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Preface

Professor John D. Kennedy, born 28th March 1943, is a leading and influential British inorganic
chemist who made key contributions to the area of borane and metallaborane chemistry. He received
his BSc (1965) and PhD (1968) from University College London, and his doctoral studies were
supervised by Prof. A.G. Davies. He then spent a 3-year period at the State University of New York
in Albany as a research associate with Prof. H.G. Kuivila. He returned to the UK in 1971 as a lecturer
in organic chemistry at King’s College London. He was then appointed as a research associate at the
City of London Polytechnic with Prof. W. McFarlane.

In 1975, he moved from London to the University of Leeds, where he started to work on
borane and metallaborane chemistry as a research fellow with Prof. N.N. Greenwood. This
partnership resulted in 100 influential publications. Soon after his arrival in Leeds, John Kennedy
also established himself as an independent researcher and was promoted to Professor in 2000. He
has published more than 400 papers and has an h-index of 44. John Kennedy retired in 2008
and now holds the title Emeritus Professor of Inorganic Chemistry. The ‘metallaborane’ group at
Leeds oversaw significant developments in metallaborane, heteroborane, metallaheteroborane, and
carborane chemistry. In these studies, metals from both p and d blocks of the periodic table were
incorporated into borane/heteroborane clusters. This research allowed significant advances to be
made in macropolyhedral chemistry, ‘disobedient skeletons’, supramolecular chemistry, and cluster
fluxional processes. At the same time, John Kennedy developed an active collaboration with the
Czech boron group at the Institute of Inorganic Chemistry of the Czech Academy of Sciences.

Professor John Kennedy has always played an active role in the life of the boron community. He
co-founded annual UK meetings for young boron chemists, known as the INTRABORON. He was
a member of the international advisory boards for the international boron conferences IMEBORON
and EUROBORON. In 1993, he received the J.E. Purkyné Medal from the Academy of Sciences of
the Czech Republic, and he was awarded the Royal Society of Chemistry 1999 Silver Medal for
Main-Group Chemistry.

It was Professor Kennedy’s 80th birthday in March of 2023. Towards the end of summer 2022,
we agreed to be Editors of a Special Issue of Molecules to celebrate his birthday. An invitation for
articles and reviews was made, with the title of the Special Issue crafted to enable all aspects of boron
chemistry to be considered. Many manuscripts were received during 2023. We (and John) were
delighted by the response, which highlights the high esteem that Professor John Kennedy is held in
by his colleagues and friends. These articles are collected together here in this reprint. Thank you to

everyone who contributed.

Michael A. Beckett and Igor B. Sivaev
Editors

xi
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Abstract: Traditionally, drugs were obtained by extraction from medicinal plants, but more recently
also by organic synthesis. Today, medicinal chemistry continues to focus on organic compounds
and the majority of commercially available drugs are organic molecules, which can incorporate
nitrogen, oxygen, and halogens, as well as carbon and hydrogen. Aromatic organic compounds
that play important roles in biochemistry find numerous applications ranging from drug delivery to
nanotechnology or biomarkers. We achieved a major accomplishment by demonstrating experimen-
tally /theoretically that boranes, carboranes, as well as metallabis(dicarbollides), exhibit global 3D
aromaticity. Based on the stability-aromaticity relationship, as well as on the progress made in the
synthesis of derivatized clusters, we have opened up new applications of boron icosahedral clusters
as key components in the field of novel healthcare materials. In this brief review, we present the
results obtained at the Laboratory of Inorganic Materials and Catalysis (LMI) of the Institut de Ciencia
de Materials de Barcelona (ICMAB-CSIC) with icosahedral boron clusters. These 3D geometric shape
clusters, the semi-metallic nature of boron and the presence of exo-cluster hydrogen atoms that can
interact with biomolecules through non-covalent hydrogen and dihydrogen bonds, play a key role in
endowing these compounds with unique properties in largely unexplored (bio)materials.

Keywords: carboranes; metallabis(dicarbollide); BNCT; proton therapy; PBFR; COSAN; FESAN; PET;
SPECT; antimicrobial; luminescence; bioimaging; photodinamic therapy (PDT)

1. Introduction

Boron was isolated in Penzance (Cornwall, England) in 1808 by the English chemist
Humphry Davy [1], but boron as an element was identified by Jons Jakob Berzelius in
1824 [2]. Boron is extracted as borate salts of different cations from minerals (Kaliborite,
Karlite, Kernita and Kurnakovite, among others) [3,4]. Turkey (deposits existing in Kirka,
Emet, Bigadig, and Kestelek) has the largest world boron reserves, followed by the United
States (“Death Valley” desert in California) and Russia at the second position [5], being
Turkey the major country in boron production from 2010 to 2022 [6].

Borax (NayB4O7.10H,0O) was one of the first minerals to be exchanged in the times
of the Ancient World. In the Egypt of the phaaraohs, the deceased were embalmed with
mummification salts, being those containing borate the most reliable for preservation. Boric
acid (H3BO3), which was produced from borax by the Dutch chemist William Homberg
in 1702, has been widely used for topical administration since the 18th century due to its
strong bactericidal and fungicidal activity [7].

Boron, which is located to the left of carbon on the periodic table, possesses and
forms stable compounds with a wide variety of elements. Natural boron is composed of
two stable isotopes '°B and !B, the latter of which make up about 80% of natural boron.
Boron, like carbon, can bond with itself, forming B-B bonds that give rise to boranes and
heteroboranes (being the most known carboranes and metallacarboranes). These boron
clusters form 3D aromatic [8-10], polyhedral structures with triangular faces in which
the bonds that hold the cluster together are tricentric bonds with two electrons (3c-2e).

Molecules 2023, 28, 4449. https:/ /doi.org/10.3390/molecules28114449 1
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William Lipscomb received the Nobel Prize in Chemistry in 1976 for his studies on the 3c-2e
bonding of borane structures [11]. These 3D molecular structures of boron clusters possess
extraordinary chemical, biological, thermal, and photochemical stability that make them
have unique applications in (nano)materials not possible with other elements, including
carbon [12-17].

The traditional use of organic chemistry as the basis for all aspects of contemporary
biomedical chemistry has provided truly miraculous results. Nowadays, most commercial
drugs are purely organic molecules, but nitrogen, oxygen, phosphorus, sulfur, and halogens,
all neighbors of carbon to the right, are part of a wide variety of the active principles of
medicines. In the middle of the 20th century [18-21], the first investigations of boron
compounds for their use in medicine were directed mainly towards the treatment of cancer
by the therapy called BNCT (Boron Neutron Caption Therapy), but currently, a vibrant and
growing research is being developed to employ boron-containing compounds in medicinal
chemistry and chemical biology [22-33].

This mini-review focuses on the large research activity of the Inorganic Materials
and Catalysis Laboratory (LMI) at the Institut de Ciencia de Materials de Barcelona
(ICMAB-CSIC) [34] with icosahedral boron clusters, which due to their geometric shape
and the semi-metal nature of boron provide these compounds with unique properties in
(bio)materials largely unexplored.

2. Characteristics of Icosahedral Neutral Carboranes and Anionic Metallabis(Dicarbollides)
2.1. Icosahedral Closo-Borane and Heteroborane Clusters

Figure 1 shows the inorganic icosahedral closo-dodecaborate ([B1oH12]%7), the dicarba-
closo-dodecaborane (closo C,B19H12), which exists in three isomeric forms that are named
based on the positioning of the two CH vertices: 1,2- or ortho-, 1,7- or meta-, and 1,12- or
para-carborane and, the sandwich metallabis(dicarbollides) [M(Cy;BoH11)2]~ (M = Co®,
Fe3*). Five different conformations can be found in the metallabis(dicarbollides): cisoid-1,
gauche-1, transoid, gauche-2 and cisoid-2. However, cisoid-1 and cisoid-2, as well as gauche-1
and gauche-2, are equivalent in the non-substituted or symmetrically disubstituted
clusters [35].

Eit

Qo -CH
O -BH
O metal
A A A A A
v 7, y, ly, y
> > > > >
Q e o (&)
Q () Q ¢ Q
cisoid-1  gauche-1 transoide gauche-2  cisoid-2

Figure 1. Representation of icosahedral borane, carboranes at the top as well as metal-
labis(dicarbollides) with the schematic representations of the different conformers of the most known
metallabis(o-dicarbollide) in the middle and at the bottom, respectively.
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Teixidor and Vifias believed that one of the main reasons for the lack of knowledge
and poor application of these boron compounds is the lack of synthetic processes for their
functionalization. Without these processes, the chemistry of boron is marginalized when
its possibilities are enormous, and in many cases, complementary to the organic chemistry
compounds.

2.2. Towards the Derivatization of the Icosahedral Boron Clusters

The neutral icosahedral closo CoB1gHj; carboranes have the potential for the incorpora-
tion of a large number of substituents at its 12 vertices (2 C-H and 10 B-H). The reactivity of
the B-H vertices depends on the distance of each B-H vertex to the C-H ones. Most reactions
that occur at the boron vertices do not affect the carbon vertices, and vice versa. Conse-
quently, o-carborane offers the possibility to develop chemistry of neutral closo-carboranes
at the C vertices, at the B vertices, as well as in both C and B vertices (Figure 2) [35].

R

H Monosubstitution

R Homodisubstitution

R2 Heterodisubstitution
eC
O B-H

Figure 2. Schematic representation of some substituted closo ortho-carboranes at the B vertices (left),
at the C vertices (right). Blue circles represent the C atoms, while orange ones the B atoms and white
ones are the B atoms or B-H vertices (H atoms omitted for clarity).

Since 1982, Teixidor and Vinas have put emphasis on improving protocols of synthe-
ses because their main objective was the application of icosahedral boron clusters [36],
and clusters’ derivatization was a necessary and key step to proceed on their use in
(bio)materials [37]. Recently, several reviews summarizing the different synthetic proce-
dures to achieve the substitution at the cluster vertices of the icosahedral boron clusters
appeared [38—47].

3. Focusing on the Synthesis of Icosahedral Neutral Carborane and Anionic
Metallabis(Dicarbollide) Derivatives for Medicinal Application

Teixidor and Vifias group carried out remarkable work in the synthesis of icosahedral
carborane and metallacarborane derivatives as well as in their characterization with the
objective of finding their application in different fields.

Endo and co-workers, based on the similarities between the phenyl group and the
carborane cluster, pioneered the design of new drugs by substituting phenyl groups in com-
pounds with known biological activity with icosahedral carborane groups [48-53]. The con-
cept of 3D aromaticity has already been applied in boron cluster chemistry to relate the lim-
ited number of valence electrons in the clusters to their stability [54,55]. Recently [8-10], the
3D global aromaticity of the icosahedral boranes, carboranes, and cobaltabis(dicarbollides)
was related to the more familiar 2D aromaticity abiding by Hiickel’s rule, indicating that
both were two sides of the same coin. Then, in 2014 [7], grounded on the relationship
between stability and aromaticity, new perspectives for applying icosahedral boron clusters
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as key components in the field of new biomaterials for healthcare were opened by Teixidor
and Vifias group. The highlight is the development of potentiometric sensors for the de-
tection of drugs [56-59], biosensors [60], and X-ray contrast agents for highly radiopaque
vertebroplasty cement [61], among others.

Special emphasis is given to fostering advances in the application of boron compounds
for the Boron Neutron Capture Therapy (BNCT) treatment of cancer due to the inherent
property of the boron element itself (with 20% of 1°B). 1°B has a large neutron capture
section opening up the application of icosahedral boron clusters to the treatment of cancer
by the BNCT reaction between a thermal neutron and '°B resulting in the generation of an
« particle and 7Li nucleus (Scheme 1). Additionally, the 3D aromatic icosahedral boron
clusters offer the possibility of holding twelve substituents covering the entire 3D space.

V()B HB ®
”B Alpha
Li
% B
Tumor cell

Neutron

Scheme 1. Representation of the Boron Neutron Capture Therapy reaction (BNCT). Blue circles
represents protons while yellow ones neutrons.

The twelve vertices of the cluster can be functionalized, and these small molecules can
be converted into multifunctional scaffolds by themselves (Figure 3) [62-65] or bonded to
inhibitors of kinases receptor molecules (Figure 4) [66—69] or in anchoring onto structures
of nanocarriers (dendrimers [28,70], polymers [14], nanoparticles [36,71-75]) leading to
payloads with high boron density (Figure 3). The objective was to synthesize anionic and
water-soluble high-boron-containing molecules, which can incorporate in their scaffold
either inhibitors of enzymes receptor (Figure 4) [66—-69] and /or metal cores (Figure 5) for
their use as multifunctional nanocarriers able to act as anticancer drugs by multi-therapy
treatment [73-77].

ﬁ {\U ’ ‘ga_\’“ﬂ/w

Y ﬁln 1S 5 Sl
e & F-0 %%&g@
VAN v D -

& —J d 3

@
@r\b@ u@ | & )

Figure 3. Neutral carborane clusters (ortho-, meta-, and para-) can be functionalized at B, at C, or at
both C and B vertices to achieve water-soluble polyanionic high boron content molecules [62-65].
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Figure 4. (a) Schematic representation of the two components (inhibitors of kinases receptor +
icosahedral boron clusters) of the designed hybrid molecules with potential dual action. (b) The
newly synthesized neutral and anionic boron clusters, which contain quinazoline molecules with

potential dual action (chemotherapy + radiotherapy) result in significant clinical benefits [66-68]. The
black, circles represents C atoms or C.-H vertices, the pink circles represent B-H vertices and the

purple ones Boron atoms.
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Figure 5. Neutral carboranes onto nanoparticles (gold NPs and magnetic NPs) as vehicles for cancer
treatment [71,74]. Both families offer the possibility of dual action (photothermaltherapy + BNCT or
hyperthermaltherapy + BNCT), which may result in significant clinical benefits [73].

4. Testing the Icosahedral Neutral Carboranes and Anionic Metallabis(Dicarbollides)
in BNCT Cancer Treatment

4.1. Boron Neutron Capture Therapy

Regarding carboranes for BNCT, the research has focused on the development of
new multifunctional hybrid (carboranyl + anilinoquinazolines) nanocarriers [66,67] and
carborane-magnetic nanoparticles [73]. These (bio)materials exhibit desirable in vitro
antitumor activities against preclinical rat glioblastoma F98, colorectal HT29, glioblastoma
A172 cancer cell lines, and human brain endothelial hCMEC /D3 cell line.

Importantly, thermal neutrons irradiation in BNCT for 15 min reduced by 2.5 the
number of cultured A172 glioblastoma cells after the treatment with carborane-magnetic
nanoparticles (Figure 6a) and the systemic administration of carborane-magnetic nanopar-
ticles in mice was well tolerated with no major signs of toxicity. The dual treatment by
combining tyrosine kinase inhibition and BNCT irradiation for minutes on HT-29 cells after
incubation with carboranyl + anilinoquinazoline hybrids provided better outcomes than
p-Boronophenylalanine (BPA) [68]. The attractive profile of developed hybrids makes them
interesting agents for combined therapy (Figure 6b).

BNCT effect on HT-29
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Figure 6. (a) CryoTEM image of glioblastoma A172 cancer cell after carborane-magnetic nanoparticles
uptake and proliferation curves of A172 cells re-plated one day after BNCT treatment. BNCT studies
were carried out by incubating A172 cells for 24 h with carborane-magnetic nanoparticles (20 pg/mL
boron). The amount of internalized boron measured by ICP-MS was 133 + 25 ug/g, corresponding to
a 19B concentration of 26 4 5 ug/g [73]. (b) Effect on HT-29-cell survival without or with hybrids or
BPA treatment post-neutron-irradiation (1 and 2 Gy). Compounds were studied at doses equivalent
to 10.0 ppm of 1°B for 1 h of incubation. (*) p < 0.05; (**) p < 0.01. Reproduced from Ref. [61] with
permission from Wiley & Sons.
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4.2. Metallabis(Dicarbollides) Chemical and Physico-Chemical Properties and Cytotoxicity

Regarding the icosahedral metallacarboranes, the anionic metallabis(dicarbollides),
[3,3-M(1,2-C,B9H11)2]~, (abbreviated as [o-COSAN]~ and [o-FESAN]~ for M = Co, Fe,
respectively), which are inert to biochemical reactions, have attracted much attention in
biology [35]. The 3D aromatic Na[o-COSAN] forms hydrogen and dihydrogen bonds that
participate in its self-assembling, water solubility, and aggregates” formation [76]. The
Na[o-COSAN] possesses the ability to readily cross cell membranes (Figure 7a) [77-79], is
not cytotoxic against mammalian cells (HEK 293, HeLa, THP-1, 3T3), D. discoideum amoeba
cells, and bacteria (E. coli and Klebsiella), but is cytostatic, and cells recover following its
removal [79]. Furthermore, our studies on glioma-initiating cells (GIC7 and PG88) also
supported Na[o-COSAN] cytostatic properties when cells were morphologically recovered
43 h after washing off the compound and increasing in the G2/M subpopulation. Addition-
ally, the study showed that mesenchymal PG88 cells that are more resistant than proneural
GIC7 cells to conventional radiotherapy have a lower ECsy Na[o-COSAN] and a higher
uptake of the compound compared to GIC7 cells, suggesting a new resource to fight against
resistant glioblastoma cells [80].

% cells

Figure 7. Schematic representation of (a) the [0-COSAN] ™ ability to readily cross cell membranes [65]
and (b) [o-COSAN]~ interaction with DNA [71]. (c) Percentage of viable U87 and T98G cells 24 h
after neutron irradiation.

4.3. Synchrotron-Based Fourier-Transform Infrared Micro-Spectroscopy (SR-FTIRM) Studies

Having performed experiments in a round-bottom flask on a chemical scale, which
showed that [o-COSAN] ™~ and some of its halogenated derivatives interact with biomolecules
(amino acids [56,57], proteins [81,82], ds-DNA [60,83] (Figure 7b) and glucose [84]), we
wanted to go a step ahead by observing these interactions in vitro experiments by using
SR-FTIRM. The round-bottom flask changed to a cell, and the solutions to the cell’s physio-
logical components. The first chemical scale studies between [0-COSAN]~ anions and the
biomolecules were done individually for each type, whereas the cell study incorporates
the effect of all biomolecules interacting simultaneously. This study meant a step ahead to
understand and detect that this anion modifies biomolecules (proteins, DNA, and lipids)
and concentrates in the cell nucleus after their cellular uptake [68]. The small Na[o-COSAN]
molecule, localized close to the cell’s nucleus, induces proteins’ conformational changes and
spectral changes of the DNA region (Figure 7b) in both GIC cell lines, similar to the changes
induced by other metal-based compounds like cisplatin that disrupt the double helix base
pairing, suggesting that Na[o-COSAN] is a promising agent for BNCT of glioblastoma.

Consequently, in vitro tests in U87 and T98G cells conclude that the amount of 1°B
inside the cells is enough for BNCT irradiation. BNCT becomes more effective on T98G
after their incubation with Na[8,8'-I,-0-COSAN], whereas no apparent cell-killing effect
was observed for untreated cells.
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All this led to the following conclusions: These small molecules, particularly [8,8'-
I,-0-COSAN]~, are serious candidates for BNCT now that the facilities of accelerator-
based neutron sources are more accessible, providing an alternative treatment for resistant
glioblastoma (Figure 7c) [85].

Then, in vivo experiments with Na[o-COSAN] and Na[8,8'-I,-0-COSAN] were per-
formed on Caenorhabditis elegans (C. elegans) at the L4-stage and their embryos. LD50
values for both cobaltabis(dicarbollides) in L4 C. elegans were found to be close to the ICsj
determined for T98G in vitro after 72 h (Figure 8) [86].
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Figure 8. Optical microscopy images of C. elegans. (Top): The embryos and, (bottom): At the L4-stage
before (control) and after incubation with Na[8,8'-1,-0-COSAN] 200 uM [86].

Finally, in vivo evaluation in mammalian mice models were run trying to understand
the ability of [0-COSAN]™ to target the tumor cells, as well as to cross the blood-brain bar-
rier. After intravenous administration, biodistribution studies of Na[o-COSAN] in BALB/c
CrSlc mice (female, 5 weeks old) were run. Anionic [o-COSAN]~ was distributed into
many organs but mainly accumulated in the reticuloendothelial system (RES), including
liver and spleen (Figure 9) [83].
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Figure 9. Schematic representation of the invitro (right) and invivo (left) studies of
Na[o-COSAN] [85].
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4.4. Contrast Agents

Furthermore, Na[8-I-0-COSAN] can be labeled with contrast agents, such as 1241
and 21, for in vivo markers by positron emission tomography (PET) and single photon
emission computed tomography (SPECT) nuclear imaging techniques making these clusters
very good scaffolds as theranostic agents (Figure 10) [87].
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Figure 10. Imaging experiments by in vivo PET-CT and SPECT-CT with Na[8-I-0-COSAN] after
nuclear interchange of I natural by 4T and 1?°1, respectively. Reproduced from Ref. [85]. with
permission from the Royal Society of Chemistry.

The synthesis of these unprecedented radiolabeling Na[8-I-o-COSAN] anionic deriva-
tives with either 12°1 (gamma emitter) or 1241 (positron emitter) was achieved via palladium-
catalyzed isotopic exchange reaction (Scheme 2a) following our previously reported syn-
thesis of 12°T carborane derivatives (2-I-p-, 3-1-0-, 9-1-0-, 9-I-m-carborane, 1-phenyl-3-I-o-
carborane, and 1,2-diphenyl-3-I-o-carborane) with some modifications (Scheme 2b) [87].

a)
N Herrmann's catalyst @ Herrmann's catalyst N
Co 124 Co ? Co
1241 /\ Na[ 1] I gg Na['251] 1251 /\
b)
I 1251
H
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PR H

Na[12%1]

Scheme 2. Isotopic exchange: (a) Between [*24I]iodide, [**°T]iodide, and the anionic [8-I-o-COSAN]~
cluster, (b) between [*Tliodide and the neutral 3-iodo-o-carborane cluster by using Herrmann'’s catalyst
(the organopalladium compound made by reaction of tris(o-tolyl)phosphine with palladium(II) acetate).
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Recently, the sodium salt of the anionic [0-FESAN]~ isotopically 100% °’Fe was syn-
thesized with the objective of treating glioblastoma cancer with Na[3,3’ 57Fe(1,2-CoBoHi1)0]
because the compound offers the possibility of dual-action (radiation + drug combinations)
to improve clinical benefits and reduce healthy tissues toxicity. After [o->’ FESAN]~ up-
take by U87 glioblastoma cells, [0->’ FESAN]~ was found to be within the cells with 29%
of its uptake in the nuclear fraction, which is a particularly desirable target because the
nucleus is the cell control center in which DNA and transcription machinery reside. The
multi-therapies activity through irradiation with potential for glioblastoma treatment by
the Mossbauer effect of [3,3'-°Fe(1,2-CoBgH11),]~ was demonstrated (Figure 11) [88].
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Figure 11. Mossbauer spectrum and 2D elemental maps of Fe distribution indicate that [0-?FESAN]~
is present inside U87 cells, an important requisite for selective energy deposition by Mgssbauer
absorption. Reproduced from [88] with permission from the Royal Society of Chemistry.

4.5. Proton Therapy Based on Boron

Proton therapy is an effective radiation treatment technique used in medicine, which
consists of irradiating diseased tissue, most often to treat cancer, with a beam of
protons [89,90]. Scheme 3 represents the Proton Boron Fusion Reaction (PBFR) between an
energetic proton and !!B resulting in the generation of three « particles. The viability of
applying the proton boron fusion (PBF) reaction to the proton therapy to improve its effec-
tiveness has been studied by using the Monte Carlo method [91-93] and experimentally
using mercaptoundecahydro-closo-dodecaborate (abbreviated as BSH, which chemical for-
mula is [SH-1-closo-B1oH11]7) [94]. Recently [95], taking advantage of the high 1B isotope
content in metallabis(dicarbollides), we tested, for the first time, metallacarboranes for the
PBFR as a way to improve proton therapy with the [o-FESAN]™ in the U87 glioblastoma
cells. A simple calculation indicates that the use of PBFR would require 1/12 of isotopically
natural molecules with respect to BNCT. Furthermore, in an ideal situation, BNCT can be
used synchronously on the existing '°B and Massbauer on % Fe, resulting in multi therapies
with only one compound. Results from the cellular damage response obtained suggest that
PBER radiation therapy, when applied to boron-rich compounds, is a promising modality
to fight against resistant tumors.

10
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Scheme 3. Representation of the Proton Boron Fusion Reaction (PBFR). Blue circles represent protons
while the yellow ones represent neutrons.

4.6. Antimicrobial Activity

In 2013, we started studying the physical-chemical properties and biological eval-
uation of the sodium salt of the small inorganic metallabis(dicarbollide) molecules ([o-
COSAN]~ and [0-FESAN]") and their derivatives [8-R(CH,CH,0O),-0-COSAN)]~
(R = -OOCCHj3; -OCHs; -OCH,CH3) against pure cultures of 16 pathogenic bacterial
strains (isolated from animals and humans as well as control strains) and 3 strains of
Candida spp. as promising antimicrobial agents to tackle bacterial infections [96]. It is
important to emphasize that the methicillin-resistant strain of Staphylococcus aureus (MRSA),
the polyresistant strains of Pseudomonas aeruginosa, as well as of Candida spp., are sensitive
to the compounds Na[8-CH;3(CH,;CH,0O),-0-COSAN)] and Na[8-CH3;CH,(CH,CH,0O),-
0-COSAN)]. Recently, a review of the increasing evidence that boron cluster compounds
are promising antimicrobial (antibacterial and antifungal) agents appeared [97]. Lately,
with the objective to establish a structure—activity relationship, which clearly supports the
antimicrobial activity of the pristine metallabis(dicarbollide) complexes, we tested the small
molecules Na[o-COSAN], Na[o-FESAN], Na[m-COSAN)], Na[m-FESAN)], the di-iodinated
derivatives Na[8,8'-I,-0-COSAN], Na[8,8'-I,-0-FESAN] and polyanionic species incorpo-
rating one or two cobaltabis(dicarbollide) anions with activity against four Gram-positive
bacteria (two Enterococcus faecalis strains and two of Staphylococcus aureus including Multi-
Resistant Staphylococcus Aureus (MRSA) strains), five Gram-negative bacteria (three strains
of Escherichia coli and two of Pseudomonas aeruginosa), and three Candida albicans strains that
have been responsible for human infections [98,99]. We demonstrated an antimicrobial
effect against Candida species (Minimum Inhibitory Concentration (MIC) of 2 and 3 nM
for Na[8,8'-1,-0-COSAN] and Na[m-COSAN], respectively), and against Gram-positive and
Gram-negative bacteria, including multi-resistant MRSA strains (MIC of 6 nM for Na[8,8'-I,-
0-COSANY]). The selectivity index (abbreviated as SI and, calculated as the ratio IC5y/MIC)
for antimicrobial activity of Na[o-COSAN] and Na[8,8'-I,-0-COSAN] compounds is very
high (165 and 1180, respectively), which reveals that these small anionic metallacarborane
molecules may be useful to tackle antibiotic-resistant bacteria because it is considered that
an SI > 10 is acceptable for a selective bioactive sample.

