dimethyl groups of closo-PT were introduced to achieve good solubility in a range of organic
solvents. Subsequent treatment of closo-DT and closo-PT with excess n-tetrabutylammonium fluoride
(NBuyF, TBAF) in THF at 60 °C led to the conversion of the closo-carboranes to the nido-species; nido-DT
is the (NBuy),-salt of the nido-form of closo-DT, and nido-PT is the (NBuy),-salt of the nido-form of
closo-PT (Figure 1).

All of the prepared closo- and nido-o-carboranyl compounds were fully characterized using
multinuclear (‘H{''B}, 13C, and "B{!H}) NMR spectroscopy (Figures S1-512 in the Supplementary
Material) and elemental analysis. The 'H and '*C NMR spectra of closo-DT and closo-PT exhibited
resonances corresponding to the terphenyl moieties. In addition, five broad singlet peaks were observed
between —2 and —15 ppm in the !'B{'H} NMR spectra of both closo-DT and closo-PT, which confirmed
the presence of the closo-o-carborane cage. Furthermore, signals were observed at ~78 and ~61 ppm
in the '3C-NMR spectra, which were attributed to the two carbon atoms of the closo-o-carboranyl
groups. Unlike the neutral closo-DT and closo-PT, the broad singlets (6 = —2.3 and —2.4 ppm) in the

109



Molecules 2020, 25, 2413

TH{'"'B} NMR spectra of both nido-DT and nido-PT are characteristic of the B-H-B bridge protons of
nido-o-carborane moieties. The ''B{!H} NMR signals of nido-DT and nido-PT at § ca. —8 to =37 ppm,
which are shifted significantly upfield due to the anionic character of the nido-o-carboranes, clearly
confirmed the presence of the nido-o-carboranyl boron atoms.

2.2. Photophysical Properties of the Closo- and Nido-o-Carboranyl Compounds

The photophysical properties of all terphenyl-based closo- and nido-o-carboranyl were investigated
using UV/Vis absorption and photoluminescence (PL) spectroscopies (Figure 2 and Table 1).
The closo-o-carboranyl compounds, closo-DT and closo-PT, displayed major absorption bands at
Aabs = ~268 and 336 nm, respectively, with structureless vibronic features. These bands were attributed
to spin-allowed m—7* LE transitions of the central terphenylene groups [82] and typical ICT transitions
between the o-carborane units and the central phenyl rings (see the time-dependent density functional
theory (TD-DFT) results vide infra). Indeed, these ICT-based low-energy absorption bands were not
present in the spectra of nido-DT and nido-PT, due to which those absorption spectra were slightly
blue-shifted (A,ps = 254 and 323 nm, respectively, Table 1) compared with those of the closo-compounds.
These findings imply that the deboronation of the o-carborane cages in the nido-species quenches the
ICT transitions involving the o-carborane unit.

To gain insight into the intrinsic photophysical properties of all o-carboranyl compounds,
the emissive properties of closo-0-compounds were examined by PL under a variety of conditions,
and further, the emissions of nido-o-compounds in THF at 298 K were investigated (Figure 2 and
Table 1). Although the PL spectra of both closo-DT and closo-PT in THF exhibited intriguing emission
patterns in all states upon excitation at 292 and 345 nm, respectively, the closo-DT emission was focused
in the high-energy region centered at Aey = ~350 nm, whereas closo-PT exhibited an intense low-energy
emission in the 500 to 600 nm range, which tailed off at 650 nm. With reference to the results of the
TD-DFT computational study (vide infra), this high-energy emission appears to originate from the
m—7* LE transitions of the central terphenyl moieties. In contrast, the low-energy emission is closely
associated with ICT transitions between the o-carborane cages and the terphenyl rings. Furthermore,
the emission spectrum of closo-DT in THF at 298 K exhibited an intense emission in the high-energy
region at Aem = 350 nm due to 7—n* LE transitions based on the central phenyl rings. The fact that
the high-energy emission band of closo-DT was consistently maintained in a variety of solvents of
different polarities (Aem = 349-350 nm, Table 1 and Figure S14a in the Supplementary Material) and
that the low-energy emission of closo-PT was dramatically altered (Table 1 and Figure S14b), strongly
indicates that closo-DT and closo-PT exhibit LE- and ICT-based emissive characteristics, respectively.
These intriguing features are clear evidence that the planarity of the terphenyl rings plays an important
role in the alternation of the intramolecular electronic transitions as well as the corresponding radiative
decay mechanism [69]. Moreover, closo-DT exhibited only a trace ICT-based emission in solution
(THF solution at 298 K), and the PL spectra in the rigid state (THF at 77 K and in the film state, i.e.,
5 wt% doped on poly(methyl methacrylate) (PMMA)) showed an enhanced low energy emission
(Aem =482 nm in THF at 77 K and Aem, = 492 nm in the film) that tailed to 550 nm. The emission band
for closo-PT around 500 nm was also significantly increased in the rigid state (THF at 77 K and in film),
indicating that the electronic transition for both closo-compounds are governed by non-radiative process
in solution state at 298 K. This behavior originates from the increased efficiency of the radiative decay
associated with the ICT transition in the rigid molecular state, which restricts structural fluctuations
such as C-C bond variations in the o-carborane cage [9,38,66-69]. In addition, the PL spectra of the
two nido-o-compounds in THF at 298 K exhibited identical emission patterns in the high-energy region
(Aem = 343 nm for nido-DT and 390 nm for nido-PT, respectively) alone, and each spectrum of the
closo-compounds corresponded to the terphenyl-centered m—m* LE transition. Accordingly, these
phenomena demonstrate that the CT-based emission can be quenched by the anionic character of
nido-o-carborane as well as the distortion of the terphenyl rings, which inhibits the ICT transitions.
Such features suggest that closo-o-carboranyl compounds that exhibit the intense ICT-based emission,
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such as closo-PT, can cause dramatic emission color changes via deboronation of the o-carborane cage,
owing to the interruption of the ICT transition corresponding to the o-carborane and conservation of
the LE transition. This phenomenon was verified by spectral changes in the emission of closo-PT in the
presence of TBAF (vide infra).
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Figure 2. UV-Vis absorption and photoluminescence (PL) spectra for (a) closo- and nido-DT (Aex = 292 nm)
and (b) closo- and nido-PT (Aex = 345 nm). Black-solid: absorption spectra in THF (30 M) for closo-species.
Black-dash: absorption spectra in THF (30 uM) for nido-species. Blue-solid: PL spectra in THF (30 M) at
298 K for closo-species. Blue-dash: PL spectra in THF (30 uM) at 298 K for nido-species. Green-solid: PL
spectra in THF (30 uM) at 77 K for closo-species. Orange-solid: PL spectra of the films (5 wt% doped on
PMMA) at 298 K for closo-species. Inset figures show the emission color in each state of closo-species under
irradiation by a hand-held UV lamp (Aex = 295 nm for closo-DT and 365 nm for closo-PT).

Table 1. Absorption and emission data for terphenyl-based o-carboranyl compounds.

Compound Aqbs t/nm Aex/nm Aem/nm
(ex107* M~ em™) Tol 2 THF 2 DCM 2 7K1 Film ®
closo-DT 268 (42.6) 292 349 350 349 343, 482 49324(31)
nido-DT 254 (37.8) 292 ; 343 ; ; )
closo-PT 336 (84.8) 345 376,521 374,549 375,560 374,514 375,524
nido-PT 323 (38.2) 345 . 390 - - -

! ¢=30 uM in THE. 2 ¢ = 30 uM, observed at 298 K. > Measured in the film state (5 wt% doped on PMMA) at 298 K.

2.3. Computational Chemistry and Orbital Analyses for Closo-o-Carboranyl Compounds

To elucidate the nature of the electronic transitions and to analyze the orbitals of closo-DT and
closo-PT, their Sp- and S;-optimized structures were subjected to TD-DFT calculations using the B3LYP
functional (Figure 3 and Table 2). To include the effects of the THF solvent [83,84], a conductor-like
polarizable continuum model was chosen. The computational data for the Sy state showed that HOMO
— LUMO transitions are the major lowest-energy electronic transitions in both closo-o-carboranyl
compounds. The HOMO of each compound is entirely localized on the central terphenyl group (>96%;
Tables S2 and S4 in the Supplementary Material), whereas the orbital contribution of the o-carborane
unit to each LUMO is slightly higher, at >16%. These results indicate that the lowest-energy absorptions
of both closo-compounds are attributable to the m—7* transitions on the central terphenyl moieties,
with minor contributions from the ICT transitions between the o-carborane and terphenyl groups
as well. All calculated results based on the optimized S structures are in good agreement with the
experimentally observed UV/Vis absorption spectra.
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In contrast, the calculated results for the S states of closo-DT and closo-PT indicate that the major
transitions associated with the low-energy emissions involve both HOMO — LUMO and HOMO —
LUMO+1 transitions (Figure 3 and Table 2). Although the LUMO of each compound is significantly
localized on the o-carborane moiety (~80%; Tables S2 and S4), each HOMO is predominantly located on
the central terphenyl group (>92%). These results strongly suggest that the experimentally observed
emissions in the low-energy regions mainly originate from ICT transitions between the o-carborane
and terphenyl moieties. In addition, each LUMO+1 is mainly located on the central terphenyl group
(>86%; Tables S2 and S4), strongly indicating that the intense emissions observed in the high-energy
region, centered at ~350 nm for closo-DT and ~370 nm for closo-PT, originate from 71—n* transitions in
the terphenyl moieties, i.e., LE-based emissions. Consequently, the electronic transitions that occur in
each o-carboranyl compound were precisely predicted using computational methods.
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Figure 3. Frontier molecular orbitals of closo-DT and closo-PT in their ground states (Sp) and first
excited singlet states (S1), and their relative energies calculated by DFT (isovalue = 0.04). The transition
energy (in nm) was calculated using the TD-B3LYP/6-31G(d) level of theory.

Table 2. Major low-energy electronic transitions in closo-DT and closo-PT involving their ground states

(Sp) and first excited singlet states (S1) calculated using the TD-B3LYP/6-31G(d) level of theory L

State Acalg/nm feale Assignment
closo-DT So 285.7 1.2315 HOMO — LUMO (98.0%)
S 509.37 0.592 HOMO — LUMO (99.6%)
1 359.14 0.2721 HOMO — LUMO+1 (87.7%)
closo-PT So 348.17 1.7222 HOMO — LUMO (98.8%)
S 554.44 0.9435 HOMO — LUMO (99.7%)
1 371.34 0.4002 HOMO — LUMO+1 (78.9%)

! Singlet energies for vertical transitions were calculated using optimized S; geometries.

2.4. Emission-Color Changes of Closo-0-Carboranyl Compounds Via Treatment of Fluoride Anion

Finally, to clarify the changes in the photoluminescence properties exhibited during the conversion
of both closo-DT and closo-PT to the nido-species, we investigated the changes in the emissive patterns
of both closo-compounds as a function of increasing amounts of TBAF in THFE. These conversion
processes of both closo-compounds to the respective nido-species by reaction with the fluoride anion
occur consecutively, as clearly evidenced from the changes in the specific peaks of the "H-NMR spectra
in THF-dg (Figure 4). The aryl protons of both closo-compounds in the region from 8.0 to 7.0 ppm shifted
steadily to the upfield region upon increasing the concentration of TBAF, and finally, these peaks
merged with the corresponding peaks in the spectra of each nido-compound in THF-dg, respectively.
In particular, the broad singlet peaks around & = —2.0 and —2.5 ppm, which were assigned to the B-H-B
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bridge protons of the nido-o-carborane, could be gradually monitored by increasing the concentration
of TBAE. The results of 'H-NMR spectral changes indicate that the conversion of the closo-compounds
to the nido-species almost reached full conversion to that of corresponding pure nido-compounds when
5 equivalents of TBAF was used for the deboronation process.
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Figure 4. 'H-NMR spectral changes of (a) closo-DT and (b) closo-PT upon increasing the amount of
added fluoride anions and comparison with those of nido-DT and nido-PT (+ from residual THF in
THF-d®, t from n-butyl group of excess TBAF, and + from n-butyl group for each nido-compound).

As illustrated in Figure 5, upon addition of incremental amounts of TBAF (0-5 equivalents) into
the respective solutions of closo-DT and closo-PT, followed by heating at 60 °C for 2 h, the LE-based
emission for closo-DT (Aem = ~350 nm) did not change significantly, whereas the ICT-based emission for
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closo-PT (Aem = ~550 nm) underwent gradual quenching, and eventually, a slightly enhanced LE-based
emission (Aem ~ 380-410 nm) remained. In particular, the emission intensities and band shapes of each
closo-compound after treatment with 5 equivalents of TBAF were mostly similar to those (Figure 5,
red-solid lines) of the nido-compounds. Consequently, the conversion of closo-PT to nido-PT exhibited
a vivid emission color change from orange to deep-blue (insets in Figure 5b), whereas closo-DT did not
display any color changes from the emission in spite of the deboronation (insets in Figure 5a). These
results demonstrate that degradation to the nido-form can not only prevent the ICT transition in the
o-carboranyl compounds, but also reinforce the 7-7*~LE transition, which induces the emission color
changes. Consequently, the luminescence-based color change response due to the alternation of the
intrinsic electronic transitions caused by the reaction with fluoride anion and the structural feature of
central terphenyl groups, indicates the potential of closo-PT as a naked-eye-detectable chemodosimeter
for fluoride ion sensing.
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Figure 5. Spectral changes in the emission of (a) closo-DT (3.0 x 107> M, Aex = 292 nm) and (b) closo-PT
(3.0 x 1075 M, Aex = 345 nm) in THF in the presence of different amounts of TBAF, upon heating at
60 °C for 2 h. Insets are photographs of each closo- and nido-type (3.0 x 105 M in THF) under a UV
lamp (Aex = 295 nm for DT derivatives and 365 nm for PT derivatives).

3. Materials and Methods

3.1. General Considerations

All operations were performed under an inert nitrogen atmosphere using standard Schlenk
and glove-box techniques. Anhydrous solvents (toluene, trimethylamine (NEt3), and methanol;
Aldrich) were dried by passing through an activated alumina column and stored over activated
molecular sieves (5 A). Spectrophotometric-grade solvents (tetrahydrofuran (THF), toluene,
dichloromethane (DCM), methanol, and n-hexane) were used as received from Alfa Aesar
(Ward Hill, MA, USA). Commercial reagents were used without any further purification after purchase
from Sigma-Aldrich (potassium carbonate (K,CO3), magnesium sulfate (MgSQO,) St. Louis, MO, USA),
bis(triphenylphosphine)palladium(II) dichloride (Pd(PPh3),Cl,), copper(I) iodide (Cul), diethyl sulfide
(EtyS), ethynyltrimethylsilane, and poly(methyl methacrylate) (PMMA)). Decaborane (BjgHj4) was
purchased from Alfa Aesar. The dibromo precursors, 4,4"-dibromo-2',5'-dimethyl-1,1":4’,1"-terphenyl
(DT1) and 2,8-dibromo-6,6,12,12-tetramethyl-6,12-dihydroindeno[1,2-b]fluorene (PT1), were prepared as
reported in the literature [69]. CD,Cl, and THE-dg, purchased from Cambridge Isotope Laboratories, were
dried over activated molecular sieves (5 A). All nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Avance 400 spectrometer (400.13 MHz for 1H, 100.62 MHz for 13C, and 128.38 MHz for !'B,
Bruker, Billerica, MA, USA) at ambient temperature. Chemical shifts are given in ppm and are referenced
against external MeySi (*H and 3C) or BF3-Et,O ('B). Elemental analysis was performed on an EA3000
instrument (Eurovector) at the Central Laboratory of Kangwon National University. UV-Vis absorption
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and photoluminescence (PL) spectra were recorded on Jasco V-530 (Jasco, Easton, MD, USA) and Horiba
FluoroMax-4P spectrophotometers (HORIBA, Edison, NJ, USA), respectively. Fluorescence decay lifetimes
(Tobs) were measured using a time-correlated single-photon counting spectrometer (FL5920, at the Central
Laboratory of Kangwon National University, Edinburgh Instruments Ltd., Livingston, UK) equipped
with an EPL 375 ps pulsed semiconductor diode laser as the excitation source and a microchannel plate
photomultiplier tube (200-850 nm) as the detector, at 298 K. The absolute PL quantum yields (¢pem) were
obtained with an absolute PL quantum yield spectrophotometer (HORIBA FluoroMax-4P equipped with
an FM-SPHERE 3.2-inch internal integrating sphere, HORIBA, Edison, NJ, USA) at 298 K.

3.2. Synthesis of DT2

Triethylamine (16 mL) was added via cannulation to a mixture of DT1 (0.42 g, 1.0 mmol), copper
iodide (15 mg), and Pd(PPh3),Cl, (62 mg) at 25 °C. After stirring for 15 min, ethynyltrimethylsilane
(0.55 mL, 4.0 mmol) was added, and the reaction mixture was heated at 90 °C with stirring for 24 h.
After cooling to 25 °C, the volatiles were removed by rotary evaporation to afford a dark brown residue.
The crude product was purified by column chromatography on silica gel (eluent: DCM/n-hexane = 1/10,
o/v) to yield DT2 as a yellow solid, 0.28 g (yield = 62%). 'H-NMR (CD,Cl,): § 7.51 (d, ] = 8.3 Hz, 4H),
7.32(d, ] = 8.4 Hz, 4H), 7.13 (s, 2H), 2.25 (s, 6H, -CH3), 0.27 (s, 18H, -Si(CH3)3). '*C-NMR (CD,Cl,):
5 142.35,140.71, 133.04, 132.05, 131.97, 129.60, 121.97, 105.26 (acetylene-C), 94.83 (acetylene-C), 20.01
(-CH3), 0.03 (-Si(CH3s)3). Anal. Caled. for C30H34Sip: C, 79.94; H, 7.60. Found: C, 79.87; H, 7.49.

3.3. Synthesis of PT2

PT2 was prepared according to a procedure analogous to that used for DT2, with PT1 (0.47
g, 1.0 mmol), copper iodide (15 mg), Pd(PPh3),Cl, (62 mg), and ethynyltrimethylsilane (0.55 mL,
4.0 mmol), and was isolated as a yellow solid (0.42 g; yield = 83%). TH-NMR (CD,Cl,): & 7.78 (s,
2H),7.71 (d, ] = 7.9 Hz, 2H), 7.55 (s, 2H), 7.45 (d, ] = 7.8 Hz, 2H), 1.53 (s, 12H, -CH3), 0.27 (s, 18H,
—Si(CH3)3). BC-NMR (CD,Clp): 6 154.55, 154.16, 140.07, 138.92, 131.40, 126.63, 121.79, 120.08, 114.99,
106.24 (acetylene-C), 94.53 (acetylene-C), 46.96 (-C(CHj3),), 27.37 (-CHj3), 0.07 (-Si(CH3)3). Anal. Caled.
for C34H385i5: C, 81.21; H, 7.62. Found: C, 80.99; H, 7.55.

3.4. Synthesis of DT3

K,CO;3 (0.28 g, 2.0 mmol) was dissolved in methanol (10 mL) and added to a solution of DT2
(0.23 g, 0.5 mmol) in DCM (5 mL). After stirring for 2 h at 25 °C, the resulting mixture was treated
with DCM (50 mL) and the organic layer was separated. The aqueous layer was further extracted with
DCM (20 x 2 mL). The combined organic extracts were dried over MgSQy, filtered, and evaporated to
dryness to afford a white residue. The crude product was purified by washing with #-hexane (10 mL)
to yield DT3 as a white solid, 0.13 g (yield = 84%). TH-NMR (CD,Cl,): § 7.56 (d, ] = 8.0 Hz, 4H), 7.34
(d, ] = 8.0 Hz, 4H), 7.13 (s, 2H), 3.18 (s, 2H, -CCH), 2.26 (s, 6H, -CH3). '3C-NMR (CD,Cl,): 5 142.68,
140.68, 133.06, 132.24, 132.07, 129.66, 120.90, 83.81 (acetylene-C), 77.69 (acetylene-C), 20.01 (-CH3). Anal.
Calcd. for CyyHyg: C, 94.08; H, 5.92. Found: C, 93.77; H, 5.62.

3.5. Synthesis of PT3

PT3 was prepared according to a procedure analogous to that used for DT3 with PT2 (0.40 g,
0.8 mmol) and K,COj3 (0.44 g, 3.2 mmol), and was isolated as a white solid (0.25 g; yield = 88%).
TH-NMR (CD,Cly): §7.80 (s, 2H), 7.74 (d, ] = 7.9 Hz, 2H), 7.59 (s, 2H), 7.50 (d, ] = 7.8 Hz, 2H), 3.20 (s, 2H,
—CCH), 1.54 (s, 12H, -CH3). 3C-NMR (CD,Cly): 5 154.59, 154.15, 140.34, 138.91, 131.64, 126.88, 120.72,
120.15, 115.06, 84.70 (acetylene-C), 77.44 (acetylene-C), 46.98 (-C(CHs),), 27.36 (-CHj3). Anal. Caled. for
CogHyp: C,93.81; H, 6.19. Found: C, 93.77; H, 6.04.
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3.6. Synthesis of closo-DT

Excess Et;S (2.5 equiv., 1.2 mmol) was added at 25 °C to a solution of decaborane (BjgHja,
0.52 mmol) and DT3 (61 mg, 0.20 mmol) in toluene (20 mL). After heating to reflux, the reaction mixture
was further stirred for 72 h. The solvent and volatiles were removed under vacuum and methanol
(10 mL) was added. The resulting solid was filtered and redissolved in toluene. The crude product
upon washing with n-hexane (15 mL), afforded closo-DT as a white solid (47 mg. Yield = 43%). TH{!B)
NMR (THF-dg): 6 7.66 (d, ] = 8.2 Hz, 4H), 7.38 (d, | = 8.1 Hz, 4H), 7.12 (s, 2H), 5.13 (s, 2H, CB-CH),
2.54 (br s, 8H, CB-BH), 2.39 (br s, 3H, CB-BH), 2.30 (br s, 9H, CB-BH), 2.23 (s, 6H, -CH3). 3 C-NMR
(THF-dg): & 144.05, 140.59, 133.27, 133.24, 132.34, 130.14, 128.04, 77.58 (CB-C), 61.49 (CB-C), 19.74 (-CH3).
1B{1H} NMR (THF-dg): & —4.44 (3B), —6.57 (1B), —10.84 (5B), —12.77 (7B), —14.67 (4B). Anal. Calcd. for
C28H38B202 C, 56.92; H, 6.48. Found: C, 56.79; H, 6.33.

3.7. Synthesis of closo-PT

Closo-PT was prepared according to a procedure analogous to that used for closo-DT, with
decaborane (BjpHj4, 0.52 mmol), PT3 (78 mg, 0.20 mmol), and Et;S (2.5 equiv.). The crude product
upon washing with n-hexane (15 mL), afforded closo-PT as a white solid (42 mg, Yield = 35%). 'H{!'B}
NMR (THF-dg): § 7.94 (s, 2H), 7.81 (d, ] = 8.1 Hz, 2H), 7.67 (s, 2H), 7.58 (d, ] = 7.9 Hz, 2H), 5.14 (s, 2H,
CB-CH), 2.56 (br s, 7H, CB-BH), 2.50 (br s, 1H, CB-BH), 2.39 (br s, 2H, CB-BH), 2.30 (br s, 10H, CB-BH),
1.54 (s, 12H, -CH3). '3C-NMR (THF-dg): 5 155.41, 154.80, 141.67, 138.98, 133.36, 127.39, 122.52, 120.66,
115.65, 78.45 (CB-C), 61.55 (CB-C), 47.50 (-C(CHjz),), 27.08 (-CH3). 'B{'H} NMR (THF-dg): § —2.73 (3B),
—4.64 (1B), —9.09 (5B), —10.77 (7B), —12.86 (4B). Anal. Calcd. for C3;HypByg: C, 59.79; H, 6.59. Found: C,
59.87; H, 6.45.

3.8. Synthesis of nido-DT

Closo-DT (0.027 g, 0.05 mmol) was dissolved in 0.3 mL of a 0.2 M solution of n-tetrabutylammonium
fluoride (TBAF) in THF at 25 °C. The reaction mixture was heated to reflux (60 °C) and stirred for 2 h.
After cooling to 25 °C, the resulting mixture was treated with 50mL of distilled water and 50 mL of
DCM, and the organic portion was separated. The aqueous layer was further extracted with DCM
(20 mL). The combined organic portions were dried over MgSQOy, filtered, and concentrated to dryness,
affording a pale yellow residue. The crude product upon washing with methanol (15 mL), afforded
nido-DT as a white solid (26 mg, Yield = 52%). "H{!'B} NMR: § 7.28 (d, ] = 8.0 Hz, 4H), 7.13 (d,
] = 7.9 Hz, 4H), 7.07 (s, 2H), 3.11 (m, 16H, n-butyl-CH,), 2.36 (s, 2H, CB-CH), 2.25 (s, 6H, -CH3), 2.12
(br s, 4H, CB-BH), 1.88 (br s, 4H, CB-BH), 1.82 (br s, 4H, CB-BH), 1.62 (m, 16H, n-butyl-CHj), 1.43
(m, 16H, n-butyl-CH,), 1.26 (br s, 6H, CB-BH), 1.02 (t, ] = 7.2 Hz, 24H, n-butyl-CH3), —2.36 (br s, 2H,
B-H-B). 3C NMR (CD,Cl): 5 144.65, 140.78, 138.40, 132.83, 132.21, 128.64, 126.71, 59.43 (n-butyl-CHy),
24.29 (n-butyl-CHy), 20.18 (~CHs), 20.10 (n-butyl-CHy), 13.76 (n-butyl-CHz). "B{!H} NMR (CD,Cl,):
5 —-8.97 (3B), —10.43 (2B), —13.79 (1B), —18.28 (3B), —19.50 (1B), —23.00 (1B), —32.95 (3B), —36.10 (4B).
Anal. Caled. for CeoHy19B1sNa: C, 68.37; H, 10.52; N, 2.66. Found: C, 68.11; H, 10.42; N, 2.54.

3.9. Synthesis of nido-PT

A procedure analogous to that for nido-DT was employed using closo-PT (0.027 g, 0.04 mmol)
and 0.23 mL of a 0.2 M solution of TBAF in THE. The crude product, upon washing with methanol
(15 mL), afforded nido-PT as a white solid (26 mg, Yield = 60%). TH{1B) NMR (CD,Cly): §7.65 (s,
2H), 7.49 (d, ] = 7.9 Hz, 2H), 7.32 (s, 2H), 7.23 (d, ] = 7.9 Hz, 2H), 3.08 (m, 16H, n-butyl-CH,), 2.39
(s, 2H, CB-CH), 2.12 (br s, 4H, CB-BH), 2.00 (br s, 1H, CB-BH), 1.89 (br s, 5H, CB-BH), 1.60 (m, 16H,
n-butyl-CHy), 1.48 (s, 12H, -CH3), 1.41 (m, 16H, n-butyl-CHj), 1.31 (br s, 4H, CB-BH), 1.26 (br s, 4H,
CB-BH), 1.00 (t, ] = 7.2 Hz, 24H, n-butyl-CHj), —2.34 (br s, 2H, B-H-B). 3C-NMR (CD,Cl,): 5 153.80,
153.54, 145.25, 138.62, 136.55, 126.10, 121.40, 118.72, 114.00, 59.40 (n-butyl-CHy), 46.71 (-C(CHa),), 27.74
(-CHa), 24.27 (n-butyl-CHy), 20.09 (n-butyl-CH,), 13.75 (n-butyl-CHz). 'B{*H} NMR (CD,CL): 5 —8.91
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(3B), —10.45 (2B), —13.68 (1B), —18.46 (3B), —19.47 (1B), —23.09 (1B), —32.95 (3B), —36.05 (4B). Anal. Calcd.
for Ce4Hp14B18Ny: C, 69.49; H, 10.39; N, 2.53. Found: C, 69.30; H, 10.16; N, 2.39.

3.10. UV/Vis Absorption and Photoluminescence (PL) Experiments

The solution-phase UV-Vis absorption and PL measurements of the closo- and nido-o-carbornyl
compounds were performed in degassed organic solvents with a 1 cm quartz cuvette (3.0 x 107> M) at
298 K. PL measurements for the closo-compounds were also performed in THF at 77 K and in the film
state (5 wt% doped in PMMA) on 1.5 X 1.5 cm quartz plates (thickness = 1 mm) at 298 K.

3.11. Computational Studies

The optimized geometries for the ground (Sp) and first excited (S;) states of both closo-o-carboranyl
compounds (closo-DT and closo-PT) in THF were obtained using the B3LYP/6-31G(d,p) [85] level of theory.
The vertical excitation energies at the optimized Sy geometries as well as the optimized geometries
of the S; states were calculated using time-dependent density functional theory (TD-DFT) [86] at the
same level of theory. Solvent effects were included using the conductor-like polarizable continuum
model (CPCM) [83,84]. All geometry optimizations were performed using the Gaussian 16 program [87].
The percent contribution of a group in a molecule to each molecular orbital was calculated with the
GaussSum 3.0 program [88]. Visualizations were prepared using GaussView 6 [89].

4. Conclusions

We herein reported the preparation and characterization of distorted and planar terphenyl-based
closo- (closo-DT and closo-PT) and nido- (nido-DT and nido-PT) o-carboranyl compounds. Although
closo-DT exhibited strong 7—mt* LE-based emission in THF at 298 K in the high-energy region, closo-PT
demonstrated intense emission in the low-energy region that was attributable to the ICT transitions
involving the o-carborane cage. Interestingly, both nido-compounds exhibited LE-based emission
alone in the same condition due to the anionic character of the nido-o-carborane cages, which cannot
cause the ICT transitions. Consequently, the successful deboronation of closo-PT to nido-PT upon
exposure to increasing concentration of fluoride anion leads to ratiometric emission color change from
orange to deep-blue in solution. Such results strongly imply that the fine-tuning of electronic and
structural features, which can control the ICT-based emission, shows the potential of closo-o-carboranyl
compounds as candidates for naked-eye-detectable chemodosimeters for fluoride ion-sensing.

Supplementary Materials: The following are available online. Multinuclear NMR spectra ('H, 13C, and ''B) of
the closo- and nido-o-carboranyl compounds and their precursors (Figures S1-512), and photophysical (Figures
513-514) and computational data (Figures S15-516 and Tables S1-S8).
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Abstract: The reactions of electron-rich organosilicon compounds 1,4-bis(trimethylsilyl)-1,4-diaza-
2,5-cyclohexadiene (1), 2,3,5,6-tetramethyl-1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (2),
and 1,1’-bis(trimethylsilyl)-1,1’-dihydro-4,4’-bipyridine (12) with B-amino and B-aryl dihaloboranes
afforded a series of novel B=N-bond-containing compounds 3-11 and 13. The B=N rotational barriers
of 7 (>71.56 kJ/mol), 10 (58.79 k]/mol), and 13 (58.65 k]/mol) were determined by variable-temperature
IH-NMR spectroscopy, thus reflecting different degrees of B=N double bond character in the
corresponding compounds. In addition, ring external olefin isomers 11 were obtained by a reaction
between 2 and DurBBr;. All obtained B=N-containing products were characterized by multinuclear
NMR spectroscopy. Compounds 5, 9, 10a, 11, and 13a were also characterized by single-crystal X-ray
diffraction analysis.

Keywords: 1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadienes; salt-free reduction; rotational barrier;
B=N bond

1. Introduction

Low-valent boron compounds are a class of highly reactive species that have been the focus
of intense research because of their unique electronic properties [1,2] as well as their diverse and
fascinating reactivity patterns such as inert bond activation [3,4], cycloaddition reaction [5-7], and small
molecule activation [8]. The progress in this research area is highlighted by the very recent results
in terms of borylene-mediated N, activation [9] and N; coupling [10]. Nonetheless, the synthetic
approach to low-valent boron species is severely limited [11-13]. Almost all of the reported synthetic
strategies require a strong metallic reducing agent (e.g., Li, K, Na, KCg) [3,4,14-23], harsh reaction
conditions, and a strict moisture- and oxygen-free atmosphere. Therefore, the exploration of metal-free
reductants to access low-valent boron species is highly desirable [24-26].

Mashima et al. reported a class of electron-rich organosilicon compounds 1, 2, and 12, which can
serve as versatile reducing reagents for the group 4-6 metal chloride complexes. The corresponding
low-valent metal species were prepared in a salt-free manner [27-33]. The reducing power mainly
derives from the aromatization of the central 1,4-diaza-2,5-cyclohexadiene ring. Deeply inspired by
the advantage of the salt-free reduction protocol and easy workup, we decided to examine the ability
of the organosilicon compounds 1, 2, and 12 for the reduction of trivalent dihaloboranes. Based on the
published results, the disubstituted compounds ArXB(N,C4R4)BXAr are proposed as the reduction
products. We hypothesized two possible bonding modes (i.e., A and B in Scheme 1) between the
C4Njy ring and the boron atoms. In the first manner, B-N is bound by an electron-precise o bond (A,
Scheme 1) and an additional N—B dative 7t bond. In the second manner, two nitrogen atoms each
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provide a m-electron for 6m-aromatization, while the remaining two valence electrons form a lone pair
on each N atom, donating to the empty sp?-hybridized orbital of boron, thus leading to the divalent
boron radical centers (B, Scheme 1).

R R
Ar\é'l’-N o :N@wx A= @/8_8\@ o9 x
SN --B\ X' 0 0 O\A
X > ( Ar
- R R
S'Me3 + ArBX, (2 eq) A

- TMSX (2 eq)
) s v
R Ar- Dur, Mes, Ph

S|Me3 X =Br, Cl
1:R=H R; (R
'R= A 30
2: R=Me r\ 10) (I /X AN H\ Dg
~ PN On+ N x’o 0 O Ar
X )X \8—8’
R R

Scheme 1. Proposed products from the reactions of ArBX, with 1 and 2, and two possible bonding
modes A and B between the central C4N, ring and the boron centers.

2. Results and Discussion

First, we examined compound 1 for its ability to reduce ArBX;. The results are summarized in
Scheme 2. Compound 1 [34] and ArBX; (Ar = 2,3,5,6-tetramethylphenyl (Dur), 2,4,6-trimethylphenyl
(Mes)) [35] were prepared according to the literature. The reaction of 1 with an equimolar amount of
DurBBr; and MesBCl, at ambient temperature afforded the expected monosubstituted products 3 and 4,
respectively. Adding the second equiv. of dihaloboranes to the reaction mixture led to the disubstituted
products 5 and 6. In stark contrast, the reaction of 1 with an equimolar amount of the less sterically
demanding PhBCl, caused precipitation, which is insoluble in all ordinary solvents. This is most likely
due to the polymerization of PhCIBC4N,H4SiMes by chlorosilane elimination. Hence, the stepwise
synthetic protocol is unsuitable for the synthesis of 7. Instead, 1 was directly treated with 2 equiv. of
PhBCl, at room temperature (RT), affording 7 in an acceptable yield (48%). Hence, the reaction of the
monosubstituted intermediate (i.e., PhRCIBC4N,H;SiMe3) with PhBCl, should be much faster than
the self-polymerization process. Compounds 3-7 were confirmed by NMR spectroscopic (Figures
51-515) and HRMS studies. Furthermore, the multinuclear NMR spectroscopic study revealed that the
isolated 5-7 all consist of ca. 1:1 cis-trans isomers in the solution phase at ambient temperature due to
the nonrotatable B=N double bond (see Electronic Supporting Information (ESI)).

Suitable single crystals of 5 for X-ray diffraction analysis were obtained by slow evaporation of
a saturated hexane solution. Two isomers, 5a and 5b, co-crystallized in the unit cell. The result is
depicted in Figure 1 and Figure S37. The central C4N; ring is nearly planar. The endocyclic N1-C2
(1.385(7) A), N2-C3 (1.415(7) A), C1-C2 (1.311(9) A), and C3-C3* (1.326(8) A) distances lie in the
expected range for N-C single bonds and C=C double bonds. The bond lengths of B1-N1 (1.423(8) A)
and B2-N2 (1.400(8) A) are shorter than that of a B-N single bond, which is indicative of a significant
B=N double bond character. All these geometric parameters suggest the bonding mode A in Scheme 1.
Therefore, both boron centers adopt a formal oxidation state of +3.
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Figure 1. Molecular structures of 5a (bottom) and 5b (top) in the solid state (ellipsoids set at 50%
probability). Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (°) for
5a: B1-N1 1.423(8), N1-C2 1.385(7), C1-C2 1.311(9), C1-C2-N1 123.1(5), C2-N1-C1* 113.9(4); for 5b:
B2-N2 1.400(8), N2-C4 1.411(6), N2-C3 1.415(7), C4-C4* 1.328(8), C3-C3* 1.326(8), CA*~C4-N2 123.7(4),
C4-N2-C3 112.6(4), N2-C3-C3* 123.7(5).

Compound 2, which features a less-negative redox potential (+0.10 V) with respect to 1 (-0.24 V),
was further examined to reduce PhBCl, and DurBBr; (Scheme 2). Differing from the aforementioned
reactions with 1, both monosubstituted products 8 and 9 could be prepared upon a 1:1 ratio reaction
of 2 with PhBCl, and DurBBr,, respectively. Upon the reaction of 2 with two equiv. of PhBCl, at
RT, the disubstituted compounds 10a and 10b were obtained as 1:1 cis-frans isomers. Surprisingly,
treatment of 2 with two equiv. of DurBBr, at ambient temperature led to the formation of 11, which can
be regarded as the product from an isomerization of 11’ [36,37]. Compounds 8-11 were confirmed by
NMR spectroscopic (Figures 516-528) and HRMS studies. There were two sets (intensity ratio of ca.
1:0.3) of 'H signals between 4 and 6 ppm, each consisting of three multiplets with the integration ratio
of 1:1:1, which can be assigned to the migrated H and two remaining olefinic protons. These are the
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most characteristic signs for the formation of the isomerized product. After assigning each peak (with
the help of the NOE spectrum, see the ESI Figure S26 for more details), we could determine that the
ratio of isomers 11a and 11b was 77:23. Furthermore, the isomerization was also observed upon the
treatment of the isolated 9 with an equimolar amount of DurBBr; at RT.

The structures of 9, 10a, 11a, and 11b were confirmed by single-crystal X-ray diffraction analysis
(Figure 2 and Figures S38-540). All four compounds adopt a boat conformation, which could be
explained by the small energy difference between the planar and nonplanar geometry of the C4,N,
ring, and the steric congestion between the central exocyclic methyl groups and the bulky boron
substituents. Bond lengths (A) of 9 (B1-N1 1.376(7), N1-C1 1.451(6), C1-C2 1.343(7), N2-C2 1.434(6),
N2-Sil 1.759(5)), 10 (B1-N1 1.401(2), N1-C2 1.4494(17), C1-C2 1.328(2), N1-C1* 1.4513(18)) are all as
expected. The overall structures of 11a and 11b resemble that of 10a. However, since the C3 position
in 11a and 11b accepted one H atom from the methyl group at the C2 position, respectively, and thus
became sp3-hybridized, the torsion angles C4-C3-N2-B2 (11a: 94.25°; 11b: 94.69°) are notably greater
than those at the other three carbon positions (57-63°) in the central six-membered ring. Due to the
disordered nature of the crystal, the bond lengths of 11a and 11b cannot be further discussed.

=]

10a

11b

Figure 2. Molecular structures of 9, 10a, and 11 in the solid state (ellipsoids set at 50% probability).
Hydrogen atoms, except for the C(sp®)-H and the olefinic H in 11a and 11b, are omitted for clarity.
Selected bond lengths (A) and angles (°) for 9: B1-N1 1.376(7), N1-C1 1.451(6), C1-C2 1.343(7), N2-C2
1.434(6), N2-Sil 1.759(5), C2-C1-N1 115.3(4), C1-N1-C1* 111.1(4); for 10a: B1-N1 1.401(2), N1-C2
1.4494(17), C1-C2 1.328(2), N1-C1* 1.4513(18), C1-C2-N1 116.25(12), C2-N1-C1* 110.63(11).