Furthermore, we demonstrated that the outer membrane of Gram-negative bacteria es-
tablishes an impermeable barrier for some of these metallabis(dicarbollide) small molecules
(Scheme 4). Nonetheless, the addition of two iodine groups in the structure of the par-
ent Na[o-COSAN] had an improved effect (3—7 times) against Gram-negative bacteria. It
is important to emphasize that the most active metallabis(dicarbollides) (meta-isomers
Na[m-COSAN)], Na[m-FESAN)] and the di-iodinated derivatives Na[8,8'-1,-0-COSAN],
Nal[8,8'-I,-0-FESAN]) are both transoid conformers in opposite to the Na[o-COSAN] that
is cisoid conformer (see Figure 1), which represent structures with particular physical-
chemical properties that make these small molecules more permeable to this barrier.

11
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Scheme 4. Graphical representation of the transport of small anionic metallabis(dicarbollide)
molecules through microbiological membranes of Candida sp. (left), Gram-positive (center), and
Gram-negative (right) [100].

The fact that these small molecules cross the mammalian membrane and have antimi-
crobial properties but low toxicity for mammalian cells (high selectivity index SI) represents
a promising tool to treat infectious intracellular bacteria as there is an urgent need for new
antibiotics discovery and development. This achievement represents a relevant advance in
the field.

5. Boron Clusters-Based Dyes as Theranostic Agents for Diagnosis and Therapy

Today, one of the most important tools in predicting disease is diagnosis. Molecular
imaging is a remarkable diagnostic tool in vitro and in vivo that could provide crucial
biological information regarding a targeted disease and can thus help to establish a par-
ticular treatment or therapy [100,101]. Moreover, the development of theranostic systems
to integrate imaging and therapy is an efficient strategy for real-time tracking of the phar-
macokinetics and biodistribution of a drug. Current imaging modalities include optics
(e.g., fluorescence, Raman, photoacoustics), X-ray, magnetic resonance, radionuclides, and
mass spectrometry [102]. Among them, Fluorescence Bioimaging is a common modality for
cell and tissue visualization, being of special interest in preclinical research on theranostic
agents. In this context, each fluorophore has its benefits and drawbacks, which requires the
continued search for new fluorescent probes to meet stringent necessities for applications
in terms of sensitive and selective use for bioimaging applications.

Moreover, imaging-guided BNCT is a challenge as it allows us to know the accurate
position of the boron-containing compound in the body as well as the accumulation in
the tumor. Therefore, it is an important issue to label the boron-containing compound
with a fluorescence tracer in order to have relevant information for both diagnosis and
therapy [103-107]. In particular, the near-infrared (NIR) boron carriers are of great interest
due to their deeper penetration into the living body and their ability to avoid interference
from body tissues [108,109].

Dr. Nufiez has been a staff member of the LMI group since 2001. Over this time, she
has developed synthetic strategies for the functionalization of a great variety of scaffolds,
i.e., star-shape molecules and dendrimers [28,110], octasilsesquioxanes [111-114], carbon-
based materials [115,116], among others [117], with icosahedral boron clusters and studied
their properties. In 2007, Dr. Nufez reported a set of blue emissive Fréchet-type aryl
ether core molecules peripherally functionalized with closo-carborane and nido-carborane
clusters [118,119]. It was then demonstrated that the maximum wavelength and emission
intensity depend on the Cjygter Substituent (Me or Ph), the solvent polarity, and the nature

12
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of the cluster (closo or nido). This work was the beginning of her immersion in the field of
luminescence. Since then, her main interest has been the development of photolumines-
cent boron cluster-based organic 7-conjugated dyes [120-128], revealing that incorpora-
tion of neutral and anionic boron clusters into the structure of well-known fluorophores
is an attractive chemical strategy to modulate and improve their photoluminescence
properties [15,120-128]. Her current research interest is more focused on new boron-
based molecules and materials as theranostic agents for diagnosis (bioimaging) and boron
carriers for BNCT.

A set of BODIPY-anionic boron cluster conjugates bearing dianionic [B1oHp2]?~ and
monoanionic, [o-COSAN]™ and [0-FESAN] ™ clusters were designed and synthesized to be
used as fluorescent cell probes and BNCT anticancer agents (1-5 in Figure 12a) [129]. These
conjugates were readily synthesized from the meso-(4-hydroxyphenyl)-4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (BODIPY) by ring-opening reaction of the corresponding boron
clusters derivatives. The luminescent properties of the BODIPY were not significantly
altered by the linking of the anionic boron clusters, showing emission fluorescent quantum
yields (®f) in the range of 3-6%. Moreover, the cytotoxicity and cellular uptake of these
compounds were analyzed in vitro at different concentrations of B (5, 50, and 100 pug B/mL)
using HeLa cells. None of the compounds showed cytotoxicity at the lowest concentration
(5 ug B/mL). Compound bearing [B12Hi2]> and Na™ as cation were non cytotoxic at any
concentration, while the other compounds showed toxicity at the highest concentrations
after 24h. Remarkably, all the compounds were successfully internalized by HeLa cells,
exhibiting a strong cytoplasmic stain (Figure 12b). The internalization efficiency for all the
compounds was assessed at the lowest concentration (5 ng B/mL), in which they are not
cytotoxic. The exceptional cellular uptake and intracellular boron release, together with
their fluorescent and biocompatibility properties, highlight the suitability of these boron
cluster-containing dyes, especially [0o-COSAN] ™ derivative, as potential candidates for cell
labeling agents towards medical diagnosis in clinical biopsies. Moreover, the excellent
cellular uptake, along with the boron-rich content of our conjugates, make them good
candidates as boron carriers for BNCT.
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Figure 12. (a) Molecular structures of boron cluster-BODIPY conjugates 1-5 (pink circles in the
cluster are B or B-H and black circles in the cluster are C-H. (b) Intracellular localization of BODIPY
dyads 1 and 3 in HeLa cells obtained by confocal laser scanning microscopy (left). Cellular uptake
comparison between BODIPY dye and BODIPY-boron clusters at 100 pug/mL of B for each compound
(CLSM) (left). Mean values and SD from three independent experiments. a.u.: arbitrary units
(right). Reprinted (adapted) with permission from Ref. [129] Bioconjugate Chem. 2018, 29, 1763-1773.
Copyright 2018, American Chemical Society.
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Our interest in the development of new boron delivery systems to be used for biological
applications led us to prepare a family of fluorescent organotin compounds that have shown
excellent properties as nucleoli and cytoplasmic markers in vitro [130]. These organotin
compounds are based on 4-hydroxy-N’-((2-hydroxynaphthalen-1-yl)methylene)benzohydra
zidato that was derivatized to contain two different boron clusters, [B1,Hi2]>~ and [o-
COSAN]~ following the oxonium ring opening reaction (6-9 in Figure 13a). These com-
pounds showed photoluminescence properties in solution with ®f values in the range from
24% to 49%. Remarkably, linking these anionic boron clusters to tin complexes improved
their solubility in cell media, which resulted in better cell internalization and higher cellular
uptake, as they do not aggregate either on the cell surface or in the extracellular media.
Mouse melanoma B16F10 cells were incubated with 10 ug/mL of the different compounds
for 2 h and then analyzed by confocal laser microscopy. Noticeably different staining effect
was observed depending on the type of boron cluster attached to the organotin complexes.
Compound 8 bearing the [o-COSAN] ™ anion and two phenyl rings coordinated to the Sn
showed an important fluorescence in the cytoplasm, whereas that bearing [B12Hpo ]2~ (6)
produced extraordinary nucleoli and cytoplasmic staining (Figure 13b). The remarkable
fluorescence staining properties of these organotin compounds in B16F10 cells make them
excellent candidates for in vitro fluorescent bioimaging.
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Figure 13. (a) Molecular structures of Tin complexes containing anionic boron clusters 6-9 (pink
circles in the cluster are B or B-H, black circles in the cluster are C-H). (b) Cellular uptake of organotin
compounds 6 and 8 bearing anionic [B1oH121?~ (left) and [o-COSAN]~ (right) by confocal laser
scanning microscopy (CLSM). The yellow and red arrows show the internalization of our compounds
in the cytoplasm and nucleoli [130]. Reprinted /adapted with permission from Ref. [130] Copyright
2018, Wiley.

14



Molecules 2023, 28, 4449

Apart from previous BODIPY derivatives bearing anionic boron clusters, our group
has also developed a family of neutral BODIPY-carboranyl conjugates which have been
synthesized following Sonogashira or Heck cross-coupling reactions in which properly
functionalized ortho- and meta-carborane clusters have been linked to light-emitting BOD-
IPY or aza-BODIPY cores [131-133]. Figure 14 illustrates three different BODIPY-carboranyl
systems with Ph-ortho-carborane (10-11) and Ph-meta-carborane (12), as examples. Due to
their fluorescence properties, these fluorophores were studied in vitro as fluorescent probes.
HeLa cells were incubated for 30 min with this set of BODIPYs, which presented very
different behavior regarding cellular uptake and subcellular distribution (Figure 14) [132].
The differences seem to originate from their diverse static dipole moments and partition
coefficients, which depend on the type of cluster isomer (o- or m-) linked to the BODIPY
and that modulates the ability of these molecules to interact with the lipophilic microen-
vironments in cells. It can be highlighted that the m-carborane derivative with higher
lipophilicity was much better internalized by cells than their ortho analogs. Confocal im-
ages of HeLa cells incubated with 12 (Figure 14) clearly indicate that 12 is accumulated in
the cytoplasm of the cell. This evidence provides a molecular design strategy for improving
the prospective applications of BODIPY-carboranyl dyads as potential fluorescence in vitro
bioimaging agents and boron carriers for BNCT, suggesting that m-isomers are potentially
better theranostic agents than o-isomers.

R =CgHs, 11
(a)
E E |

Figure 14. Molecular structures of the representative compounds: 10, 11, and 12 (top) ((pink circles

in the cluster are B-H and black circles in the cluster are C). Confocal images of 10 uM 12 in live
HeLa cells after 30 min incubation: (a) Panels from left to right show the confocal green channel
(Aexc =486 nm, Aeyy = 500 nm), red channel (Aexc = 535 nm, Aem = 610 nm), merged and bright channels,
respectively. Scale bars represent 10 and 15 um. (b) z-stack visualization [132]. Reprinted/adapted
with permission from Ref. [132] Copyright 2020, Wiley.

Another type of well-known fluorophores are anthracene derivatives that exhibit
excellent luminescence properties that make them perfect scaffolds for optical applications.
Our group has developed efficient blue light-emitting materials by combining the properties
of anthracene and m-carborane [134]. Three different m-carborane-anthracene dyads, in
which the carborane is non-iodinated, mono-iodinated, or di-iodinated at B atoms, and the
anthracene fragment is linked to one C_jster atom through a CHy spacer, were prepared. All
of them exhibited exceptional fluorescence properties with high quantum yields (®f ~ 100%)
in solution with maximum emission of around 415 nm, confirming that simply linking
the m-carborane fragment to one fluorophore produces a significant enhancement of the
fluorescence emission in the target compound. Notably, the three conjugates exhibited good
fluorescence efficiencies in aggregate state with ®r in the range 19-23%, indicating that our
dyads are extremely good emitters in solution, while maintaining the emission properties
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in the aggregate state. Moreover, their cytotoxicity and cellular uptake in HeLa cells were
evaluated. None of the compounds showed cytotoxicity at different concentrations for
HeLa cells. Confocal microscopy studies confirmed that, although all compounds were
internalized by cells via endocytosis, exhibiting high fluorescence emission intensity, the
one with two iodo atoms is the one with a higher cellular uptake. This suggested that the
presence of iodo units leads to a more efficient transport across the plasma membrane and
a better internalization of the compounds. Figure 15 shows the autofluorescence of HeLa
cells and fluorescence emitted by Hela cells incubated with the diiodinated antracece-m-
carborane. We then conclude that the di-iodinated compound is an excellent candidate as a
fluorescent dye for bioimaging studies in fixed cells, and due to the high boron content and
exceptional cellular uptake, it could be used as a potential anticancer agent for BNCT.

Autofluorescence Incubated

AT

Figure 15. Fluorescence intensity emitted by HeLa cells incubated 4 h with 10 uM of diiodinated
antracene-m-carborane. Image obtained with the confocal laser scanning microscope [134] (pink circles
in the cluster are B-H, black circles in the cluster are C or C-H and blue circles in the cluster are B).

Besides previous luminescent materials, our group has also prepared carbon-based
nanomaterials, which consist of graphene oxide (GO) functionalized on the surface by
monoiodinated cobaltabis(dicarbollide) (GO-I-COSAN) for in vivo bioimaging. This GO-I-
COSAN has been synthesized using the cobaltabis(dicarbollide) containing a B-I group and
an amino group (I-COSAN) that is subsequently labeled with radioactive 1?4 (Scheme 5)
for its use in positron emission tomography (PET) [135]. After incubation of HeLa cells with
different concentrations of GO-I-COSAN for 48 h, the results indicated that the nanomaterial
was not cytotoxic, with cell mortality lower than 10%. Remarkably, internalization of
the nanomaterial by cells was clearly confirmed by transmission electron microscopy
(TEM), which showed that the GO-I-COSAN was accumulated in the cytoplasm without
causing changes in either the size or morphology of the cells. Further in vivo studies
using C. elegans indicated that GO-I-COSAN was ingested by the worms, showing no
significant damage and very low toxicity, which supports the results observed in vitro.
Radioisotopic labeling of I-COSAN using a palladium-catalyzed isotopic exchange reaction
with Na['?*I]I and its subsequent functionalization onto GO was performed successfully,
leading to the formation of the radioactive nanocomposite GO-['?4I[I-COSAN (Scheme 5).
The radiolabeled nanomaterial was injected into the mice, and PET images at different
times were taken (Figure 16), which revealed no activity in the thyroid and stomach even
at long times, indicating that iodide did not detach from the material. GO-['**I]I-COSAN
presented a favorable biodistribution profile, with long residence time on blood, mainly
accumulated in the liver and slightly in the lung, and progressive elimination via the
gastrointestinal tract. It is noteworthy that the high boron content of this material paves
the way toward theranostics because it benefits traceable boron delivery for BNCT.
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Scheme 5. Synthesis of the graphene oxide covalently bonded to the radiolabeled COSAN (pink
circles in the cluster are B or B-H and blue circles in the cluster are C-H). Reprinted /adapted with
permission from Ref. [135] Copyright 2021, American Chemical Society.
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Figure 16. TEM image of GO-['2*I]I-COSAN internalized by HeLA cells, C. elegans incubated with
GO-[12*1]I-COSAN and PET images of GO-['4I]I-COSAN in the mice at different times (pink circles
in the cluster are B or B-H, blue circles in the cluster are C-H and red circles exocluster ar the 124I.).

Reprinted /adapted with permission from Ref. [135] Copyright 2021, American Chemical Society.

Our group, in collaboration with S. Draper’s group in Dublin, has also reported the
preparation of transition metal-carborane photosensitizers by Sonogashira cross-coupling
of (4-ethynylbenzyl)methyl-o-carborane with halogenated Ru(II)- or Ir(IlI)-phenanthroline
complexes [136]. The resulting carboranyl-containing complexes (RuCB, IrCB, RuCB2, and
IrCB2 in Figure 17) exhibited phosphorescence emission with maxima between 630 and
665 nm and lifetimes of 2.53, 0.38, 1.83, and 0.19 ps, respectively. All of them produce singlet
oxygen with quantum yields (®,) of 52%, 25%, 20%, and 10%, respectively, which suggests
their use as triplet photosensitizers for photodynamic therapy (PDT). The subcellular
uptake of all complexes was explored in SKBR-3 cells. Their localization and intensities
were different depending on the number of carborane moieties and the nature of the
transition metal centers. Complex IrCB was the best internalized with a clear accumulation
in the cytoplasm. On the other hand, RuCB was hard to observe in the confocal microscopy
images, but further microscopy experiments performed at a higher laser power showed
that, in fact, RuCB was internalized. RuCB2 formed aggregates mainly located at the
plasma membrane, whereas IrCB2 was poorly detected inside the cell (Figure 18). All of
them showed the absence of dark toxicity under photodynamic therapy (PDT) conditions.
Despite significant differences in the photophysical activities and cellular internalization of
RuCB and IrCB, irradiation (Aex 405 nm; 3 min; mean intensity 55 pW) of both killed ~50%
of SKBR-3 cells at 10 uM.
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Fluorescence

Magnification

RuCB

IrCB
RuCB

Figure 17. Structures of RuCB, IrCB, RuCB2, and IrCB2 (pink circles in the cluster are B-H and black
circles in the cluster are C).

IrCB IrCB2

Figure 18. Orthogonal projection of z-stacks of live SKBR-3 cells incubated with 10 uM RuCB, IrCB,
RuCB2, or IrCB2 for 4 h and observed under CLSM. (Top row): To analyze the localization of the
compounds, fluorescence mode was used. Compound luminescence emission was detected in the
range of 614-760 nm (red) by exciting the cells using the Acx 405 nm laser. Wheat Germ Agglutinin
(WGA) fluorescence emission (membrane) was detected in the range of 496-579 nm (green) by
exciting the cells using the Aex 488 nm laser. (Bottom row): Magnification of the selected areas (square
boxes). Scale bar, 5 um [136].

6. Conclusions

The progress in the synthesis of icosahedral boron clusters and their derivatives, the
improvements in particles technology, the advances in medical imaging and computing,
and the fact that new irradiation facilities are becoming available at hospitals makes
radiotherapies such as BNCT and PBER viable choices for new cancer medical therapies
especially indicated for tumors resistant to chemotherapy and conventional radiotherapy:.
All this evidence promises to make BNCT and PBFR cutting-edge technology readily more
accessible in the near future.

The fact that the icosahedral metallabis(dicarbollide) clusters reported in this review
cross the mammalian membrane and have antimicrobial properties but low toxicity for
mammalian cells (high selectivity index, SI) represents a promising tool to treat infectious
intracellular bacteria. As there is an urgent need for antibiotic discovery and development,
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these small anionic molecules represent relevant and promising antimicrobial agents to
tackle bacterial infections.

This review also gathers several families of boron clusters-based fluorophores with
luminescent properties as potential theranostic agents for bioimaging and BNCT. Among
them are a series of BODIPYs functionalized with either neutral or anionic boron clusters, a
set of anthracene-m-carborane dyads, and a family of tin complexes linked to anionic boron
clusters. All of them showed excellent fluorescence emission and high cellular uptake. The
preparation and study of GO functionalized with radiolabeled cobaltabis(dicarbollide) for
PET are described. To end, a set of Ru(II) and Ir(IlI)-phenanthroline photosensitizers bearing
one or two Me-o-carborane cages, as well as the in vitro studies for PDT are reported.
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Abstract: The cobalt bis(dicarbollide)(17) anion (17), [(1,2-CoBgHiq),-3,3’-Co(IID)](17), plays an
increasingly important role in material science and medicine due to its high chemical stability, 3D
shape, aromaticity, diamagnetic character, ability to penetrate cells, and low cytotoxicity. A key factor
enabling the incorporation of this ion into larger organic molecules, biomolecules, and materials, as
well as its capacity for “tuning” interactions with therapeutic targets, is the availability of synthetic
routes that enable easy modifications with a wide selection of functional groups. Regarding the
modification of the dicarbollide cage, syntheses leading to substitutions on boron atoms are better
established. These methods primarily involve ring cleavage of the ether rings in species containing
an oxonium oxygen atom connected to the B(8) site. These pathways are accessible with a broad
range of nucleophiles. In contrast, the chemistry on carbon vertices has remained less elaborated
over the previous decades due to a lack of reliable methods that permit direct and straightforward
cage modifications. In this review, we present a survey of methods based on metalation reactions on
the acidic C-H vertices, followed by reactions with electrophiles, which have gained importance in
only the last decade. These methods now represent the primary trends in the modifications of cage
carbon atoms. We discuss the scope of currently available approaches, along with the stereochemistry
of reactions, chirality of some products, available types of functional groups, and their applications
in designing unconventional drugs. This content is complemented with a report of the progress in
physicochemical and biological studies on the parent cobalt bis(dicarbollide) ion and also includes an
overview of recent syntheses and emerging applications of boron-substituted compounds.

Keywords: borane; carborane; dicarbollide; cobalt bis(dicarbollide); lithiation; metalation

1. Introduction

The 3,3-commo-closo-bis(-1,2-dicarba-3-cobalt dodecaborane)(17™) anion, often abbre-
viated using the trivial name “cobalt bis(dicarbollide) anion” or “COSAN" (17), was
discovered through the pioneering work of M.E. Hawthorne in 1965. M. F. Hawthorne
found that the open face of the deprotonated 7,8-dicarba-nido-undecaborate ion (dicarbol-
lide ion) [C,BgH11]%~ is iso-electronic with the cyclopentadiene ion, providing six electrons
for bonding with a transition metal in a n°-fashion, similar to organic metallocenes [1,2].
Indeed, the cobalt bis(dicarbollide) ion possesses fully occupied bonding inner orbitals
with an 18-electron structure, akin to organometallic ferrocene, making it the most stable
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compound within the series of metalla bis(dicarbollide) ions. However, significant differ-
ences arise, starting with Co(IlI) as the central atom, its oxidation state, ionic charge of
the cluster, 3D architecture, overall size, presence of B-H and C-H sites in the molecule,
and dipole moments. This compound can be synthesized through the deboronation of
ortho-carborane, followed by deprotonation and treatment with cobalt chloride [2-5].

The chemistry of this ion has consistently garnered interest and, consequently, has
been the subject of constant interest and has been the topic of several previous reviews
and book chapters by, for example, Bregadze and Sivaev [6], Dash and Hosmane [7], and
Grimes [8]. Its unique electronic structure, characterized by the presence of hydridic BH ver-
tices, charge delocalization throughout the structure, and aromaticity, contributes to its high
stability. The ion is marked by its ionic negative charge, diamagnetic character, low nucle-
ophilicity, and very high thermal, chemical, and radiolytic stability. Its versatility is evident
in various applications, including nuclear waste treatment [9,10], conducting polymers
and coordination polymers [11], electrochemistry, ion-selective electrodes [11-14], catalysts,
photocatalysts [15,16], and more. The ion (17) also exhibits hydrogen and dihydrogen
bonding capabilities, which facilitate self-assembly [17-19], water solubility [20], and the
formation of micelles and vesicles [21-23]. Moreover, it shows resistance to catabolism [24],
easy penetration into cells, low toxicity in both in vitro and in vivo models [25-29], and the
potential for unconventional types of interactions [30]. Therefore, this ion represents an at-
tractive candidate for medicinal applications, such as inhibitors of therapeutically relevant
enzymes like HIV Protease [31], cancer-associated Carbonic Anhydrase IX (CA-IX) [32],
NO synthase [33], kinases [34], antibacterial drugs [35,36], and antimycotic agents [37],
as well as a boron delivery platform for Boron Neutron Capture Therapy (BNCT) of can-
cer [38], modifications and labeling of DNA [39], and the development of electrochemical,
photoredox, and radiochemical probes in diagnostics [24,40—43].

The derivatization of the cobalt bis(dicarbollide) anion can be achieved at both the
carbon and boron sites of the cluster. However, the synthetic methods for these derivatives
differ [6-8]. There has been greater emphasis on studying substitution at the boron atoms
due to the availability of convenient synthetic pathways, generally proceeding via the
Electrophile Induced Nucleophilic Substitution (EINS) mechanism [8]. Functionalization
at the carbon atoms has been accessible only through indirect synthetic routes involving
metal insertion into modified dicarbollide anions as ligands. In contrast to dicarba-closo-
dodecaboranes (carboranes) [44] and the 1-carba-closo-dodecaborane ion [45], the CH sites
in the cobalt bis(dicarbollide) anion appear less susceptible to metalation reactions, and,
thus, direct modifications of carbon became available much later, generally over the course
of the last decade. Although some early reports of successful lithiation can be found in
the literature [46], reproducibility under the described reaction conditions was poor or
rather inaccessible. Therefore, chemists working in this area almost lost hope, after many
unsuccessful attempts, that direct synthesis via metalation and reactions with electrophiles
could be a feasible method for the successful derivatization of the cage.

Interest was reborn after the first successful report on the synthesis of compounds
containing carbon-silicon and carbon—-phosphorus bonds by the group of Teixidor and
Vinas [47-49]. Following the development of approaches and reaction conditions al-
lowing for reliable lithiation and subsequent reactions, the direct synthesis of carbon-
modified cobalt bis(dicarbollide) anions containing carbon—carbon, carbon-silicon, carbon-
phosphorus or carbon-halogen bonds, and various terminal groups became accessible,
forming the main focus of this review. Since the last comprehensive review on cobalt
bis(dicarbollide) derivatives in 2017, when Dash and Hosmane et al. [7] published an
overview of cobalt bis(dicarbollide) derivatives functionalized on both carbon and boron
atoms, significant progress has been made in this field. The purpose of our review is,
therefore, to summarize the main achievements in cobalt bis(dicarbollide) ion chemistry
published since the last review and to provide a comprehensive overview of the develop-
ments in this area over recent years.
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2. General Properties of the Cobalt Bis(dicarbollide) Ion

Cobalt bis(dicarbollide) is a low-spin diamagnetic (d®) anionic complex composed
of a Co(Ill) atom at its center, coordinated to two [C;BoH11]?~ ligands. The electrons
are fully delocalized in the inner bonding orbitals, and the ion is considered an aromatic
species [50-53]. While two known isomeric forms exist, [(1,2-C;BgHj1)2-3,3'-Co(II)] ~ and
[(1,7-C2BoHi1),-2,2'-Co(III)] ~, the number of potential isomers can reach 45 [9]. The latter
isomer, with non-adjacent carbon atoms in the open {C; B3} face of the dicarbollide ligands,
corresponds to the thermodynamically more stable species [54]. Isomerization into the
meta-isomer requires high energy and temperature, but the presence of substituents may
reduce the activation barrier for isomerization [8].