The reaction of (SiMe3),NBCl, with 12 [38] of greater reducing power (redox potential of
—0.40 V) [39] was performed at ambient temperature in C4Dg. After the removal of the solvent and
extraction with hexane, an NMR spectroscopically pure product 13 was obtained with a yield of 75%.
Compound 13 was confirmed by NMR spectroscopic (Figures 529-531) and HRMS studies. Suitable
single crystals of 13a for X-ray diffraction analysis were obtained upon storage of the reaction mixture
overnight at RT (Figure 3 and Figure S41). The N1-C1/N1-C5 (1.402(8)-1.414(8) A), C1-C2/C5-C4
(1.332(8)-1.347(9) A), C2-C3/C3-C4 (1.444(9)-1.452(9) A), C3-C3* (1.376(12) A) distances are in line
with the Lewis structure depicted in Scheme 3.
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%

Figure 3. Molecular structure of 13a in the solid state (ellipsoids set at 50% probability). Selected bond
lengths (A) and angles (°) for 13a: B1I-N1 1.459(8), BI-N2 1.392(10), Si1-N2 1.757(5), $i2-N2 1.770(5),
N1-C1 1.402(8), N1-C5 1.414(8), C1-C2 1.332(8), C4-C5 1.347(9), C2-C3 1.452(9), C3-C4 1.444(9), C3-C3*
1.376(12), C1-N1-C5 115.7(5), C2-C1-N1 123.3(6), C1-C2-C3 122.9(6), C4-C3-C2 112.7(5), C5-C4-C3
123.3(6), C4-C5-N1 122.1(6).

(TMS)N;, Cl (TMS);Ny.__Cl

SiMe

(TMS),NBCl, (2 eq)

_—

CgDg, 1, 10 min
N N
g !
CI” ONTMS),  (TMS),NT >Cl
12 13a 13b

Scheme 3. Synthesis of 13.

Apparently, both the RT-NMR spectroscopic and crystallographic studies failed to prove any
successful reduction of the trivalent borane to divalent boron radical. Since the rotational barrier
around an N—B dative bond should be lower than that of a B=N double bond, we assumed that any
contribution from the bonding mode B (Scheme 1) should slightly lower the rotational barrier around
the exocyclic B-N bond. In this context, we conducted a variable-temperature 'H-NMR experiment to
provide further insight. Toluene-d® was selected as the solvent with a temperature ranging from —60 °C
to 80 °C. In general, the exocyclic H or Me as marked in Figure 4 (top right) should display two signals
if the B=N bond is nonrotatable. The separated signals will coalesce at an elevated temperature when
the B-N bond overcomes the rotational barrier and begins to rotate. Determination of the separation
(Hz) of two signals and the coalescent temperature allows calculation of the B-N rotational barrier.
The results of the VI-NMR experiments and assignment of the signals of interest are depicted in
Figure 4 and Figures $32-536. The obtained AG* values are summarized in Table 1. Analysis of the
VT-NMR spectra revealed 7 with a strong B=N bond, and 10 and 13 with weak B=N bonds, as reflected
by their rotational barriers >71.56 kJ/mol (7), 58.79 kJ/mol (10), 58.65 k]/mol (13) when compared with
ordinary B=N double bonds (71-100 k]/mol) [40]. When taking the aforementioned assumption into
account, the remarkably lower B-N rotational barrier of 10 compared to that of 7 is not in line with the
fact that the reducing power of 2 is slightly weaker than that of 1, according to the CV data. Therefore,
the lower B-N rotational barrier in 10 should be mainly due to its boat conformation, which allows for
less steric hindrance. Furthermore, although the central C4N; rings of 7 and 13 both adopt a planar
structure, the B-N rotational barrier in 13 is significantly lower than that of 7. This finding could be
explained by the competition in 7w donation from another B-amino function (-N(SiMej3);) in 13.

127



Molecules 2020, 25, 2875

(ChEMS)N_ o CIN(TMS)2)

Cl” “N(TMS)2
13

80°C ‘
= . ! (CYPh_ g ClPh)  (CHPh_ o _ClPh)
| | i
) LN s N s
60 C
;I ] (]
[ — N z
o CI< >Ph Cl~ >Ph
30°c )
1
Iy, : 0
12 10 8 % [ppm]
(7)
~
50 C L ) L 130(
J A N alall il J
32cC
30C
B R |
e | wel ||
L — JL. Y . ,.,JJ
. 3 4 N °
0cC \] [/
s _,li_ S | L :‘Ai.L v,
‘ 10 8 6 4 2 0 [ppm]
(10)
[ f . a
50°C ” ‘ | - \ 3 23°C
. |
p 21°C
10 C J it l J ——
' —J\ -\—— i M < 20°C
-10°C .
1} ] . i 19°C
e [ 18°C
U A " N s
50°C o
b |
3 Y 2 0 Ipeml
(13)

Figure 4. Variable-temperature TH-NMR (400 MHz, toluene-d®) spectra of 7, 10, and 13.

Table 1. Rotational barrier of 7, 10, and 13.

Compound Tc AV
7 >80 °C (353 K) 85.0 Hz >71.56 kJ/mol
10 32°C (305 K) 243.5 Hz 58.79 kJ/mol
13 20 °C (293 K) 96.0 Hz 58.65 kJ/mol

Tc = coalescence temperature; Av = the separation in hertz between the two singlets in the absence of exchange;

AG#* = rotational barrier.
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3. Materials and Methods

3.1. General Information

All manipulations were performed under dry argon using standard Schlenk line or glovebox
techniques. Solvents were purified by distillation from Na under dry argon. C¢Dg was dried over
an Na/K alloy and then degassed by freeze-pump-thaw cycles. PhBCl, was purchased from Beijing
MREDA Technologie Co., Ltd., without any special treatment before use. The NMR spectra were
acquired on a Bruker AVANCE 400 (*H: 400 MHz, 3C{'H}: 101 MHz, 1'B: 128 MHz) NMR spectrometer
at 298 K. Variable-temperature NMR experiments were conducted on a Bruker AVANCE 400 NMR
spectrometer (‘H: 400 MHz, 213-353 K). Chemical shifts are given in ppm. 'H and *C{!H} NMR
spectra were referenced to an external tetramethylsilane (TMS) via the residual protons of the solvent
(*H) or the solvent itself (*C{'H}). 1B NMR spectra were referenced to the external BF;-OEt,.
High-resolution mass spectrometry (HMRS) was performed with a Thermo Fisher Scientific Q Exactive
Mass Spectrometer (MS) system.

3.2. Synthesis of 3 and 4:

In the glove box, DurBBr; (30.3 mg, 0.1 mmol, 1.0 equiv.) and 1,4-bis(trimethylsilyl)-1,4-diaza-
2,5-cyclohexadiene (1) (22.6 mg, 0.1 mmol, 1.0 equiv.) were added into C4Dg (0.6 mL) in a J. Young
NMR tube. The mixture was rested for 10 min prior to the removal of the volatiles under vacuum
to get 3 as a pale yellow solid (23.6 mg, 72 mmol, 63%). Compound 4 was synthesized in a similar
manner, with a yield of 64%.

3: TH-NMR (400 MHz, C¢Dg): & = 6.86 (s, 1H, H of Dur), 6.35 (d, ] = 6.6 Hz, 1H, H of C4N), 5.13 (d,
J = 6.5 Hz, 1H, H of C4Ny), 491 (d, ] = 6.6 Hz, 1H, H of C4;N>), 4.64 (d, | = 6.5 Hz, 1H, H of C4N»),
2.29 (s, 6H, Me of Dur), 2.06 (s, 6H, Me of Dur), —0.23 (s, 9H, Me of TMS). 13C{'H}-NMR (101 MHz,
CeDg): & =134.5,133.4, 132.0, 119.8, 118.7, 113.5, 112.8, 19.4, 18.4, —2.3 (9C, C of TMS). The carbon
atom directly attached to boron was not detected, likely due to quadrupolar broadening. 1'B-NMR
(128 MHz, CgDg): & = 34.1. HRMS: calc. for [M]* C17H,6BBrN,Sit* 376.11362; found: 376.11308.

4: TH-NMR (400 MHz, C4Dy): 6 = 6.75 (s, 2H, H of Mes), 6.17 (d, ] = 6.6 Hz, 1H, H of C4N,), 5.07
(d, ] = 6.5 Hz, 1H, H of C4N»), 4.91 (d, ] = 6.6 Hz, 1H, H of C4N), 4.65 (d, ] = 6.5 Hz, 1H, H of C4N>),
2.37 (s, 6H, Me of Mes), 2.15 (s, 3H, Me of Mes), 0.21 (s, 9H, Me of TMS). 13C{IH}-NMR (101 MHz,
Cy¢Dg): & = 139.2, 137.8, 127.5, 119.4, 118.5, 112.4 (1C, C of C4N>), 112.8 (1C, C of C4N»), 21.3 (2C, 0-CHj
of Mes), 20.9 (C, p-CHj3 of Mes), —2.3 (9C, C of TMS). The carbon atom directly attached to boron was
not detected, likely due to quadrupolar broadening. 1'B-NMR (128 MHz, C¢Dy): § = 34.2. HRMS:
calc. for [M]* C16Ho4BCIN,Si* 318.14848; found: 318.14877.

3.3. Synthesis of 5-7

In the glove box, DurBBr; (60.4 mg, 0.2 mmol, 2.0 equiv.) and 1,4-bis(trimethylsilyl)-1,4-diaza-
2,5-cyclohexadiene (1) (22.6 mg, 0.1 mmol, 1.0 equiv.) were added into C¢Dg (0.6 mL) in a J. Young
NMR tube. The mixture was rested overnight prior to the removal of the volatiles under vacuum to
get 5 as a yellow oil with a 45% yield. Mixture 5 contains the cis-structure 5a and trans-structure 5b,
and the ratio of the cis-trans isomers was about 1:1. Compounds 6-7 were synthesized in a similar
manner, with a cis-trans isomers ratio of about 1:1 (yield: 52% (6) and 48% (7)].

5a+5b: TH-NMR (400 MHz, C4Dg): & = 6.86 (s, 2H), 6.82 (s, 2H), 6.52 (s, 2H), 6.26 (d, 3.1 = 1.6 Hz,
1H), 6.24 (d, 3J1.n =1.6 Hz, 1H), 5.36 (d, ®Jy.i = 1.6 Hz, 1H), 5.34 (d, 3]y = 1.6 Hz, 1H), 4.9 (s, 2H),
2.09 (s, 12 H), 2.07 (s, 12 H), 2.03 (s, 12 H), 2.01 (s, 12H). 3C{'H}-NMR (101 MHz, C4Ds): 5 = 134.0,
133.9,133.6, 133.5, 132.5, 132.3, 118.2, 117.7, 117.2, 116.6, 19.2, 19.1, 18.5, 18.4. The carbon atom directly
attached to boron was not detected, likely due to quadrupolar broadening. 1'B-NMR (128 MHz, C¢Dg):
5 =38.9. HRMS: calc. for [M]* Co4H30N,B,Bry ™ 526.09564; found: 526.09549.

6a+6b: TH-NMR (400 MHz, C4Dg): § = 6.69 (s, 4H), 6.67 (s, 4H), 6.34 (s, 2H), 6.09 (d, *Jr1.p1 = 1.6 Hz,
1H), 6.08 (d, 3y = 1.6 Hz, 1H), 5.32 (d, 31y = 1.6 Hz, 1H), 5.30 (d, [y = 1.6 Hz, 1H), 4.94 (s,
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2H), 2.19 (s, 12H), 2.16 (s, 12H), 2.13 (s, 6H), 2.12 (s, 6H).BC{TH}-NMR (101 MHz, C¢Dg): § = 138.9,
138.8, 138.6, 138.5, 127.6, 127.6, 117.3, 116.4, 116.3, 115.5, 21.2, 21.1, 20.9, 20.8. The carbon atom directly
attached to boron was not detected, likely due to quadrupolar broadening. 1'B-NMR (128 MHz, C¢Dg):
5 = 38.5. HRMS: calc. for [M]* CpHysNoB,Cl*+ 410.16537; found: 410.16492.

7a + 7b: TH-NMR (400 MHz, C4Dg): 5 = 7.86 (s, 2 H), 7.51-7.46 (m, 8 H), 7.19-7.15 (m, 10 H),
6.29 (s, 2H), 6.08 (d, 3Jy.py = 1.68 Hz, 1H), 6.06 (d, 3Jy.py = 1.64 Hz, 1H), 5.78 (d, 3Jp.p1 = 1.60 Hz, 1H),
5.76 (d, 3J.pr = 1.70 Hz, 1H), 5.54 (s, 2 H). BC{'H}-NMR (101 MHz, C4Ds): & = 133.3,133.2, 130.2, 130.1,
127.9,127.8,118.0, 117.5, 116.8, 116.5. The carbon atom directly attached to boron was not detected,
likely due to quadrupolar broadening. TIB_NMR (128 MHz, C4Dg): & = 36.5. HRMS: calc. for [M]*
C]6H14N232C12+ 32607147, found: 326.07069.

3.4. Synthesis of 8 and 9

Compounds 8 and 9 were synthesized in a similar manner as 3 and 4, with yields of 65% and
75%, respectively.

8: TH-NMR (400 MHz, C4Dg): 6 = 7.93-7.90 (m, 2H), 7.85-7.83 (m, 1H), 7.24-7.13 (m, 2H), 2.14
(s, 3H), 1.68 (s, 3H), 1.62 (s, 3H), 1.52 (s, 3H), 0.19 (s, 9H). 3C{*H}-NMR (101 MHz, C4Dy): § = 132.5,
132.2,131.9,131.9, 131.6, 128.6, 128.0, 122.8, 121.8, 16.8, 16.7, 16.7, 16.5, 0.2. The carbon atom directly
attached to boron was not detected, likely due to quadrupolar broadening. 1'B-NMR (128 MHz, C¢Dy):
8 =35.9. HRMS: calc. for [M+H]* Cy7H,7N,BCISi* 333.17196; found: 333.17233.

9: TH-NMR (400MHz, C4Dg): = 6.88 (s, 1H), 2.43 (s, 3H), 2.29 (s, 3H), 2.24 (s, 3H, Me of Dur),
2.10 (s, 3H), 2.06 (s, 3H), 1.71 (s, 3H), 1.48 (s, 3H), 1.44 (s, 3H), 0.25 (s, 9H). BC{'H}-NMR (101 MHz,
CgDg): & =133.8,133.2,133.1, 133.0, 132.8, 131.6, 131.4, 122.5, 122.0, 19.6, 19.4, 19.3, 19.3, 19.2, 18.1,
18.0,16.1, 1.8. The carbon atom directly attached to boron was not detected, likely due to quadrupolar
broadening. TIB-NMR (128 MHz, C¢Dg): & = 37.7. HRMS: calc. for [M+H]* CyHzsN,BBrSi+
433.18405; found: 433.18483.

3.5. Synthesis of 10

In the glove box, PhBCl, (31.6 mg, 0.2 mmol, 2.0 equiv.) and 2,3,56-tetramethyl-
1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (2) (28.2 mg, 0.1 mmol, 1.0 equiv.) were added into
CgDg (0.6 mL) in a J. Young NMR tube. The mixture was rested overnight prior to the removal of the
volatiles under vacuum to get 10 as a pale yellow solid (24.9 mg, 0.53 mmol, 53%).

10a + 10b: TH-NMR (400 MHz, toluene-d®): § = 7.72-7.20 (m, 8H), 7.11-7.06 (m, 12H), 1.95 (br,
12H), 1.45 (br, 12H). 3 C{'H}-NMR (101 MHz, toluene-d®): & = 133.2, 130.2, 129.1, 128.6, 128.2, 128.0,
127.9,127.7,125.4, 124.9, 20.8, 20.7, 20.3, 20.1. The carbon atom directly attached to boron was not
detected, likely due to quadrupolar broadening. 1'B-NMR (128 MHz, toluene-d®): § = 36.9. HRMS:
calc. for [M+H]* CpoHy3N,B,Cl,* 383.14189; found: 383.14083.

3.6. Synthesis of 11a and 11b

In the glove box, 9 (37.6 mg, 0.1 mmol, 1 equiv.) and DurBBr; (30.3 mg, 1 mmol, 1.0 equiv.) were
added into C¢Dg (0.6 mL) in a J. Young NMR tube. The mixture was rested overnight prior to the
removal of the volatiles under vacuum to get 11 as a yellow oil with a yield of 76%. Mixture 11 contains
two olefin isomers, 11a and 11b, with a ratio of about 1:0.3.

11a: TH-NMR (400 MHz, C¢Dy): & = 6.91 (s, 1H), 6.89 (s, 1H), 5.14-5.13 (m, 1H), 4.72-4.71 (m, 1H),
4.38 (s, 1H), 2.58 (s, 3H), 2.55 (s, 3H), 2.35 (s, 3H), 2.32 (s, 3H), 2.11 (s, 3H), 2.09 (s, 6H), 2.07 (s, 3H), 1.99
(d, 3J1u = 0.8 Hz, 3H), 1.41 (d, 3Jy.iy = 0.8 Hz, 3H), 0.91 (d, 3Jt1.11 = 6.6 Hz, 3H).

11b: TH-NMR (400 MHz, C¢Dg): 6 = 6.89 (s, 1H), 6.88 (s, 1H), 5.75-5.70 (m, 1H), 4.47—4.46 (m, 1H),
4.07-4.06 (m, 1H), 2.54 (s, 3H), 2.52 (s, 3H), 2.36 (s, 3H), 2.33 (s, 3H), 2.10 (s, 3H), 2.09 (s, 9H), 2.07 (s,
3H), 1.98 (d, 3Jy.q = 1.1 Hz, 3H), 1.45 (d, ®J.u = 1.1 Hz, 3H), 1.13 (d, 3. = 8.0 Hz, 3H).

11a + 11b: BC{'H}-NMR (101 MHz, C¢Dg): & = 152.0, 151.4, 133.7, 133.6, 133.6, 133.5, 133.4,
133.3,133.2,133.2, 132.6, 132.2, 132.1, 132.0, 131.7, 131.4, 131.4, 131.1, 130.8, 129.9, 105.6, 101.7, 61.2,
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60.8, 22.8, 22.6, 20.2, 20.1, 20.0, 19.7, 19.7, 19.6, 19.5, 19.4, 19.3, 19.3, 19.2, 19.2, 19.2, 19.1, 18.9, 18.1,
17.9, 15.4. The carbon atom directly attached to boron was not detected, likely due to quadrupolar
broadening. B-NMR (128 MHz, C¢Dg): & = 39.1. HRMS: calc. for [M+H]" CpsH3gN,B,Bry™
585.16402; found: 585.16454.

3.7. Synthesis of 13a and 13b

In the glove box, (TMS),NBCl, (86.4 mg, 0.2 mmol, 2 equiv.) and 1,1’-bis(trimethylsilyl)-1H,1"H-
4,4’-bipyridinylidene (12) (30.2 mg, 0.1 mmol, 1 equiv.) were added into C¢Dg (0.6 mL). The mixture
was rested for 10 min prior to the removal of the volatiles under vacuum to get a yellowish green
powder. The yellowish green powder was extracted with hexane, filtered, and the solvent was again
removed under reduced pressure to yield 13 as a yellow powder (60.0 mg, 0.84 mmol, 84%). The ratio
of 13a:13b is ca. 1:1.

13a + 13b: TH-NMR (400 MHz, C¢Dy): & = 6.87 (br, 8H), 5.79 (4,111 = 8.1 Hz, 8H), 0.21 (s, 72H).
BC{'H}-NMR (101 MHz, C4Dg): § = 114.3, 111.3, 2.25 (C of TMS). The carbon atom directly attached to
boron was not detected, likely due to quadrupolar broadening. 'B-NMR (128 MHz, CDg): 5 = 34.4.
HRMS: calc. for [M]* CppHyyNyB,Cl,Sist 568.22007; found: 568.21887.

4. Conclusions

In summary, the reactions of electron-rich organosilicon compounds 1, 2, and 12 with various
B-amino and B-aryl dihaloboranes were comprehensively studied. No direct evidence for the presence
of divalent boron radical character could be obtained from NMR spectra and single-crystal structures.
The rotational barrier around the exocyclic B-N bonds was studied by VT 'H-NMR spectroscopy,
which revealed relatively small barriers for 10 and 13. The steric hindrance as well as the competition
from additional B-amino functions were the main factors affecting the B-N rotational barrier. In addition,
the reaction between 2 and DurBBr; resulted in 11 via an isomerization process. Although this study
does not access the desired biradial species, we believe that the novel B=N-containing products could
act as an RXBe source upon the liberation of the aromatic linker (i.e., pyrazine and 4,4’-bipyridine).
Studies of the mechanism of the isomerization reaction, as well as the application of 10 and 13 as RXBe
transfer reagents to unsaturated organic substrates, are currently underway in our laboratory, and will
be reported in due course.

Supplementary Materials: Supplementary materials are available online. Figures S1-531: NMR spectra for 3-11,

13. Figures S32-S36: Variable-temperature 'H-NMR spectra for 7, 10, and 13. Figures S37-S41, Single crystal
structure for 5, 9-11, and 13. Table S1: Crystal data for 5, 9-11, and 13.
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Abstract: The synthesis of the triarylphosphine, P(p-C¢H4SFs)3 containing a SF5 group, has been achieved.
The experimental and theoretical studies showed that P(p-C¢H4SFs)3 is a weaker o-donor when
compared with other substituted triarylphosphines, which is consistent with the electron-withdrawing
effect of the SF5 moiety. The studies also revealed a moderate air stability of the phosphine. The o-donor
capabilities of P(p-C¢H4SF5)3 were estimated from the phosphorus-selenium coupling constant in
SeP(p-C¢H4SFs)3 and by DFT calculations. The behavior of P(p-CcH4SF5)3 as ligand has been
investigated by the synthesis of the iridium and rhodium complexes [MCI(COD){P(p-C¢H4SF5)3}1,
[MCI(CO),{P(p-CcH4SF5)3}2] (M = Ir, Rh), or [Rh(u-Cl)(COE){P(p-C¢H4SF5)3}]2, and the molecular
structures of [IrCI(COD){P(p-C¢H4SF5)3}] and [Rh(u-Cl)(COE){P(p-CsH4SFs)3}]2 were determined by
single X-ray diffraction. The structures revealed a slightly larger cone angle for P(p-CcH4SFs5); when
compared to other para-substituted triarylphosphines.

Keywords: fluorosulfanyl group; fluorinated ligands; phosphines; rhodium; iridium

1. Introduction

Phosphines are one of the most important and widely used ligands in homogeneous catalysis and
organometallic chemistry due to the extensive options to modify their electronic and steric properties
by varying their substitution pattern [1-4]. Phosphines are o-donor and 7-acceptor ligands and the
choice of the phosphorus-bound entities can effectively tune their electronic characteristics. Thus,
the electronic, but also steric properties of triarylphosphines are highly dependent on the employed
aryl groups [1-4].

Triarylphosphines bearing fluorine atoms or fluorinated substituents are characterized by a higher
steric demand and a lower basicity than the non-halogenated counterparts which might lead to
changes in the reactivity [5]. Thus, complexes bearing fluorinated triarylphosphines have been widely
investigated over the last years [5-13]. In particular, arylphosphines containing a CF3 group have
been studied for catalytic processes such as hydroformylation [14], C-C coupling [13,15-17] as well as
hydroalkylation reactions [18]. They present an alternative to fluoroarylphosphines with respect to the
increased electron-withdrawing properties of the phosphine.

Another alternative and fascinating chemically and thermally rather stable group is the SF5
group [19,20], which displays a large o-withdrawing nature (F = 0.56) and m-withdrawing ability
(R =0.12) based on the Swann-Lupton constants. In addition, phenyl groups with SF5 moieties at both
meta and para positions exhibit a stronger electron-withdrawing effect according to Hammett constants
(om = 0.61, op = 0.68), when compared with a fluorine substituent (F = 0.45, R = —0.39, o = 0.34,
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op = 0.06) or the trifluoromethyl group (F = 0.38, R = 0.16, o = 0.43, op = 0.54) [21]. Despite the
increasing interest on SFs-containing compounds described in literature and their applications as
building blocks in many fields such as agrochemical, medicinal, or materials chemistry [22-30],
SFs5 derivatized ligands in transition metal complexes are still rare [31-41]. Examples mainly focus on
C"N cyclometalated ligands which contain the SF5 moiety in their phenyl rings in order to stabilize
iridium(III) [34-37] or platinum(II) [38] complexes with optoelectronic properties.

Herein, we present the synthesis and characterization of a SF5 derivative of triphenylphosphine
P(p-C¢H4SFs)3 (1). Its air stability and electronic properties have been estimated and the derivatives
O=P(p-C4H4SF5)3 (2) and Se=P(p-CcH,SFs)3 (3) were prepared. In addition, the rhodium and iridium
complexes [MCI(COD){P(p-CcH4SF5)3}] (M = Ir (4), Rh (5)), IMCI(CO)2 (P(p-CeH4SFs)3)2] (M = Ir (8),
Rh (9)) or [Rh(u-Cl)(COE){P(p-C¢H4SFs)3}]2 (6) were synthesized.

2. Results and Discussion

2.1. Synthesis and Air-Stability of P(p-C¢H4SF5)3 (1)

Treatment of 4-iodophenylsulfur pentafluoride with an excess of tBuLi and a subsequent reaction
with triethylphosphite afforded the tris(p-pentafluorosulfanylphenyl)phosphine (1) in 39% isolated
yield (Scheme 1). Compound 1 shows in the F NMR spectrum the characteristic signal pattern for
the SF5 moiety [42], a doublet at 62.6 ppm corresponding to the four equatorial equivalent fluorine
atoms and a pentet at 83.7 ppm for the axial fluorine with coupling constants of 150 Hz. The 3'P{'H}
NMR spectrum shows a singlet at —7.8 ppm, whereas the GC/MS gave a mass peak of m/z 640.

i) 2 tBuLi P"'//,
hexane, 243K, 2h Q\
—_—
ii) 1/3 P(OEt), SFs
SFs
1

SFs

223K to 1t, overnight ¢ g

Scheme 1. Synthesis of the phosphine 1.

Single crystals of compound 1, which were suitable for X-ray crystallography were obtained from
concentrated solutions in benzene. The molecular structure is shown in Figure 1. Compound 1 shows
a trigonal pyramidal arrangement at the phosphorus atom when taking the electron lone-pair into
account. The C-P-C angles are comparable to the ones reported for triphenylphosphine, where only
one angle is slightly larger (101.72(1)° for PPh3 vs. 99.18(10)° for 1) than the others [43].

Figure 1. ORTEP representation of 1 with thermal ellipsoids drawn at 50% probability level. The CsHg
molecule in the asymmetric unit has been omitted for clarity. Selected bond lengths [A] and bond angles
[deg]: P1-C1 1.829(2), P1-C7 1.833(2), P1-C13 1.831(2), C1-P1-C7 103.21(10), C7-P1-C13 99.18(10),
C13-P1-C1 103.08(10).
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In order to test the air-stability of the phosphine 1, a solution of 1 in toluene-dg was left under
air for 2 weeks. Seventy-eight percent of the phosphine 1 was then converted into phosphine oxide 2
(Scheme 2). In the solid state 41% of conversion was achieved after a month of air exposure. These data
indicate a higher stability of 1 towards air when compared with the CF3 analogue, which is fully
oxidized in the solid state after one month [44]. 3'P{1H} NMR data of the solution as well as liquid
injection field desorption/ionization mass spectrometry (LIFDI-MS) confirm the formation of the oxide
with a shift of the signal in the 3'P{"H} NMR to lower field (6 = 21.09 ppm) and a mass peak of 1/z 656.

Se air
(p-CeH4sSF5)P=Se <*————— (p-CgHsSF5)sP ——> (p-CH4SF5)3P=0
toluene toluene, 2w
3 343K, 3d 1 2

Scheme 2. Formation of the phosphine oxide 2 and the phosphine selenide 3.

Crystals of 2 suitable for X-ray diffraction analysis were obtained from the reaction solution
(Figure 2). The compound shows the expected tetrahedral arrangement with a C—P-C mean angle of
106.6°, a O-P-C mean angle of 112.2° and the P-O bond length of 1.4867(14) A. All of the data are
consistent with these of other reported triarylphosphine oxides derivatives [45].

\

Figure 2. ORTEP representation of 2 with thermal ellipsoids drawn at 50% probability level. The two
CgHg molecules contained in the asymmetric unit have been omitted for clarity. Selected bond lengths
[A] and bond angles [deg]: P1-O1 1.4867(14), P1-C1 1.8086(19), P1-C7 1.8086(19), P1-C13 1.8019(19),
C1-P1-C7 107.19(8), C7-P1-C13 106.28(8), C13-P1-C1 106.35(9), O1-P1-C1 113.23(8), O1-P1-C7
111.35(8), 01-P1-C13 112.02(8).

In order to further compare the air-stability of phosphine 1 with other triarylphosphines,
DFT calculations were performed. It has been suggested previously that the steric demand of
the phosphines, but also the SOMO energy of radical cations of phosphines can be correlated with
their air-stability [46]. Thus, a radical cation with a SOMO at lower energy would be more prone to
react with dioxygen generating the corresponding phosphine oxide [46]. Therefore, the energy of the
SOMO of different triarylphosphines radical cations was calculated using the CAM-B3LYP functional
(Table 1). The phosphine 1 has a SOMO energy of —12.22 eV, which is lower than the energy of other
electron-withdrawing triarylphosphines, and lower than the one of the air-stable triphenylphoshine
(=11.11 eV). The data are in accordance with the observed moderate air sensitivity of phosphine 1.
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Table 1. DFT calculated SOMO energies (eV) of triarylphosphines radical cations [PArs]**
(CAM-B3LYP/6-311G(d,p)).

Ar Group SOMO Ar Group SOMO
p-C¢H4SF5 -12.22 3,4,5-C¢HyF3 -11.93
p-CcHyCF3 -11.82 p-CeHyMe -10.62

m-CgH3(CF3), -12.36 p-CeHsOMe -10.01
p-CeHyF -11.21 CeHs -11.11

2.2. Estimation of the Donor Properties

Different methods have been reported to determine the electronic properties of phosphines.
The o-donor ability increases when the s-character of the lone pair of the phosphine decreases,
which is associated with a higher energy level of the HOMO [47,48]. Thus, DFT studies have
been performed in order to calculate the energy level of the HOMO of compound 1 and compare
it with other triarylphosphines which were also calculated. The data indicate that compound 1
(—8.69 eV) is a less pronounced o-donor than most of the calculated phosphines (Table 2). It is worth
noting that P(p-C¢H4CF3)3 (—=8.17 eV) seems, according to this data, to be a better o-donor than 1,
whereas P(m-C¢Hj3(CF3),)3 is a weaker o-donor (-8.78 eV).

The HOMO energy level and, therefore, the s-character of the lone pair is also related to the
phosphorus-selenium coupling constant of the corresponding selenide. This has been commonly
used to experimentally estimate the o-donor abilities of a broad range of phosphines [49-51]. Thus,
for more electron-withdrawing substituents a larger coupling is expected [51]. Taking this into account,
phosphine 1 was reacted with selenium and after 3d, a full conversion to SeP(p-C¢H4SFs)3 (3) was
observed (Scheme 2). The ' P{"H} NMR spectrum shows a singlet at 6 32.5 ppm with selenium satellites
and a phosphorus-selenium coupling constant of 792 Hz. Correspondingly, the resonance in the 7’Se
NMR spectrum at —273.3 ppm appears as a doublet with the same coupling constant. Among the
data for the phosphines shown in Table 2 only P(m-C¢Hj3(CF3),); shows a larger coupling constant of
802 Hz, which is consistent with the lower HOMO energy values.

Another common method to determine the electronic properties of ligands is the calculation of the
Tolman'’s electronic parameter TEP [52]. This method consists in the analysis of the frequency of the A;
carbonyl vibration mode of [Ni(CO);L] complexes, which will decrease due to the back-donation into
the CO 7* orbitals when the ligand L is a better donor. While Tolman experimentally determined the
parameter for a broad range of phosphines [52], DFT studies have demonstrated the correlation between
the calculated and experimental values for different ligands L [53,54]. Thus, the calculated values
determined in this work correlate well with the experimentally obtained for PPhs and P(p-CcHyMe)s
(Dexp-cale 5 cm™1) (Table 2) [52]. The data also indicate that the phosphine 1 might be a slightly more
electron-withdrawing phosphine than P(p-C¢H4CF3)3, but somewhat weaker than P(m-CcH3(CF3),)3,
although the calculated values are very close.

Table 2. Calculated HOMO energies and TEP values of triarylphosphines (PAr;) and experimental
77Se NMR data of the corresponding selenides.

Ar Group HOMO (eV) TEP (cm™1) [a] se.p (Hz)
p-CeH,ySF5 -8.69 2072.6 792
p-CsH,4CF3 -8.17 2069.3 765 [b]

m-CgHs(CF3), -8.78 2075.2 802 [b]
p-CeH4F -7.58 n.d. 741 [b]
3,4,5-C¢H,Fs -8.36 n.d. 792 [c]
p-CsHyMe -7.10 2061.7 (2166.7) 715 [b]
p-CsH;OMe —-6.78 n.d. 710 [b]
CeHs —7.34 2063.5 (2068.9) 733 [b]

n.d. = not determined; [a] Calculated values from calculated vco (A; band) of Ni(CO)3;L complexes using the
relation TEP = 0.9572vco + 4.081 [54]. In brackets experimentally determined values given in ref. [52] [b] Values
given in ref. [50]; [c] Value given in ref. [55].
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2.3. Synthesis of Iridium and Rhodium Complexes

Treatment of the binuclear iridium complex [Ir(u-Cl)(COD)], (COD = 1,5-cyclooctadiene) with two
equivalents of the phosphine 1 in toluene yielded the iridium(I) complex [IrCI(COD){P(p-CcH4SFs)3}]
(4) (Scheme 3). The same reactivity was reported for other phosphines such as P(p-C¢HsCF3)3 [56].
The structure of 4 is supported by the 3'P{'H} NMR spectrum, which shows a resonance at 6 21.7 ppm
and the "H NMR spectrum with two resonances at 6 5.64 and 2.45 ppm corresponding to the olefinic
protons of the COD ligand in a trans arrangement to the phosphine and the chlorido ligands. The LIFDI
mass spectrometry reveals a mass peak of m/z 976.

D
2 P(p-CeHaSFs)s (1) N \I /P(P'CGH4SF5)3
;
Toluene, rt, 1h30' N \CI

[Ir(z-CI)YCOD)L,

4

Scheme 3. Synthesis of the iridium(I) complex 4.

Analogously, [Rh(u-CI)(COD)];, reacted with two equivalents of the phosphine 1 affording the
rhodium(I) complex [RhCI(COD){P(p-C¢H4SFs)3}] (5) (Scheme 4). The S1p{1H} NMR spectrum of 5
depicts a doublet at 6 31.5 ppm with a rhodium-phosphorus coupling constant of 155.9 Hz. The coupling
constant of 5 is 1.8 Hz higher than the one for [RhCI(COD){P(p-C¢H4CF3)3}] (Mp-rn = 154.1 Hz) [57].
As for the iridium complex 4, "H NMR spectrum of complex 5 shows two resonances for the olefinic
protons of the cyclooctadiene ligand at 6 5.67 and 3.12 ppm which are also consistent with the CF;
derivative [57].

2 P(p-CgH4SF5)3 (1) N /P(p'C6H4SF5)3
[Rh(z-Cl)(COD)), ————— > RE
Toluene, rt, 1h \/ \
Cl
5

Cl
2P(p-CoHaSFs)s (1) (p-CoHaSFo)sPli, RhZC|§Rh WCOE
N , ‘
COE( \

6

Rh(z-CI)(COE)zl,

Toluene, rt, 15h
P(p-CsHsSFs5)s

Scheme 4. Synthesis of the rhodium(I) complexes 5 and 6.

In contrast, when [Rh(u-Cl)(COE);], (COE = cis-cyclooctene) was used as binuclear starting
compound, the reaction with two equivalents of phosphine 1 selectively provided trans-[Rh(u-Cl)
(COE){P(p-C¢H4SF5)3}]2 (6) (Scheme 5). The dimeric nature of the product is supported by the 3!P{'H}
NMR data revealing a signal at 6 55.5 ppm with an increased value of the rhodium-phosphorus
coupling constant (Yprh = 194.5 Hz). This coupling constant value is slightly larger than for other
trans-[Rh(u-Cl)(COE)(L)], complexes, for which L is a o-donor phosphine (Mp-rn = 183-188Hz) [58,59].

2.4. Steric Properties of 1

Steric properties of phosphines is another important feature when studying a ligand. The Tolman
cone angle [52] of a phosphine is a widely used parameter to describe the steric effects in phosphines
and can be estimated not only from molecular models but also from molecular structures determined
by X-ray crystallography [60].
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The molecular structures of the complexes 4 and 6 were obtained by X-ray diffraction analysis
from concentrated C¢Hg solutions (Figures 3 and 4). In the case of complex 4, the iridium center
displays a square planar coordination geometry when considering COD as a bidentate ligand with
an Ir-P bond distance of 2.2888(12) A, which is slightly shorter than the corresponding separation in
[[rCI(COD){P(CsHs)3}] (2.3172(9) A) [61].

Figure 3. ORTEP representation of 4 with thermal ellipsoids drawn at 50% probability level. Hydrogen
atoms and the additional C¢gHg molecule in the unit cell have been omitted for clarity. Note that
some disorder is observed in COD ligand. Selected bond lengths [A] and bond angles [deg]: Ir1-P1
2.2888(12), Ir1-Cl1 2.4070(10), P1-C1 1.831(5), P1-C7 1.834(5), P1-C13 1.838(5), Cl1-Ir1-P1 90.27(4),
Ir1-P1-C1 118.23(15), Ir1-P1-C7 118.61(15), Ir1-P1-C13 108.27(16), C1-P1-C7 100.7(2), C7-P1-C13
104.2(2), C13-P1-C1 105.3(2).

Figure 4. ORTEP representation of 6 with thermal ellipsoids drawn at 50% probability level. Hydrogen
atoms and the CqHg molecule in the unit cell have been omitted for clarity. Selected bond lengths
[A] and bond angles [deg]: Rh1-P1 2.1930(11), Rh1-CI1 2.3911(11), Rh1-Cl1 2.4368(11), Rh1-C19
2.120(4), Rh1-C20 2.131(4), P1-C1 1.827(4), P1-C7 1.842(4), P1-C13 1.825(4), C11-Rh1-CI1' 80.57(4),
Cl1-Rh1-P1 89.66(4), Cl11'-Rh1-P1 166.80(4), P1-Rh1-C19 94.48(12), P1-Rh1-C20 93.38(12), Rh1-P1-C1
113.38(14), Rh1-P1-C7 111.20(14), Rh1-P1-C13 120.94(14), C1-P1-C7 103.73(19), C7-P1-C13 103.51(19),
C13-P1-C1 102.26(19).

The Tolman cone angle of compound 1 can be estimated to be 150.8° as the average value for the
complexes 4 and 6, and by considering van der Waals radii of 1.20 A and 1.47 A for the H and F nuclei,
respectively [62]. For the calculations, the algorithm reported by Miiller and Mingos was used and the
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metal-phosphorus distances were fixed to 2.28 A [60]. The obtained value is slightly larger than for
other triarylphosphines with a substituent at the para position P(p-CsHyX)3 (X = NMey, Me, OMe, F,
CFj3), all of which have a cone angle of 145° [52,63].

2.5. Reactivity of Complexes 4 and 5 towards CO

Bubbling of CO into a dichloromethane solution of [IrCI(COD){P(p-CsH4SF5)3}] (4) resulted
in a partial conversion of 4 to yield a complex, for which we suggest the structure
[IrCI(CO)(COD){P(p-CsH4SF5)3}] (7). However, when a degassed solution was treated with CO
gas, full conversion of complex 4 was observed and a dark unidentified precipitate was formed. In the
solution, the formation of a complex containing both COD and CO ligands without the presence
of phosphine 1 was detected. Unfortunately, no further identification of this complex was possible.
In addition, two products bearing the phosphine ligand 1 in a 1:1 ratio were obtained. Thus complex
[IrCI(CO)(COD){P(p-CsH4SF5)3}] (7) was formed together with a second complex, the analytical data
of which are consistent with the structure [IrCI(CO),{P(p-C¢H4SF5)3}»] (8). To support the structural
assignments further, 3C labeled carbon monoxide was reacted with a solution of complex 4 to give
7’ and 8’. However, the formation of the unknown complex as well as the mixture of products
was avoided and a full conversion of 4 into complexes 8 or 8’ was achieved, when the reaction was
performed in presence of one equivalent of phosphine 1 (Scheme 5).