The structure of the cobalt bis(dicarbollide) ion resembles a rod-like “peanut” shape
with nanometer dimensions. The distance between terminal H(10) atoms in apical positions
is approximately 1.2 nm long, and the cage is 0.72 nm wide [32]. Both dicarbollide ligands
can rotate around the z-axis in a solution. The surface is covered with B-H bonds, with par-
tial negative charges localized on the hydrogen atoms. Four C-H groups are slightly acidic,
though however, the determination of the corresponding pK, values is pending. XRD
structures and chemical calculations indicate the presence of several discrete conformers in
solid-state, including transoid-(staggered), gauche-(gauche), and cisoid-(eclipsed) geometries as
the main energetically favorable forms (Figure 1). The fast rotation of both ligand planes
around the central cobalt atom occurs in a solution. Density Functional Theory (DFT)
calculations suggest that the energetic separation of the three rotamers, around 11 k] mol !,
and barriers for their interconversion, approximately 41 k] mol~! [54,55], are low. The rapid
rotation of ligand planes in metalla bis(dicarbollide) ions is also supported by experiments;
the most recent paper on a similar iron sandwich compound was published in 2022 [56].
Low energy interconversion precludes the isolation of the rotamers from the solution,
however, these can be seen in solid state structures. The Cs* salt of the parent ion typically
adopts a fransoid conformation in solid-state structures, although structures of many other
salts with alkyl ammonium cations in the Cambridge Structural Database (CCDC) show a
cisoid arrangement. Most derivatives of ion 1~ in the CCDC usually adopt cisoid or gauche
conformations with a wide variety of torsion angles. Only derivatives with heavier halo-
gens and those heterosubstituted with Ph and I adopt a transoid conformation, attributed to
the formation of B-H-Hal or B-H-Ar bonds [57,58]. As reported in the literature, a search of
the CCDC Database revealed that approximately 80% of the deposited structures adopt a
cisoid conformation, 17% are gauche, and only 5% are transoid arrangements of the carbon
atoms [59]. Conformational mobility can be partly or fully restrained by the presence of
two (or more) bulky substituents on the ligand planes sandwiching the cobalt ion [60] or
due to a bridge substituent (ansa-substitution) interlinking the boron or carbon positions.

The cobalt bis(dicarbollide) ion has a high surface area to charge ratio, with maximum
electron density located on the B(8), B(9), and B(12) skeletal vertices [61,62]. No recent
computational analysis had been reported until 2005 [54]. A DFT analysis showed that
the electronegativity difference of B and C increases the electron density around the car-
bons of the dicarbollide ligand, and the Highest Occupied Molecular Orbital (HOMO) of
cobalt bis(dicarbollide) exhibits the expected predominant d(metal) and pronounced ligand
character, respectively [54].

Cobalt bis(dicarbollide) can be reduced to its Co(ll) dianion by sodium amalgam
or metallic cesium and, subsequently, oxidized back into its Co(Ill) state [46]. Its ability
to undergo a Co(II/III) redox process makes it suitable for use in electrochemical and
electronic applications [63]. Its ability to undergo a reversible 1le™ oxidation le™ reduction
cycle was first reported in 1971, suggesting an Electron transfer, Chemical reaction, and
Electron transfer (ECE-type) mechanism supported by cyclic voltammetry [64].

"B NMR is a comprehensive method for the identification of B and C-substituted
carboranes and cobaltacarboranes. The paramagnetic Co(Il) complex [Co(CyBoH11)21>~
has a wide ''B NMR range (from +132 to —66 ppm), while the diamagnetic Co(IIl) complex
has peaks typically in the +6 to —23 ppm region [46]. The sp™ hybridization of dicarbollide
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ligands is expected to result in larger coupling constants compared to ligands of pure
p-character in their bonding orbitals, such as in a {CsHs} ™ ion [65]. Despite distinguishable
B(8) substitution, signals of the 18 BH vertices can often overlap, particularly those observed
for B(4,7, 9, and 12), which may complicate the assignment under practical circumstances.
Btihl et al. demonstrated that the ''B NMR shifts in the spectra of cobalt bis(dicarbollide)
and its derivatives can be predicted using DFT calculations within a relatively small
deviation [54]. Theoretical nucleus-induced chemical shift (NICS) studies showed that
cobalt bis(dicarbollide) derivatives possess high aromaticity, providing excellent stability
and reactivity [50].

Cisoid Transoid Gauche

Figure 1. Schematic presentation of the molecular structure of cobalt bis(dicarbollide) ion (1) (from
XRD structure of Cs* salt) presented in ref. [61] and three main energetically favored conforma-
tions [54]. Boron atoms are drawn in green, carbon in gray, and cobalt in rose color.

3. Carbon-Substituted Derivatives

In the chemistry of the neutral 1,2-dicarba-closo-dodecaborane, it is well-established
that the properties of functional groups on carbon and boron atoms can differ significantly.
For instance, the pKj, of functions such as NH,, SH, and COOH, as example, attached to
C(1) and B(9) positions in 1,2-dicarba-closo-dodecaborate can vary appreciably [66]. In
general, groups on carbon atoms are notably more acidic than those bound to boron. A
similar trend can be expected for groups on B and C atoms of the cobalt bis(dicarbollide)
cage, although a systematic and sufficiently quantitative set of physicochemical data is not
yet available.

Concerning amine derivatives, optimized structures and relative proton affinities
have been calculated based on B3LYP and BP86 functionals along with conformational
changes using BP86/6-31G* quantum-chemical computations [67]. The calculations were
performed over the whole series of seven isomeric C(1), B(4), B(5), B(6), B(8), B(9), and
B(10) substituted amines in transoid-conformation, as well as 11 possible isomers of C(1),
C(2), B(4), B(5), B(6), B(7), B(8), B(9), B(10), B(11), and B(12) -NH, derivatives of the cobalt
bis(dicarbollide) ion. The results clearly demonstrate a significant increase in the acidity
of amino functions when present on carbon atoms. However, in a transoid-conformation,
the B(6)-NH;, group appears more acidic than the C(1)-NH; group. Conversely, when
considering cisoid-arrangements, the latter becomes the most acidic. The energy difference
between proton affinity in cisoid-conformation is 178 k] mol~! between C(1)-NH; and the
most basic B(8)-NH,.

Available experimental evidence supports this theory and shows that NH, groups
bonded to boron atoms readily undergo protonation to -NHj3 under slightly acidic con-
ditions or even at or below pH 7, producing stable zwitterionic compounds. However,
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the protonation of C-substituted amines with 3 M HCI proceeds differently and results in
the respective hydrochlorides -NH,-HCl instead, which is characterized by the formation
of double salts. This feature has also been observed in several unpublished solid-state
structures of amines that have recently been crystallized [68]; one example being [1,1'-
(HC1-H,N-CH;-C,BgHyg)2-3,3"-Co(III) [MegN (27), schematically depicted in Figure 2. As
a practical consequence, these compounds tend to behave as anions in solution.

Figure 2. Schematic presentation of the molecular structure of the double salt of the formulation
[1,1'-(HCI-HoN-CH,-C2BgHj)2-3,3'-Co(Il) [MegN based on unpublished structural data [68]. Boron
atoms are drawn in green, carbon in gray, cobalt in rose, chlorine in green-yellow, nitrogen in blue,
and oxygen in red color.

Recent demands for fine-tuning interactions of cobalt bis(dicarbollide) derivatives with
biological targets in medicinal chemistry have sparked increased interest in the synthesis
and use of carbon-substituted derivatives as a viable solution, offering better control over
the distance between functional groups and the cage. Indeed, C-substitution allows for the
introduction of one or two substitution groups, which may be identical, or eventually dif-
ferent. When combined with boron substitution, this opens up a broad range of geometrical
and functional possibilities. In practical terms, these derivatives have proven advantageous,
for example, in the design of CA-IX inhibitors, demonstrating clear benefits which proved
to have clearly better properties compared to boron-substituted derivatives, particularly
in terms of greater flexibility in modifications and improved inhibitory properties (as
discussed in Section 5.2.1 below) [32].

3.1. Indirect Substitutions via Modified 1,2-Dicarba-closo-dodecaborate

Indirect substitution pathways were extensively covered in previous reviews and
books [6-8]. The first known methods for obtaining C-substituted derivatives involved
the modifications of ortho-carborane followed by the degradation of specific derivatives
into modified dicarbollide ions. This was followed by deprotonation with a strong base
(typically NaH or KO'Bu) in THF or DME and metal insertion via a reaction with anhydrous
CoCl,. Generally, this approach primarily leads to disubstituted compounds, typically
obtained as a mixture of two diastereoisomers. The first is represented by the asymmetric
(racemic) form, and the second corresponds to the form that has a plane of symmetry (meso)
(see Section 3.3 on stereochemistry below). The substituents are then located in two ligand
planes up and down the cobalt atom. This method can also be employed in the synthesis of
monosubstituted compounds, provided that a mixture of modified and parent dicarbollide
ligand is reacted with cobalt(II) chloride (or other Co(Il) salts). However, its use is quite
uneconomical since the reaction kinetics of the parent dicarbollide ion is faster than that of
the substituted ligand. Therefore, a considerable amount of the parent sandwich ion 1~
forms in these reactions, along with some disubstituted products that start to form when
the parent dicarbollide ion is spent.
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Derivatives substituted on carbon atoms with two or four alkyls or phenyls were
prepared using this approach. Additionally, a series of bridged ansa-derivatives were
synthesized, where two carboranes or dicarbollide anions were interconnected via a chain,
eventually containing heteroatoms, into which a cobalt atom was inserted (Figure 3). This
category also includes Hawthorne’s famous ansa-pyrazolyl Venus flytrap system designed
for easy labeling with ®*Co(III) for radioimaging [69]. In addition, Hawthorne’s group also
synthesized bridged derivatives on cage carbons of cobalt bis(dicarbollide) with -propyl-,
-butyl-, -pentyl-, and -TosN(CH,CH,) spacers via deboronation, deprotonation, and cobalt
insertion steps with yields ranging from 21% to 61% [70]. They also similarly prepared
-COC- and -CSC- bridged derivatives, with the latter being oxidizable into its correspond-
ing sulfone derivative using meta-chloroperoxybenzoic acid in dichloromethane [71,72].
More recent studies by Nabakka et al. and Vifias et al. focused on preparing cobalt
bis(dicarbollide) substituted with ethylene glycol units, which proved advantageous in
partitioning 137Cs, 908y, and 152Eu from simulated nuclear waste [72-74]. Recently, carbon-
substituted dimethylsulfanyl derivatives [60] and some alkyl-sulfonamides alkylsulfon-
amides [75] were prepared using the indirect approach.

Figure 3. Schematic presentation of the molecular structures of (37) rac-form of the butylene
bridged derivative [70], (47) rac-CH,OCHj- bridged [71], and (57) meso-thioether bridged [72]
cobalt bis(dicarbollide). Boron atoms are drawn in green, carbon in gray, cobalt in rose, sulfur in
yellow, and oxygen in red color.

3.2. Direct Modifications

Since the cesium salt of cobalt bis(dicarbollide) has become widely available com-
mercially, direct lithiation reactions offer advantages over the above indirect methods
by allowing the synthesis of either mono- or disubstituted compounds in a single step.
However, it is worth noting that the metalation with RLi requires strictly controlled low-
temperature conditions, although the exact reason for this requirement remains unclear.
Considering similar, but neutral, ferrocene, the acidity of the C-H group is significantly
enhanced compared to common aromatic molecules, allowing for easy lithiation [76]. In
the case of cobalt bis(dicarbollide), a similar effect can probably be anticipated, however,
corresponding systematic studies are not yet available.

It is currently uncertain as to what extent C-Li interactions display an ionic character,
as seen in the case of the [CB11Hj,]~ ion, which has been shown to stabilize a “naked” Li*
cation in a solution [77]. Complications in reacting lithiated species could be connected with
the abstraction of Li* by other species present in the solution, the aggregation of the RLi
reagent depending on the specific solvent [78], or unspecific interactions of Li* complexes in
a solution with other sites on the boron cage. Some observations indicate that C-Li vertices
can, under certain reaction conditions, follow unexpected pathways, such as nucleophilic
reactions with R present in RLi, resulting in C-R substitution [68]. An example of a 1-butyl
derivative isolated from a reaction with BuLi in DME is presented in Figure 4. Other
examples include nucleophilic substitution on a carbonyl group observed in reactions with
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N-(w-bromoalkyl)phthalimides (see Section 3.7.3 below) [79] or the preferential formation
of a C-Br bond in a reaction with BrCN (see Section 3.10) [80].

Figure 4. Drawing of the molecular structure of the butyl-substituted derivative (6~) based on XRD
analysis [68]. Boron atomsare drawn in green, carbon in gray, and cobalt in rose color.

On the other hand, metalation, and subsequent reactions with electrophiles, offer
advantages in terms of direct and rapid syntheses, the possibility of generating mono-
substituted compounds, and the capability to introduce substituents that would interfere
during metal insertion (due to coordination to cobalt), which may react with dicarbollide
ligands or decompose under the highly alkaline conditions that are necessary when using
indirect methods.

3.3. Stereochemistry of Substitution

In principle, there are four CH vertices available for metalation in cobalt bis(dicarbollide)
ions. However, experimental trials and compounds reported in the literature [46,81] suggest
that it is challenging to achieve more than disubstituted products, even when using a larger
excess (up to six equivalents) of RLi and an appropriate ratio of reagents. Although
small quantities, up to approximately 20%, of tri- and tetra-substituted species may form,
these reactions do not typically go to completion. Several factors could contribute to this
limitation, including the steric bulk of the Li* (Solvent), moiety on the carbon vertex, the
potential involvement of B-H interactions, or electronic repulsion of the lithiated C-vertices,
which carry a partial negative charge.

In contrast to ferrocene chemistry [79], the ortho-metalation on the cobalt bis(dicarbollide)
ion appears to be difficult, at least based on current knowledge. Indirect experimental
evidence indicates that, in cases of disubstitution, typically two nonadjacent vertices
are metalated and subsequently substituted, resulting in the formation of one or two
diastereoisomers out of three possible options (Figure 5). The exact outcome depends
(Scheme 1) on the reagent and reaction conditions. Most often, a mixture of rac- and
meso-forms is obtained. Typically, the asymmetric rac-form, characterized by the highest
spatial separation of the substituted carbon atoms, is the most abundant product. From
a study published by Juarez-Perez et al. on the silylation of carbon vertices, it follows
that the presence of the meso-form can increase with temperature [48]. Solvent choice can
also favor the prevalence of rac-form, e.g., the replacement of dimethoxy ethane (DME)
with diethoxy ethane (DEE) led to a higher ratio of the rac-form [80,81]. Some reagents,
such as CO,, CH30CH,CH,OCH,Cl (MEMCI) [46] in reaction with lithiated parent cobalt
bis(dicarbollide), or trimethylene oxide, in case of the ion 1~ rigidified with an oxygen
bridge, produced essentially pure rac- isomer [82]. This is likely due to increased steric
strain around the reaction sites induced by the coordination of Li* to a specific solvent, or
steric requirements of the initial substituent entering the carbon site and/or its coordination
ability. In the latter case, the preference was connected with the inherent cisoid-arrangement
of carbons in the bridged molecule [82], which apparently resulted in higher steric strain
around the carbon atoms.
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Scheme 1. Possible stereoisomers of carbon disubstituted species, E means a general substituent bind
by simple bond. (A) meso-, (B) rac-, and (C) vicinal-isomer.

The presence of two (or three) isomers can be discerned from the 'B, 'H, and 3C
spectra [46,81]. An example of differences in B NMR signals between rac- and meso-forms
is illustrated in Figure 5. It can be seen that both forms exhibit very similar spectral patterns
with the same number of nine boron signals. Only the peaks in the lowest and highest
field corresponding to B(8,8") and B(6,6') may be, depending on the specific substituent,
mutually and distinguishably shifted. Other !'B signals for particular boron vertices exhibit
only minor differences in chemical shifts. These signals are often overlapping, and overlap
especially in the analysis of unseparated mixtures of diastereoisomers.

The pseudosymmetric spectral pattern in the ''B -NMR of the rac-form is notably
unexpected. Even so, the spectrum reflects the asymmetry of each ligand but corresponds
to the magnetic equivalency of both dicarbollide cages in a solution. This results in the
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signal averaging in the NMR time scale due to time-averaged rotational disorder. The
1B NMR spectrum of the symmetric vicinal-isomer consists of two shifted symmetric
patterns of dicarbollide ligands in the spectrum; each part shows six boron signals of
relative intensities 1:1:2:2:2:1 [46]. Each isomer typically shows one CH signal with an
intensity of two in the corresponding 'H and !3C spectra, usually differing in chemical
shifts. The ratios of isomers can be reliably analyzed using ion-pair reverse-phase (IP-RP)
chromatography on RP columns modified with octyl or phenyl groups, which often allows
for the baseline separation of the peaks of respective stereoisomers [83]. Compared to
normal-phase chromatography, the separations on the RP column often provide better
results when considering the preparative separations of diastereoisomers [75].

3.4. Chirality

Substitutions on the cobalt bis(dicarbollide) ion can readily induce asymmetry in the
cage, leading to chirality. While mainly electroneutral compounds with chirality induced by
asymmetric bridging units between boron atoms were previously described and resolved
into enantiomers [83-86], carbon substitutions offer a broader range of possibilities for
preparing chiral species.

Monosubstituted compounds with the general formulation [(1-X-1,2-C,BoHj)(1’,2'-
CyByH11)-3,3'-Co(I)] ~ and [(1-Y*-1,2-CaBgHy0)(1’,2/-CoBgHy1)-3,3-Co(IIN)]° are inherently
chiral species displaying planar chirality. Trisubstituted derivatives can also exhibit the
same type of asymmetry. In the case of disubstitutions with identical groups, of the substi-
tutions with short or rigid bridges, and out of the three possible stereoisomers (Scheme 1,
A: rac-, B: meso-, and C: vicinal-), only the rac-stereoisomer is inherently asymmetric and
represents a prochiral species with axial chirality. Chiral molecules can also be obtained
when two different substituents are present on carbon atoms in the meso-and vicinal-forms
or when the second group is located on a boron atom.

Enantioseparations of these chiral ionic cobalt bis(dicarbollide) derivatives using
chiral HPLC have been challenging, in particular, due to the unspecific interactions of
the anions with silica-gel-based Chiral Stationary Phases (CSPs). Hora¢ek and Kucera
recently achieved the successful resolution of this issue by demonstrating that the addition
of strong electrolytes to the mobile phase can effectively mitigate these effects [87]. The
separation of approximately 16 enantiomeric pairs of chiral ionic, carbon-substituted, cobalt
bis(dicarbollide) derivatives on different modified cellulose and cyclodextrin stationary
phases was recently described using HPLC and SFC chromatographic techniques [82,88-90].
The majority of resolved compounds belong to the type with simple functional groups
with preserved rotation of the ligand planes around the cobalt atom. Surprisingly, these
compounds could be resolved with similar or even better selectivity and resolution com-
pared to anions rigidified with bridges between B(8,8’) boron positions, indicating that the
conformational mobility of the cage has little effect on the separation of enantiomers.

3.5. Derivatives and Structural Blocks Prepared through Metalation Reactions

The carbon-substituted compounds in question are categorized and discussed in the
following sections based on the chemical origin of the terminal groups attached to the
cage. This classification encompasses scenarios where these groups are either separated
by a spacer group or not. Particularly in the context of medicinal applications, mostly
compounds containing a linker have been studied due to the search for optimal interactions
with biological targets.

Notably, compounds with functional groups directly attached to the cage carbon
atoms, although they have received less attention, are of significant importance due to their
distinct chemical and physicochemical properties. Indeed, even the terminal groups bound
to the cage via a methylene spacer show chemically different properties compared to those
with ethylene and longer pendant groups [32,91]. In general, the synthesis and isolation of
compounds containing groups directly attached to carbon atoms pose various challenges
due to the proximal steric and electronic effects of the bulky cobalt bis(dicarbollide) ion.
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Currently, the first members of the series are the subject of extensive investigation in
our laboratories.

3.5.1. Alkyl Derivatives

The first description of deprotonation and nucleophilic substitution reactions in carbon
atoms was presented by Miller-Chamberlin et al., who utilized butyllithium lithiation fol-
lowed by reactions with methylene iodide, hexyl bromide, or the glycolic reagent MEMCI.
These reactions resulted in the alkylation of one to four cage carbon atoms [46]. The re-
actions were conducted in tetrahydrofuran (THF) at ambient temperature or at —30 °C
for NMR experiments. Despite detailed NMR studies supporting the synthetic results of
the cage deprotonation with BuLi and a thorough characterization of the products, later
attempts by different research groups to reproduce these syntheses under the described
conditions failed. The NMR results indicated the formation of purple or blue diamagnetic
species resulting from the metalation of the C-H sites. Consequently, the reduction of
the cobalt atom to Co(II) with BuLi was ruled out. The deprotonated sites kinetically
determined the stereochemistry of the substitution reactions. The lithiated form was ob-
served to undergo deuterium exchange with D,O. In the case of disubstituted compounds,
unseparated mixtures of rac- and meso-isomers were formed in a ratio of 2.5:1 for methyl
and hexyl species, while the pure rac-diastereoisomer of the di-(MEM) derivative [1,1'-
(CH30CH,CH,0OCH3),-(1,2-C,BgHy()>-3,3'-Co(Ill)] ~ emerged as the sole product (77,
Figure 6). Larger ratios of BuLi exceeding two equivalents were reported to cause the
degradation of the cage, leading to the release of metallic cobalt. The lithiation of boron-
substituted mono- and dibromo/iodo-cobalt bis(dicarbollide) (followed by a reaction with
Mel) did not yield any methylated derivatives. This can be explained by the interactions of
large-sized and electron-rich Cl and Br atoms with the acidic C-H hydrogens in the transoid
conformation preferred by the halide derivatives [46]. These compounds were synthesized
for the purpose of their use in radionuclide extraction.

Figure 6. Schematic presentation of the molecular structure of the rac-isomer of di-(MEM) ™~ derivative
presented in ref. [46]. Cesium atoms are omitted for clarity. Boron atoms are drawn in green, carbon
in gray, cobalt in rose, and oxygen in red color.

3.5.2. Hydroxyalkyl Derivatives and Their Respective Esters

Reactions of lithiated cobalt bis(1,2-dicarbollide)(17) in the presence of paraformalde-
hyde, ethylene oxide, or trimethylene oxide led to the substitution of 1~ at the carbon
atoms, resulting in the high-yield formation of monosubstituted alkylhydroxy derivatives
[(1-HO(CHz)n-l,Z-CngHlo)(l/,2/-C2B9H11)-3,3/-CO(HI)] (1‘1 = 1—3) (S_a, b, C), along with
disubstituted products of general formulation [(HO(CH,)n-1,2-C,BoHj)2-3,3'-Co(I1I)]
(n=1-3) (10~ a, b, and c) (Scheme 2) [81]. Disubstituted compounds are, in fact, mixtures
of 1,1’-rac- and 1,2"-meso-diastereoisomers. In the case of the longest pendant group in 10c—,
the 1,2-vicinal-isomer also formed. Initially, only the rac-isomer could be isolated in pure
form through multiple fractional crystallizations from dichloromethane layered by hexane,
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in the case of shorter chain compounds 10a™— and 10b~. Later, the meso-isomer of 10b~ and
10c™ was also isolated through a combination of crystallization and chromatography [32].
All these alkylhydroxy derivatives have been further utilized as structural blocks in the
synthesis of various other derivatives in previous (see Section 5) and ongoing drug design.

i. LC separation

i. BuLi, DME or DEE, -82 °C
(CH2),OH i, MsCI, CH;CN

ii. paraformaldehyde

\| i. 2 BuLi, DME or DEE, -82 °C

ii. 2 paraformaldehyde ,OH £HCN
e/ p y -

(CHy),

(CH,),,OH

Q =BH
Q@ =CorCH

- 9b-
Scheme 2. Synthesis of mono- and disubstituted hydroxylalkyl and the respective mesyl esters of
cobalt bis(dicarbollide) from the reaction of hydroxyalkyl derivatives with methylsulfonyl chloride; i.
CsyCO;3 or K,CO3, CH3CN or CH3CN/toluene; ii. MsCl or TsCl, 45 or 80 °C; ii. MeOH, aq. MesNCl,
drying; the schematic presentation of the molecular structures of compounds 10a—, 8b—, 10b—, 127,
and 9b~ [75,81]. Boron atoms are drawn in green, carbon in gray, and cobalt in rose, oxygen in red,
and sulfur in dark yellow color.

These alcohols readily undergo esterification reactions with chlorides and anhydrides
of carboxylic acids (see the acetyl ester in Scheme 2). In addition, esters of toluensulfonic or
methylsulfonic acid, of the general formula [1-X-O-(CHy)n-(1,2-C2BoHy0)(1’,2'-C,BoHy1)-
3,3'-Co(IlI))IMe4N (where n = 1-3 and X = -SO,CH3 or -SO,(-CgHy-4-CHj3) and diesters
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[1,1-(X-O-(CHz2)n)2-(1,2-C2BgHj)2-3,3"-Co(Il) IMesN (n = 1 and 2), are easily available
in good to excellent yields using reactions of trimethylammonium salts of alkylhydroxy
derivatives with methylsulfonyl or p-toluenesulfonyl chloride. Lower conversions were
observed only for starting compounds with short methylene linkers [75]. The presence of
Mes;NH? in the starting salt seems essential for attaining good yields of all compounds, due
to the catalytic effect of the tertiary amines, a well-known concept in organic chemistry [92].
The Ms and Ts esters were further employed as structural blocks in the synthesis of the
respective amines, azides, and sulfamides.

The low-temperature lithiation and reaction with trimethylene oxide were recently
studied using the cobalt bis(dicarbollide) cage, which was rigidified by a polar oxygen
atom positioned between boron positions (B8,8'), lying in the plane intersecting the bonds
between the carbon atoms in dicarbollide ligands located across the central atom [82]. There-
fore, the starting anion had a restricted rotation of the ligand planes that corresponded to the
symmetric Cyp, Point Group. The reaction procedure led to the high yield formation of mix-
tures of hydroxypropyl [1-8,8'-O-(1-HOC3Hg-(1,2-CoBgHg)(17,2'-CyBgHj)-3,3'-Co(I1I))]
(137) and dihydroxypropyl [1-8,8"-O-(1,1"-(HOC3Hg)2-(1,2-CoBgHy),-3,3"-Co(III))] ~ (147)
derivatives, with one product prevailing depending on the initial ratios of BuLi used in
the reaction. The compounds were characterized using a combination of spectroscopic
methods, X-ray crystallography, and chemical analysis. Dissimilarly to the parent cage, only
the racemic-isomer of dihydroxypropyl derivative formed when the conformation mobility
of the cobalt bis(dicarbollide) cage was restricted. As also follows from XRD analysis, the
molecular structures of 13~ and 14~ are completely asymmetric due to substituent sites
located on carbon atoms C1 and C(1,1’), respectively. Both types of this heterosubstitution
are inherently chiral, and the enantiomers were resolved using analytical HPLC techniques
on chiral stationary phases. The molecular structures of these compounds are depicted in
Figure 7.

“

Figure 7. Schematic presentation of the ms of the anions heterosubstituted with one (137) or two
(147) terminal hydroxyalkyl groups, and the oxygen bridge presented in ref. [82]. Cations are omitted
for clarity. Boron atoms are drawn in green, carbon in gray, cobalt in rose, and oxygen in red color.