P(p-CeHsSFs5)3

D co
P(p-CeH4SF.
N, TN P, | O,
I, _—
N \CI CeDg, tt, 10 oc?” |
P(p-CeHaSFs)s
4 8
cl
b P(p-CeHsSFo)s co 90
NS P(p-CeHaSFs)s -
/Rh\ oo e (OHSFP— RI—P(p CottySFo)s
646, 'L
~ cl oC
5 9

Scheme 5. Reactivity of the complexes 4 and 5 towards CO in presence of phosphine 1.

Complexes 7 and 8 show singlet resonances for the phosphine ligands at 6 3.65 and 0.84 ppm,
respectively, in the 3'P{'H} NMR spectrum. In addition, the signals for the olefinic protons of COD in
complex 7 appear at 6 4.25 and 3.91 ppm, which would correspond to the protons trans to the CO and
Cl ligands, respectively, suggesting that the phosphine ligand is in a apical position. The 3'P{'H} NMR
spectrum for the mixture of complexes 7’ and 8’ showed the two resonances at 6 3.52 and 0.84 ppm
as a doublet (?Jp.c = 13.7 Hz) and a triplet (>Jp.c = 13.5 Hz), respectively. Note that the values of the
carbon-phosphorus coupling constants are consistent with cis arrangements [64,65]. On the other hand,
in the 13C{TH} NMR spectrum a doublet (6 = 175.6 ppm, complex 7’) and a triplet (5 = 179.6 ppm,
complex 8”) with similar coupling constants are observed for the carbonyl ligands.

The trigonal bipyramid proposed for complex 8 is supported by the IR data in the solid state.
The IR spectrum of complex 8 shows two bands at 1940 and 1986 cm™! for the symmetric and the
asymmetric stretching bands of the CO ligands, which shift to 1896 and 1933 cm~? for 8/ suggesting
that the CO ligands are in an equatorial position (see Figure 539). This data for 8 are in the same range
as the ones observed for [IrCI(CO),(PPhs),] [66].

For comparison, [RhCI(COD){P(p-CsH4SFs)3}] (5) was also reacted with CO or 1BCO in
the presence of one equivalent of phosphine 1 to give complexes, for which we suggest the
structures trans,trans-[RhC1(CO), {P(p-C¢HySFs)3)2] (9) and trans,trans-[RhCl(*3CO),{P(p-CsHySF5)3)5]
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(9’) (Scheme 5). The NMR data of 9 showed a broad band in the *'P{!H} NMR spectrum at room
temperature at 6 28.6 ppm. When the sample was measured at —70 °C, the coupling to rhodium was
observed (}p.gn = 130 Hz). As also found for the PPh; analogue [67], the coupling to carbon in the 1BC
labeled complex was not observed even not at =70 °C. The 1BC{1H}) NMR spectrum revealed a Rh-C
coupling constant of 72 Hz in the doublet at 186.5 ppm. Finally, in the IR spectrum, one unique band
was observed for the CO ligands at 1992 and 1945 cm™! for the complexes 9 and 9/, respectively (see
Figure S40). This is consistent with data for [RhCI(CO),(PPhs),], where only one stretching band was
observed for CO at 1990 cm™! and a square pyramidal structure with the chlorido ligand in the apical
position as the most probable structure was proposed [67].

3. Materials and Methods

3.1. General Procedures, Methods and Materials

All experiments were carried out under an atmosphere of argon by Schlenk techniques. Solvents
were dried by the usual procedures [68] and, prior to use, distilled under argon. The rhodium
and iridium complexes [Rh(u-Cl)(COE);], and [Ir(u-Cl)(COD)], were prepared as described in the
literature [69,70]. All reagents were obtained from commercial sources. Unless stated, NMR spectra
were recorded at room temperature on a Bruker DPX 300 (Bruker BioSpin, Rheinstetten, Germany,) or a
Bruker Avance 300 spectrometer (Bruker BioSpin, Rheinstetten, Germany). 'H and *C{'H} signals
are referred to residual solvent signals, those of 31p(1H} to external 85% H3PO,, the F NMR spectra
to external CFCl; and the 77Se NMR spectra to external SePh; (5 = 414 ppm). 'H and 3C{'H} NMR
signal assignments were confirmed by 'H{*!P}, 'H,'H COSY, 'H,*C HMQC and 'H,*C HMBC NMR
experiments. Mass spectra were measured with a Micromass Q-Tof-2 instrument equipped with a
Linden LIFDI source (Linden CMS GmbH, Weyhe, Germany). GC/MS analyses were performed with
an Agilent 6890N gas-phase chromatograph (Shimadzu, Berlin, Germany) equipped with an Agilent
5973 Network mass selective detector at 70eV. Infrared spectra were recorded with the Platinum ATR
module of a Bruker FT-IR Alpha II spectrometer (Bruker Optics, Leipzig, Germany) equipped with an
ATR unit (diamond). NMR spectra are included as Supplementary Material (Figures S1-538).

3.2. Synthesis of Tris-(p-pentafluorosulfanylphenyl)phosphine (1)

4-iodophenylsulfur pentafluoride (250 mg, 0.76 mmol) was dissolved in 10 mL of hexane at 243 K.
Then, two equivalents of tert-buthyllithium (1.7 M in pentanes, 1.52 mmol, 0.9 mL) was added dropwise
to the solution and the reaction mixture was stirred for 2 h at 243 K. Afterwards, the mixture was
cooled down to 223 K and triethylphosphite (0.25 mmol, 45 uL) was added slowly. The mixture was
stirred while warming up overnight. The volatiles were removed under vacuum, toluene (2 x 10 mL)
was added and the product extracted. The solvent was removed from the extract and the beige solid
obtained dried under vacuum. Yield: 190 mg (39%).

GC-MS (toluene): Calculated (m/z) for [M]: 640.43; found: 640. 3'P{*H} NMR (121.5 MHz,
CgDg): & = 7.8 (s) ppm. 'H NMR (300.1 MHz, C¢Dg): & = 7.26 (dm, 3J(H,H) = 8.7 Hz, 6H, m—~CH);
6.74 (dd, 3J(H,H) = 8.6, 2J(H,P) = 6.8 Hz, 6H, 0-CH) ppm. "F NMR (282.4 MHz, C4Dg): & = 83.7
(p, 2J(FF) = 150 Hz, 1F, SFs); 62.6 (d, J(EF) = 150 Hz, 4F, SF5) ppm. 3C{!H} NMR (75.4 MHz, CD,Cly):
155.5-154.1 (m, C,~SFs); 140.6 (d, 1J(C,P) = 15.4 Hz, P-Cg); 1345 (d, 2J(C,P) = 20.9 Hz, 0-CH); 126.8 (dp,
3J(C,P) = 6.8 Hz, 3](C Feq) = 4.3 Hz, m—CH) ppm.

3.3. Formation of Tris-(p-pentafluorosulfanylphenyl)phosphine oxide (2)

Method a: Tris-(p-pentafluorosulfanylphenyl)phosphine 1 (20 mg, 0.03 mmol) was dissolved in
toluene-d® (0.4 mL) and the solution was exposed under air. The conversion was followed by NMR
spectroscopy, and after 2 weeks 78% conversion was observed.

Method b: Tris-(p-pentafluorosulfanylphenyl)phosphine 1 (20 mg, 0.03 mmol) was exposed under
air in an open vial. After 1 month, a 41% conversion to compound 2 was found.
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LIFDI (toluene-d®): Calculated (m/z) for [M]: 656.4; found: 656. *'P{*H} NMR (121.5 MHz,
toluene—~dg): & = 21.1 (s) ppm. 'H NMR (300.1 MHz, toluene-d®): § = 7.30 (dd, 3J(H,H) = 8.3;
3J(H,P) = 2.2 Hz, 6H, m-CH); 7.21 (dd, 2J(H,P) = 10.9, 3J(H,H) = 8.3 Hz, 6H, 0-CH) ppm. '°F NMR
(282.4 MHz, toluene-d®): & = 82.7 (p, ?J(EF) = 150 Hz, 1F, SFs); 62.3 (d, 2J(F,F) = 150 Hz, 4F, SF5) ppm.

3.4. Synthesis of Tris-(p-pentafluorosulfanylphenyl)phosphine Selenide (3)

Tris-(p-pentafluorosulfanylphenyl)phosphine 1 (50 mg, 0.08 mmol) was dissolved in toluene
(10 mL) and one equivalent of selenium (6 mg, 0.08 mmol) was added. Then, the reaction mixture was
stirred at 343 K for 3 days. The reaction solution was filtered and the volatiles were removed from the
filtrate. The dark solid was dried in vacuum. Yield: 54 mg (94%).

LIFDI (toluene-d®): Calculated (m/z) for [M]: 719.39; found: 719. 3P{!H} NMR (202.4 MHz,
toluene—dg): & = 32.5 (s + sat, 1J(P,Se) = 791.8 Hz) ppm. 77Se NMR (95.4 MHz, toluene-d®): § = -273.3
(d, 'J(Se,P) = 792.3 Hz) ppm. 'H NMR (500.1 MHz, toluene-d®): § = 7.27 (dd, 2J(H,P) = 12.8;
3J(H,H) = 8.7 Hz, 6H, 0-CH); 7.20 (dd, 3](H,H) = 8.8, 3J(H,P) = 2.2 Hz, 6H, m-CH) ppm. F NMR
(470.6 MHz, toluene-dg): 5 = 82.4 (p, 2J(EF) = 150 Hz, 1F, SF5); 62.3 (d, 2J(F.F) = 150 Hz, 4F, SFs) ppm.

3.5. Synthesis of [[rCI(COD){P(p-CsH4SF5)3}] (4)

[Ir(u-CI)(COD)]; (100 mg, 0.15 mmol) (COD = cyclooctadiene) was dissolved in toluene (7 mL) and
a solution of P(p-C¢H4SF5)3 (1) (192 mg, 0.30 mmol) in 5 mL of toluene was added slowly. After stirring
for 1 h 30’, the volatiles were removed under vacuum and a dark red solid was obtained. The solid
was washed with hexane (3 x 5 mL) and dried in vacuum. Yield: 117 mg (80%).

LIFDI-TOF-MS (toluene): Calculated (1/z) for [M]*: 976.28; found: 976. 3'P{!H} NMR (121.5 MHz,
CgDg): & =21.7 (s) ppm. 'H NMR (300.1 MHz, C¢Dg): & = 7.41-7.23 (m, 12H, Ph); 5.64 (s br, 2H, =CH
trans to P); 2.45 (s br, 2H, =CH trans to Cl); 2.16-1.84 (m, 2H, CH>); 1.82-1.57 (m, 2H, CH,); 1.54-1.29
(m, 2H, CH,); 1.17-0.85 (m, 2H, CH;) ppm. F NMR (282.4 MHz, C¢Dg): & = 83.0 (p, 2J(F,F) = 150 Hz,
1F, SFs); 62.4 (d, 2J(FF) = 150 Hz, 4F, SF5) ppm.

3.6. Synthesis of [RhCI(COD){P(p-CsH,SF5)3/] (5)

[Rh(u-CI)(COD)], (50 mg, 0.10 mmol) was dissolved in toluene (5 mL) and P(p-C¢H4SFs)3 (1)
(130 mg, 0.20 mmol) was added to the solution. After stirring for 1h15’, the volatiles were removed
under vacuum and a yellow solid was obtained. The solid was washed with cold hexane (2 X 4 mL)
and finally dried in vacuum. The NMR spectra of the yellow solid confirmed the formation of complex
5. Yield: 162 mg (92%).

SIP{TH} NMR (121.5 MHz, C¢Dg): & = 31.5 (d, }J(PRh) = 155.9 Hz) ppm. "H NMR (300.1 MHz,
CgDg): & =7.89-7.78 (m, 12H, Ph); 5.67 (s br, 2H, =CH trans to P); 3.12 (s br, 2H, =CH trans to Cl); 2.55-2.35
(m, 4H, CH,); 2.25-1.94 (m, 4H, CH,) ppm. ’F NMR (282.4 MHz, C¢Dy): 6 = 82.33 (p, 2J(EF) = 150 Hz,
1F, SFs); 61.89 (d, 2J(EF) = 150 Hz, 4F, SF5) ppm. 3C{'H} NMR (75.4 MHz, CD,Cl,): 156.4-155.0
(m, C4=SFs); 135.7 (m, overlapped with CH signals, P-Cq); 135.6 (d, 2[(C,P) = 12.8 Hz, 0-CH); 126.4
(dp, *J(C,P) = 9.6 Hz, *](C Feq) = 4.8 Hz, m-CH); 108.7 (dd, }J(C,Rh) = 12.0 Hz; 2J(C,P) = 7.2 Hz, =CH
trans to P); 72.2 (d, 1J(C,Rh) = 12.8 Hz, =CH trans to Cl); 33.44, 33.43 and 29.2 (all s, CH,) ppm.

3.7. Synthesis of [Rh(u-CI)(COE){P(p-CsH4SF5)311 (6)

[Rh(u-Cl)(COE); ], (50 mg, 0.07 mmol) (COE = cyclooctene) was dissolved in toluene (7 mL) and
a solution of P(p-C¢H4SF5); (1) (90 mg, 0.14 mmol) in 5 mL of toluene was added slowly. Instantly,
the solution turned red and after stirring for 1 day, the volatiles were removed under vacuum. The red
solid obtained was dried in vacuum. Yield: 123 mg (99%)

SIP{TH} NMR (121.5 MHz, C4Dg): & = 54.4 (d, 'J(PRh) = 194.5 Hz) ppm. 'H NMR (300.1 MHz,
CeDy): § =7.39-7.28 (m, 6H, m-CH); 7.54-7.40 (m, 6H, 0-CH); 2.66-2.20 (m, 6H, COE); 1.55-1.15 (m, 8H,
COE) ppm. F NMR (282.4 MHz, C4Dy): § = 83.2 (p, 2J(FF) = 150 Hz, 1F, SFs); 62.4 (d, J(FF) = 150 Hz,
4F, SF5) ppm.
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3.8. Reaction of [IrCI(COD){P(p-CsH4SF5)3}] (4) with CO. Formation of [IrCI(CO)(COD){P(p-C¢H4SF5)3}]
(7) and [IrCI(CO)o{ P(p-CsH4SF5)3),1 (8)

In a Young NMR tube, a solution of [IrCI(COD){P(p-CcHaSF5)3}] (4) (25 mg, 0.03 mmol) in CD,Cl,
(0.4 mL) was cooled to 77 K, degassed and treated with CO. After 10" the solution turned dark brown
and a black precipitate was formed. The NMR analysis showed full conversion to yield the complexes
7 and 8 in a 1:1 ratio together with an unknown iridium complex bearing no phosphine ligand.

NMR data for 7: 3'P{'H} NMR (121.5 MHz, CD,Cl,): & = 3.65 (s) ppm. "H NMR (300.1 MHz,
CD,Clyp): 7.90-7.82 (m, 12H, Ph); 4.25 (s br, 2H, =CH trans to CO); 3.91 (s br, 2H, =CH trans to Cl); 2.95
(s br, 4H, CH,); 2.79-2.53 (m, 2H, CH); 2.06-1.83 (m, 2H, CH,) ppm. ’F NMR (282.4 MHz, CD,Cl,):
5 =82.0 (p, 2J(EF) = 150 Hz, 1F, SFs); 61.9 (d, ?J(FF) = 150 Hz, 4F, SF5) ppm.

When the reaction was performed with 13CO, the complexes 7’ and 8’ were obtained.

Selected NMR data for 7’: 3'P{1H} NMR (121.5 MHz, CD,Cly): & = 3.65 (d, 2J(P.C) = 13.7 Hz) ppm.
BC{'H} NMR (75.4 MHz, CD,Cl,): 176.0 (t, 2J(C,P) = 13.6 Hz, 13C0O); 135.6-135.2 (m, P-Cq and
0-CH);127.1-126.6 (m, m—CH) ppm.

NMR data for the unknown complex: TH NMR (300.1 MHz, CD,Cl,): 5 4.79 (s br, 4H, =CH);
2.79-2.53 (m, 8H, CH,) ppm. 3C{'H} NMR (75.4 MHz, CD,Cl,): 169.7 (s br, CO); 80.4 (s, =CH);
33.7 (s, CHp) ppm.

3.9. Independent Formation of [IrCI(CO),{ P(p-CsH4SF5)3121 (8)

In a Young NMR tube, complex [IrCI(COD){P(p-C¢H4SFs5)3}] (4) (25 mg, 0.03 mmol) was dissolved
in C¢Dg (0.4 mL) and the phosphine 1 (19 mg, 0.03 mmol) was added. Then, the solution was cooled to
77 K, degassed and treated with CO. After 10 min, the solution turned orange and a yellow precipitate
was formed. The solid was filtered off, washed with C¢Dg (2 X 0.25 mL) and dried under vacuum.
Yield: 34 mg (85%).

SIP{IH} NMR (121.5 MHz, CD,Cly): § = 0.84 (s) ppm. 'H NMR (300.1 MHz, CD,Cl,): § 7.92 (dm,
3J(H,H) = 8.6 Hz, m~CH); 7.79 (dd, 3](H,H) = 8.6, >J(H,P) = 5.8 Hz, 0-CH) ppm. '°F NMR (282.4 MHz,
CD,Cl,): § = 81.7 (p, 2J(EF) = 150 Hz, 1F, SFs); 61.8 (d, 2J(FF) = 150 Hz, 4F, SFs) ppm. 3C{'H} NMR
(75.4 MHz, CD,Cl,): 156.1 (p, 'J(C,P) = 18.5 Hz, C4-SFs); 135.0 (m, overlapped with CH signals,
P-Cy); 134.9 (d, J(C,P) = 12.8 Hz, 0-CH); 126.5 (dp, *J(C,P) = 10.0 Hz, 3](C Feq) = 4.9 Hz, m-CH) ppm.
The resonance for the CO ligand was not observed. IR (ATR): 1986 (C=0), 1940 (C=0), 824 (S-F) cm!.

When the reaction was performed with 3CO, the complex 8’ was obtained.

Selected NMR data: 3'P{'H} NMR (121.5 MHz, CD,Cl,): & = 0.84 (t, 2J(P,C) = 13.5 Hz) ppm.
I3C{1H} NMR (75.4 MHz, CD,Cl,): 179.6 (t, 2J(C,P) = 13.6 Hz, 13CO) ppm. IR (ATR): 1933 (C=0),
1896 (C=0), 824 (S-F) cm™1.

3.10. Formation of Trans,trans-[RhCI(CO),{ P(p-CsH4SF5)3}21 (9)

Complex [RhCI(COD){P(p-C¢H4SF5)3}] (5) (20 mg, 0.02 mmol) was dissolved in C¢Dg (0.4 mL) and
the phosphine 1 (14 mg, 0.02 mmol) was added. Then, the solution was cooled to 77 K, degassed and
treated with CO. After 10 min, the solution turned clear and a yellow precipitate was formed. The solid
was filtered off and washed with C¢Dg (2 X 0.25 mL) and dried under vacuum Yield: 29 mg (89%).

SIP{IH} NMR (121.5 MHz, acetone-ds): § = 27.6 (s, br) ppm. 3'P{'H} NMR (121.5 MHz, 243 K,
acetone-dg): & = 29.15 (d, br, 2J(PRh) ~ 130 Hz) ppm. "H NMR (300.1 MHz, acetone-d®): § 8.22-8.00 (m,
m-CH + 0-CH) ppm. "F NMR (282.4 MHz, 243 K acetone-d°): & = 82.9 (p, 2J(FF) = 148 Hz, 1F, SFs);
61.6 (d, 2J(EF) = 148 Hz, 4F, SF5) ppm. 3C{'H} NMR (75.4 MHz, acetone-d®): 156.1-154.7 (m, C;~SFs);
136.3 (s br, P-Cq + 0~CH); 127.0 (s br, m—~CH) ppm. The resonance for the CO ligand was not observed.
IR (ATR): 1992 (C=0), 828 (S-F) cm™1.

When the reaction was performed with 3CO, complex 9’ was obtained.

Selected NMR data: 3'P{'H} NMR (121.5 MHz, acetone-ds): 5 = 28.62 (s, br) ppm. 3'P{'H} NMR
(121.5 MHz, 203 K, acetone—d6): 5 =29.49 (d, br, 2J(PRh) ~ 130 Hz) ppm. BC{'H} NMR (75.4 MHz,
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acetone-d®): 187.4 (t, 1J(C,Rh) = 73.0 Hz, 13CO) ppm. 3C{'H} NMR (75.4 MHz, 203 K, acetone-d°):
187.1 (d, 1J(C,Rh) = 72.6 Hz, 3CO) ppm. IR (ATR): 1945 (C=0), 824 (S-F) cm~'.

3.11. X-ray Diffraction Analysis

For the structure determination, the data collection was performed with a BRUKER APEX-II CCD
diffractometer (Bruker AXS, Karlsruhe, Germany) using Mo-K, radiation (A = 0.71073 A). Multi-scan
absorption corrections implemented in SADABS [71] were applied to the data. The structures
were solved by intrinsic phasing method (SHELXT-2014) [72] and refined by full-matrix least square
procedures based on F2 with all measured reflections (SHELXL-2018) [73], with anisotropic temperature
factors for all non-hydrogen atoms. In complex 4-0.5C¢Hsg, C(sp?) atoms of COD ligand were treated
with ISOR while in complex 6:C¢Hg, all the carbon atoms of the solvent molecule were treated with
EADP. All carbon bound hydrogen atoms were added geometrically and refined by using a riding
model. CCDC 2021751-2021754 contain the supplementary crystallographic data. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC,
12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).

Crystal Data for 1-CeHg. C1gH12F15PS3-CoHg, My 718.53, triclinic, space group P1, a: 10.0772(6) A,
b: 10.2132(6) A, ¢: 15.1197(12) A, a: 70.446(3)°, B: 70.770(4)°, y = 85.849(3)°, V = 1383.31(16) A3, Z = 2,
Deate: 1.725 mg m=3, T = 103(2) K, p = 0.443 mm~!. 28,056 measured reflections (20: 2.142-26.416°),
5658 unique (Rin; = 0.0533). Final agreement factors were R =0.0402 (I > 20(I)) and wR? = 0.0862.

Crystal Data for 2:2C¢Hg. C30Hp4F150PS3-2C¢Hg, My 812.64, triclinic, space group P1,a: 7.7689(7)
A, b: 12.3481(10) A, ¢: 17.6929(17) A, a: 106.915(3)°, B: 90.217(4)°, y = 92.514(3)°, V = 1622.1(3) A%, Z = 2,
Dealc: 1.664 mg m=3, T=1022) K, u=0.391 mm™!. 65,957 measured reflections (20: 2.374-26.846°),
6935 unique (Rin; = 0.0577). Final agreement factors were R =0.0388 (I > 20(I)) and wR? = 0.0890.

Crystal Data for 4-0.5C¢Hs. CosHpsClF5IrPS3-0.5CcHg, My 1015.30, monoclinic, space group
P2y/c, a: 16.8589(11) A, b: 17.1921(11) A, c: 11.8495(8) A, p: 101.744(2)°, V = 3362.6(4) A3, Z = 2,
Deate: 2.006 mg m™3, T = 100(2) K, pt = 4.390 mm™~". 41,026 measured reflections (20: 2.264-26.436°),
6901 unique (Rin; = 0.0505). Final agreement factors were R =0.0340 (I > 20(I)) and wR? = 0.0763.

Crystal Data for 6-C¢Hg. CsyHzoCloF30RhyPySe-CeHg, My 1856.06, monoclinic, space group
C2/, a: 19.8800(13) A, b: 11.6762(7) A, c: 29.2074(19) A, B: 96.426(2)°, V = 6737.1(7) A3, Z = 4,
Deate: 1.830 mg m™3, T = 103(2) K, it = 0.926 mm™. 62,530 measured reflections (20: 2.182-24.840°),
5816 unique (Rin; = 0.1005). Final agreement factors were R = 0.0431 (I > 20(I)) and wR? = 0.0910.

3.12. Computational Details

Calculations were run using the Gaussian 09 (Revision D.01, Gaussian, Inc., Wallingford, CT,
USA) program package [74]. In the case of phosphines and phosphine radical cations the CAM-B3LYP
functional was used and 6-311G(d,p) basis set were employed for all atoms. For the nickel complexes,
the BSLYP functional was chosen. Nickel was described with RECPs and the associated LANL2DZ basis
sets [75] while the ligands were described with 6-31G(d,p). All calculated structures were identified
as minima (no negative eigenvalues). All xyz coordinates are included as Supplementary Material
(Tables S1-S3).

4. Conclusions

Anunprecedented phosphine bearing SF5 groups, P(p-C¢H4SFs)3 (1), was successfully synthesized.
It exhibits a moderate air stability, which is corroborated experimentally and by theoretical methods.
The HOMO energy level and the phosphorus-selenium coupling constant of the synthesized phosphine
selenide indicate that 1 is a weaker donor than P(p-C¢H4CF3); and very close to P(1m-CgH4(CF3)7)3.
The calculated Tolman electronic parameter are consistent with an electron-withdrawing character.
The molecular structures of iridium and rhodium complexes allowed for an estimation of the
cone angle, which is slightly larger than the one for P(p-C¢H4CF3)3. Finally, reactivity studies
of [MCICOD){P(p-C¢H4SF5)3}]] M = Ir (4), Rh (5)) towards CO revealed a preference for the

145



Molecules 2020, 25, 3977

formation of the diphosphine complexes [MCI(CO),{P(p-C¢H4SFs)3}2] (M = Ir (8), Rh (9)) instead of
[MCI(CO),{P(p-C¢HaSFs)3}]. Overall, the presence of SF5 groups in the phosphine 1 qualifies it as
an electron-poor and sterically demanding phosphine. This might provide new opportunities for
applications in catalysis.

Supplementary Materials: The Supplementary Materials are available online.
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Abstract: Magnetic nanoparticles (MNPs) were synthesized using the colloidal co-precipitation
method and further coated with silica using the Stober process. These were functionalized
with carboxylic and amine functionalities for further covalent immobilization of antibodies on
these MNPs. The procedure for covalent immobilization of antibodies on MNPs was developed
using 1-ethyl-3-(dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS).
The evaluation of the efficiency of the coupling reaction was carried out by UV-vis spectrophotometry.
The developed antibodies coupled to MNPs were tested for the pre-concentration of two biomarkers
tumor necrosis factor alpha (TNF-«) and Interleukin-10 (IL-10). Both biomarkers were assessed in
the matrix based on phosphate-buffered saline solution (PBS) and artificial saliva (AS) to carry out
the demonstration of the format assay. Supernatants were used to determine the number of free
biomarkers for both studies. Reduction of the nonspecific saliva protein adsorption on the surface of
the complex antibodies-MNPs to levels low enough to allow the detection of biomarkers in complex
media has been achieved.

Keywords: immobilization of antibodies; IL-10; magnetic nanoparticles; pre-concentration of antigens;
saliva matrix; TNF-

1. Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) are of great importance when grafted with
biomarkers for applications in modern biological and biotechnology areas. The surface-modified
magnetic nanoparticles (MNPs) can be used both in in-vitro and in-vivo systems effectively. The size
of the MNPs needs to be controlled and innovative functionalization techniques need to be utilized for
the effective implementation of these modified MNPs in medical applications [1-6].

The small size of MNPs (a few nanometers) is essential for them to be able to interact, bind,
or penetrate biological entities. This is because in the nano range, their dimensions are comparable to
those of proteins, cells, or viruses, and this facilitates their movement through biological structures [7].
These MNPs are highly attractive for use in biomedical applications such as magnetic resonance
imaging (MRI), targeted drug delivery, and treatment of hyperthermia. These are due to certain
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unique properties that arise due to a combination of their small dimension, enhanced sensing,
and nanoscale-dependent magnetism, as well as physiological properties [8]. MNPs are also very
commonly used these days for in-vivo applications as drug carriers in a magnetic ‘tag drag-release’
process, termed as targeted drug delivery. The MNDPs are usually loaded with special drug molecules
or chemotherapy agents, which are directly vectorized to tumor cells by targeting ligands on their
surfaces, or by the application of an external magnetic field. In recent years, substantial interest has
been focused on multifunctional MNPs in which diagnostic (MRI) and therapeutic (hyperthermia
treatment and drug delivery) capabilities are combined [9-12].

The successful design of MNPs for biological applications needs a careful selection of magnetic
core and surface coating material, where the former mainly determines the MNPs” heating and sensing
capabilities with regards to application efficiency and the latter specifies the interaction of these MNPs
with a physiological environment. To enable the direct use of MNPs in biomedical applications,
the MNPs should be further functionalized by conjugating them with functional groups. The surface
coating provides a suitable base for the attachment of these functional groups on MNPs. These groups
such as antibodies, peptides, polysaccharides, etc., permit specific recognition of cell types and direct
the MNPs to a specific tissue or cell type by binding to a cell surface receptor. The silica coating
facilitates the functionalization of the surface of the MNPs with either amine groups or carboxylic
groups, which help in bonding with biological entities for medical applications. Also, the silica coating
does not affect the magnetic property of the Fe3O, core in a substantial way. Among the different
types of MNPs, iron oxides (magnetite (Fe3O,), maghemite (y-Fe;O3), and hematite (x-Fe,O3)) are
by far the most commonly employed ones for in-vivo applications since iron is physiologically well
tolerated. Silica is inorganic but bio-friendly and it is known for its chemical stability and ease of
formation. The biggest advantage of having a surface enriched in silica is the presence of silanol
groups, which can easily react with coupling agents, providing strong attachment of surface ligands
on MNPs [13]. There are several successful methods available for the formation of silica coating,
amongst which the most commonly used is the Stober method. Here, a hydrolysis reaction of tetraethyl
orthosilicate (TEOS) is governed in alcohol media under the catalytic action of ammonia [14]. In this
paper, a variation of this method is applied to produce more homogeneous coatings of silica.

The coupling strategy used for linking the functionalizing agent to the particle is a pivotal
component for success, and will largely depend both on the coating of the MNPs and the available
functional groups on the target moiety [15-26]. To improve the sensitivity of sensing devices, signal
amplification has been attempted using MNPs. The role of MNPs in our experiment is to pre-concentrate
the analyte and, following magnetic separation, remove the undesired effect of the matrix, so that
a clean measurable signal can be obtained. In the last decade, MNPs-based EC biosensors [27-37],
for salivary diagnostics, have received increasing attention because many substances enter saliva
from the blood through transcellular or paracellular diffusion [38]. Consequently, most substances
found in blood are also present in saliva. Therefore, saliva is functionally equivalent to serum in
reflecting the physiological state of the body but has several advantages over blood [39], as saliva
collection is easy, stress free, requires painless sampling, has a simple matrix (less complex than blood),
is non-invasive, and offers the possibility of performing real-time monitoring. Saliva has recently been
the prominent body fluid for the study of SARS-CoV-2 during the COVID-19 pandemic. Saliva is not
only a reliable tool to detect the virus, but can also help in studying the evolution of the virus [40—42].
Hence, there are compelling reasons for exploring saliva as a diagnostic and prognostic fluid in heart
failure research [43,44] as proposed here. However, saliva is not as constant as blood, as we must keep
in mind the change in salivating nature of humans on the sight and smell of food and also depending
on the hunger quotient of a particular individual at the specific time. In any case, saliva is there as
a potential diagnostic tool due to its ease and non-invasive accessibility along with its abundance of
biomarkers, such as genetic material and proteins [45].

To learn if salivary diagnosis is applicable in the conditions defined earlier on pre-concentration in
saliva we tested tumor necrosis factor alpha (TNF alpha), responsible for a diverse range of signaling
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events within cells, and Interleukin 10 (IL-10) that plays a central role in limiting host immune response
to pathogens, thereby preventing damage to the host. To study the feasibility of saliva and, in these
preliminary tests, avoid the variability in concentration of the saliva, we considered adequate to
test the immunoreagents in artificial saliva and ensure that there is no cross-reactivity between the
immunoreagents used. In this research, we have immobilized anti-TNF-« and anti-IL-10 antibodies,
which are present in saliva on MNPs as a proof of concept. The 3D nano-collectors generated were
evaluated using UV-vis spectrophotometry (JENWAY 7205) for their ability to pre-concentrate the
antigens TNF-oc and IL-10, respectively, by employing an external magnetic field. Tests were performed
both in phosphate buffered saline (PBS) and artificial saliva (AS) as the matrix. The obtained results
have proven that our MNPs can represent a promising tool for rapid pre-concentration of heart failure
biomarkers (TNF-a/IL-10) in saliva. Further investigation will be carried out to integrate our MNPs
with sensors to increase the sensitivity, selectivity, and decrease matrix effect.

On the other hand, the colloidal stability is a big issue with the MNPs or magnetic nanocomposites,
since their advent there remains a big issue surrounding the stability of the MNPs in colloids. The more
stable they are in a colloidal state, the less easy it is to use them for magnetic separation, while on the
other hand, if they are less stable then they are easier to isolate by external magnetic field application.
So, for this a compromise has to be made regarding them and based on their application they are
synthesized as needed. In order to improve magnetization, larger particles can be synthesized;
these show higher magnetization but much less stability in colloidal state as, due to their large
sizes, they have a greater tendency to aggregate. MNPs are more prone to aggregation compared to
other nanoparticles and agglomeration is even more significant for MNPs as there exists magnetic
dipole—dipole attraction among themselves [46]. In particular, the magnitude of this magnetic
dipole-dipole attraction is directly proportional to power 2 of the particle saturation magnetization and
power 3 of the particle size. Sedimentation of the agglomerates from its suspension is a challenge [47]
that could limit mobility and applicability of MNPs [48] especially in biosensing applications.

In order to improve stability and also preserve the magnetic properties, the following few things
can be done: Sonication, which is a mechanical way and very effective in disaggregating the particles
and dispersing them in colloidal state. One of the other methods is using inorganic shell coating
like Silica or carbon coating to improve the stability. Also, surface coating with macromolecules like
polymers or surfactants can be used for improving stability. Increasing viscosity of the medium can
also prevent aggregation as the particles cannot get dispersed easily and travel through the viscous
medium, thus preventing aggregation. This can be done by gum gelation or by emulsion formation.

In this paper, one of the first studies done using saliva as a diagnostic fluid for heart failure
research is being reported. There lies a novelty in the synthesis procedure in the use of a non-magnetic
mechanical stirrer for the coating of SiO, layer on the iron oxide core. This strategy coupled with the
concave nature of the reaction flask used results in more homogenized coating of the magnetic core
with the Silica layer. The traditional method of using a magnetic bead in this step results in inefficient
coating as a major part of the magnetic core becomes attracted to the bead and does not fully participate
in the reaction. Using our strategy of a specifically designed mechanical stirrer in the concave flask with
Teflon coating on top leads to an increase in the chemical kinetics of the reaction by creating a vortex
that leads to homogenized coating with almost negligible reactant losses. Usually, when magnetic
nanoparticles tend to aggregate, this causes difficulty in magnetic separation as it is well established
that the smaller the size of the particles, the faster is the separation time, while phenomenon like
aggregation and flocculation slow down the process [49].

Furthermore, besides a modification in the synthesis procedure of the MNPs and artificial saliva
as the fluid for heart failure detection, colloidal stability of MNPs has been studied here with different
surfactants and by increasing the viscosity of the medium by using a surfactant. Relevant issues like
colloidal stability of MNPs in long-term use for varied applications and how the medium affects their
stability are avoided in most studies dealing with MNPs. In this paper, preliminary results of how
the stability varies with the change in viscosity of the medium and how difficult it is to extract with
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an external magnet is reported. Certain common issues with MNPs, which are not reported when its
synthesis and application is stated like its long-term usage, stability, and extraction time using external
magnets and stirrer systems, are dealt with here.

2. Results

The syntheses of Fe30,@Si0,-NH; and Fe304@SiO,-NH,-COOH were done using co-precipitation
method, followed by Stober process and functionalization [50,51], though the critical point in the
synthesis procedure is to use the mechanical stirrer and not the magnetic bead stirring procedure as is
commonly used in other colloidal synthesis routes. This is necessary to avoid the MNPs from sticking
to the bead, hence the mechanical stirring is necessary to disperse the MNPs in the solution for the
reaction to take place. This is used only in the silica coating procedure; after that, magnetic stirring can
be used in these MNPs as, after the silica coating, the direct contact to the magnetite core is prevented
by the silica shell. After the synthesis of the magnetite core, it is important to first disperse the MNPs
using an ultrasonicator before any further reactions. There is a slight increase in the size of the MNPs
after silica coating, which is further increased by functionalizing with the NH, and COOH groups.
The Fe;0,@Si0, MNPs are shown in TEM images (see Figure 1a) with the characteristic spherical
shape of these MNPs with a mean size of 9.3 + 1.6 nm (see Figure 1b). When the Fe;0,@S5iO, MNPs
are coated with amine and a carboxylic acid, the spherical shape is maintained as Figure 2 shows but
the average size increases to 10.7 + 2.1 nm and 11.6 + 1.7 nm (see Figure 3).

MNP s@Si0y

Mea .Anm £ 1.énm

Figure 1. (a) The Fe30,@SiO, modified magnetic nanoparticles (MNPs) under TEM at 120 kV. They were
measured in a copper grid. (b) The average size of Fe30,@Si0, MNPs is 9.3 + 1.6 nm.
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Figure 2. (a) Fe;04@SiO,-NH; and (b) The Fe30,@SiO,-NH,-COOH MNPs under TEM at 120 kV.
They were measured in a copper grid. These MNPs were made by using maleic anhydride.

a)

MNP@Si0 -NH -CO0H

Mean Size- 10.7nm ¢ 2inm

b)

Si28 of MNFs (rm)

Figure 3. The average size of (a) Fe304@SiO,-NHy; MNPs is 10.7 + 2.1 nm and (b) Fe;0,@SiO,-NH,-COOH
MNPs is 11.6 + 1.7 nm.

The SEM and EDS techniques provide information about the morphology of the MNPs (Figure Sla)
(indicating that the sample is homogenous) and the composition (Figure S2), respectively. The sample
showed uniform-sized spheres along with a consistent presence of Fe, Si, and O throughout the sample.
The composition was studied using EDS and the analysis was done across the whole sample and it was
consistent throughout. Using the EDS technique, it is possible to know the percentage coated by SiO,.
In this sample, the coating is 1/3 of Si/Fe that is confirmed with the size we get by TEM (Fe30, has a size
near 7 nm and Fe304@SiO; has 9.3 nm). Figure S1b shows that the electron diffraction (ED) confirms
the cubic spinel structure of the MNPs. This ensures that the magnetization of these MNPs results from
the Fe?* ions of the MNPs. Also, further chemical composition was analyzed using the IR spectrum.
Fe304@Si0O; and Fe30,@Si0,-COOH was measured with IR and the characteristic peaks of Si-O and
C=0 was observed in the respective samples (Figure S3) at 1058 cm™! and 1739 cm™, respectively.
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Further, these MNPs were also characterized using IR before and after being dispersed in PBS, and the
peaks of Si-O and C=0 were still visible, thus confirming the presence of the functionalized coating of
the MNPs (Figure S54).