The Me;NH* salts of the hydroxypropyl derivatives were easily converted to their
corresponding methylsulfonyl (Ms) esters of formulae [;-8,8'-O-[(1-(CH350,0-C3Hg-1,2-
C2B9H9)(1,2-CngHlo)-3,3/—CO(IH)]7 and [}1-8,8/-0—(1,1/-(CH3SOZO—C3H6)2-(1,2-C2B9H9)2-
3,3’-Co(1II))] .

Recently, the feasibility of the reaction of lithiated cobalt bis(1,2-dicarbollide) with
ethylene oxide was confirmed by Smiatkowski et al. for the production of compounds
containing substituents on both boron and carbon sites (2023) [93]. The starting compounds
were B(8,8') substituted derivatives that contained either two -OEtOSi(CHj3),C(CHj3)3
groups or a phosphorothioate bridge that were substituted with a trityl-protected hydroxy-
ethyl group at the sulfur atom (see Section 4). In both cases, the lithiation followed by
reactions with ethylene oxide provided the expected type of substitution, with ethoxy
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groups on carbon atoms. Although low yields of the respective products were obtained,
the results represent a rare example of simultaneous substitutions with terminal hydroxy
groups bonded to the cage via an alkyl chain on two boron positions, along with the pres-
ence of another group on one or two carbons. The products substituted with four groups
on two C- and two B-sites are reported to be a mixture of stereoisomers and enantiomers,
and these mixtures could not be separated.

3.5.3. Carboxylic Acids and Esters

The first report on the synthesis of C-dicarboxylic acid appeared in the literature
as early as in 1997 [94]. However, the paper primarily focused on polymer synthesis
and lacked sufficient details on the synthesis and characterization of the precursor acids.
The polyamide polymer backbone incorporating cobalt bis(dicarbollide) anion (157) was
tested as a cation exchanger for the separation of ¥Cs* and ?°Sr(Il) from radioactive
waste (Figure 8) [95]. This was paralleled by other studies of this team on radionuclide
partitioning, which were conducted using extraction agents based on carbon alkylated [96]
or boron halogenated [97] cobalt bis(dicarbollide) ions.

Q =BH
Q =CorCH

— —n

Figure 8. Condensation polymerization product of cobalt bis(dicarbollide) dicarboxylic acid [1-
(CONH(CH,)gNH)-1/-(CO),-(1,2-C,BoHy)p-3,3'-Co(Il)]n~ (157) [94,98].

Later, a detailed study was published on the reactions of lithiated cobalt bis(1,2-
dicarbollide)(1™) with carbon dioxide in DME that led to the substitution of 1~ on the C-
atoms by carboxy function(s) [99]. This reaction pathway resulted, according to conditions,
in good yields of the monosubstituted and disubstituted carboxylic acids of formulations
[(1-HOOC-1,2-C2B9H10)(1/,2/-C239H11)-3,3/-C0(IH)]_ (167) and [(HOOC),-(1,2-C,BgH1g)»-
3,3'-Co(Ill)]~ (17~ a, b), respectively. The 1,1'-rac-isomer (17a~) forms in this reaction as
the main product, along with minor quantities of 1,2’-meso-isomer (17b~, up to 10% by
HPLC). Only the 1,1’-rac-isomer could be isolated in its pure form. The stereochemistry of
these species was supported by the geometry optimizations and calculations of 'B NMR
shifts at the GIAO-DFT level. Scheme 3 presents a more recent XRD structure of the main
1,1’-rac-diastereoisomer that was measured and refined in the meantime [68]. This fully
confirms its asymmetric structure. In addition, compounds where the carboxylic function
is separated from the cage with different pendant groups were reported in this article. The
first has a formula [(1-HOOC-CH,-1,2-C,BgH;)(1’,2’-C2BgH;11)-3,3'-Co(1I)] ~ (19a~) and
resulted from a lithiation followed by a reaction with BrCH,COOEt and the hydrolysis of
the respective ethyl ester (18 ™). The second compound, which contains an ethylene pendant
group, [(1-HOOC-(CH;),-1,2-C,BgHy)(1/,2/-CyBgHy1)-3,3’-Co(II)]~ (19b~) between the
cage and carboxylic group, was prepared by the oxidation of a hydroxypropyl derivative of
theion 17. Para-nitrophenyl esters were also prepared (20™) as building blocks with the aim
of the easy formation of amidic bonds between the boron cage and organic primary amino
functions (Scheme 4). Their use was exemplified with model organic amines; butylamide
and benzylamide [(1-RNHOC-(CH,)n-1,2-C,BgH1)(1’,2"-C2BgH11)-3,3'-Co(III)] ~ (21~ a, b)
(n=1,2; R =Bu, R = Bn) were isolated and characterized. In addition, the feasibility of the
synthesis of compounds containing two cobalt bis(dicarbollide) cages, inter-connected via
an amidic bond, was also demonstrated.

37



Molecules 2023, 28, 6971

COOH

Q =BH
Q =CorCH

Scheme 3. Synthesis of the carboxylic acids 16—, 17a~, and 19a~ from 1~ by direct lithiation
reactions. Reaction conditions: i. DME, —82 °C, n-BuLi; ii. COy(s); iii. BrCH,COOEt at —82 °C; iv. aq.
NaOH in EtOH, reflux. BH and CH hydrogen atoms are omitted for clarity. Schematic drawing of
the molecular structure of the double Cs* /Li* salt of dicarboxylic acid 17a™ based on unpublished
crystallographic data [68]. Boron atoms are drawn in green, carbon in gray, cobalt in rose, oxygen
inred, and Li* and Cs* cations in magenta and dark violet color, respectively. The compound was
isolated by the crystallization of the reaction mixture from aqueous MeOH.

Q =BH
Q =CorCH

Scheme 4. Active esters of cobalt bis(dicarbollide)(17™) carboxylic acids allow for incorporation of
this ion into functional molecules by amidic bonds [99].
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3.6. Nitrogen Containing Compounds
3.6.1. Nitriles

Three compounds with terminal nitrile groups have been reported in the literature [80].
These were synthesized through reactions of Ms esters containing longer linkers with KCN
in a polar solvent, such as DMF, resulting in the respective alkylnitriles in good to excellent
yields (Scheme 5). Compounds with ethylene and propylene connectors between the
nitrile group and the cage, with a general formula of [(1-NC(CHj)n-1,2-C;BoHy)(1',2'-
C,B9H11)-3,3'-Co(III)]™ (n = 2 and 3, MeyN22b and MeyN22c¢), were isolated as MeyN*
salts after chromatography. Using this procedure, a C,C-disubstituted member of the
series of formula [1,1-(NC(CHy);-1,2-C,BgHjg)2-3,3’-Co(IlI)] ~ (Me4N23) was also prepared
that comprised two ethylnitrile groups in a rac-arrangement. The starting Ms ester was
prepared from the pure rac-diastereoisomer of the corresponding alcohol, isolated through
crystallization [25,81]. On the other hand, the synthesis of the first members of the series
containing a short methylene connection failed, apparently due to the steric effects of
the cage and ionic repulsion. Interestingly, procedures involving bromoacetonitrile or
cyanogen bromide resulted in substitutions with bromine instead (see Section 3.10 on
halogen derivatives). These compounds serve as widely applicable building blocks, and
their reactivity was tested in dipolar cycloaddition reactions, resulting in the formation of
the tetrazole motif.

rac-isomer rac-isomer
Q =BH
Q =CorCH

(] 22b” o 22c”

Scheme 5. Synthesis of alkylnitrile derivatives of the cobalt bis(dicarbollide) ion starting from mesyl
esters, which were prepared according to ref. [91]. Schematic figures of molecular structures of
three nitrile derivatives, determined using XRD and reported in ref. [80], are depicted at the bottom.
Cations and solvent molecules are omitted for clarity. Boron atoms are drawn in green, carbon in
gray, cobalt in rose, and nitrogen in blue color.
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3.6.2. Azides

Monosubstituted propylazide and rac-isomer of dialkylazide [;-8,8'-O- [(1-(N3C3He-
1,2-C,BoHy)(1,2-C,BoHy)-3,3'-Co(IlI)] ~ and dipropylhydroxy [u-8,8'-O-(1,1"-(N3C3Hs-1,2-
CoByHy),-3,3'-Co(III)]~ (26, 277) were successfully prepared by the reaction of the corre-
sponding Ms esters 24~ and 25~ with NaNj3 in dry dimethyl formamide (DMF) (Scheme 6).
Only the azides derived from the bridge compound with conformationally restricted geom-
etry have been reported thus far. These compounds were then studied as building blocks
suitable for Huisgen—Sharpless dipolar [2 + 3] cycloadditions with organic alkynes [82]

Q@ =BorBH
Q =CorCH

Scheme 6. Synthesis of C-alkylazides of the oxygen bridged cobalt bis(dicarbollide) ion. Reaction
conditions: i. BuLi, trimethylene oxide, DME, —78 °C, then Me3sNH"; ii. MsCl, K,CO3;, CH3CN,
45 °C, then MeyN™; iii. NaNj3, 45 °C [82].

3.6.3. Amines

C-substituted alkylamine derivatives of the cobalt bis(dicarbollide) ion are readily
available when starting from primary hydroxyalkyl derivatives with varying lengths
of the aliphatic spacer between the C(1) or C(1) and C(1’) cage positions. The reaction
pathways involve two steps: the conversion of hydroxyalkyl derivatives to methylsulfonyl
or p-toluenesulfonyl esters and their subsequent reactions with ammonia or primary
and secondary amines in toluene. These reactions resulted in compounds with primary,
secondary, and tertiary alkylamine groups attached to the carbon C(1) cage positions. These
synthetic routes also enable the easy disubstitution of the cobalt bis(dicarbollide) with two
amine functions (287). Less satisfactory results were obtained only for groups attached to
the cage via a methylene linker. In particular, the dimesyl ester (10a™) was shown to react
with ammonia and primary amines in a different pathway, producing bridge structures
consisting of three atoms of the formula [(y-(-CH,NRCH,)-(1,2-C;BgHj),-3,3'-Co(I1I))]
(R =H or Bu) (297 a, b). In our opinion, this synthetic route is the most reliable and
convenient method for the synthesis of C-substituted amines, although three reaction steps
are necessary. An example of disubstituted compounds is shown in Scheme 7 [99].

In principle, alkylamines are accessible from reactions of halogenoalkyl amines with
protected amino functions (using phthalimido, t-Bu-carbonyl, or other protective groups).
However, this reaction pathway is compromised by a nucleophilic substitution that may
simultaneously proceed on the carbonyl group (if present in the particular protective
group). Thus, only one successful reaction is described in the literature, which consists
of the treatment of the lithiated anion 1~ with bromomethyl phthalimide. This produces,
after deprotection, methylene amine in a low yield of up to 18% (Scheme 8) [79].
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Q =BH
Q =CorCH

Scheme 7. Diethylamine substituted cobalt bis(dicarbollide) (347 ) and bridge derivatives (35~ a,
b) from the reactions of monosubstituted methylsulfonyl and p-toluenesulfonyl esters of cobalt
bis(dicarbollide) with excess of ammonia, primary and secondary amines; i. NHj in excess, heating;
ii. nBuNHj,, 60 °C; R = H or n-butyl [99].

i. BuLi, DME J iii. NH,CH,CH,NH,
ii. BrCH2Pht iv. n-BuOH, reflux
33—

Q =BH
Q =CorCH

Scheme 8. Synthesis of aminomethyl (327) cobalt bis(dicarbollide) by low temperature reaction of
bromomethyl phthalimide with lithiated Cs1 and subsequent cleavage of the protective group (317).
Alternatively, NaBH, in i-PrOH-water can be used, followed by hydrolysis by 3 M HCl in glacial
acetic acid [79].

3.7. Nitrogen-Containing Heterocyclic Compounds
3.7.1. Triazines

El Anwar et al. reported a series of compounds heterosubstituted with 1H-1,2,3-
triazole ring and an oxygen bridge between boron sites, which was synthesized starting
from azidopropyl derivatives with conformationally restricted geometry by the presence
of an oxygen bridge [82]. The main aim of this study has been the testing and devel-
opment of reaction conditions suitable for the Huisgen—-Sharpless [2 + 3] cycloaddition
reactions of azides with alkynes. This would allow for an easy and reliable merging of
cobalt bis(dicarbollide) ion with complex organic functional molecules and bioconjugations.
The reactions of the boronated alkylazides with model alkynes such as phenylacetylene,
ethynylsilane, trimethylsilane, propargyl amine, dimethylpropargyl malonate, propargyl
glycine, and ethynylpyrene were tested. The optimized procedure comprised the use of
Cul (5 mol%) together with N,N-diisopropylethylamine (DIPEA) in anhydrous ethanol
at 37 °C over a period from 20 h to 5 days. In general, using these conditions, reactions
of 36~ with most of the alkynes provided the expected products of the general formula
[1-8,8"-O-(1-(4-R-1,2,3-triazolyl)-(1,2-C;BgHg)(1',2-C,BoHy)-3,3'-Co(Ill))] ~ (33~ to 367)
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in good yields. Also, the feasibility of reliable disubstitutions was studied starting from
diazidopropyl derivative 27~. This was supported by the successful synthesis of com-
pounds [1-8,8'-O-[(1-(4-R-1,2,3-triazolyl-1,2-C;BgHg),-3,3'-Co(IlI)] ~ 38~ to 40~ (Scheme 9).
Difficulties encountered due to the tedious isolations and the removal of side products
could be seen in the case of 35~ and 40~ . This was reflected in the low yields of both latter
compounds (12%). Drawing based on an unpublished XRD structure of tetrazole derivative
37~ is shown in Scheme 9, bottom. All these compounds are inherently chiral. This has
been verified by the enantioseparation of a large part of these anionic species using HPLC
techniques on chiral stationary phases [82].

Mono-  Di-
Compound No. R
327 38" @
33 Si(CHy)s
34~ 39 I
NH,
35" 407 o o
OMe OMe
OH
36" o
Q =BorBH NH
2
Q =CorCH
37"
D

ve

Scheme 9. Conjugation of azides with conformationally restricted geometry with organic functional
groups via copper-catalyzed (2 + 3) cycloaddition reactions. Reaction conditions: Cul, DIPEA, alkyne,
37 °C, and the schematic drawing of the molecular structure of product 37~ containing pyrene
substituted triazine ring (in bottom), which is based on unpublished XRD data [68]. Boron atoms are
drawn in green, carbon in gray, cobalt in rose, oxygen in red and nitrogen in blue color.

3.7.2. Tetrazoles

El Anwar et al. (2020) used an advanced organocatalysis approach in the cycload-
dition reactions of nitriles with azide ion [80]. Thus, L-proline catalyzed reactions of
nitriles 227 b, ¢ with NaNj3 in DMF provided substitution of the cobalt bis(dicarbollide)
ion with a tetrazole ring and compounds of the general formula [(1-(tetrazol-5-y1)-(CHj)n-
1,2-C,BoHy)(1',2/-CyBoHy1)-3,3"-Co(III)] ~ (41~ a, b, Scheme 10). Prolonged heating at
130 °C for 4-11 days was needed, however, the products were obtained in good yields and
purity after necessary purifications using chromatography and crystallization. In addi-
tion, disubstituted compound comprising two tetrazole rings per cobalt bis(dicarbollide)
cage of formula [(1-(tetrazol-5-y1)-CyHy)-1,2-CoBoHj)-3,3'-Co(III)] ~ (42, Scheme 4) was
prepared in good yield, starting from rac-form of the di(ethylnitrile) 23~. Alternatively, cy-
cloadditions using a previously known isonitrilium derivative [8-R-CN-(1,2-C,BgH1()(1’,2'-
C,BgH11)-3,3'-Co(1I1)]° (43a, b R = Me, Ph) bonded via a cage boron atom B(8), were
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studied for comparison. The reactions with NaNj3 proceeded readily even without a
catalyst in CH3CN at room temperature, and afforded products of the formulae [(8-(5-Me-
tetrazol-1-y1)-1,2-CoBoHy)(1’,2'-C,BgHi1)-3,3-Co(Ill)] ~ (44a~) and [(8-(5-Ph-tetrazol-1-yl)-
1,2-C;BgHy)(1’,2"-C,BoHi1)-3,3'-Co(Il)] ~ (44b~) which were obtained in good isolated
yields. On the other hand, the corresponding reactions with organic azides could be
accomplished in neither case, despite a variety of tested catalysts and conditions. The
molecular structures of two compounds corresponding to both types of tetrazole deriva-
tives Me3NH41b and Me3;NH44a were determined using single-crystal X-ray diffraction
analysis and are presented in Scheme 10, bottom. The 5-substituted tetrazole species
belongs to key structural motifs that mimic carboxylic functions and provide additional in-
teractions and hydrogen bonding, which has been widely introduced into drug design [100].
The structural modifications of the cobalt bis(dicarbollide) ion with a tetrazole ring may
help to further tune its properties as a hydrophobic pharmacophore.

AN~
ii. NaN3, L-proline \X\"7 (CHZ)F‘C\\ |,L
130 °C, 4d : N
N—
(CH C/ {\l\
iii. NaN3, L-proline 27N o
130 °C, 7d
(SN
\ /7
N—N
R
|
C\
/7 N
i. NaN I
3 \N§N
rt, 17h

a,R=-CH; @ =BorBH
b,R=-CeHs @ =CorCH

443

v

Scheme 10. Formation of tetrazoles from nitrilium and isonitrilium derivatives of cobalt
bis(dicarbollide) and sodium azide. The drawings of the molecular structures in the bottom part are
based on structural data from ref. [80]. Boron atoms are drawn in green, carbon in gray, cobalt in rose,

and nitrogen in blue color.
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3.7.3. Isoindolones and Related Species

Grtiner et al. reported that the low-temperature lithiation of cobalt bis(dicarbollide) ion
and subsequent reactions with N-(w-bromoalkyl)phthalimides, Br-(CH;),-N(CO),NCcHy4
(where n =2 and 3) give compounds substituted at cage carbon atoms by tricyclic isoindolone
moieties, with five- (45a™) or six-member (45b ™) lateral oxazine rings as the predominant
products. In addition, two minor products (46~ ) were isolated that correspond to unusual
cyclic substitution. Anion 46~ contains a bicyclic benzofuranone ring attached by a quaternary
carbon in a bridging manner, and anion 46~ consists of a ketobenzoic acid amide substituent
with a lateral azetidine ring [79]. The structures of all the isolated cyclic products were
determined using single-crystal X-ray crystallography. As depicted in Scheme 11, the first step
in the main reaction mechanism consists of the nucleophilic addition of the lithiated carbon of
the metallacarborane to the carbonyl moiety present in the phthalimide group. This is followed
by the intramolecular cyclization process of the alkylbromide end of the molecule, which
results in the formation of a tricyclic heterocycle of the isoindolone type. Only the later stages
of the reaction correspond to an SN, mechanism in which the nucleophilic alcoholate oxygen
reacts with the alkylbromide end and forms the lateral ring in the isoindolone scaffold (see
Scheme 11). The formation of a stable pentagonal or hexagonal ring apparently contributes
significantly to the observed cyclization pathways. The mechanism that rationalizes the
formation of the isoindolone rings thus closely resembles that observed previously for other
metalated species such as phenylithium [101] or lithiated 1-phenyl-1,2-carborane [102].

i. BuLi, DME, -78 °C
ii. N-(2-Bromoethyl
or propyl)phthalimide ™’

E— .

CqHo

Q =BH
Q =CorCH

v

Scheme 11. Proposed mechanism for the formation of the main cyclic products 45~ and 46~ via
low temperature reaction of bromoethyl or bromopropyl phthalimide with lithiated Cs1 and the
schematic images of molecular structures of the compounds determined by XRD and presented in
ref. [79], cations and solvent atoms are omitted for clarity. Boron atomsare drawn in green, carbon in
gray, cobalt in rose, nitrogen in blue, and oxygen in red color.

44



Molecules 2023, 28, 6971

3.8. Silicon Derivatives

Teixidor’s group reported the synthesis of bridged and non-bridged dimethylsilyl
derivatives of cobalt bis(dicarbollide) anion after lithiation at low temperatures [48,103].
Dimethylsilyl-bridged derivative can be obtained using Me,SiCl, or even Me;SiHCI in
high yield due to the loss of H, from the acidic proton of the cage carbon and hydridic
Si-H, which results in bridged substitution between carbon sites, compound [1,1"-y-(Me;Si)-
(1,2-C,BoH10)»-3,3'-Co(Il)] ~ (487). The non-bridged mono-substituted derivatives can
be obtained in lower yields compared to their bridged derivatives (Scheme 12). The non-
bridged mono-substituted derivative [(1-Me3Si-1,2-C,BoH1)(1’,2'-C,BgHj11)-3,3"-Co(III)]
(477) and disilylated compound [1,1'-(Me3Si),-(1,2-CoBgHy)2-3,3'-Co(II)] ~ (517) could
be obtained via the reaction of the lithiated cobalt bis(dicarbollide) ion with Me3SiCl [48].

Scheme 12. The formation of the bridge due to the elimination of the hydrogen molecule from
cage-C-H and hydridic Si-H is shown on top; and the schematic drawings of the molecular structures
of the trimethylsilyl, bridged dimethylsilyl, and bis(trimethylsilyl) derivatives determined using
XRD [48] are presented on bottom. Boron atoms are drawn in green, carbon in gray, cobalt in rose,
and silicon in pale yellow color.

In addition, both of the silyl reagents gave the meso-substituted doubly bridged
dimethyl silyl-cobalt bis(dicarbollide) when the reaction was started from lithiated 8,8'--
CgHjy-1,2-cobalt bis(dicarbollide) (497). The preference of meso-form in (50~ ; Scheme 12)
is explained in terms of the presence of a phenylene bridge, which does not allow for the
inclination of the dihedral angle that would enable the attaining of optimal bond lengths
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in the C(1)-Si-C(1’) bridging group. This represents a unique example when meso-isomer
forms preferentially. In this case, the singly bound analogue could not be isolated due to
Hp loss from the structure. While the intermediate from the rotation-restricted phenylene
derivative could have never been isolated, it was possible to isolate the mono-silylated
intermediate of the parent ion, cobalt bis(dicarbollide), [1,1’-u-SiMeH-(1,2-C,BgHj),-3,3'-
Co(II)]~, which might be due to the availability of rotation in the structure.

DFT calculations supported the experimental outcome that the rac-isomers are more
stable than meso- which leads to the preferential formation of rac-isomer and would also al-
low for the chiral separation of the enantiomers [48]. It was demonstrated that temperature
may play a role in the stereoselectivity of these reactions. Relatively high temperatures,
such as —40 °C, favored the formation of meso-derivative and, in turn, a higher ratio of
rac-isomer formed at —78 °C. The [1,1"-u-SiMeH-(1,2-C;BgHj),-3,3'-Co(Il)] ~ derivative
was used in the regiospecific hydrosilylation reactions of vinyl-terminated dendrimers,
producing species decorated with up to eight boron clusters on the periphery [48].

3.9. Phosphorylated Derivatives

The synthesis of compounds containing two diphenylphosphine groups was prepared
via the direct reaction of lithiated anion 1~ with diphenyl chlorophosphine in DME at a
low temperature (Figure 9).

Q =BH

Figure 9. Schematic presentation of the bis(diphenylphosphine) derivative rac-(PPhy);-cobalt
bis(dicarbollide) (527) [47]; and molecular structures of rac-bis(PPh3) ligand 52~ and its gold complex
PPh3Au.52 drawn from XRD data presented in ref. [47]. Boron atoms are depicted in green, carbon in
gray, cobalt in rose, phosphorus in orange, and gold in yellow color.

The compound [1,1"-(PPhy),-(1,2-C,BgHj),-3,3’-Co(Il)] ~ 52, with two diphenylpho-
sphine groups, has been denoted as a versatile ligand available for metal complexation
and has been denoted here as an alternative of organic BINAP ligand or chiral ferrocenyl
phosphines with asymmetric substitution [47]. Indeed, this derivative was prepared in
rac-form and can potentially serve as a versatile chiral auxiliary for metal complexation in
asymmetric catalysis. The coordination of rhodium, palladium, silver, and gold with phos-
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phine groups was described, which resulted in the formation of an ansa-arrangement of the
complexes that contain the triatomic -PhyP-ML-Ph;- bridging group. Three XRD structures
of these complexes were determined using X-ray crystallography. The XRD structure of the
PPhz Au.52 complex is shown in Figure 9, bottom. The two metal coordination sites have
been shown to be less separated than in the case of the corresponding phosphinoferrocenes
and more mutually separated than in BINAP. Therefore, the plane-intersecting PPh; has a
different relative orientation with respect to the rotation axis.

Later, the reaction of the lithiated anion 1~ with phosphoryl chloride was studied that
provided, after hydrolysis, substitution at two carbon sites, which was denoted as a bridged
derivative of the formula [1,1"-y-HO(O)P-(1,2-C,B9Hyg)2]~ (537). Thus, the product was
characterized using XRD as rac-isomer (Scheme 13), bottom.

Cs®

1) n-BuLi -78°C, 0.75h, RT
2) CIzP(0O) -78°C, 3h, RT
3) NaOH, 2h, RT

Q =BH

Scheme 13. Bridge-substituted phosphine oxide derivative 53~ of cobalt bis(dicarbollide) and its
molecular structures are drawn from XRD data presented in ref. [48]. Boron atoms are drawn in
green, carbon in gray, cobalt in rose, phosphorus in orange, and oxygen in red color.

Grfiner et al. developed another series of phosphorus derivatives containing a phos-
phoric group that was separated from the cage by a propylene pendant group. A com-
pound substituted with one group was prepared by a reaction of hydroxypropyl derivative
Me3;NH8c with NaH and one equivalent of POCl3 [81]. This resulted, after hydrolysis,
in a phosphorylated compound of the formula [(1-(HO),P(O)OC3Hg)-1,2-CoBgHy)(1/,2'-
C;ByHy1)-3,3'-Co(III)] ~, with Me;NH54 as the main product. The corresponding reaction
of the hydroxypropyl derivative with half of the equivalent produces a high yield of
phosphoric acid diester (Me3NH),55, in which structure two cages are connected via a
propylene linker(s) to the central phosphoric acid moiety. The calcium salt Ca(56); of the
bridged ion [(p-(HO)P(O)(OC3Hg)2-(1,2-CaBgHyp)2-3,3"-Co(IIl)] ~ was isolated from the
reaction of Me3NH10c with NaH and one equivalent of POCl3, followed by hydrolysis and
the addition of CaCl,. All new compounds were characterized using multinuclear NMR
spectroscopy and mass spectrometry (Scheme 14).
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Scheme 14. Preparation of phosphoric acid derivatives [81].