Magnetic characterization of the MNPs was carried out in a superconductive quantum interference
device (SQUID) magnetometer (Quantum Design MPMS5XL). Magnetization vs. magnetic field
measurements were performed at 300K in a 6T field. The samples were prepared using a polycarbonate
capsule each filled with 1 mg of Fe304@SiO,-NH; or Fe30,@SiO,-NH,-COOH and compacted cotton.
We already know that the MNPs show the cubic spinel structure by ED. The magnetic property
of iron oxide (Fe3O4) nanoparticles is dependent on the distribution of Fe ions in octahedral and
tetrahedral sites of the spinel structure [52]. The magnetic spins of the ions in the octahedral sites
are ferromagnetically coupled to each other and antiferromagnetically coupled with tetrahedral
sites. Since the number of Fe®* ions in the octahedral sites and the tetrahedral sites are the same,
their magnetic spins cancel out each other. Consequently, the magnetic spins of only Fe?* ions in
the octahedral sites contribute to the net magnetic moment in a spinel structure. Figure 4 shows
a typical magnetization curve at 300K for superparamagnetic nanoparticles in which neither remnant
magnetization (magnetization at zero field, Mg) nor coercivity (hysteresis loop, Hc) was observed.
The saturation magnetization value of MNPs at 300K was 38.66 emu/g for Fe;0,@5i0,-NH, and
40.76 emu/g for Fe30,@Si0,-NH,; COOH. Also, the magnetization curve for Fe304@SiO; is shown
where the saturated magnetization is 41.2 emu/g. (Figure 4)

a)

b)

Magnetization (emu/g)

Magnetic Field (Oe)

Magnetic Field (Oe)

Figure 4. The hysteresis curve of Fe304@SiO,-NH; MNPs: 38.66 emu/g, Fe304@SiO,-NH,-COOH:
40.76 emu/g (a) and Fe30,@Si0,. 41.2 emu/g (b).

The colloidal stability as mentioned at the start is an issue with the MNPs. The MNPs we
synthesized were extremely small in size and hence had a tendency to aggregate due to the magnetic
dipole-dipole interaction and precipitate over the course of time. This also aided in easily extracting
them with the help of an external magnet. To be able to use these MNPs in biosensors, it was important
to test their stability and, if possible, increase it without affecting their facile extraction using an external
magnet. Five different surfactants were used for this purpose and they are as follows: Citric Acid,
Tricaprylylmethyl ammonium chloride, Cetyl trimethyl ammonium chloride (CTAC), Tetrabutyl
ammonium chloride, and Dimethyl di-octadecyl ammonium chloride. Out of these five, the last one
was successful in providing long-term stability. This was so because it increased the viscosity of the
medium and, hence, stopped the MNPs from aggregating. The surfactant prevented the diffusion
of the MNPs through the solvent by increasing the viscosity and hence hindering their aggregation.
However, this came with a major drawback, as these MNPs were harder to extract using an external
magnet. Different concentrations of the surfactant were studied but the trend observed was the same;
the more stable they became, the harder it was to extract them. The zeta-potential values obtained for
each surfactant is given in Table 1 as well as the different zeta-potential values obtained for different
concentrations of dimethyl di-n-octadecyl ammonium chloride in Table 2.
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Table 1. Stability of Fe30,@S5i0,-NH, with different surfactants.

Zeta-Potential

Surfactant (@mV)

Citric acid 15.6

Tricaprylyl methyl ammonium chloride 26.8
CTAC 22.6

Tetrabutyl ammonium chloride 36.9
Dimethyl di-n-octadecyl ammonium chloride 54.2

Table 2. Stability of Fe30,@SiO,-NH, with different amounts of dimethyl di-n-octadecyl ammonium chloride.

Dimethyl di-n-octadecyl

I\fnlj;;(r)t) Ammonium Chloride (wt) Zeta;Ir*:)‘t/e)ntial
(mg)
0.5 25 154
0.5 5.0 189
0.5 10 28.4
0.5 15 30.2
0.5 20 38.7
0.5 25 44.6
0.5 30 50.2

Up until 15 mg of the surfactant, the dispersion was stable, and with time, a small number of
MNPs could be extracted by the magnet. However, to obtain them completely dry and free of the
surfactant is difficult as it makes the suspension extremely viscous. Figure S10 shows the different time
periods needed to extract the MNPs with increasing stability and viscosity of the medium.

The edges of toroidal external magnets have been used in all the cases to extract the magnets as
they comprise of the maximum magnetic fields passing through them. The magnets were used on the
sidewalls of the vials or reaction flasks to extract the MNPs. Figure S11 shows a photo of the external
magnet and the vials used for extraction of the MNPs.

To learn about the bio-functionalization efficacy of MNPs with anti-TNF-« antibody, the following
experiments were performed: A known amount of MNP@SiO,-NH,-COOH activated with EDC/NHS
was incubated for a fixed period of time with a known concentration of anti-TNF-« antibody.
Following a magnetic separation, the supernatant liquid was analyzed by UV-vis spectrophotometry.
The bio-functionalization efficacy was evaluated by comparing the absorbance reading to that
obtained for the supernatants of the same concentration of anti-TNF-« antibody after incubation
with non-activated MNPs. Consequently, the physisorption of antibodies onto MNPs was taken into
account and differences in absorbance can only be attributed to the concentration of unreacted antibody
remaining in the supernatants. An illustration of the steps involved in the bio-functionalization
of MNPs is presented in Figure 5. Firstly, the -COOH groups present on the MNPs surface were
activated using a mixture of EDC/NHS followed by the incubation of the activated MNPs with a fixed
concentration of antibody to create the complex Antibody-MNPs. Afterwards, the unreacted sites
R-COO-NHS were deactivated (BSA was used in the illustration). Finally, the 3D nano-collector
MNP@SiO,-NH,-CO-anti-TNF-a was incubated with the antigen at different concentrations.
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Figure 5. MNPs@SiO,-NH,-COOH bio-functionalization with anti-TNF-x-antibody. Red: BSA
Purple: TNF-o.

Figure 6 shows that the absorbance of anti-TNF-« antibody solutions after incubating it with
activated MNPs is lower than the absorbance of the anti-TNF-« antibody solutions after incubating
with non-activated MNPs. The small difference in the absorbance seen between the Activated MNPs
and non-activated MNPs confirms that the activated MNPs binds anti-TNF-« antibody on their surface
by the reaction between the amine group of antibody TNF-« and R-COO-NHS groups obtained on the
MNPs using EDC/NHS.
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Figure 6. Bar graph showing (blue) the measurement of the absorbance solutions obtained after the
immobilization of anti-TNF-« with activated MNPs (with 1-ethyl-3-(dimethylaminopropyl) carbod
(EDC)/N-hydroxysuccinimide (NHS)) at different concentrations: 2, 10, and 20 ng/mL; (Orange)
the measurement of the absorbance solutions obtained after the immobilization of anti-TNF-« with
non-activated MNPs (without EDC/NHS) at different concentration: 2, 10 and 20 ng/mL. Error bars
correspond to three replicates per sample.

This was confirmed by the reproducibility of our three replication measurements. In addition,
our bio-functionalized MNPs are vortexed before the removal of supernatant so that the weakly bonded by
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physical interaction are removed and only the strongly bonded by covalent interaction remain, enabling
us to evaluate the effectiveness of our chemistry. These results confirm that the bio-functionalization of
MNPs with the antibodies was successfully achieved. Moreover, the concentration of anti-TNF-« in the
supernatant decreased by 7%, 16%, and 8% for an initial concentration of 2, 10, and 20 ng/mL, respectively,
using the "MNP@SiO,-NH,-COOH”. Therefore, based on these results, the concentration of anti-TNF-x
antibody to run the incubation was fixed at 10 ng/mL to ensure the successful bio-functionalization
of MNPs.

The bio-functionalization efficacy was calculated using Beer-Lambert law. Beer-Lambert Law is
difficult for quantitative measurement for wavelengths near 200 nm though it has been used here and
has provided satisfactory results.

A =ed (1)

A is the absorbance, ¢ is the molar attenuation coefficient, 1is the optical path length, and c is the
concentration of the attenuation species (Equation (1)).

Concentrations (ng/mL) 2 10 20
Absorbance Sample 0.066 0.135 0.315
Absorbance Reference 0.071 0.160 0.341

The methodology that has been used is the following;:
Asample =€ Csample 1 ()

Areference = € Creference 1 3)

Equation )/ Equation 3): Asample/ Areference = Csample/ Creference

Csample = Asample X Creference/ Areference

2 ng/mL

Csample = Asample X Creference/Areference = 0.066 X 2/0.071 = 1.85 ng/mL

This is means that the concentration of Antibodies fixed on MNPs is 0.15 ng/mL and the percentage
of antibodies fixed in the MNPs is 7%.

10 ng/mL

Csample = Asample X Creference/Areference = 0.135 % 10/0.160 = 8.43 ng/mL

This is means that the concentration of Antibodies fixed on MNPs is 1.57 ng/mL and the percentage
of antibodies fixed in the MNPs is 16%.

20 ng/mL

Csample = Asample X Creference/Areference = 0.315 X 20/0.341 = 18.47 ng/mL

This means that the concentration of Antibodies fixed on MNPs is 1.53 ng/mL and the percentage
of antibodies fixed in the MNPs is 8%.

The complex MNP@SiO,-NH,-CO-anti-TNF-o described in the previous section was used to
pre-concentrate TNF-o in PBS. This section details the experiments performed to incubate TNF-« at
different concentrations with the complex MNP@SiO,-NH,-CO-anti-TNF-« and afterwards to measure
the supernatants containing the unreacted TNF-a by UV-vis spectrophotometry. Thus, a comparison
with the initial concentration of the antigen could be carried out and the percentage of TNF-ct, which has
been bonded to the complex MNP@SiO,-NH,-CO-anti-TNF-«, could be assessed.

Figure 7 shows the calibration curve obtained for TNF-« after incubation with the complex
MNP@SiO,-NH;-CO-anti-TNF-« at three different concentrations of TNF-a: 2, 5 and 10 ng/L.
The curves, corresponding to reference (reference 1 and 2) to which the former plot was compared,
are also shown. Reference (1) depicts supernatants containing unreacted TNF-« after incubation
with MNPs that were non-activated with EDC/NHS during the functionalization with anti-TNF-ca.
Since -COOH groups present on the MNPs were not activated, we did not expect any covalent bonding
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between anti-TNF-«-MNPs. Therefore, we only expected interaction of TNF-« with those antibodies
physisorbed on the MNPs. Reference (2) depicts Supernatants containing unreacted TNF-« after
incubation with the initial MNPs that have only been washed four times with 1 mL of 10 mM PBS.
In this case, the only physisorption of TNF-o on the MNPs was expected.
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Figure 7. Bar graph showing (blue) the measurement of the absorbance after TNF-« incubation with the
complex MNP@SiO,-NH,-CO-anti-TNF-« at three different concentrations of TNF-o: 2, 5, and 10 ng/L;
(Orange) reference 1 represent the measurement of the absorbance of TNF-« after incubation with
non-activated MNPs; (grey) Reference 2 represent the measurement of the absorbance of TNF-« after
incubation with the initial MNPs.

Based on the results, it can be asserted that the concentration of unreacted TNF-ot in the supernatants
after incubation with the complex MNP@SiO,-NH,-CO-anti-TNF-o is lower than the concentration of
TNF-« after incubation with the other two references.

As shown in Figure 7, the absorbance decreased following the trend Reference 2 > Reference 1 > Sample.
This is consistent with the results expected in Reference 2. The decrease in the amount of TNF-« in the
supernatants when compared with its initial concentration can only be attributed to physisorption on the
MNPs surfaces. However, in Reference 1, TNF-« can interact with anti-TNF-« antibodies that have been
adsorbed to the surface of the MNPs. This effect is shown by a decrease in the absorbance read when
compared to Reference 2. Finally, in “Sample”, the complex MNP@SiO,-NH,-CO-anti-TNF-« binds the
antigen TNF-« more effectively as antibodies are both covalently bonded and physisorbed to the MNPs.
Therefore, the pre-concentration effect when incubating TNF-« with “Sample” is much more important.

Thus, we can confirm these two hypotheses:

(1) There is an effective coupling between MNPs and anti-TNF-« antibody when the MNPs were
activated using EDC/NHS.

(2)  The complex MNP@SiO,-NH,-CO-Anti-TNF-« can bind the antigen TNF-« and it can be followed
by UV-vis spectrophotometry.

The previous experiment as described above was tested using artificial saliva as a matrix.
First, a stock solution of artificial saliva (AS) was prepared by dissolving 0.6 g/L. Na,HPOy, 0.6 g/L
anhydrous CaCl,, 0.4 g/L KCl, 0.4 g/L NaCl, 4 g/L mucin, and 4 g/L urea (purchased from Sigma-Aldrich,
France) in deionized water. The pH was adjusted to 7.2 by adding NaOH and it was stored at 4 °C
until use.

A dilution profile was performed by UV-vis spectrophotometry to find out the optimal dilution
range of artificial saliva at which the matrix effect is removed. For this purpose, AS was diluted using
10 mM PBS to obtain saliva/PBS ratios of 1/1, 1/10, 1/100, 1/500, and 1/1000. The results are shown in
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Figure S5. Based on the results obtained, AS diluted with PBS at a ratio 1/500 was chosen as a matrix.
Afterwards, a new calibration curve of TNF-« using artificial saliva diluted 1/500 as the matrix was
carried out at different concentrations of TNF-«: 2, 5, and 10 ng/L. The results are shown in Figure 56
and confirmed the dependency of the absorbance with the concentration of TNF-«.

In the first stage, the complex MNP@SiO,-NH,-CO-anti-TNF-o was obtained as described above.
Subsequently, TNF-a was prepared in AS diluted in PBS 1/500 at three different concentrations: 2, 5,
and 10 ng/mL. The solutions prepared were incubated with the complex MNP@SiO,-NH,-CO-Anti-TNF-«
as described above and the supernatants containing the unreacted TNF-a were measured by
UV-vis spectrophotometry.

Once again, the solution used for the reference was based on the supernatants containing unreacted
TNEF-« after incubation with MNPs that were non-activated with EDC/NHS during the functionalization
with anti-TNF-« antibody.

Based on these results shown in Figure 8, we could confirm that the concentration obtained for
the supernatant containing the unreacted amount of TNF-« after incubation with the nano-collector
MNP@SiO,-NH,-CO-anti-TNF-« was lower than the supernatant of TNF-« after incubation with
non-activated MNP (without activation with EDC/NHS) used as a reference. Therefore, it can be concluded
that the pre-concentration effect when incubating TNF-« with the complex MNP@SiO,-NH,-CO-anti-TNF-«
is much more important. The concentration of TNF-« decreased by 9%, 12%, and 9% when compared to the
initial concentration of 2, 5, and 10 ng/mL, respectively, using the MNP@SiO,-NH,-COOH.
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Figure 8. Bar graph showing (blue) the measurement of the absorbance after TNF-« incubation with the
complex MNP@SiO,-NH;-CO-anti-TNF-o at three different concentrations of TNF-o: 2, 5, and 10 ng/L;
(Orange) the measurement of the absorbance of TNF-« after incubation with no activated MNPs.
Background fixed in artificial saliva at 1/500. Error bars correspond to three replicates per sample.

The same experiment described with TNF-a was repeated for the cytokine IL-10 and its
corresponding anti-IL-10 antibody. First, the concentration range at which IL-10 can be measurable by
UV-vis spectrophotometry in a fixed background of AS diluted 1/500 with PBS was obtained. In the UV
region, IL-10 was shown to absorb 10 times less than TNF-« for the same concentration. Consequently,
the results showed a working range of IL-10 at a concentration between 10 and 100 ng/mL (Figure S7).

The concentration of IL-10 decreased by 7%, 6%, and 4% when compared to the initial concentration
of 10, 40, and 100 ng/mL, respectively, using MNP@SiO,-NH,-COOH. Once again, the results
demonstrated the ability of the complex antibody-MNPs to pre-concentrate the antigen.

A comparative study of different deactivating compounds was carried out. The aim was to
assess the adsorption effect of the TNF-« antigen when using different chemicals/proteins for the
deactivation step performed after bio-functionalization of MNPs with an antibody. For this purpose,
four different deactivation mixtures were used: 0.1% bovine serum albumin (BSA) in 10 mM PBS,
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ethanolamine 0.1% in 10mM PBS, poly (ethylene glycol) methyl ether amine (PEG-NH,) 0.1% in 10 mM
PBS, and ethanolamine cyanoborohydride (NaBH3CN) 0.1% in 10 mM PBS.

The comparative study was performed using activated MNPs with EDC/NHS:
MNPs@SiO,-NH,-COOH. They were reacted with anti-TNF-« antibody at a concentration of 10 ng/mL,
which was chosen as the antibody for the bio-functionalization of MNPs. The experimental procedure
concerning the MNPs bio-functionalization was described above.

The deactivation protocol was the same as described above. The MNPs were activated using
a mixture of EDC/NHS. Then, anti-TNF-« antibody was added to the activate MNPs. Afterwards,
the deactivating solution was changed consecutively as aforementioned. As an illustration, the deactivation
of remaining R-CO-NHS groups using BSA/Ethanolamine/PEG-NH,/Ethanolamine + NaBH3CN is
presented in Figure 9.

BSA/Ethanolamine/PEG-NHy/
Ethanolamine + NaBH,CN

Figure 9. Deactivation of remaining R-CO-NHS groups using BSA/Ethanolamine/PEG-NH,/Ethanolamine
+ NaBH;CN.

The histogram presented in Figure 10 shows the absorbance reading for the supernatants containing
the unreacted TNF-« after incubation with the nano-collector MNP@SiO,-NH,-CO-anti-TNF-« for the
different deactivating mixtures.
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Figure 10. Impact of different deactivation mixtures (BSA, ethanolamine, PEG-NHj, ethanolamine +
NaBH3CN) to the physisorption effect of TNF-a on 3D nano-collector MNP@SiO,-NH,-CO-anti-TNF-«.
Error bars correspond to three replicates per sample.

It is observed that BSA appeared to be the best among the mixtures assessed. When 0.1% of BSA
in PBS was used as deactivating mixture, TNF-a was less physisorbed to the nano-collector leading to
a higher absorbance as the total amount of unreacted TNF-o remained relatively high. The ethanolamine
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+ NaBH3CN mixture also indicated similar behavior. However, in the case of ethanolamine and PEG-NH,,
the absorbance reading was lower as a result of a decreased concentration of unreacted TNF-«.

The bio-functionalization of MNPs with anti-TNF-« antibody at different concentrations was
carried out. An illustration of the steps involved in the bio-functionalization of MNPs is presented in
Figure 11. Firstly, the -COOH groups present on the anti-TNF-« antibody surface were activated using
a mixture of EDC/NHS followed by the incubation of MNPs to the activated anti-TNF-« antibody to
create the complex antibody-MNPs. Finally, the 3D nano-collector MNP@SiO,-NH-anti-TNF-« was

incubated with TNF-«.
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Figure 11. MNP@SiO,-NH, bio-functionalization with anti-TNF-« antibody.

Based on the results shown in Figure 12, we can confirm again that the concentration obtained for
the supernatant containing the unreacted amount of TNF-« after incubation with the nano-collector
MNP@SiO,-NH-anti-TNF-o is lower than the supernatant of TNF-« after incubation with non-activated
anti-TNF-« antibody (without activation with EDC/NHS) used as a reference. Therefore, it can be
concluded that the pre-concentration effect when incubating TNF-a with the complex anti-TNF-«-MNPs
is much more important. The concentration of TNF-o decreased by 5%, 16%, and 17% when compared
to the initial concentration of 2, 5, and 10 ng/mL, respectively.
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Figure 12. Bar graph showing (blue) the measurement of the absorbance after TNF-« incubation with the
complex MNP@SiO,-NH,-CO-anti-TNF-xat three different concentrations of TNF-«: 2, 5, and 10 ng/L;
(Orange) the measurement of the absorbance of TNF-« after incubation with no activated MNPs.
Background fixed in artificial saliva at 1/500. Error bars correspond to three replicates per sample.

163



Molecules 2020, 25, 3968

3. Materials and Methods
3.1. Materials

3.1.1. Instrumentation

A magnetic rack purchased from Sigma Aldrich (Lyon, Auvergne-Rhéne-Alpes, France) and
a tube revolver/rotator purchased from Thermo Fisher Scientific (Waltham, MA, U.S) were used
during the bio-functionalization process of MNPs. All experiments for indirect measurements of the
biomarkers were carried out at room temperature (22 + 2 °C). The indirect measurements were carried
out using UV-vis spectrophotometry (JENWAY 7205) purchased from Jeulin (Evreux, Normandy,
France). Transmission electron microscopy (TEM) studies were carried out using JEOL JEM 1210 at
120 kV. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) analysis
was done using the QUANTA FEI 200 FEG-ESEM device. The solid sample was analyzed for this.
Magnetization hysteresis cycle was measured using Quantum Design MPMS-XL system at 300K with
a maximum of 60 kOe.

3.1.2. Chemicals and Reagents

Sodium chloride (NaCl, purity > 99.5%), potassium chloride (KCI, purity 99.0-100.5%),
sodium phosphate dibasic (Na,HPO4, PharmaGrade), magnesium nitrate (Mg(NO3),, purity
98%), calcium chloride (CaCly, purity > 93%), mucin (from pork stomach extract, type II),
sodium hydroxide (NaOH, pellets, purity > 98%), Urea, phosphate buffer solution (PBS) tablets,
hydrochloric acid (HCl, ACS reagent, 37%), 1-ethyl-3-(dimethylaminopropyl) carbodiimide (EDC),
N-hydroxysuccinimide (NHS), bovine serum albumin (BSA), ethanolamine, poly (ethylene glycol)
methyl ether amine (PEG-NH3), and sodium cyanoborohydride (NaBH3CN) were purchased from
Sigma-Aldrich (France). Anti-TNF-« antibody (Catalog number: MAB610-500), Anti-IL-10 antibody
(Catalog number: MAB217-500), TNF-« (Catalog number: 210-TA), and IL-10 (Catalog number:
217-1L-050) were purchased from R&D Systems (France). Millipore Milli-Q nanopure water (resistivity
> 18 MQ) cm) was produced bya Millipore Reagent Water System (France). The PBS buffer used in this
study was prepared by dissolving PBS tablets in the nanopure water as indicated by the supplier by
yielding 0.01 M phosphate buffer (pH 7.4) containing 0.0027 M potassium chloride and 0.137 M sodium
chloride. All reagents used in the present work for the synthesis of magnetic nanoparticles and its
functionalization were obtained from Aldrich Chemical Co and were used without further purification.
Aqueous ammonia (30% as NH3) was purchased from Panreac AppliChem and used as received.

3.2. Procedure of Synthesis of MINPs

The synthetic procedure has been modified and adapted to our needs. The procedure used for
synthesis has been a modification of the procedure used by Hassani et al. for Stober process and
Krajl et al. for the amine and the consecutive COOH functionalization [50,51].

3.2.1. Synthesis of Fe304 Nanoparticles

First, 25 mL of a 15M solution of sodium hydroxide (NaOH) in distilled water was made.
Then, a mixture of Iron (II) chloride tetrahydrate (FeCl,.4H,O) (2 g) and Iron (III) chloride hexahydrate
(FeCl3.6H0) (5.2 g) was added to 25 mL of distilled water. The NaOH solution previously made
was added slowly to the mixture of the iron salts with vigorous stirring. Then, 1 mL of concentrated
hydrochloric acid (HCl) was added dropwise along with vigorous stirring to make a black solid
product. The resultant mixture was heated using an oil bath for 6 h at 80 °C. The black magnetite
solid MNPs were isolated using an external magnet and washed three times with distilled water and
then dried at 80 °C for overnight. The Iron oxide (Fe3O4) nanoparticles were formed. In the step for
the addition of the NaOH, the base is added slowly to the iron salts to obtain smaller sized MNPs
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while if the iron salts are added directly into the base the sizes of the particle obtained are larger, so it
was avoided.

3.2.2. Preparation of the Fe30,@SiO, Core-Shells

First, 5 mmol of Fe30, as-synthesized was dispersed in a mixture of ethanol (100 mL) and distilled
water (25 mL) for 30 min. Then, 3 mL of NH; was added followed by the dropwise addition of
tetraethoxysilane (TEOS) (1.7 mL). This solution was stirred mechanically for 8 h at room temperature
(r.t). Then, the product Fe;04@SiO, was separated using an external magnet, was washed three times
with distilled water and three times with ethanol, and then dried at 80 °C overnight.

3.2.3. Preparation of Carboxylic Acid and Amine Functionality on Fe304@SiO, Nanoparticles
[F6304@Si02@NH2 and Fe304@SiOZ@NH2-COOH]

First, 125 mg of Fe30,@SiO, was suspended using an ultra-sound bath in 45 mL of ethanol.
Then, 5 mL of 3-(2-aminoethylamino) propyl methyl dimethoxy silane (APMS) was dissolved in 20 mL
ethanol (20 wt%), and was added to the suspension of Fe;04@SiO; in ethanol and stirred vigorously.
The pH of the solution was then maintained at 11 using tetramethyl ammonium hydroxide (TMAH).
After that, the solution was stirred for 5 h at 50 °C. Then, the Fe;0,@SiO,-NH, was obtained by
magnetic separation, and was washed with distilled water thrice. Some of the particles were not
isolated at this stage, and were kept in dispersed form, so sodium chloride (NaCl) (20 mg in 50 mL
of deionized water) was added to the dispersion and with this, extra precipitation was achieved.
After redispersion, these particles were magnetically decanted and washed thrice. Both crops were
mixed together and dried at the oven at 80 °C. Then, 100 mg of Fe;0,@SiO,-NH; was dispersed
in 45 mL dry dimethylformamide (DMF) and 60 mg of succinic anhydride was added to this
suspension. The mixture was then stirred with a magnetic stirrer for 22 h at room temperature r.t.
The MNPs were then washed thrice with acetone, separated with a magnet, and dried under vacuum.
The Fe30,4@S5i0,-NH,-COOH MNPs were ready to be used.

3.2.4. Antibody (TNF-«) Grafted at the Surface of MNP@SiO,-NH,-COOH

(I)- 100 puL, 0.5% solid content of the mother solution containing MNPs@SiO,-NH,-COOH in
water were washed following magnetic separation with 1 mL of 10 mM PBS. The washing was repeated
three times to ensure all the residues were washed out. The activation of carboxylic acid groups
present on the MNPs was achieved by incubation of MNPs in a 500 uL mixture of EDC/NHS (250 uL of
100 mM EDC + 250 uL of 100 mM NHS both prepared in 10 mM PBS) at r.t, and under soft stirring
using tube revolver/rotator for 90 min. Then, the remaining EDC/NHS was removed and the MNPs
were washed for three consecutive times using 1 mL of cold HCI 1 mM. Subsequently, 500 pL of
purified anti-TNF-a antibody was added. Accordingly, three different concentrations of antibody (2,
10, and 20 ng/mL) were used to assess the impact of the concentration on the bio-functionalization
efficacy. The activated mixture of MNPs + anti-TNF-« antibody was slowly stirred at r.t for 2 h 30 min.
Finally, the complex MNPs@SiO,-NH,-CO-Antibody was obtained. It was further immobilized using
the magnetic rack and the supernatants were collected and measured by UV-vis spectrophotometry.

(I)- For reference, the same procedure was repeated. However, the activation step with EDC/NHS
was skipped. Consequently, the supernatants collected after incubation of anti-TNF-« antibody with
MNPs correspond to the initial concentration of antibody minus the number of antibodies that were
physisorbed to the MNPs. This phenomenon also occurs in (I)-. Therefore, the final concentration
measured in the supernatants corresponding to (I) represents the initial concentration of anti-TNF-«
antibody minus the amount of anti-TNF-« antibody covalently bonded to the MNPs minus the amount
of anti-TNF-a antibody physisorbed. In summary, the absorbance read for (I) and (II) are as follows
(Equations (4) and (5)):

Af(T) = A0 — A (MNP@SiO,-NH,-CO-anti-TNF-at) — A (phy) @)
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Af(IT) = A0 — A (phy) ®)

where Af(I) and Af(II) correspond to the absorbance read of the supernatants obtained in (I) and (II),
respectively. AO represents the absorbance corresponding to the initial concentration of antibody,
while A (phy) indicates the absorbance corresponding to the number of antibodies physisorbed onto
the MNPs, and A (MNP@SiO,-NH,-CO-anti-TNF-«) to the absorbance corresponding to the number
of antibodies covalently bonded to the MNDPs. Figure S14 shows an illustration of the experimental
procedure carried out for the bio-functionalization of MNPs with anti-TNF-« antibody.

3.2.5. Antibody Interleukin-10 (IL-10) Grafted at the Surface of MNP@SiO,-NH,-COOH

First, 100 uL, 0.5% solid content of the mother solution containing MNPs@SiO,-NH,-COOH
in water were washed following magnetic separation with 1 mL of 10 mM PBS. The washing was
done thrice to ensure all the residues were washed out. The activation of carboxylic acid groups
present on the MNPs was achieved by incubation of MNPs in a 500 uL mixture of EDC/NHS (250 uL of
100 mM EDC + 250 uL of 100 mM NHS both prepared in 10 mM PBS) at r.t, and under soft stirring
using tube revolver/rotator for 90 min. Then, the remaining EDC/NHS was removed and the MNPs
were washed for three consecutive times using 1 mL of cold HCI 1 mM. Subsequently, 500 pL of
purified Anti-IL-10antibody (10 ng/mL) was added. The activated mixture of MNPs + Anti-IL-10 was
slowly stirred at r.t for 2 h 30 min. Finally, the complex MNPs@SiO,-NH;,-CO-Anti-IL-10 was obtained.

3.2.6. Indirect Detection of TNF-« in PBS. Pre-Concentration of TNF-& onto the Complex
MNP@SiO,-NH;-CO-anti-TNF-oc

(I) The complex MNP@SiO,-NH;-CO-anti-TNF-« obtained was washed with 1 mL of 10 mM
PBS. A magnetic rack was placed to immobilize the complex and allow the discharge of supernatants
and the added PBS. The cleaning was repeated three times to ensure all the residues were washed
out. Afterwards, the unreacted sites were deactivated using a solution of 0.1% BSA in PBS (500 uL in
each Eppendorf). The mixture was stirred (33 rpm) using tube revolver/rotator at r.t for 45 min. Then,
the unreacted BSA was removed and the complex was washed three times with 1 mL of 10 mM PBS.
Again, magnetic separation was done. At this point, the complex was incubated with TNF-« at three
different concentrations: 2, 5, and 10 ng/mL. Incubation was performed at r.t and stirred at 33 rpm
for 45 min. Finally, after 45 min, the supernatants containing the unreacted TNF-x were collected
and the absorbance was measured for the respective concentrations. Figure 515 shows an illustration
of the experimental procedure carried out for the Pre-concentration of TNF-« using the complex
MNP@SiO,-NH;-CO-anti-TNF-o.

(IT) For the reference, two approaches were compared:

Reference (1) Supernatants containing unreacted TNF-« after incubation with MNPs that were
NOT ACTIVATED with EDC/NHS during the functionalization with anti-TNF-a. Since -COOH groups
present on the MNPs were not activated, we do not expect any covalent bonding anti-TNF-«x-MNPs.
Therefore, we only expect interaction of TNF-« with those antibodies physisorbed on the MNPs.

Reference (2) Supernatants containing unreacted TNF-« after incubation with the initial MNPs
that have only been washed four times with ImL of 10 mM PBS. In this case, the only physisorption of
TNF-« on the MNPs is expected.

3.2.7. Indirect Detection of IL-10 in Artificial Saliva. Pre-Concentration of IL-10 onto the Complex
MNP@SiO,-NH,-CO-Anti-IL-10

The complex MNP@SiO,-NH,-CO-Anti-IL-10 obtained was washed with 1 mL of 10 mM PBS.
A magnetic rack was placed to immobilize the complex and allow the discharge of supernatants
and the added PBS. The cleaning was done thrice to ensure all the residues were washed out.
Afterwards, the unreacted sites were deactivated using a solution of 0.1% BSA in PBS (500 uL in each
Eppendorf). The mixture was stirred (33 rpm) using tube revolver/rotator at room temperature for
45 min. Then, the unreacted BSA was removed and the complex was washed three times with 1 mL of
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10 mM PBS. Again, magnetic separation was done. At this point, the complex was incubated with
IL-10 at three different concentrations: 10, 40, and 100 ng/mL. Incubation was performed at r.t and
stirred at 33 rpm for 45 min. Finally, after 45 min, the supernatants containing the unreacted IL-10
were collected and the absorbance was measured for the respective concentrations.

3.2.8. Bio-Functionalization of MNPs Decorated with Amine Groups “MNP@SiO,-NH,"”

First, 100 pL of the anti-TNF-a antibody at 10 ng/mL were activated by the incubation in a 500 L
mixture of EDC/NHS (250 uL of 100 mM EDC + 250 pL of 100 mM NHS both prepared in 10 mM
PBS) at r.t, and under soft stirring for 90 min. Then, the activated anti-TNF-a antibody was added
to the MNP@SiO,-NH,; (100 uL, solid content 0.5%) at r.t, and under soft stirring, for 2 h 30 min to
create the complex MNPs@SiO,-NH-Antibody. Afterwards, MNPs were washed for three consecutive
times using 1 mL of cold HCl 1 mM, followed by washing for three times using 1 mL of PBS 10 Mm.
Finally, the complex was used for the pre-concentration with different concentrations of TNF-« (2, 10,
20 ng/mL) and the supernatants were collected and measured by UV-vis spectrophotometry.

3.3. Calibration Curve of Anti-TNF-a Antibody and TNF-a in PBS

In the first stage, a calibration curve was obtained in PBS in order to determine the optimal range
of concentration at which both TNF-« and Anti-TNF-« can be analyzed by UV-vis spectrophotometry.

3.3.1. Calibration Study of Anti-TNF-« Antibody

Firstly, Anti-TNF-o antibody was prepared in PBS 10 mM at three different concentrations: 20,
100, and 200 ng/mL; 10 mM solution of PBS was used as blank. All the measurements were carried out
in duplicates.

As shown in Figure 516, a peak for Anti-TNF-« was found at A = 206 nm. However, we also
observed that the absorbance is saturated at concentrations of antibody higher than 100 ng/mL. Therefore,
the experiment was repeated using a dilution factor Anti-TNF-« antibody/PBS 1/10. Figure S17 shows
the UV-vis spectrum of Anti-TNF-« at concentrations of 2, 10, and 20 ng/mL.

Here, the absorbance increased linearly with the concentration of antibody in conformity with the
Beer-Lambert’s law (A = ecl). The saturation effect disappeared and therefore the concentration range
was fixed between 2 and 20 ng/mL. Measurements were repeated three times and the calibration curve
obtained is shown in Figure S18.

3.3.2. Calibration Study of TNF-«

Likewise, a calibration study was carried out to assess the concentration range at which the
antigen TNF-« is measurable by UV-vis spectrophotometry. For this purpose, TNF-a was prepared in
PBS 10 mM at different concentrations: 2, 5, and 10 ng/mL. A 10mM solution of PBS was used as blank.
All the measurements were carried out in duplicates. A peak for TNF-« was found at A = 205 nm.
In this case, no saturation was observed and the concentration range of antigen was fixed from 2 to
10 ng/mL. The calibration curve obtained is shown in Figure S19.

4. Conclusions

We would like to conclude that MNPs with Fe3Oy4 core has been synthesized and coated with
a layer of SiO; using the Stober process. A good SiO; layer homogeneity has been achieved using
an overhead mechanical stirrer with a glass bar containing two blades in a beaker with a Teflon lid to
prevent alcohol evaporation while other processes have been performed using typical magnetic stirrers
with a magnetic bead. The SiO, coating has been decorated with -NH; and -COOH free end groups.
The MNPs thus produced were Fe;0,@SiO,, Fe30,4@5i0,-NH;, and Fe304@Si0,-NH,-COOH that
show a gradual increase in size with the additional functionalized layers. Colloidal stability of the
MNPs have also been studied using different surfactants and observing the change in the zeta-potential
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values of the colloids. The -COOH and -NH; MNPs have been further functionalized with anti-TNF-o
and anti-IL-10 antibodies using (EDC) and (NHS) reagents. The magnetic conjugates produced can
be easily extracted using an external magnet. These MNPs have been prepared for testing the tumor
necrosis factor alpha (TNF-«), while the others have been prepared for Interleukin-10 (IL-10). To have
the highest selectivity towards TNF-«, and IL-10, the non-functionalized MNPs surface sites have
been neutralized with the BSA protein. The anti-TNF-« and anti-IL-10 antibodies MNPs have been
incubated with TNF-« and IL-10, respectively, in PBS, and after magnetic separation the supernatant
solution has been tested for TNF-o and IL-10, respectively, in PBS. They have been measured by UV-vis
spectrophotometry where a lower absorbance reading indicates better MNPs capture. The supernatant
containing unreacted TNF-« that had been incubated with MNPs whose -COOH reagents has been
used as the main reference. It had not been activated with EDC/NHS, although anti-TNF-e or anti-IL-10
antibodies had been added (named Reference 1). Although these did not presumably have any bonded
anti-TNF-« antibody or anti-IL-10 antibody, they may indeed have some anti-TNF-a antibody or
anti-IL-10 antibody physisorbed, thus interacting with TNF-cx or IL-10. Further, there could have been
the physisorption on the MNPs by the very same TNF-a and IL-10. To test this, TNF-« and IL-10
were incubated with MNPs before EDC/NHS activation (named Reference 2). Without any exception,
the MNPs incorporating the antibodies gave the lowest value of TNF-o and IL-10 in solution, which
implies their highest uptake by the MNPs, whereas the highest value of TNF-« and IL-10 was for
Reference 2. All this implies that antibodies can be adsorbed, in part, on the surface of silica, a factor
that has to be taken in consideration. All these studies were done in PBS, but it was sought to use
saliva as the body fluid. To apply the UV-vis spectrophotometry technique it was observed that the
saliva had to be diluted with PBS to record the amount of TNF-oc and IL-10. Dilution was necessary
to 1:500 with PBS. By using Fe30,@SiO,-NH;-CO-anti-TNF-« antibody or anti-IL-10 antibody the
pre-concentration process for TNF-« and IL-10 was clear.

When the coupling with the anti-TNF-o antibody or anti-IL-10 antibody occurs, not all activated
COOH generate the desired CO-anti-TNF-« or anti-IL-10; some remain “unreacted” and to avoid later
reaction with TNF-o or IL-10 that would obscure the reaction, it is necessary to use one deactivating
agent. Additionally, these deactivating agents also fill the cavities in the MNPs preventing their
occupation by physisorbed antibodies or antigens. Among the several compounds/mixtures utilized
like BSA, ethanolamine, ethanolamine+ sodium cyanoborohydride (NaBH3CN), and poly(ethylene
glycol) methyl ether amine (PEG-NH2), the BSA and ethanolamine + NaBH3CN were found to be the
most efficient. To conclude, in this work, we demonstrate the successful synthesis of two different
kind of MNPs (Fe304@SiO2-NH2-COOH; Fe304@SiO2-NH2) as well as the characterization of these
MNPs using different techniques. Then, the high selectivity of these MNPs to pre-concentrate two kind
of Heart failure biomarkers: TNF-« (2-20 ng/mL) and IL-10 (10-100 ng/mL) in a complex medium
(artificial saliva) after five hours of biofunctionalization process was studied.

In this paper, other than the use of the new set-up using mechanical stirrer with glass blades
having a Teflon cover for homogeneous coating of the Silica layer, it reports one of the first studies
done using saliva as a diagnostic fluid for heart failure research. Furthermore, colloidal stability of
MNPs has been studied here with different surfactants and by increasing the viscosity of the medium
by using a surfactant. Preliminary results of how the stability varies with the change in viscosity of
the medium and how difficult it is to extract with an external magnet is reported here. This work
tries to point out the little concern that exists on the numerous studies of MNPs about taking into
consideration the time required for magnetic extraction, or the medium and how it affects the magnetic
extraction and the stability of the MNPs for long time shell storage in case they are intended to be used
in automatic machines without trained personnel. Further, it deals with the kind of stirrers needed for
synthesizing MNPs and that simple UV-vis spectroscopy could be used to determine the loading of
MNPs. This paper aims towards showing certain basic fundamental things needed for using MNPs,
rather than just reporting a synthesis of MNPs and the detection of antigens. Some basic fundamentals
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of magnetic nanoparticles, which are mostly excluded from the papers dealing with such topics have
been addressed here.
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