3.10. Halogen Derivatives

The treatment of lithiated cobalt bis(dicarbollide) with bromoalkylnitriles resulted in
mono- and di-bromo derivatives, unexpectedly. Hence, the reaction with 1-bromoacetonitrile
gave low yields of monosubstituted product of the formulation [(1-Br-1,2-C,BgHy)(1/,2'-
CyB9Hj11)-3,3'-Co(IlI)]~ (577). A similar low-temperature reaction (—78 °C, Scheme 15)
of the cobalt bis(dicarbollide) ion lithiated by two equivalents of n-BuLi in DME with
BrCN proceeded smoothly with high conversion to C,C-dibromide [Br;-(1,2-C;BoHjg)»-
3,3'-Co(IlT)]~ (587), along with a smaller quantity of monobrominated compound 57~ [80].
Thus, in both instances, the bromine atom acts as a preferred reagent, possibly due to its
properties lying on the borderline between soft and hard electrophiles. It was assumed
in this study that the lithiated large cobalt bis(dicarbollide) ion might be, due to its bulky
structure and low electron density, considered to act as a soft nucleophile that would react
preferentially with soft electrophiles rather than with hard ones like CN* or *CH,CN. The
disubstituted compound was separated using chromatography combined with crystal-
lization and characterized as a mixture of all three possible diastereoisomers, which were
present in an approximate ratio of 5:1:1 according to NMR. Pure rac-isomer [1,1’-Br,-(1,2-
CyByHj)2-3,3"-Co(Ill)] ~ was then isolated by repeating the chromatography on an RP-C18
column using 55% aqueous MeOH as the mobile phase.

In addition to all the carbon-substituted cobalt bis(dicarbollide) derivatives mentioned
in the above sections, derivatives with terminal sulfamide, sulfonamide, and phthalimide
groups were prepared (please see details in Section 5.2) focusing on medicinal applications.

The carbon-substituted derivatives currently form a portfolio of structural blocks
applicable in diverse areas of chemical research. They form viable alternatives compared
to more elaborated chemistry on boron vertices and offer new opportunities in tuning
the spatial arrangement of substituents, dipole moments, interactions with medicinal
targets, and in the development of chiral platforms. This has already been shown by
the applications of carbon-substituted derivatives in drug design. Several types of new
compounds addressing different therapeutic targets have already been prepared and
studied, often showing improved properties when compared with related boron-substituted
analogues (see Section 5) devoted to medicinal applications.
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Scheme 15. Synthesis of bromo derivatives of the cobalt bis(dicarbollide) ion and schematic drawings
of their molecular structures determined using XRD (577, 58 ™) and presented in ref. [80]. Boron
atoms are drawn in green, carbon in gray, cobalt in rose, and bromine in brown color.

4. Recent Progress in Boron Substitution

The demand for new derivatives of cobalt bis(dicarbollide) ion continues to drive
ongoing synthesis efforts. Over the past 30 years, significant progress has been achieved
in synthesizing derivatives through ring-opening reactions of cyclic oxonium derivatives
when treated with various nucleophiles. This particular reaction, initially invented by
Plesek [104,105], provides a highly efficient method for introducing functional groups onto
the B(8) atom of the cage. It is sometimes referred to as “boron-click” due to its effectiveness
in producing various types of derivatives with functional groups attached to the boron
atoms via a flexible six-atom spacer [106-109]. These reactions have been the subject of
review articles published in 2008, 2012 [110,111], and 2021 [112]. For some terminal groups,
it has been observed that the six-atom spacer can undergo cleavage to form a shorter chain
consisting of a B-OCH,CH,OH group [113]. This offers new opportunities for tuning the
distance between the functional group and the cage. Another type of oxonium compound
of this kind consists of a diatomic (-O*(CHj3)-CH,-) bridge in (B8,8’) (60) positions of the
cage. Cleaving this bridge with nitrogen nucleophiles results in a short methylene linker
present in the B(8)-CH,-Nu unit [114]. However, the use of this building block has certain
limitations due to demethylation, which, in some circumstances, proceeds preferentially.
The latter pathway occurs with oxygen nucleophiles and some bulky amines. Due to their
high versatility, these methods have been extensively investigated since they represent an
easy solution for introducing a wide variety of functional groups and bioorganic molecules
to boron atoms (Scheme 16) [112,115]. Another widely applicable method, which was also
initiated by PleSek et al., consists of a similar cleavage of a monoatomic bromonium or
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iodonium bridging moiety between (B8,8') positions (61) [116]. This cleavage results in the
formation of a B(8)-Nu bond along with a B(8')-Hal substitution (61) [104,117,118].

Formaldehyde, H*
I e

i. Bry I, or
NBrS, NIS
ii. AICl3 solv.

Scheme 16. General synthetic routes for easy introduction of variety group(s) and molecule(s) to
boron atom(s).

From the perspective of tuning the spatial arrangements of substituents on the cage,
especially for interactions with medicinal targets and materials science, recent results on com-
pounds substituted at “unusual” boron sites B(10), B(4), and B(9) are particularly important.

Safronov, Hawthorne et al. described disubstituted iododerivative in apical posi-
tions B(10,10") accessible through the degradation of the corresponding 8-I-dicarba-closo-
dodecaborane followed by the insertion of the cobalt atom [119].

Pichaandi et al. described two approaches for synthesizing rod-like polymers con-
taining metal bis(dicarbollide) anions connected by organic linkers. In the first synthetic
route, nido-bis(carborane) precursors with acetylene or 1,4-dibutyl-2,5-diethynylbenzene
linkers were used. The synthesis involved the formation of the cobalt bis(dicarbollide)
dianion through the reaction of nido-bis(carboranes) with n-butyllithium, followed by
metal insertion using cobalt(Il) acetylacetonate. These precursors resulted in the formation
of oligomers 627 a, b, ¢ (Figure 10). In the second synthetic route, the synthesis started
with diiodo-substituted cobaltacarborane, and a zinc derivative of the 1,4-dibutyl-2,5-
diethynylbenzene linker was prepared. The reaction between the complex and the zinc
derivative with a palladium(0) catalyst resulted in the formation of a mixture of oligomers
and polymers 63~ (Figure 10) [120]. The mentioned synthetic strategy was also later used
in the synthesis of bis(ferrocenylethynyl)cobalt bis(dicarbollide) anion 64~ (Figure 10). In
this case, the organozinc derivative of the 1,4-dibutyl-2,5-diethynylbenzene was replaced
with an ethynylferrocenyl zinc reagent. This reagent was used in a Pd-catalyzed Kumada
cross-coupling reaction with B(8,8')-diiodo bis(dicarbollide) [121].

Shmalko, Sivaev, Bregadze et al. reported the synthesis of phenyl disubstituted anion
1~ in position B(6,6) of the cage (65~ ), which was prepared from the corresponding 3-Ph-
dicarba-closo-dodecaborane derivative (Figure 11) [122]. Additionally, a wider series of
(9,9',12,12') tetrasubstituted cobalt bis(dicarbollide) derivatives containing bromo, alkyl,
and phenyl groups were prepared using these pathways [123]. These compounds have
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substituents at unusual sites located in the upper skeletal pentagonal plane, which is
non-adjacent to the cobalt atom.

Figure 10. Structural formula(s) of compound(s) {7,8-Rp-CoBgHg-[1,17,2,2'-(R)4-10-L-(1,2-C,BgHg),-
3,3'-Co(l)]a}*~ 627, {[1,1,2,2'-(R)4-10-((2,5-C4Hg)2-Ph)-C;)-10'-C,~(1,2-C,BoHg),-3,3'-Co(II) [}
(637), [10,10/-(R—C2)2-(1,2—C2]39H10)2-3,3/-C0(IH)]7 (647).

Figure 11. Drawing of the molecular structure of 65~ reported in ref. [122]. Boron atoms are drawn
in green, carbon in gray, and cobalt in rose color.

From an electrochemical perspective, Nar et al. reported the synthesis and charac-
terization of a new unsymmetrical zinc phthalocyanine with a cobalt bis(dicarbollide)
unit 66~ (Figure 12). In the synthesis of this compound (Pc), a statistical condensation
approach was employed using two different precursors. Phthalonitrile derivatives 4,5-bis(3-
diethylaminophenoxy)-phthalonitrile and 4-hydroxyphenoxyphthalonitrile were used as
starting materials. The metal-mediated cyclotetramerization of these compounds with
ZnCl, produced a mixture of symmetrical and unsymmetrical analogs of phthalocyanine,
which were separated using column chromatography. The compound 66~ was then ob-
tained by reacting Pc with the oxonium derivative of cobalt bis(dicarbollide) in acetone
under reflux. By introducing diethylaminophenoxy moieties to the phthalocyanine frag-
ments, high solubilities in organic solvents were achieved, enabling electropolymerization
on the electrode surface [124].

The synthesis of alkoxy derivatives via the alkylation of hydroxy derivatives of cobalt
bis(dicarbollide) remains limited [99,125,126]. Stogniy et al. performed the reactions of
monohydroxy derivatives of cobalt bis(dicarbollide) with methyl, ethyl, or propyl iodide in
the presence of sodium hydride, resulting in the formation of alkoxy derivatives [8-R-O-
(1,2-C,BgHj),-3,3'-Co(Ill)] ~ (R = Me, Et, Pr) (67 a, b, ¢; Figure 13) in high yields. Similarly,
it was possible to obtain symmetrically substituted 8,8'-dialkoxy derivatives (68~ a, b, ¢;
Figure 13) [8,8'-(R-O),-(1,2-C,BoHy)(1,2"-C,BgHi()-3,3'-Co(Il)] ~ (R = Me, Et, Pr) either
directly or using a two-step synthesis depending on the amount of NaH [126].
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Figure 12. Chemical structure(s) of 2,3,9,10,16,17-Hexakis(3-dietylaminophenoxy)-23-[3,3'-Co(1,2-
CyBgHjp)2]phthalocyaninato Zinc(II) (66 ).
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67"

R = Me (a), Et (b), Pr (c) R = Me (a), Et (b), Pr (¢)

O =BorBH

Q =CH
Figure 13. Structural formulas of compounds of various alkoxy derivatives of cobalt bis(dicarbollide)
(67—, 687).

Smiatkowski et al. (2023) focused on the oligofunctionalization of cobalt bis(1,2-
dicarbollide) using hydroxyalkyl ligands to maximize the distance between functional
groups and the cluster core. The study focused on functionalizing cobalt bis(1,2-dicarbollide)
at boron atoms 8 and 8 proceeding via the direct alkylation of hydroxy groups. The cobalt
bis(1,2-dicarbollide) was converted into formula [8,8'-(OH),-(1,2-C2BgH1),-3,3'-Co(III)] ~
using aqueous sulfuric acid, following the procedure described by Plesek et al. [127]. The
authors employed different alkylating agents (4-trityloxybutyl 4-methylbenzenesulfonate
and 3-bromopropoxy)(tert-butyl)dimethylsilane) for protective substitution of OH groups,
however, the complete alkylation of both hydroxyl groups was not achieved, resulting in
a mixture of mono- and disubstituted products (69~a, b, 70~ a, b; Scheme 17) [93], which
had to be separated.

The same research group investigated the functionalization of boron atoms 8 and 8’
in 8,8'-O,0-[cobalt bis(1,2-dicarbollide)] phosphorothioate (727) using S-alkylation. The
synthesis of compound 72~ involved a two-step procedure (Figure 14). Initially, they con-
verted the 8,8'-dihydroxy-derivative into 8,8’ -bridged 8,8'-O,0-[cobalt bis(1,2-dicarbollide)]
H-phosphonate acid ester (717) using tris(1H-imidazol-1-yl)phosphine and the in situ
hydrolysis of the resultant imidazolide. Subsequently, they treated H-phosphonate acid
ester 727 with elemental sulfur in anhydrous methanol and with a strong organic base
present in the reaction mixture [93].
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a,n=3 a,n=3
Q =BorBH R =CPh, R=CPh,
Q@ =cCH R, = (CH,);OCPh; R, = (CH,),OCPh,
b,n=2 b,n=2
R = TBDMS R = TBDMS
R, = (CH,),OTBDMS R, = (CH,),0TBDMS

Scheme 17. Alkylation of [8,8'-(OH),-(1,2-CaBgHj),-3,3’-Co(IlI)] ~; i. NaH, alkylating agents in
DMF, heating [93].

Figure 14. Preparation of H-phosphonate (717) and thiophosphate (727) esters of [8,8'-(OH),-
(1,2-C,BgH1),-3,3'-Co(IIl)]~; i. PCl3, imidazole, EtzN in THF; ii. H,O; iii. Sg, DBU in MeOH.
DBU = 1,8-diazabicyclo(5.4.0)undec-7-en [93].

Furthermore, the S-alkylation of compound 72~ could be performed using both
linear and branched alkylating agents with hydroxyl functions protected by a trityl group.
The nucleophilic properties of sulfur played a beneficial role in this alkylation reaction,
resulting in high yields of the alkylated products 73~ a, b, and 74~ (Figure 15). Interestingly,
derivatives of bridged 8,8’-u-O,0-[cobalt bis(1,2-dicarbollide)] phosphate, which have an
O,0-phosphate bridge instead of a phosphorothioate group, have not been previously
described. This distinction in reactivity could be attributed to the “metallacarborane effect”,
which leads to the lower nucleophilicity of the phosphorus center and oxygen compared to
sulfur [93].

In the study of Sardo et al., bridged thiophosphate 75~ and its oxo-analogue 76~
(Figure 16) were synthesized by reacting the B(8,8')-dihydroxy cobalt bis(dicarbollide)
derivative with the corresponding dichloride esters in pyridine at room temperature. The
remarkable stability of O-(4-nitrophenyl)phosphorothioate and phosphate esters of cobalt
bis(dicarbollide) ion under alkali conditions was observed. The study demonstrated that
metallacarboranes exhibit a significantly decreased reactivity of phosphorus-bridged metal-
lacarborane esters when compared with organic analogues. This reduction in reactivity is
attributed to the inductive effect and electrostatic shielding of the phosphorus atom by the
metallacarborane, which weakens the electrophilicity of the phosphorus and hinders the
approach of negatively charged nucleophiles. These effects, along with steric hindrance
and the limited flexibility of the six-membered ring (considering the involvement of phos-
phorus, oxygens, boron, and cobalt atoms), are referred to as the metallacarborane effect.
The metallacarborane effect has a significant influence on the reactivity of phosphate and
phosphorothioate functional groups bonded via a bridge, while the thio- effect has a minor
role in this respect [128].
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Figure 15. Structural formulas of S-alkylated phosphorothioates compounds 8,8'-bridged
[8,8/-11-O,P(O)S(CH7)n OCPh3-(1,2-C,BoHyg),-3,3"-Co(II))JHNEt; (737) and 8,8-bridged (8,8'-u-
O,P(O)S[(CH;)sOCH(CH,OCPhg),1-(1,2-C;ByHj),-3,3'-Co(III) HNEt; (747) [93].

Q@ =BorBH

o =CH

Figure 16. Chemical structures of [8,8'-1-O,P(S)OCsH4NO,-(1,2-CoBgHjg)2-3,3'-Co(Ill)] ~ (757 ) and
[8,8/-]4-02P(O)OC6H4N02-(1,2-C2B9H10)2-3,3/-C0(IH)]_ (767); Ar = 4-nitrophenyl [128].

The synthesis of 8,8 -bis(methylsulfanyl) derivatives of cobalt bis(dicarbollide) 77~
was achieved through two different strategies (Figure 17). The first method involved the
substitution of hydrogen atoms in the parent cobalt bis(dicarbollide) molecule. A dithiol
derivative was obtained via the reaction of the parent molecule with carbon disulfide, fol-
lowed by acidic hydrolysis. The alkylation of the dithiol derivative with various alkylating
agents provided alkylthio derivatives. However, this method could not be extended to
other transition-metal bis(dicarbollides) or to the preparation of complexes with asym-
metrically substituted dicarbollide ligands [129-132]. The second strategy involved the
synthesis of the corresponding carborane ligand in the first step followed by metal insertion.
This approach allows for the synthesis of transition-metal bis(dicarbollide) complexes with
substituents at different positions of the dicarbollide ligands. A symmetrically substituted
methylsulfanyl derivative of cobalt bis(dicarbollide) was synthesized by reacting the corre-
sponding carborane ligand with CoCl, in a strongly alkaline solution. The products were
isolated in good yields [133,134].

Methylsulfanyl derivatives of carboranes have been shown to form stable tetra- and
pentacarbonyltungsten complexes [135,136]. Timofeev et al. hypothesized that the re-
action between the 8,8'-bis(methylsulfanyl) derivatives of cobalt bis(dicarbollide) and
(MeCN)3W(CO); results in the formation of a chelate complex {(CO)sW[-8,8'-(MeS),-(1,2-
CyBgHj)2-3,3'-Co(IlI)]} —, involving the rotation of the dicarbollide ligands from transoid-
to cisoid-conformation. However, the reaction yielded a mixture of pentacarbonyl com-
plexes (78,79~ ; Figure 18) instead [137]. The 8,8'-bis(methylsulfanyl) derivatives of cobalt
bis(dicarbollide) can also form chelate complexes with various transition metals such as
copper, silver, palladium, and rhodium. This complexation process causes a conformational
change from the transoid- to the cisoid-form. The transition between these conformations is
reversible, and it can be reversed by removing the external transition metal using stronger
ligands or precipitating agents. This reversible conformational change may offer poten-
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tial for the design of coordination-driven molecular switches based on transition metal
bis(dicarbollide) complexes [60].

Figure 18. Chemical structures of {(CO)sW[u-8,8'-(MeS),-(1,2-CoBgH1()2-3,3'-Co(II)]} ~ (78 ™) and
{[(CO)sWI2[p-8,8'-(MeS)»-(1,2-C2BgHyg)2-3,3'-Co(II)]}~ (797).

Amidines are nitrogen analogues of carboxylic acids and esters and they are also
important organic compounds widely used in the synthesis of various heterocycles and
as pharmacophores in biologically active compounds. Bogdanova et al. studied the
nucleophilic addition reactions of primary and secondary amines to the highly activated
B-N*=C-R triple bond of the propionitrilium derivative 80. Several new amidines, based
on metallacarboranes, were successfully synthesized (81, 82; Figure 19). It was observed
that the reactions with primary amines produced mixtures of E- and Z-isomers, while the
reactions with secondary amines selectively yielded E-isomers [138].

R=Me
R=Et
R=Pr
4a R=(CH2)20Me  4b

52  R=(CH2)30H 5b @ =BorBH
6a R=(CH2)2NMe2  6b O =CH

Figure 19. Schematic structures of [8-EtC(NHR)=HN-(1,2-C,BoHj),-3,3’-Co(IIL)] (80), [8-EtC(NR;)=
HN-(1,2-C,B9Hj),-3,3"-Co(I1I)] (81), and [8-EtC(NC4HgX)=HN-(1,2-C,BgHj(),-3,3'-Co(III)] (82).
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4.1. Cobalt Bis(dicarbollide) as Extraction Agent

The field of radionuclide extraction using the cobalt bis(dicarbollide) ion was covered
in two book chapters by Rais et al. (2004) [9], Griiner et al. (2012) [10], and a ligand designed
for f-elements by Leoncini et al. (2017) [139]. Halogenated cobalt bis(dicarbollide) and their
derivatives play a significant role in the extraction and separation of radioactive isotopes
from nuclear waste, especially in the processes related to spent nuclear fuel (SNF) reprocess-
ing and waste management. Due to their remarkable selectivity for cesium, strontium (with
PEGs as synergists), and even lanthanides/minor actinides (either in synergic mixtures or
after chemical modification), they have been shown to serve as a valuable tool for reducing
nuclear waste volume and assisting in environmental remediation during nuclear accidents.
Ongoing research in the field of radiochemistry focuses on cobalt bis(dicarbollide), with
the aim of enhancing its extraction efficiency and optimizing its performance for various
applications in nuclear waste treatment and management [140-142].

In 2017, Leoncini et al. published a review paper on extraction agents, summarizing
developments in the ligand design, optimization, and extraction properties for the liquid—
liquid extraction of f-elements from nuclear waste [139]. The following discussion will
primarily highlight scientific papers published after the aforementioned review work.

A study conducted by Shishkin et al. (2020) reported the use of different extractive
agents in the separation of elements present in weakly acidic raffinate. The study demon-
strates that the extractive agent chlorinated cobalt dicarbollide (CCD) and di-2-ethylhexyl
phosphoric acid (HDEHP) can effectively extract americium and europium from the solu-
tion, while Cs, Zr, U, Mo, and Fe are also extracted. Strontium and chromium remain in
the raffinate. This extractive system also facilitates the separation of rare earths (REE) and
transplutonium elements (TPE) with good separation factors (3). Urea is found to enhance
the separation of REE and TPE in the extractive system. A scheme (see below; Chart 1)
for the extraction of TPE from weakly acidic raffinate using the CCD + HDEHP extractive
agent is presented, which reduces the volume of solutions to be evaporated and minimizes
the use of complexating agents and auxiliary substances [143].

SNF solution

| Modified Purex process

[ 1T

Raffinate Zr Tc Np Pu
HNO, - 0.7M
PD. PA, TPE
l DTPA,
Deacidification meth_ylamine
of MgO DTPA, NaNO, nitrate HEDPA, K,CO,
Extractant l l l
Extraction TPE _| REE, Cs, Sr . )
CCD, HDEHP, PEO washing re-extraction "| re-extraction »| Regeneration
Raffinate TPE 137Cs, 90gr, 15*Eu, 15'Sm, K, La, Ce, Pr,
Mg, Mo, Fe, Cr, Ru, Rh, Pd l 47Pm, (Nd), (Ba) (Nd), Ba, Zr, (Fe)
l ) Transmutation l l
MKP matrix Vitrification MKP matrix

Chart 1. The flow sheet for extraction of TPE from weakly acidic raffinate.

In 2022, this research group presented the efficiency of a synergic mixture comprising
CCD, HDEHP, and polyethylene oxide (PEO) in separating cesium, strontium, REE, and
TPE from weakly acidic raffinate. Adjusting the raffinate’s acidity with magnesium oxide
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enhances the extraction of cesium, strontium, americium, and europium. The nitric acid
concentration affects the distribution coefficients of REE and TPE. The use of diethylene-
triaminepentaacetic acid (DTPA) and sodium nitrate allows for the effective separation of
REE and TPE. The addition of methylamine nitrate enables the separation of radiotoxic
lanthanides. The regeneration of the extractant is possible using solutions of potassium car-
bonate and HEDPA. The deep partitioning scheme offers advantages in element separation
and minimizes vitrified HLW volume [144].

The kinetics of Cs* and Sr(II) extraction and back-extraction were investigated using
hexachlorinated cobalt bis(dicarbollide)/polyethylene glycol-400/FS-13 and a solvent sys-
tem consisting of sulfone FS-13 (837, 84; Figure 20) in batch experiments. Cs* extraction
was relatively fast, reaching a steady state within 10 s, while stripping took about 50 s.
Surprisingly, Sr(Il) exhibited slower extraction kinetics compared to its back-extraction,
contrary to common trends. In micromixer settler experiments, both Cs*™ and Sr(II) ex-
traction and stripping were improved using guanidine carbonate and diethylenetriamine
pentaacetic acid (DTPA). The microbore-based helix provided short residence times, achiev-
ing quantitative extraction and back-extraction of Cs*, showing significantly faster kinetics
than batch mixing. The mini-settler used in the experiments demonstrated effective settling,
despite the role reversal of phases. Overall, the study showcased the kinetics of Cs* and
Sr(Il) extraction, emphasizing the advantages of microchannel mixers over batch mixing
methods [145].

Figure 20. Chemical structures of [8,8/,9,9’,12,12-Clg-(1,2-C,BgH1),-3,3'-Co(Il)] ~ (83 ) and phenyl
trifluoromethyl sulfone (84).

4.2. Cobalt Bis(dicarbollide) as Potentiometric Membrane Sensors

The sensitivity of novel sensors to single-, double-, and triple-charged ions was studied
by Khaydukova et al., along with their selectivity. The sensor sensitivity varied depending
on the type of ionophore used, either TODGA or CMPO (N,N,N’,N'-tetraoctyl diglyco-
lamide or di-phenyl-N,N-di-i-sobutylcarbamoylmethylene phoshine oxide). In the first
case, the ionophore was either covalently bound to the cage or used in a synergic mixture
with chlorinated cobalt bis(dicarbollide) ion in the later studied system (85~ a, b, Figure 21).
For single-charged ions, CD-bonded sensors showed sensitivity to K*. Double-charged ions
exhibited good sensitivity to Ca(Il) with TODGA-based sensors. The highest sensitivity
was observed for Pb(Il) ions, but sensitivity to Zn(II), Cd(Il), and Cu(ll) species remained
low. Triple-charged ions (REEs) displayed sensitivity correlating with atomic number,
particularly with TODGA-based sensors. The study also explored the effects of plasticizers
and chlorinated cobalt bis(dicarbollide) concentration on sensitivity and selectivity. Sensors
with bonded ligands were found to be suitable for multisensor systems for the simultaneous
determination of several cations [146].

Chaudhury et al. (2014) investigated the electro-driven selective transport of Cs* from
low acidic/neutral and high-level waste solutions through ion-exchange membranes. The
main aim was to reach high Cs*/Na* selectivity. The study, which measured potential
drop and membrane resistance, demonstrated that cellulose-triacetate-based polymer
inclusion membranes proved to have advanced properties compared to conventional
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types of membranes. The polymer inclusion membrane containing hexachlorinated cobalt
bis(dicarbollide) efficiently transported Cs* in an electric field with high selectivity, making
it energy-efficient and eco-friendly for nuclear waste treatment [147]. In 2018, the same
research group published another study on the electro-driven transport of Cs* using
chlorinated cobaltbis(dicarbollide) loaded membranes. The authors show that hollow-
fiber-supported liquid membrane (HFSLM) can effectively treat large volumes of waste
solutions with high Cs* selectivity, outperforming PIM in terms of transport rate and
decontamination factor. The stability of the membrane against carrier leaching is also
confirmed. Furthermore, the text provides current profiles and efficiencies for Cs+ transport
from both neutral and acidic feed solutions. It emphasizes the time needed for complete Cs*
transport in highly acidic solutions. The successful transport of Cs* from environmental
samples is also reported, demonstrating the selective removal of Cs* over Na*, K*, and
calcium(II) [148].

Figure 21. Chemical structures of [8-R(C;H40),-(1,2-CoBgH1)(1,2'-CoBgH11)-3,3'-Co(III)] ~ (957)
(2-(diphenylphosphoryl)acetyl)(2 4, 4-trimethylpentan-2-yl) (a) and N-R-N,N’-dioctyl diglycolamide[8-
(C2H40),-(1,2-C2BoHy)(1',2-CoBgHy1)-3,3"-Co(II)] ™ (b).

Further information on the significance of metallacarboranes for producing poten-
tiometric membrane sensors, to monitor amine-containing drugs and other nitrogen-
containing molecules, is reported in a mini-review from Stoica et al. published in 2022 [14].

5. Recent Medicinal Applications

Polyhedral boron clusters have garnered significant attention as unconventional in-
organic pharmacophores [66,149-158]. In recent years, there has been a growing focus on
exploring the applications of cobalt bis(dicarbollide) ion in medicinal chemistry, particularly
in the design of biologically active compounds with antiviral [31,159], antibacterial [35],
and anticancer properties [32,160-162] and carriers for BNCT [38,163]. This is a binary
treatment method for cancer that relies on the selective accumulation of boron compounds
in tumor cells, followed by irradiation with a thermal neutron flux. The irradiation leads to
the selective destruction of tumor cells while minimizing damage to surrounding normal
tissues. To achieve the successful development of BNCT, it is crucial to reach the selective
delivery of a large load of 1B nucleus to tumor cells and ensure high boron accumulation
(by uptake), while maintaining a low concentration of boron in the surrounding normal
tissues [69,164-166].

To enhance the functionality of parent anion, the nucleophilic cleavage of a cyclic
ether ring is employed as the building block for conjugation with biomolecules. Addi-
tionally, the regioselective click reaction, specifically the [3 + 2] cycloaddition of alkynes
to azides [108,167], is a useful method for the modification of biomolecules with boron
clusters. The resulting boron-containing triazole linkage mimics the stability and properties
of the peptide bond [108]. The following paragraphs discuss the biomedical versatility of
cobalt bis(dicarbolide) anion derivatives.
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5.1. Recent Studies on the Parent Cobalt Bis(dicarbollide) Ion

Advancements in the emerging medicinal chemistry of the cobalt bis(dicarbollide)
ion have triggered recent interest in its interactions with cells and the phenomena that
occur in aqueous solutions. Indeed, the solution of the behavior of this ion is unusual and
parallels that of other bulky surface-active inorganic ions denoted as chaotropes or even
superchaotropes [168,169]. Understanding these properties plays a key role in the practical
aspects of drug design and the pharmaceutical formulations of active compounds.

Moreover, from the perspective of practical synthesis and biological properties, the
effects of charge, interactions with cations, solubility of the particular salt in selected
solvents, cage solvation, and the tendency to self-assemble correspond to factors that have
not been fully understood and warrant further investigation.

Self-assembly in an aqueous solution, host-guest properties, and the interactions of
boron cluster compounds, inclusive of cobalt bis(dicarbollide) ion with biomolecules, are
the subject of a recent review article published by Cebula et al. (2022) [170]. Here, we briefly
describe and comment on the recent results of physicochemical and biological studies.

In 2006, Matéjicek et al. made a significant step forward in understanding the physico-
chemical phenomena in aqueous solutions of the ion 1~. The aggregation of the sodium salt
of cobalt bis(dicarbollide) (Nal) and other metallacarboranes in aqueous solutions was de-
scribed [171]. Recent studies on the Nal revealed a two-step aggregation process [172-174].
The first step involves the formation of small aggregates with a pentamer structure, driven
by favorable enthalpy and positive entropy. The second step leads to larger aggregates
with more counterion binding and exothermic enthalpy. The proposed model suggests that
pentamers are stabilized by two embedded Na* counterions, a hypothesis supported by
quantum chemistry calculations [175].

Water-soluble cobalt bis(dicarbollide) salts, including H1, Li1, K1, and Cs1, exhibit
an aggregation tendency, with similar critical aggregation concentration (CAC) values
and aggregation numbers, suggesting a common aggregation mechanism. However, the
aggregation behavior of Cs1 differs due to the large size of the cesium cation, making
it unable to fit into the space between cobalt bis(dicarbollide) clusters. Molecular dy-
namics simulations were used to investigate the aggregation behavior of Nal in explicit
water. While the simulation snapshots showed changes in rotational isomerism, the fixed
cisoid-cobalt bis(dicarbollide) clusters model provided more realistic results with roughly
uniform pentamers forming around CAC. The simulation results are in agreement with
the experimental evidence, and the presence of pentamers as the most probable pattern
of the cobalt bis(dicarbollide) aggregates in solutions around CAC was confirmed. Addi-
tional investigation is required to gain a comprehensive understanding of the counterions’
role in the aggregates of various cobalt bis(dicarbollide) salts and other metallacarborane
analogues [175].

The study by Merhi et al. (2020) delved into how the cobalt bis(dicarbollide) inter-
acts with an octyl-glucopyranoside surfactant (C8G1), leading to the formation of mixed
aggregates. Depending on the concentrations of both substances, various types of assem-
blies were formed. At low cobalt bis(dicarbollide) content, cobalt bis(dicarbollide) vesicles
and monomers coexisted. The addition of C8G1 in a monomeric form disrupted cobalt
bis(dicarbollide) vesicles, forming cobalt bis(dicarbollide)-C8G1 nano-assemblies through
hydrophobic interactions. At low cobalt bis(dicarbollide) content and high C8G1 concen-
trations, the ion adsorbed to the surface of C8G1 micelles, stabilizing them and reducing
the critical micellar concentration of C8G1. However, with high cobalt bis(dicarbollide)
content, the ion disrupted C8G1 micelles and penetrated the micellar surface. At higher
cobalt bis(dicarbollide) /C8G1 ratios, assemblies similar to cobalt bis(dicarbollide) micelles
containing solubilized C8G1 were formed. The study unveiled the superchaotropic behav-
ior of cobalt bis(dicarbollide), where it spontaneously adsorbed onto C8G1 micelles, akin to
other nanometric ions. This behavior was more pronounced at high C8G1 concentrations,
superseding the hydrophobic effect observed at low concentrations. Cobalt bis(dicarbollide)
and its derivatives demonstrated surfactant properties and hydrophobic characteristics,
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enabling them to cross biological membranes, including cell membranes, with potential
applications in the pharmaceutical field [176].

Zaulet et al. (2018) explored the self-assembly of cobalt bis(dicarbollide) in water and
the role of intermolecular interactions in forming aggregates. Salts of cobalt bis(dicarbollide)
with alkali metal cations of Na*, K*, and Li* of cobalt bis(dicarbollide) were prepared using
cation exchange, and their crystal structures revealed the presence of dihydrogen bonds.
These dihydrogen bonds were responsible for the formation of stable supramolecular enti-
ties in water, avoiding direct contact with surrounding water molecules. The intermolecular
B-Hg %~ ...%*Hc-C interactions played a crucial role in the self-assembly process. The co-
ordination of counter ions also influenced the self-assembly, as evidenced by the formation
of a layered 2D structure in the crystal structure of [Na(HyO)4][Co(C2BgHj1)2] [177].

Fernandez-Alvarez et al. (2019) focused on examining how presence of cobalt bis
(dicarbollide) ion affect solution behavior and morphology of star-like polyelectrolyte
micelles with a fixed number of arms. The two hydrophobic counterions consisted of
cobalt bis(dicarbollide) anion, and the polycationic copolymeric micelles, which had poly-
cationic star-like structures with frozen cores. By conducting computer simulations and
experiments, they observed that the gradual addition of cobalt bis(dicarbollide) caused
the micelles to precipitate at specific ratios, irrespective of the micelle’s ionization level.
In contrast, the addition of an indifferent electrolyte like NaCl did not produce the same
effect. The simulations revealed that hydrophobic counterions altered the ionization profile
of micelles, causing the formation of compact domains. The precipitation mechanisms
differed based on ionization levels: less ionized stars collapsed into a single globule, while
fully ionized stars formed an infinite gel network with counterion pearls. An NMR anal-
ysis confirmed the collapsed domains due to hydrophobic counterions. The findings
could have applications in pH-controlled drug delivery with hydrophobic ionic solutes in
polyelectrolyte-based nanostructures [178].

Traditionally, bulky monovalent cations and alkylammonium salt are used to pre-
cipitate the cobalt bis(dicarbollide) anion, but divalent cations are of particular biological
relevance. There is a study by Zaulet et al. (2021) that explores the use of biocompatible
divalent cations, such as Ca(Il), Mg(Il), and Fe(Il), to isolate the cobalt bis(dicarbollide)
anion. Ca(Il) and Mg(Il) are classified as hard Lewis acids, which means they form aqua
ions when water is present during the synthesis process. In this study;, all solid Ca(II) and
Mg(II) salts examined were found to contain coordinated water molecules, as detected by
IR and TGA /DSC analyses. On the other hand, Fe(II) is considered a medium-hard Lewis
acid, while Fe(IIl) is classified as a hard Lewis acid. When placed in acetone, Fe(II) and
Fe(III) ions do not coordinate with the cobalt bis(dicarbollide) anion but instead become
solvated by acetone [153].

Rak et al. (2010), for the first time, studied the deaggregation of the cobalt bis(dicarbollide)
ion in aqueous solutions on a panel of hydrophobic HIV-Protease and NO synthase in-
hibitors. A broad series of modified cyclodextrins (CD), classical surfactants, and am-
phiphilic copolymers were tested with the aim of finding general biocompatible excipients.
They found several hints such as Pluronic F-127, DIMEB, or PVP, which may serve as
suitable excipients. The strong interaction of metallacarorane derivatives with Human
Serum Albumin (HSA) was found to compete with the solubilizing action of these species.
However, it was found that HSA can itself act as a solubilization agent [179].

In the study of Goszczynski et al. (2017), they examined the fluorescence quenching
mechanism, binding constants, and binding modes of Bovine Serum Albumin (BSA) when
exposed to various boron clusters. The results showed that metallacarboranes caused
substantial fluorescence quenching, utilizing both dynamic and static mechanisms. Met-
allacarboranes displayed strong binding constants, primarily engaging in hydrophobic
interactions. At low stoichiometry, they first exhibited specific interactions with BSA within
the hydrophobic cavity. However, at high stoichiometry, they also displayed non-specific
interactions with the protein surface. Cobalt bis(dicarbollide) ion had a significant impact
on BSA, inducing changes in BSA’s a-helix content and forming stable complexes that

60



Molecules 2023, 28, 6971

affected BSA’s hydrodynamic size. These findings offered valuable contributions to the
development of novel bioactive compounds incorporating boron clusters [180].

Assaf et al. (2019) studied in detail the supramolecular chemistry of the series of
parent isomeric cobalt bis(dicarbollide) ions, and seven simply substituted derivatives
with cyclodextrins in an aqueous solution, using NMR and UV-visible spectroscopy, MS,
electrochemistry, and isothermal titration calorimetry techniques. The compounds were
found to be strongly bound to cyclodextrins [181], in particular into B-CD and y-CD
cavities. The binding constants of the inclusion complexes reached values in the micro-
molar range and thus exceeded those of highly hydrophobic nanodiamonds and were
comparable with perhalogenated dodecaborate clusters [168]. The translocation of several
cobalt bis(dicarbollide) derivatives through the lipid bilayer was shown by using fluores-
cence monitoring in supramolecular tandem membrane assays. No damage of the bilayer
was observed.

The research of Abdelgawwad et al. (2021) aimed to explore the light-induced stabi-
lization of cobalt bis(dicarbollide) isomers in water, with potential applications in light-
switchable surfactants for drug delivery. Transoid-cobalt bis(dicarbollide) showed higher
stability in the excited state than cisoid-cobalt bis(dicarbollide). Photoexcitation in water pro-
moted rotation to the transoid-form, creating a fast photoinduced rotation. The study also
revealed non-radiative decay mechanisms affecting luminescence in 3D fluorescence experi-
ments. Overall, the research provided insights into cobalt bis(dicarbollide)’s photochemical
behavior and its potential for light-responsive surfactants in drug delivery [182].

A recent study by Chazapi, Diat, and Bauduin (2023) demonstrated that sodium
salt of cobalt bis(dicarbollide) ion can act, due to its surfactant properties, as an effi-
cient aqueous solubilizer of medium-chain alcohols (0.6 < logP < 1.5) and hydropho-
bic organic compounds, when the sodium salt is present in a solution in a monomeric
form [183]. This relates to concentrations lying below its critical micelle formation. Mech-
anistically, the solubilization corresponds to the two-dimensional anisotropic growth of
cobalt bis(dicarbollide) /butanol co-assemblies, whereas solubilization by the surfactant
occurs via an isotropic swelling of micelles. Such co-assemblies with 2-butanol efficiently
solubilize more hydrophobic compounds and dyes with logP,, values from 0.6 to approxi-
mately 5.6. This seems to be an important result, which suggests good prospects for use in
several fields of contemporary applications, in particular in formulations of lipophilic cobalt
bis(dicarbollide) drugs, e.g., those dicluster inhibitors of HIV-Protease [165], lipophilic or-
ganic compounds such as aromatics, terpenoids, aldehydes, and ketones, and ethers used
as fragrances, pharmaceutical active species, and dyes.

The penetration of a parent cobalt bis(dicarbollide) ion and its dihalogenated deriva-
tives through lipid membranes was studied by Rokitskaya, Bregadze et al. (2017). The rates
of penetration increased with the molecular weight of the halogen and the molecular vol-
ume of the anion. Thus, the parent ion and its fluorinated derivative exhibited the slowest
transmembrane penetration compared to the compounds modified with heavier halogens.
The authors expressed the hypothesis that this is connected with different conformations of
the adsorbed species, which complicates the permeation due to the rotational component
of the transmembrane diffusion [184].

Barba-Bon, Nau et al. (2022) demonstrated that both the isomers of parent cobalt
bis(dicarbollide) ion and its halogenated and methylated derivatives are selective and
highly efficient molecular carriers of impermeable hydrophilic oligopeptides through both
artificial and cellular membranes. At the studied low micromolar concentrations of the car-
rier, no damage to the membrane was observed. The compounds were shown to transport
both arginine- and lysine-rich peptides. Neither low-molecular-weight analytes, such as
amino acids, nor neurotransmitters as well as neutral and anionic cargos (phalloidin and
BSA) were co-transported in these experiments. U-tube experiments and electrophysiology
establish that the transport is mediated by a molecular carrier mechanism and exclude
alternative uptake pathways, such as channel or pore formation. It has been shown that
the oligopeptides are delivered into the cytosol and nucleus by direct penetration [185].
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Fink et al. (2023) conducted a comprehensive study to investigate the interaction
between cobalt bis(dicarbollide) and DNA using various techniques. UV-Vis absorption
spectroscopy, circular dichroism, linear dichroism, viscosity measurements, and differential
scanning calorimetry all indicated that cobalt bis(dicarbollide) did not strongly interact
with DNA. These methods showed no significant changes in the DNA absorption spectra,
secondary structure, or intercalation of cobalt bis(dicarbollide) into DNA, suggesting
no strong binding. Additionally, three other methods (isothermal titration calorimetry,
equilibrium dialysis, and NMR) were used to detect potential cobalt bis(dicarbollide)-
DNA complexes, but no strong interaction between cobalt bis(dicarbollide) and DNA was
found. Regarding toxicity, cobalt bis(dicarbollide) showed moderate hemolytic activity
towards anuclear cells (like red blood cells) and also demonstrated toxicity towards nuclear
cells (various cell lines) at similar concentrations. The toxicity towards nuclear cells could
potentially involve cell membrane disruption, but further investigation is needed to confirm
this hypothesis. Thus, the study’s overall findings suggest that cobalt bis(dicarbollide)
does not strongly bind to DNA and exhibits moderate toxicity towards both anuclear and
nuclear cells [26].

5.2. Application of Carbon-Substituted Compounds
5.2.1. Anticancer Compounds
Inhibitors of Carbonic Anhydrase IX Enzyme

Carbonic anhydrase IX (CA-IX) is a transmembrane zinc metalloenzyme that regulates
pH in hypoxic tumors and promotes tumor cell survival. Its expression is associated with
the occurrence of metastases and poor patient prognosis [186]. Carboranes and cobalt
bis(dicarbollide) ions may act as highly potent inhibitors of this enzyme if the cage is
substituted with a zinc binding group attached via an aliphatic pendant group. The
progress in the field of boron cluster inhibitors forms the topic of a recently published
review [32].

The first series of highly specific and selective cobalt bis(dicarbollide)(17™) inhibitors
of CA-IX, substituted either on the boron or on carbon sites by alkylsulfamide group(s),
was reported by Griiner, Hajdtch, and Reza¢ova et al. in 2019 [25]. A key step forward that
enabled the rational design of inhibitors in this research was connected with the preparative
availability of C-aminoalkyl-substituted metallacarboranes with tunable linker length. The
synthesis started with a three-step process based on cobalt bis(dicarbollide) described
in Section 3.6.3, which we consider as the most reliable reaction pathways leading to C-
alkylamines. In only one case, a different strategy was used consisting of indirect cobalt
insertion i.e., cobalt insertion into [7-H3NCH;-CpBgHj1] that resulted in corresponding
metallacarborane amine [(1,1’-(NH,CH,-1,2-C,BgHj),-3,3’-Co(IIl)] . The rac-isomer of the
di(methyleneamino)-substituted sandwich was obtained as the only isolatable product, as
verified by NMR and its X-ray structure (see Figure 2). The primary alkylamino groups were
then converted to corresponding sulfamides upon heating with sulfamide in dioxane in the
presence of K,COj3 (Scheme 18), providing inhibitors with one sulfamido group of formula
[(1-HoNSO,NH-(CHj)n-1,2-C2BgHj)(1,2-C,BoHy1)-3,3’-Co(III)] ~ (86 a, b, ¢, n =1-3). In
addition, four compounds containing two alkylsulfamido groups were prepared: [rac-1,1"-
(NH2CH2-1,2-C2B9H10)2-3,3/-C0(IH)]-, [TaC-l,l/-(NHz-S(O)zNH-C2H4-1,2-C2B9H10)2-3,3/-
Co(IIN]~ (887), [m(i‘SO-l,2/-(NH2-S(O)zNH-C2H4-1,2-C2]39H10)2-3,3/-CO(IH)]7 (897) and
[meso-1,2"-(NH,-S(O),NH-C3Hg-1,2-CoBgH1)»-3,3’-Co(Ill)]~ (907). The interactions of
these compounds with the active site of CA-IX were explored on the atomic level using
protein crystallography.

The inhibitory profile of the compounds was tested in vitro using the stopped-flow
carbon dioxide hydration assay. Two selected derivatives 86~ and 88, that showed
sub-nanomolar or picomolar K;j values and high selectivity for the tumor-specific CA-
IX over cytosolic isoform CAII, were the subject of subsequent detailed biological tests.
Both derivatives proved to have a time-dependent effect on the growth of multicellular
spheroids of HT-29 and HCT116 colorectal cancer cells, and, in addition, facilitated the
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penetration and /or accumulation of doxorubicin into spheroids. The results from in vivo
tests demonstrated that both inhibitors displayed low toxicity and showed promising
pharmacokinetics and a significant inhibitory effect on tumor growth in syngeneic breast
4T1 and colorectal HT-29 cancer xenotransplants in mice. The results from preclinical
studies indicate the promising potential of these compounds to be developed into drug-like
forms and used in cancer therapy [25,32].

NH,SO,NH,
NH, dioxane
n reflux

NH,

NH,SO,NH,
dioxane, reflux
NH,

9(Q- meso-, n= 2
meso-, n=3

Scheme 18. Synthetic procedures used for the synthesis of the pilot series of inhibitors based on
modifications of the cobalt bis(dicarbollide) ion at carbon atoms with alkylsulfamido group [25,32].

More recently, the synthetic routes to compounds substituted with sulfonamido groups
have been developed. The sulfamido group is known to bind to the zinc atom in the
active site more tightly than sulfamide, typically resulting in improved inhibitory activity
compared to corresponding isostructural compounds with the sulfamide group. Even in
the case of cobalt bis(dicarbollide) inhibitors, the substitution for the sulfonamide function
resulted in an increase in inhibition activity by approximately one order of magnitude [75].

Several methods for the direct substitution of the cobalt bis(dicarbollide) cage with one
alkylsulfonamido group were tested. These included the conversion of the respective mesyl
esters to corresponding derivatives containing thiourea derivatives with the formation
of the corresponding derivative [1-X-(CHj)n-(1,2-C2BoHy0)(1’,2"-C,BoHi1)-3,3'-Co(III)]
(X =-SC(NHy),, n = 2 and 3). The terminal thiourea group was then converted by oxidative
chlorination in the second step to the corresponding sulfamoyl chloride group. Mild
conditions were used using NaClO in a two-phase system at low temperatures and high
dilution. However, even then it was impossible to avoid cage chlorination at the two
most electron-rich boron (B8,8’) sites. These sulfamoyl chlorides were then subsequently
converted, by reaction with aqueous NH4OH, to the sulfonamides of formula [1-HyNSO,-
(CHy)n-8,8'-Clp-(1,2-CyBgHy)(1,2'-C,BgHj)-3,3'-Co(IlI)] . Two compounds comprising
ethylene and propylene connectors were prepared [75].
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The primary synthetic routes, however, involved the use of an indirect approach. Thus,
a cobalt atom was inserted into a substituted and NaH deprotonated 11-vertex nido-species
of general formula [1-HyNg(O)-(CHy)n-7,8-C2BoHy1]™ (927 a, b, ¢, d, n = 1-4). The in-
sertion of the Co(Ill) central atom provided the respective di(sulfonamidoalkyl) cobalt
bis(dicarbollide) ions of formula [1,1'-(NH,-S(O),-(CHj)n)2-(1,2-CoBoH1)2-3,3'-Co(111)]-
(937a, b, c, d-104"a, b, c¢) in moderate (for n = 1 and 4) or excellent yields (for n = 2 and 3).
As follows from their origin, it was possible to synthesize mainly the disubstituted deriva-
tives. The sandwich compounds were obtained as a mixture of meso- and rac-stereoisomers.
Both isomers could be readily separated using preparative flash chromatography on a C18-
RP column using a mobile phase consisting of aqueous methanol. Also, compounds from
the monosubstituted series of formula [1-H,NSO,-(CH,),-(1,2-CoBoH;1)(1,2-C,BoH11)-3,3'-
Co(III)]~ (957) (Scheme 19, bottom) could be prepared using a similar indirect method
of reacting the sulfonamide-substituted eleven-vertex ligand together with the parent
unsubstituted [CoBgH12] ™ ion, however, only in a low yield [75].
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Scheme 19. Synthetic methods used for the preparation of the series of alkylsulfonamido-substituted
inhibitors. Schematic presentation of molecular structures of 8,8'-dichloro-sulfonamidopropyl and
di(sulfonamidopropyl) cobalt bis(dicarbollide) ions, 91b~ and 93¢ ™, are shown in the bottom, from
refs. [32,75]. Boron atoms are drawn in green, carbon in gray, cobalt in rose, sulfur in yellow, nitrogen
in blue, oxygen in red, and chlorine in yellow-green color.
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The inhibitory profile of the compounds was tested in vitro using the stopped-flow
carbon dioxide hydration assay. To evaluate selectivity, the inhibition of two CA isoforms,
the cancer-associated CA-IX and the widespread cytosolic CA-II isoform, was studied
(Figure 22). The selectivity index (SI), expressed as a ratio of the two K; values, is presented
in Table 1. The whole series of compounds proved to serve as potent inhibitors of both CA
isoforms, however, the values for CA-IX were significantly lower, which resulted in high
selectivity [32,75].

P202

Figure 22. The binding mode of the compound 93¢~ in the active site of CA-IX-mimic enzyme,
according to refs. [75]. The boron atoms of the cage are drawn in light-pink, carbon in orange, cobalt
in rose, sulfur in yellow, nitrogen in blue, oxygen in red, and zinc in the active site in gray color.

Table 1. In vitro inhibition of selected carbonic anhydrase isoenzymes [75].

Linker,

or Substitution
951 Mono, C, 133.10 4 15.35 0.92 +0.28 144.2
91a— Mono, C,, Clp 29.85 4+ 4.46 0.89 £+ 0.15 33.5
91b— Mono, C3, Cl, 8.10 - 0.86 0.10 4+ 0.02 82.7
93a— Cy, rac- 41.09 4+ 6.09 0.86 - 0.12 47.6
93b— Cy, rac- 164.90 £ 19.86 0.86 + 0.15 191.5
94a— Cy, meso- 7417 +12.67 0.37 & 0.05 199.9
93¢~ Cs, rac- 11.36 £ 1.25 0.02 4+ 0.003 668.2
94b— Cs, meso- 26.76 4= 2.45 0.60 4+ 0.12 44.5
93d— Cy, rac- 10.07 + 0.61 0.29 £+ 0.01 35.2
94¢— Cy, meso- 31.57 £+ 3.69 0.06 + 0.01 574.0

[a] Selectivity index is the ratio between K; (CA-II) and K; (CA-IX).

Interestingly, comparing K; values for 91a™ and 91b~, the chlorination of the cage at
B(8,8') sites improved the inhibition of CA-II, rendering the activity towards CA-IX on the
same level. However, this results in decreased selectivity towards CA-IX (Table 1).

A three-atomic pendant group appears to be of optimal length for CA-IX inhibition
over the whole series. Thus, the most active inhibitor rac-93¢™ selectively inhibits CA-IX
with a picomolar K; value and also shows the highest S5; value 668. This is one order of
magnitude better than for the corresponding meso-isoform. On the other hand, isomeric
couples for other lengths of the linker do not show significant differences in their S;.
Therefore, no conclusion about the effect of stereochemistry on CA-IX inhibition could be
drawn over the whole series of inhibitors [32].
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1,8-Naphthalimides Derivatives, Analogues of Mitonafide, and Pinafide

1,8-Naphthalimides are compounds well known for their high antitumor activities
with mechanisms proceeding via intercalation into DNA. Conjugates containing naph-
thalimide moiety attached to carbon and boron atoms of the cobalt bis(dicarbollide) ion,
analogues of organic drugs mitonafide, were synthesized and studied, along with a panel of
related carborane derivatives. The biological evaluations included in vitro cytotoxicity, type
of cell death, cell cycle, and ROS production testing. The boron cluster compounds showed
a significant effect on the proliferation of cancer cells, although a different kind of activity
was observed compared to organic drug leads, mitonafide, and pinafide. The most promis-
ing derivative from this series corresponded to a disubstituted cobalt bis(dicarbollide)
ion containing the C(1) naphthalimide group attached to the cage via an ethylene linker
(96—, Figure 23) along with a second aminoethyl substituent on C(1’) atom. Compounds
without this auxiliary substitution or those containing two naphthalimide groups in the
same cage positions proved to decrease in activity. The compound 96~ was selected for
detailed studies, which revealed cytotoxicity against HepG2 cells and the activation of cell
apoptosis. The compound caused cell cycle arrest in HepG2 cells. Further investigations in
HepG2 cells revealed that compound 96~ can also induce ROS generation, particularly mi-
tochondrial ROS (mtROS), which was reflected by an increased 8-oxo-dG level in DNA. The
interactions of new compounds with ct-DNA were also studied by CD spectra and melting
temperature. The results confirmed the weak intercalation of boronated compounds into
DNA, which is in contrast to the organic naphthalimide derivatives that usually show
significant intercalating action [162].

Figure 23. Schematic structure of the derivative 96~ showing the most promising antiproliferative
activity.

5.2.2. Antiparasitic Activity

Boronated mitonafide analogues, naphthalimide derivatives of carboranes and metal-
lacarborane Co(IlI) cages 97~ —-101~ (Figure 24), were prepared using reactions of C- and
B-substituted amines with 3-nitro-1,8-naphthalic anhydride [56]. The biological tests of
antihelmintic activity against Rhabditis sp. have shown that the cobalt bis(dicarbollide)
conjugates 987, 997, attached via a carbon atom, showed the highest activity from the
series. The lowest LC50 values and strongest nematicidal activity were observed for N-
[(8-(3-oxa-pentoxy)-cobalt bis(dicarbollide)]-1,8-naphthalimide conjugate, in which the
terminal group was attached via a bis(ethylenglycol) linker. Its LCsy value was as low as
0.148 mg mL~!. Slightly lower activity with an LC50 value of 0.207 mg mL~! was observed
for the carbon-bound conjugate corresponding to N-[2-cobalt bis(1,2-dicarbollide)ethyl)]-
1,8-naphthalimide. Interestingly, compound 97—, comprising a longer propylene linker
between the modified group and the naphthalimide residue, exhibited significantly lower
activity. These modified naphthalimide conjugates, 98~ and 99—, displayed considerably
higher activity than the mitonafide and mebendazole, drugs approved for the treatment of
this type of parasitic infection.
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Q =BorBH
Q@ =CorCH

Figure 24. Chemical structures of [8-R-(1,2-C,BgH1()(1,2-C,BgH11)-3,3'-Co(IIl)] (R = (OCyHy),
(977), [1-R-(1,2-C,BgHy)(1,2-C,BoHj1)-3,3'-Co(II)] (R = (CHy)3 (987), (CHy)2 (997)), [1-(CHy),-
2/-(NH,(CHy),)-(1,2-C2BgHj)2-3,3-Co(II)] ~ (100 ™), and [1,1'-CyHy)»-(1,2-C,BgH)»-3,3'-Co(IIL)]
(1017) [56].

5.3. Application of Boron-Substituted Compounds in Medicinal Chemistry

Comprehensive review articles about the potential of boron-substituted cobalt bis
(dicarbollide) ions in medicinal chemistry and novel healthcare materials were published
in 2023 by Teixidor et al. [150], 2022 by Chen et al. [187], and in 2022 by Das et al. [188].
Therefore, the following chapters will focus exclusively on selected recent articles, high-
lighting the overall use of cobalt bis(dicarbollide) as an unconventional pharmacophore
in biomedicine.

5.3.1. Antimicrobial Active Compounds and Antibiofilm Agents

The rapidly emerging resistance of bacterial pathogens to “classical” antibiotics
presents a current and highly challenging issue in contemporary clinical practice. In
this context, the use of unconventional hydrophobic pharmacophores based on boron
clusters may potentially introduce a viable alternative. The possibility of using boron
clusters in combating resistant forms of bacterial pathogens has been denoted by Plesek in
his review published three decades ago [189]. His idea was based on an assumption that
boron polyhedra are abiotic man-made compounds, which contain an unnatural type of
bonding, and their surface composed of B-H bonds provides different interactions. From
that time, knowledge about the mechanism of interactions of the cluster boron compounds
with biological targets and cells increased appreciably. However, understanding the effects
on the mechanism of resistance in particular types of pathogens, remains still limited. Some
awareness of this idea can be seen in a recent paper published by Zheng et al. concerning
the treatment of antibacterial infections [190] or a study by Reza¢ova et al. and Kozigek
et al. showing that bis(dicarbollide) derivatives proved to have promising inhibitory action
towards resistant mutants of viral HIV-Pr enzyme [31,159].

Considering antibacterial compounds, amines of the cobalt bis(dicarbollide) ion were
recently proved to have antibiotic properties towards Gram-positive bacteria, in particular
to Methicillin-resistant Staphylococcus aureus (MRSA), which is of high current concern.
This is a significant pathogen that poses a threat to public health, particularly in healthcare
settings. The emergence of drug-resistant strains has reduced the effectiveness of conven-
tional treatments. This topic was recently covered by a review article published by Fink
and Uchman [35]. Thus, here we focus only on several selected recent articles.
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Microorganisms can exist in two forms: suspension cells or biofilms. Biofilms, which
are communities of cells embedded in an extracellular matrix attached to a surface, can
cause problematic infections. Biofilm formation often increases microbial resistance to
antibiotics, necessitating the search for new antibiofilm compounds [191-194]. Cobalt
bis(dicarbollide) and its derivatives have shown promising antimicrobial and pharmacolog-
ical properties. While their antimicrobial activity has been studied, their antibiofilm activity
remains largely unexplored [195-198]. Previous studies have primarily unlocked the an-
timicrobial activity of cobalt bis(dicarbollide) and its derivatives, focusing on Gram-positive
bacteria and certain fungi, with limited efficacy observed against Gram-negative bacte-
ria [196-198]. In the study by Varikova et al., the antimicrobial and antibiofilm activities of
cobalt bis(dicarbollide) derivatives (Nal, 8-NH3-1, and 8-PhNH;-1 were investigated [199].
They showed effective antimicrobial properties against Gram-positive bacteria but limited
activity against Gram-negative bacteria and Candida parapsilosis. All three compounds
inhibited the growth of the filamentous fungus T. cutaneum. Nal exhibited strong an-
tibiofilm activity against gram-positive bacteria, while 8-NHj3-1 and 8-PhNH,-1 supported
biofilm formation in P. aeruginosa. Nal disrupted the biofilm structure, inhibiting biofilm
formation by at least 80%. Moreover, Nal had low cytotoxicity, making it a potential
treatment for biofilm-associated infections. Further research is needed to explore their
therapeutic applications [195].

Popova et al. focused on the preparation, characterization, and antimicrobial proper-
ties of alkylammonium derivatives. The authors conducted the first investigation into the
in vitro antimicrobial activity of compound 102 and its derivatives decorated with ethyl or
salicylic ester groups (Scheme 20). They discovered that these derivatives possess antimicro-
bial activity similar to the antibiotic thiamphenicol against both bacterial and Candida spp.
strains. Compound 102a exhibited the non-selective growth inhibition of Gram-positive
bacteria and fungi. Compound 102b selectively inhibited Trichosporon cutaneum, while
compound 102e showed significant activity against filamentous fungi. Other derivatives
were not effective. The increase in substituent bulkiness correlated with hydrophobicity
and stability. The exact mechanism and selectivity remain unknown. Compounds 102a,
102b, and 102e show promise as inhibitors of opportunistic pathogens [197].

Nu* =
a-NH;

® b-NH,CH,
¢ - NH(CHs),
d - N(CH3)s
e - NH,CoHs
f- NH(C,Hs),
g - N(CzHs)s

Q@ =BorBH
Q@ =CH

Scheme 20. Preparation of [8-Nu(CyH40),-(1,2-CoBgHyg)(1/,2'-CoBoH11)-3,3'-Co(111)] (102).

New conjugates of cobalt bis(dicarbollide) with curcumin were synthesized using the
“click” methodology. The antibacterial activity of the synthesized curcumin derivatives was
assessed. The compounds showed no activity against Gram-negative bacteria. However,
variations in MIC values were observed for Gram-positive bacteria. Bacillus cereus was
susceptible to all compounds, while Staphylococcus aureus and Enterococcus faecalis
exhibited higher sensitivity to derivative 103e~. Compound 103e~ also inhibited the
growth of Aspergillus fumigatus, while the other samples had MIC values above 1000 mg
L~!. In the presence of curcumin and derivatives 103a~ and 103b™ (Scheme 21), a decrease
in the growth density of Candida albicans was observed. Based on the results, compound
103b~ exhibited the highest activity against Gram-positive bacteria, A. fumigatus, and a
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decrease in the growth density of C. albicans, followed by curcumin, derivative 103a~.
These findings suggest the potential of these conjugates as antibacterial agents [200].
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Scheme 21. Preparation of [8-OC4HgX-4-((4-((1E,6E)-7-(4-hydroxy-3-methoxyphenyl)-3,5-dioxohe-
pta-1,6-dien-1-yl)-2-methoxyphenoxy)methyl)-1H-1,2,3-triazole-(1,2-C,BoHy)(1',2-C,BoHy1)-3,3'-
Co(II)]~ (1037).

In 2020, Romero et al. reported on the synthesis, characterization, and antimicrobial
testing of cobalt bis(dicarbollide) derivatives Na104, K;105, Na106, and K;107 (Scheme 22).
The compounds were obtained through a ring-opening reaction of the cyclic oxonium
zwitterion with various organic and inorganic carboxylates as nucleophiles. Microdilution
tests revealed that the compounds lacked significant antibacterial effects on Gram-negative
bacteria. However, they exhibited potent antibacterial activity against Gram-positive bacte-
ria and had moderate antifungal activity against Candida albicans. The study assessed four
Gram-positive bacteria strains, among them the life-threatening superbug MRSA, known
for its resistance to various antimicrobial drugs. The cobalt bis(dicarbollide) derivative
Na104 displayed exceptional inhibitory effects on MRSA, with a standard minimum in-
hibitory concentration of 1 mg L~! and a minimum bactericidal concentration of 2 mg L.
These results suggest that Na104 holds promise as a potent antibacterial agent against
MRSA [201].

Swietnicki et al. (2021) conducted research on cobalt bis(dicarbollide) derivatives
for antibacterial activity against Yersinia enterocolitica and Pseudomonas aeruginosa
(Scheme 23). They utilized an iodonium bridge-opening reaction for synthesis, yield-
ing predominantly O-linked derivatives. Compounds 17—, 108~ a, b, ¢, d, and 109b were
most effective against Yersinia, with short aliphatic chains, being Pseudomonas, showing
lower susceptibility. The compounds showed unique chemistry and induced resistance
in Yersinia. They acted in a bacteriostatic manner, affecting cell division. N-linked boron
derivatives were more potent in mammalian cell toxicity studies, and compound 108d ™
had the lowest mortality rate in zebrafish toxicity tests at 20 umol L~! concentration [202].
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iii. Na* ion exchange

O =B or BH

Scheme 22. Reaction scheme of [8-O,C,Hg-(1,2-C,BgHy)(1’,2’-C5BgH11)-3,3’-Co(III)] with sodium
benzoate (1047), terephtalic acid (105%>~), p-carborane-1-carboxylic acid (106 ™), and p-carborane-
1,12-dicarboxylic acid (10727).

ok 5 L/EO

" reflux, 2.5h RT, 20h
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Scheme 23. Synthetic road for preparation of [8-1-8'-OR-(1,2-C,BgHj(),-3,3'-Co(III)] ~ (108~) and
[8-1-8'-NH,R-(1,2-C,Bo Hy)-3,3'-Co(IIT)] (109).

The synthesis of a series of cobalt bis(dicarbollide) derivatives containing an iodine
atom at position B(8) and an organic substituent at B(8') is described by Kubinski et al.
(2022). These derivatives fall into two types: anionic products linked through oxygen
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(B(8')—O bond) and zwitterionic products linked through a nitrogen atom (B(8')—N). The
reactions involve the opening of the iodonium bridge with selected nucleophiles to yield
desired bifunctional derivatives. The compounds” antimicrobial activity was tested against
Gram-positive and Gram-negative bacteria, as well as Candida albicans. The unmodified
cobalt bis(dicarbollide) anion showed good activity against Gram-positive bacteria and
certain fungi but not against Gram-negative bacteria. Synthesized metallacarborane deriva-
tives displayed strong to moderate antimicrobial activity, comparable to some systemic
drugs. Compounds 109a, 109b, and 109e exhibited the strongest antibacterial properties
(Scheme 24). They were also effective against Candida albicans, with the potential to
overcome drug resistance. Some compounds showed synergy with amphotericin B. The
compounds had low toxicity towards mammalian cells, making them promising for an-
tiviral and anticancer therapies. Modifications to the parental compound improved safety
in vivo [37].
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Scheme 24. Synthesis of [8-NH,R-8'-1-(1,2-C,BgH1),-3,3'-Co(III)] (109), [8-1-8'-OR-(1,2-C,BgH1(),-
3,3'-Co(Il)]~ (108~ ), and [8-1-8/-SEt-(1,2-CyBoH),-3,3'-Co(II)]~ (1107).

To address the treatment of MRSA, Kosenko et al. and Zheng et al. described the
synthesis [125] and antimicrobial properties of 1117, a cobalt bis(1,2-dicarbollide) alkoxy
derivative, as a potential therapeutic agent (Figure 25). Compound 111~ demonstrated po-
tent anti-MRSA activity, effectively reducing the number of MRSA colonies and completely
eradicating the bacteria at suitable concentrations. It showed specific activity against MRSA
and did not significantly affect other drug-resistant bacteria. The concentration-dependent
anti-MRSA effect of 111~ was observed, with the complete eradication of MRSA at a
concentration as low as 8 ug mL 1. 111~ exhibited the fastest killing kinetics among the re-
ported metallacarboranes. Importantly, multiple treatments with 111~ did not induce drug
resistance in MRSA, unlike vancomycin. 111~ also showed excellent antibiofilm activity,
inhibiting MRSA biofilm formation at sub-MIC concentrations. The mechanism of action
of 111~ involved damaging the MRSA cell wall/membrane, which was confirmed using
microscopy and staining techniques. The increase in reactive oxygen species (ROS) induced
by 111~ contributed to cell membrane damage. 111~ exhibited excellent biocompatibility
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with mammalian cells and negligible cytotoxicity. These findings highlight the potential of
111~ as a nonantibiotic therapeutic agent for the treatment of MRSA infections [190].

@ =BorBH
@ =CH

Figure 25. Chemical structure and [8-1-8'-OEt-(1,2-C,BgHy()»-3,3’-Co(III)] ~ (1117).

Kosenko et al. investigated an iodonium-bridged derivative of 1~ for its reactivity
with nucleophilic reagents, such as alcohols and amines, leading to disubstituted deriva-
tives. The reaction of the starting derivative with propargyl alcohol yielded terminal
alkyne, which underwent a Sonogashira reaction with 5-iodo-2’deoxyuridine to form cobalt
bis(dicarbollide) and 5-ethynyl-2’-deoxyuridine conjugate 112~ (Scheme 25). Further
treatment of 112~ resulted in an intramolecular cyclization product, furo [2,3-d]pyrimidin-
2(3H)-one conjugate 1137. The cytotoxicity of 112~ and 113~ was moderate, with the
fetal lung fibroblast MRC-5 cells being the most sensitive. The compounds did not show
antiviral activity against tested DNA and RNA viruses. Another attempt to synthesize a
5-ethynyl-2'-deoxyuridine conjugate with a similar spacer length but with a compensating
charge did not yield the desired product [203].

Scheme 25. Reaction scheme of cobalt bis(dicarbollide) with 5-ethynyl-2’-deoxyuridine and further
intramolecular cyclization (1137).

5.3.2. Anticancer Compounds
Cholesterol-Containing Compounds for Anticancer Therapy

Considering anticancer compounds, cholesterol-containing compounds have gained
attention for anticancer therapy. Liposomes, known for their biocompatibility, biodegrad-
ability, and low immunogenicity, are widely used as nanocarriers for hydrophobic and
hydrophilic molecules. They are already actively used in medicine for the transport of some
anticancer drugs, such as doxorubicin [204] or paclitaxel [205]. Cancer cells require an in-
creased demand for cholesterol to build their membranes, making boron-containing choles-
terols a promising strategy for selective boron delivery using liposomes. Recently, cobalt
bis(dicarbollide) conjugates with cholesterol have been synthesized, forming stable and
non-toxic liposomes. The conjugates were prepared by performing a copper(I)-catalyzed
cycloaddition reaction. Cobalt bis(dicarbollide) derivatives were used with terminal azido
groups, which were then reacted with an alkyne compound. The resulting triazoles con-
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tained cobalt bis(dicarbollide) at position 1 and cholesterol at position 4. Compounds
114~ (Figure 26) were tested for their anti-cancer effects using an MTT assay on various
cell lines, including MCF7, HCT116, A549, and WI38. The cytotoxicity of the compounds,
compared to cisplatin, was assessed. They demonstrated low toxicity (IC50 > 200 pwmol L)
and exhibited consistent antiproliferative activity across different cell lines, irrespective of
the spacer structure. This suggests their suitability for BNCT without significant toxicity
concerns [206].

X=0orCH, @ =CH

Figure 26. Chemical structure of [8-(OC4Hg-X-N3(38-(2-azido-ethyl)cholest-5-ene))-(1,2-
C2B9H10)(1/,2/-C2B9H11)-3,3/-(:0(111)]_ (1147).

Druzina et al. synthesized cholesterol derivatives of cobalt bis(dicarbollide) with dif-
ferent spacers, namely hydrophilic (CH,CH,0), in compound 115a~ and lipophilic (CH;)s
in compound 115b~ (Scheme 26). These derivatives were obtained through nucleophilic
ring-opening reactions using oxonium derivatives of cobalt bis(dicarbollide) and a modified
cholesterol derivative. The cytotoxicity of compounds 115a~ and 115b~ was evaluated
against glioblastoma cells (U-87 MG) and human embryo fibroblasts (FECH-15). Compound
115a~ showed lower cytotoxicity towards normal cells compared to tumor cells, with an
IC50 value of 1.56 mg mL~! for normal cells and 0.06 mg mL~! for tumor cells. Compound
115b~ exhibited similar cytotoxicity towards both cells, with IC50 values of 39.5 mg mL !
and 1.56 mg mL~!, respectively. The selective cytotoxicity index (CC50) for compounds
115a~ and 115b~ indicated their potential as antitumor agents. These cholesterol cobalt
bis(dicarbollide) conjugates could be promising for BNCT and as independent antitumor
agents. They also synthetized cholesterol-cobalt bis(dicarbollide) conjugates through the
“click” cycloaddition of 3-(2-azido-ethyl)cholest-5-ene and acetylene-functionalized cobalt
bis(dicarbollides). These boronated cholesterols hold potential for application as drug
delivery systems for Boron Neutron Capture Therapy in cancer treatment [164].
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Scheme 26. Preparation of [8-(0,C4Hg-X-(3B-(2-azido-ethyl)cholest-5-ene))-(1,2-CoBoHjyg)(1’,2'-
CyBoH1q )-3,3/-CO(HI)] ~(1157).
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Furthermore, Druzina et al. reported on the synthesis of derivatives of cobalt bis
(dicarbollide) terminal alkynes with charge-compensated groups (116; Scheme 27). They
describe a reaction in which the oxonium derivative of cobalt bis(dicarbollide) reacts with
tertiary amines to form corresponding ammonium salts. The authors successfully prepared
terminal alkynes with quaternary ammonium groups based on cobalt bis(dicarbollide)
using N,N-dimethylprop-2-yn-1-amine, resulting in novel derivatives with high yields.
These compounds were further used in the synthesis of boronated cholesterol derivatives
utilizing click reactions between terminal alkynes on metallacarborane and an organic azido-
cholesterol derivative (117; Figure 27). The reactions yielded novel boron conjugates in high
yields. The crystal structures of the alkynes prepared from 1,4-dioxane and tetrahydropyran
derivatives of cobalt bis(dicarbollide) were determined. The synthesized compounds will
be used to prepare boronated liposomes for delivering boron clusters to cancer cells in
future BNCT experiments [108].

10 min
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Q=CH

Scheme 27. Preparation of [8-OC4Hg-X-NC4H7-(1,2-CoBgH1¢)(1’,2'-C2BgHy1)-3,3’-Co(IID)] (116).
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Figure 27. Chemical structure of [8-(OC4Hg-X-NCs5HgNj3-(3-(2-azido-ethyl)cholest-5-ene))-(1,2-
C,ByHy)(1/,2/-CyBgH11)-3,3'-Co(I1I)] (117).

The work of Dubey et al. (2021) explored the use of different linkers in liposomal
formulations and their effects on various properties. The linkers tested include triazole,
polyethylene glycol, benzene, and hydrocarbon chains (Figure 28). 118f~ is identified
as the most hydrophilic, while 118e™ is the most hydrophobic among the compounds
studied. The liposomal formulations are prepared using lipid thin-film hydration and ex-
trusion, resulting in stable and uniformly sized particles with high zeta potential, indicating
their physical stability. Encapsulation efficiency is found to be excellent for most formu-
lations, with 118b~, 118d~, and 118f~ showing optimal hydrophobicity and the absence
of benzene rings leading to high efficiency. The liposomes exhibit minimal drug release

74



Molecules 2023, 28, 6971

at physiological pH, suggesting sustained drug availability for tumor tissues through the
enhanced permeability and retention (EPR) effect [207].
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Figure 28. Chemical structure of [8-(OCHj;-Linker-(3p-(2-azido-ethyl)cholest-5-ene))-(1,2-
C2B9H10)(1/,2/-C2B9H11 )-3,3/-C0(IH)] ~ (1187) [207].

Curcumin-Containing Compounds for Anticancer Therapy

In the synthesis of cobalt bis(dicarbollide)-curcumin conjugates, a series of com-
pounds were designed using a “boron click” reaction. The reaction involved the nucle-
ophilic ring-opening of cyclic oxonium derivatives of cobalt bis(dicarbollide) with the
OH-group of curcumin. Different oxonium cycles and curcumin were used to obtain
the boronated curcumin derivatives of cobalt bis(dicarbollide). Cyclic esters of cobalt
bis(dicarbollide) provided spacers with varying hydrophilicity (<(CH,CH,O),— spacer)
or lipophilicity (—(CH2)4-5- spacer) between the boron cage and the biological macro-
molecule. The choice of spacers allowed for flexibility and biocompatibility in the syn-
thesized compounds. Monoanionic and dianionic products were isolated as potassium
salts with good yields. The viability of human tumor cell lines (HCT116 and K562) and
non-malignant human skin fibroblasts (hFB-hTERT6) was assessed to evaluate the effect
of prepared conjugates. Curcumin and doxorubicin were used as reference compounds.
Curcumin exhibited cytotoxicity against all cell lines, with slightly lower toxicity towards
normal fibroblasts compared to malignant cells. However, the cobalt bis(dicarbollide)-
curcumin conjugates 119~ a, b, and 120~ a, b were found to be inactive (Figure 29). To
determine if the lack of cytotoxicity was due to poor cell penetration, intracellular drug
accumulation was examined using flow cytometry. It was confirmed that all the conjugates
entered HCT116 cells in a time-dependent manner. Conjugate 119a™ showed the high-
est penetration, while compounds 120a%~ and 120b?~ required longer incubation times
for complete accumulation. The compounds did not affect cell viability. These findings
indicate that compounds 119~a, b, and 120~ a, b can penetrate cells without causing
cytotoxicity [109].
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Figure 29. Chemical structure of [8-OCpHy4-X-CyH,O-((1E,6E)-1-(4-hydroxy-3-methoxyphenyl)-7-
(3-methoxyphenyl)hepta-1,6-diene-3,5-dione)-(1,2-C,BoHy)(1/,2'-CoBgHy1)-3,3'-Co(II)] ~ (1197 ) and
{((1E,6E)-1,7-bis(3-methoxyphenyl)hepta-1,6-diene-3,5-dione)-[8-OC, Hy-X-CoH4 O-(1,2-C,BoHyg) (17,2'-
CyBoHy1)-3,3/-Co(IID)], 12~ (12027).

Chlorin-Containing Compounds for Anticancer Therapy

Determining boron content in blood and tissue samples is crucial for BNCT planning
and application. Ex vivo methods, like inductively coupled plasma mass spectroscopy
(ICP-MS), atomic emission spectrometry (ICP-AES) [109,208,209], and prompt gamma-ray
spectroscopy (PGRS) [210-212], are commonly used for boron accumulation assessment.
Fluorescent boron-containing compounds offer a non-invasive approach to the quantitative
assessment of boron content in biological tissues, as their fluorescence intensity corre-
sponds to the boron amount [213]. Chlorin eg-cobalt bis(dicarbollide) conjugates (CCDC)
have shown selective accumulation in lung adenocarcinoma cells suitable for BNCT. How-
ever, accurately assessing the boron content using conjugate fluorescence remains a chal-
lenge [214,215]. To address this, mathematical simulations based on pharmacokinetic
models were used to provide a preliminary assessment of medication doses and compound
content in various organs. In the case of studying new boron-containing compounds for
BNCT, the development of pharmacokinetic models is of significant interest [216]. The
study of Volovetsky et al. demonstrates a direct correlation between boron concentration
and CCDC fluorescence in different tissues, indicating the stability of the compound. The
authors successfully achieved a contrasting accumulation of boron between tumor and
muscle tissues using the chlorin eg-cobalt bis(dicarbollide) conjugate (121~ ; Figure 30, top).
This highlights the potential of fluorescent methods for the non-invasive determination of
boron content in living organisms. Furthermore, a mathematical model was developed that
accurately describes the accumulation and distribution of CCDC in tissues. The model’s
high fit with the experimental data suggests its reliability and usefulness in understanding
and predicting the behavior of boron accumulation and distribution in various organs [217].

Fedotova et al. discussed the combination of BNCT and photodynamic therapy
(PDT) for treating head and neck tumors [218]. BNCT involves using non-toxic isotopes
10B and thermal neutrons to target cancer cells, while PDT uses chlorine derivatives as
photosensitizers to absorb light and induce therapy [215,219]. Researchers aim to create
a theranostic conjugate by adding boron clusters to the chlorin—cyclen conjugate (1227;
Figure 30, bottom), increasing boron atom concentration for more efficient BNCT [220].
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The text describes two approaches for preparing boron-containing chlorin conjugates,
which comprise a chlorin—cyclen conjugate that reacts with a nitrile derivative of bis(1,2-
dicarbollide) cobalt, resulting in the addition of one boron cluster; or, in the second case,
the chlorin—cyclen conjugate reacts with a dioxane derivative of bis(1,2-dicarbollide) cobalt,
yielding a mixture of mono- and di-substituted derivatives. Interestingly, when using nitrile
derivatives, only one product was obtained, while the dioxane derivative allowed for the
introduction of a second boron cluster. This difference can be attributed to the steric effects
and the length of the spacer group between the macrocycle and boron polyhedron [218].
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Figure 30. Chemical structure of chlorin—cyclen cobalt bis(dicarbollide) derivatives.

Coumarin-Containing Compounds

Coumarins are natural biologically active compounds with versatile biomedical appli-
cations (e.g., anticancer, antimicrobial, and anticoagulant activity). That is why they are
given increased attention [221]. In 2020, Kosenko et al. performed a synthesis of coumarin
derivatives attached to cobalt bis(dicarbollide) (1237, 124, 125 ; Figure 31). The authors
used nucleophilic ring cleavage reactions with oxonium derivatives to prepare these com-
pounds. They found that reactions with cobalt bis(dicarbollide) resulted in conjugates
attached at either the C-3 or C-7 positions of coumarin. The new compounds showed good
yields and fluorescent properties. The authors also attempted to attach the boron cluster
at other positions of the coumarin ring, which has been found to be challenging [222].
Serdyukov et al. (2021) reported on a coumarin conjugate with cobalt bis(dicarbollide)
as well (126 ~; Figure 31). The synthesis involved the ring cleavage of cyclic oxonium
derivative of cobalt bis(dicarbollide) ion by coumarin moiety. The reaction of charge-
compensated cobalt bis(dicarbollide) derivative with 7-diethylamino-4-hydroxycoumarin
resulted in an anionic product. A new anionic boron conjugate 126~ was obtained in the
form of a potassium salt. The lipophilicity of the synthesized compound was determined
using a logDy 4 measurement, indicating that this conjugate seems promising for medicinal
applications [223].
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Figure 31. Chemical structure of [8-OC,Hy-X-CoHyO-(2H-chromen-2-one)-CO-R-(1,2-C,BoHy)(1/,2'-
CyByHj1)-3,3"-Co(IID)]~ (1237), [8-O3C4Hg-(methyl-3-ox0-3-phenylpropanoate)-(1,2-C;ByHyg)(1',2-
CyByHy1)-3,3-Co(Ill)] ~ (1247), [8-OC,Hy-X-CoH,O-(3-benzoyl-7-methoxy-2H-chromen-2-one)-(1,2-
CyBgH10)(1/,2'-C,BoHy1)-3,3'-Co(Il)]~ (1257), and [8-O3C4Hg-(7-(diethylamino)-2H-chromen-2-
0ne)(1,2—C2B9H10)(1',2’—C2B9H11 )—3,3/-C0(IH)] ~(1267).

Glioblastoma and Neuroblastoma

Glioblastoma (GBM) is a highly aggressive primary brain tumor with limited treatment
options and a poor prognosis. Standard treatments, such as surgical resection followed
by chemoradiotherapy, are met with limited success due to the development of therapy
resistance and tumor recurrence. Over the years, BNCT has been considered as a potential
alternative for the treatment of GBM [224-228]. To further explore the potential of 1~
for BNCT, Serdyukov et al. employed Synchrotron Radiation-Fourier Transform Infrared
(SR-FTIRM) micro-spectroscopy. This advanced technique allows for the non-destructive
analysis of key molecular structures within cells, providing valuable diagnostic information.
By utilizing the characteristic v B-H frequency range of 2.600-2.500 cm !, specific to boron
clusters, SR-FTIRM enabled the detection and localization of 1~ within cells [223]. The
study of Nuez-Martinez et al. investigates the uptake and effects of Nal in glioma-initiating
cells (GICs). It demonstrates that Nal enters GICs and induces changes in cell phenotype,
particularly in radio-resistant mesenchymal cells. The study highlights the potential of
Nal as a therapeutic compound for glioblastoma treatment, especially in resistant cases of
GBM. The use of SR-FTIRM provided insight into drug distribution and radio-resistance.
The high uptake and rapid clearance of Nal make it a promising candidate for BNCT.
Further research is needed to understand the underlying mechanisms and optimize its
delivery [224].

In another study by Nuez-Martinez et al., the potential of 1~ for both chemotherapy
and BNCT in GBM was investigated using in vitro and in vivo models. Studies using
spheroids derived from the U87 and T98G cell lines revealed that T98G spheroids showed
increased resistance to treatment compared to that of the U87 type, contrary to results
observed in 2D monolayer cultures. This highlights the importance of employing 3D models
for GBM studies. In vitro tests demonstrated that 1~ and [8,8'-1,-17], at non-cytotoxic
concentrations, effectively loaded sufficient levels of boron into GBM cells for successful
boron neutron capture (BNC) reactions. T98G cells, known for their resistance to standard
radiotherapies, exhibited enhanced sensitivity to neutron irradiation after incubation with
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Na[8,8'-1,-17] due to their higher boron uptake. In vivo tests using C. elegans nematodes
and embryos confirmed the toxicity of these compounds. The compounds formed hybrids
with C. elegans’ eggs and arrested larvae development. Thus, [8,8'-I,-1~] and related
compounds have the potential as candidates for the combination BNCT treatment of
resistant variants of GBM [38].

The neuroblastoma (NB) is the most common solid extracranial tumor in children [229].
Current diagnosis involves invasive procedures and general anesthesia for young patients.
Screening for NB can be based on monitoring the levels of catecholamine metabolites,
homovanillic acid (HVA), and vanillylmandelic acid (VMA) (Figure 32). Various labo-
ratory techniques are used for their analysis. Immobilized supramolecular systems are
proposed to enhance the detection of NB metabolites through selective interactions. In
this study, Shishanova et al. designed a cobalt bis(dicarbollide) derivative including an
o-phenylenediamine unit (CB-oPD) that shows potential for specific interactions with car-
boxylate analytes (127; Figure 32). The objective was to evaluate electrochemical techniques
for determining VMA and HVA, considering their structural similarity. Electropolymerized
film based on CB-oPD is proposed as a “host” for the selective detection of the metabolites
(“guests”). The focus is on monitoring VMA and HVA as individual species and as a mix-
ture to aid in correct diagnosis. This approach is considered novel for the electrochemical
detection of these metabolites [230-234]. The electrochemical recognition of neuroblas-
toma metabolites was investigated on a modified electrode surface using electrochemical
impedance spectroscopy (EIS), potentiometry, and differential pulse voltammetry (DPV).
The association constants indicate the higher affinity of the electrode surface for HVA
(2.5 x 10°) compared to VMA (4.3 x 10%). The binding of the metabolites to the pCB-oPD-
modified electrode allows for the differentiation of VMA and HVA in a mixture, offering
practical applications [234].

OH OH

Figure 32. Chemical structure of [8-C4HgO,NH;-CgHgN-1-(1,2-CoBgHj)(1’,2'-C2BgHj1)-3,3"-Co(I11)]
(127).

5.3.3. Nanocomposites for Bioimaging and Drug Delivery

Nanomaterials have shown great potential in the development of efficient in vivo
imaging probes for noninvasive techniques like positron emission tomography (PET),
magnetic resonance imaging, and optical imaging [234]. Carbon nanomaterials, such as
graphene oxide (GO), have attracted attention due to their unique properties, high biocom-
patibility, and prolonged blood circulation times. GO can be functionalized and used as
a platform for drug delivery systems, including anticancer agents [235-237]. The cobalt
bis(dicarbollide) derivatives have been linked to macromolecules and nanoparticles, includ-
ing GO, resulting in materials with improved properties and cellular uptake. The chemical
modification of GO with cobalt bis(dicarbollide) anions has led to hybrid materials with im-
proved dispersibility and thermal properties. Radiolabeling cobalt bis(dicarbollide) enables
its visualization in vivo using PET. In the study of Ferrer-Ugalde et al., boron-enriched
carbon-based materials tagged with the positron emitter iodine-124 (}24I) were developed
as theranostic agents for whole-body imaging. The nanocomposite, 128~ (Figure 33), was
prepared by functionalizing graphene oxide (GO) with a monoiodinated boron-cluster
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compound (I-17). To synthesize I-1~, iodine crystals were added to a solution of [8-
C4HgO,NH;3-3,3'-Co(1,2-CoBgH1o)(17,2-C,BgHj11)] in dichloromethane. To attach I-1~ to
GO, a covalent coupling reaction was performed using N,N'-dicyclohexylcarbodiimide
(DCC) and 1-hydroxybenzotriazole (HOBt) as coupling reagents. The resulting 128~ ex-
hibited exfoliated graphene derivatives and a graphitic structure. The biocompatibility of
128~ was evaluated in healthy cells using cytotoxicity studies. The results showed low
cytotoxicity, with cell viability above 90% at different concentrations and incubation times.
A TEM analysis confirmed the internalization of 128 ~, and live/dead tests confirmed that
the majority of cells remained alive, even at the highest concentration. The positive control
exhibited high cell mortality. The TEM analysis showed the presence of material aggregates
in the cytoplasm without affecting cell structure. In vivo toxicity tests using C. elegans
demonstrated the lack of toxicity and internalization of both 128~ and I-1~. The radiolabel-
ing of I-1~ with iodine isotopes enabled PET imaging, revealing the accumulation of ['?41]
1287 in the liver, lungs, and heart, with long circulation time and elimination through the
gastrointestinal tract. These results indicate the potential of 128~ as a theranostic agent for
Boron Neutron Capture Therapy [238].

Figure 33. Chemical structure of [8-C4HgO,NH-GO-8'-1-(1,2-CoBgHj),-3,3"-Co(I111)] ~ (1287).

Pulagam et al. (2021) developed PEG—cobalt bis(dicarbollide)-AuNRs, a nanoconju-
gate with potential applications in BNCT. They prepared CTAB-stabilized gold nanorods
(AuNRs) and modified them with mPEG (poly(ethylene glycol) methyl ether thiol) for
biocompatibility and circulation enhancement. Cobalt bis(dicarbollide) derivatives were
then conjugated onto the AuNR surface. The presence of cobalt bis(dicarbollide) ion on the
nanoconjugates was confirmed through various analyses, including NMR, STEM-EDXS,
and XPS. Despite gold’s high cross-section for thermal neutrons, their calculations showed
that the presence of gold as a boron carrier is not a limitation for BNCT applications. The
nanoconjugates showed good stability, low cytotoxicity, and accumulated in the tumor in a
mouse model of gastric adenocarcinoma. They exhibited promising results for combined
Photothermal Therapy and BNCT in vitro, inducing localized thermal heating and cell
damage under NIR and neutron irradiation. However, the accumulation of nanoconjugates
in the tumor needs improvement for more effective BNCT treatment [239].

5.4. Electrochemistry

The electrochemistry of cobalt bis(dicarbollide) anion in non-aqueous media has
already been reported in the early 1970s [64,240] and served predominantly as a characteri-
zation method for establishing the physicochemical properties of newly synthetized species.
These works include, for example, studies on the B-substituted porphyrin derivatives and
their spectroelectrochemistry [241], the electrochemical and spectroelectrochemical charac-
terization of the phthalocyanines B-substituted potential BNCT treatment candidate [242],
and the electrochemistry of different substituted metallacarboranes including the cobalt
ones [243]. This progress was covered by a recent review article [11].
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Growing attention to the use of the cobalt bis(dicarbollide) anion in biological appli-
cations led to the first attempts of electrochemistry in the aqueous milieu [11,12,14,153].
The authors report not only the reversible redox signal of the Co(III) central atom (as was
reported previously in non-aqueous media [240]) but also the irreversible signal of the
core boron cage (Figure 34) [63,82,244]. The electrochemical response for the parent cobalt
bis(dicarbollide) anion (using a polished glassy carbon electrode in a phosphate buffer
of pH = 8) is rather complicated. It consists of the reversible signal of the Co(III)/Co(II)
redox process on the cathodic part of the voltammogram. On the anodic part, a set of at
least three overlapping peaks could be observed in the bride potential range. This signal
was ascribed to the electrooxidation of the dicarbollide ligands. Interestingly, in the case
of the bridged samples, the set of overlapping peaks merged into one with a markedly
higher current density response. This happens only in the case of a short bridge linker
(as a single atom); with prolonging the linker chain, the signals tend to split again into a
set of overlapping peaks [244]. This behavior could be explained by the presence of the
three main rotamers of the parent cobalt bis(dicarbollide) anion, where the short bridging
linker does not allow the transition between the different states. Study [63] compares the
electrochemical behavior of B- and C-substituted derivatives, namely the alkylhydroxy
and carboxy groups. Although the electronic properties of the C- and B-derivatives (with
comparable ligand structure) markedly differ, this work does not find any significant differ-
ence between the electrochemical behavior of these derivatives. Interestingly, other studies
conducted in aqueous media reported only the reversible signal of Co(Il), for example, the
original electrochemical work of the Teixidor group [12], and the use of bis(dicarbollide)
ion as a transducer on an electrode for neuroblastoma markers sensing [245].
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Figure 34. Example of DPV (differential pulse voltammogram) of some cobalt bis(dicarbollide)
(COSAN) anions in phosphate buffer, pH = 8500 umol L~ concentrations of all samples, polished
glassy carbon electrode. COSAN-closo-[(1,2-CoBgHy1),-3,3'-Co(II1)]Cs; 1-O-COSAN—{-8,8'-O-(ortho-1,2-
CZOSO-C2BgH10)2-3,3’-CO(HI)]Na.I‘IHZO,' (CH30)Z-COSAN—[B,S/-(CH30)2-(07’thO-1,2-CZOSO-C2B9H10)2-3,3/-
Co(IN)Me4N; and (HOCH,),-COSAN-[1,1"-(HOCH,),-1,2-C,BgHj),-3,3'-Co(IlT) [Me3NH [63,244].

6. Conclusions and Outlook

This review particularly and primarily focuses on the chemistry of the carbon-sub-
stituted derivatives of the cobalt bis(dicarbollide) cage, which proceeds via the direct
metalation of C-H vertices followed by reactions with electrophiles. We have demonstrated
that these methods can be used as a versatile solution for producing a large variety of
available structural blocks that offer viable alternatives to boron-substituted compounds
and can be used in diverse applications. As demonstrated, due to its flexibility, this
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approach already resulted in improved inhibitory properties of enzyme inhibitors designed
to target cancer-associated CA-IX or compounds that proved to have better antiparasitic
activity than the boron-substituted analogues. Furthermore, the methods outlined here
also allow for an easy heterosubstitution on boron and carbon vertices.

In light of recent advancements in ferrocene chemistry, we can anticipate further
progress in the understanding of the mechanism of metalation of the cobalt bis(dicarbollide)
cage. This progress will likely be accompanied by further improvements in reaction
conditions, including the use of auxiliary bases and reagents, aimed at enhancing the
stereospecificity of these reactions. It is worth investigating the ortho-directive effect of
certain groups located on carbons and the activation of B-H bonds in close proximity.

The chemistry of carbon atoms provides a straightforward means of inducing chirality
into molecules. These compounds may, in principle, serve as chiral platforms resembling
BINOL, BINAP, and chiral ferrocenes. Progress in the chemistry of chiral species may, thus,
be anticipated, leading to the production of enantiomers of high enantiomeric excess when
chiral additives are used in metalation reactions. This will be paralleled with the further
development of analytical (and preparative) HPLC and other separation methods that
would allow for the fast analysis of enantiomeric purity.
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Abstract: The review covers more than a century of decaborane chemistry from the first synthesis
by Alfred Stock to the present day. The main attention is paid to the reactions of the substitution of
hydrogen atoms by various atoms and groups with the formation of exo-polyhedral boron-halogen,
boron-oxygen, boron-sulfur, boron-nitrogen, boron-phosphorus, and boron-carbon bonds. Partic-
ular attention is paid to the chemistry of conjucto-borane anti-[B1gHy,], whose structure is formed
by two decaborane moieties with a common edge, the chemistry of which has been intensively
developed in the last decade.

Keywords: decaborane; history; properties; derivatives

1. Introduction

Decaborane [B1gH;j4] plays a central role in the chemistry of polyhedral boron hy-
drides. Decaborane is an essential boron reagent for the preparation of medium and higher
carboranes C,B,H,;» (n = 8-10) [1] and the carba-closo-decaborate anions [CBgH1p]™ [2].
Until recently, the synthesis of the closo-dodecaborate [B12H12]%>~ [3,4] and the carba-closo-
dodecaborate [CB11H12]™ [5,6] anions was also based on the use of decaborane, and it
is still used for the synthesis of the closo-decaborate anion [B1oH10]>~ [7,8]. In addition,
decaborane can be used to prepare boron coatings [9-13], nanoparticles [14], microcrys-
tals [15,16], boron nitride nanosheets [17], and nanotubes [18], as well as various metal
boride thin films [19-24]. Recently, a decaborane-based fuel cell power source with a
high energy density was developed [25]. The intensive development of the chemistry of
decaborane is associated with the 1950s to the early 1960s, when the main types of its
transformations were discovered and described. These early studies were reviewed in the
1960s by Hawthorne [26] and Zakharkin et al. [27]. This area was also partly elucidated in
Boron Hydride Chemistry [28] and Comprehensive Inorganic Chemistry I [29]. Recent studies
in the field of decaborane chemistry, deepening and expanding the previously described
conclusions using modern instrumental methods, were briefly covered in Comprehensive In-
organic Chemistry I1I [30]. Therefore, the purpose of this review is to give the most complete
picture of the current state of the chemistry of decaborane and its derivatives.

2. Synthesis, Structure, and General Properties

The formation of this ten-vertex cluster during the pyrolysis of diborane B,Hg was
first described by Alfred Stock and co-workers more than 100 years ago [31,32]. The best
yields of decaborane(14) were obtained by heating diborane to 120 °C for 47 h. The low
volatility of decaborane allows it to be easily separated from other volatile boron hydrides
while being volatile enough to be easily separated from non-volatile products. Decaborane
is a colorless, air-stable, easily subliming, malodorous, crystalline solid that melts at 99.7 °C
and boils with decomposition at 213 °C [33]. For a long time, interest in the chemistry of
boron hydrides was mainly academic but was supported by the fact that boranes and some
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related compounds did not comply with the usual rules relating the chemical composition
to the classical theory of valence. At the same time, various assumptions were made about
the structure of BjgHi4, including linear [34] or naphthalene-like [35] structures.

Practical interest in boron hydrides, and decaborane in particular, arose shortly after
World War II, when the United States government launched programs (Projects Hermes,
Zip, and HEF (High-Energy Fuels)) [36,37] whose purpose was to develop borane-based
aviation and rocket fuels capable of generating much higher energy than conventional
kerosene-based fuels [38—40]. As a part of this program, two chemical companies, Callery
Chemical Company and Olin-Mathieson Corporation, developed eight pilot and pro-
duction plants and produced an array of borane-derived energetic products, including
methyldecaborane (HEF-4), ethyldecaborane (HEF-3), and ethylacetylenedecaborane (HEF-
5), to be tested as additives to propellants and explosives [41]. Amost at the same time,
due to the development of various physical research methods, such as single-crystal X-ray
diffraction, neutron diffraction, and gas phase electron diffraction, the molecular structure
of [B1oH14] was determined [42-50]. The decaborane molecule was found to be shaped like
a boat built from ten BH-units, with four additional BHB bridges decorating its bow and
stern (Figure 1).

Figure 1. Structure and numbering of atoms in decaborane BjgHy4.

Shortly thereafter, the future Nobel Winner Lipscomb and his collaborators developed
bond counting rules and topological principles that made it possible to describe bonding in
boron hydrides. According to the topological formalism, the binding in the decaborane
molecule can be described by a combination of four 3c-2e B-H-B bonds, six closed or
fractional closed 3c-2e B-B-B bonds, and two 2¢-2e B-B bonds [51-53]. Some time later,
molecular orbital theory in the form of the extended Hiickel theory was originated and
applied to decaborane to provide an alternative to this topological approach [54-56]. Subse-
quently, both the logical basis and the parameters for these molecular orbitals were greatly
improved using the more rigorous molecular self-consistent field (SCF) method [57,58].
More recently, the electronic structure of decaborane has been described in terms of the
BadeR's theory “Atoms in Molecules” (AIM) [59].

A powerful tool for determining the structure of polyhedral boron hydrides is NMR
spectroscopy, the practical birth of which coincided with a wave of interest in the chem-
istry of boron hydrides. Therefore, it is not surprising that decaborane was one of the
first molecules to be investigated using NMR spectroscopy [60-62]. The subsequent de-
velopment of the instrumental base and methods of NMR spectroscopy caused repeated
studies [63-70]. The decaborane molecule has also been characterized by IR [59,71,72],
Raman [59], electron [73-75], NQR [76,77], photoelectron [78], and electron energy loss [79]
spectroscopy. The ionization potentials of decaborane and 'B-enriched decaborane were
determined to be 11.0 eV [80] and 10.26 eV [81], respectively. The dipole moment of de-
caborane was determined by measuring the dielectric constants of benzene, cyclohexane,
and carbon disulfide solutions and varies from 3.17 D in carbon disulfide to 3.62 D in ben-
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(0]
NaBH; — Na[B;Hg] =%

zene [82]. The magnetic susceptibility of decaborane is —116 £ 1.5 x 107 emu mol ! [82].
The heat of formation of decaborane was determined to be —66.1 kJ /mol [83]. The heat
capacity of decaborane has been measured, and the derived thermodynamic functions
have been calculated [84,85]. The heats of melting and vaporization [85], as well as the
vapor pressure of decaborane [85,86], were also determined. Pressure-induced room tem-
perature transformations of decaborane up to 131 GPa were studied using in situ optical
spectroscopy techniques [87].

The industrial production of boron hydrides, which involved more than 2000 people,
was accompanied by various accidents, which led to the discovery of the high toxicity of
decaborane and its derivatives [88-92]. With decaborane, intoxication, headaches, tremors,
impaired coordination, confusion, anxiety, photophobia, and other symptoms are observed.
Moreover, intoxication can occur from relatively small amounts of decaborane. Decaborane
can be detected by its odor at or near its maximum acceptable concentration, but there is
considerable olfactory fatigue. Repeated exposure to decaborane can cause severe damage
to the nervous system [93]. The effects of decaborane on various animals have also been
studied [93-111]. A number of studies were directed to study the mechanism of decaborane
action on living organisms [112-130].

The production of decaborane, established in the 1950s, was based on the pyrolytic
conversion of diborane proposed by Alfred Stock [33]. At the same time, attempts were
made to find an alternative to this dangerous process, among which the use of the CW CO,
laser is worth mentioning [131]. Almost at the same time, a convenient and effective method
was proposed, which is based on the oxidation of sodium tetrahydroborate NaBHj4 to the
octahydrotriborate anion [B3Hg] ™, followed by its pyrolysis in diglyme at 105 °C to the
tetradecahydro-nido-undecaborate anion [By1Hj4] ™ [132]. The subsequent mild oxidation
of [B11Hy4]™ gives decaborane [B1gH14] (Scheme 1) [133-136]. Decaborane can also be
obtained by the cage-opening of the closo-decaborate anion [B1pH19]> on protonation with
strong acids such as sulfuric acid [137].

105 °C
diglyme

Scheme 1. Synthesis of decaborane(14) from sodium tetrahydroborate NaBHj.

Decaborane(14) has an acidic character [138] and can be deprotonated with strong
bases, such as sodium hydride [139], tetraalkylammonium hydroxides [140], diethy-
lamine [140], triethylamine [140,141], methylenetriphenylphosphorane [141,142], or a
Proton Sponge (PS) [143,144] to give the corresponding salts of the tridecahydro-nido-
decaborate [B1gHj3]~ anion (Scheme 2). The pK, value of decaborane(14) in aqueous
ethanol was found to vary from 2.41 to 3.21 depending on the water content [145].

Scheme 2. Preparation of the [BjgH;3]~ anion and its tautomeric forms.
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The (EtsNH)[B1pHj3] and (EtsN)[B19Hi3] salts obtained by the deprotonation of de-
caborane with Et3N and (Et;N)OH, respectively, have been found to trigger the hypergolic
reactivity of some polar aprotic organic solvents, such as tetrahydrofuran and ethyl ac-
etate [146].

The solid state structures of (EtsNH)[B1oHq3] [147], (BnNMej3)[B1oH13] [148], and
(HPS)[B1oH13] [144] were determined by single-crystal X-ray diffraction. The solid state
structure of the [B1pH;y3] ™ anion (Figure 2) can be derived from the structure of BjgHj4 by
u-H(9,10) deprotonation.

o v

Figure 2. Solid state structures of the (HPS)* cation (left) and of the [nido-BjgH13]™ anion (right) in
the crystal structure of (HPS)[B1oHj3].

In the solution, the [BjgH13]™ anion exists as a mixture of symmetrical and unsymmet-
rical H-tautomers with different arrangements of bridging hydrogens (Figure 2) [143,149],
with an interconversion AG* value of less than 7 kcal /mol [144].

Strong bases such as sodium hydride in ether solvents are able to remove two protons
from decaborane(14) to form the [BigH12]>~ dianion [140,150,151]. The latter is unstable in
solution and transforms into other decaborates and their derivatives [151]. According to
quantum chemical calculations, the [B1oH12]?~ anion has the Cy-symmetric structure with
u-B(5)HB(6) and p-B(8)HB(9) bridging hydrogens [152].

The reduction of decaborane(14) with KBH, in water results in the formation of the
[arachno-B1gHy4]*~ anion with a boron cage geometry near the same as that of the starting
[nido-B1pH14] (Scheme 3), which was isolated by precipitation from an aqueous solution
in the form of rubidium, cesium, or tetramethylammonium salts [153,154]. The structure
of the [B1gHy4]?~ anion was proposed using B NMR spectroscopy [155]. The solid state
structure of (Me4N),[B1gHj4] was determined by single-crystal X-ray diffraction [154].
It was supposed that the reaction proceeds by hydride transfer with the formation of
the [B1pH15]~ anion. The latter is unstable in the solution and loses hydrogen to form
[nido-B1gHq3]~ [156,157].

Scheme 3. Preparation of the [arachno-B1pHy4]>~ anion.
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It should be borne in mind that decaborane itself has pronounced reducing properties.
Due to this, the possibility of its use as a reducing agent in organic synthesis was studied. In
particular, decaborane can be used for the reduction of acetals to ethers [158], the reductive
esterification of aromatic aldehydes [159,160], and the reductive amination of acetals with
aromatic amines [161]. Decaborane can also be used for chemoselective reduction aldehydes
and ketones [162-164], the dehalogenation of x-halocarbonyl compounds [165], and the
hydrogenation of alkenes or alkynes [166].

The bridging hydrogens in decaborane(14) were found to exchange rapidly for deu-
terium atoms with D,O in 1,4-dioxane or acetonitrile to give [ps-B1gHi9D4] [72,167,168].
The use of DCl in 1,4-dioxane makes it possible to obtain the decadeuterated decaborane [p4-
5,6,7,8,9,10-B1gHsD1¢] [169]. The treatment of decaborane(14) with DCl in a carbon disulfide
solution and in the presence of AICl; results in the tetradeuterated decaborane [1,2,3,4-
B1oH10D4] [169,170]. If the reaction is carried out under heating in sealed ampoule, the prod-
uct is the octadeuterated decaborane [1,2,3,4,5,7,8,10-B1gHgDg] [72]. The tetradeuterated
decaborane [5,7,8,10-B1gH10D4] was obtained by the reaction of [1,2,3,4,5,7,8,10-B1gHgDsg]
with HCl in a carbon disulfide solution and in the presence of AICl; [72]. The octadeuter-
ated decaborane [4-1,2,3,4-B1gH¢Dg] was prepared by the reaction of [1,2,3,4-B1gH0D4]
with D,O in acetonitrile [72], whereas the dodecadeuterated decaborane [p4-1,2,3,4,5,7,8,10-
BioH,D12] was obtained by heating [14-B1gH19D4] with DCl in carbon disulfide in sealed
ampoule in the presence of AlICl; [72]. Deuterated aromatic solvents can also act as a
source of deuterium. For example, heating decaborane(14) in benzene-dg in the presence of
AlCl3 under reflux leads to the the tetradeuterated decaborane [1,2,3,4-B1gH9D4], while
the reaction of decaborane(14) with AICl3 in toluene-dg at 5 °C results in the dideuterated
decaborane [2,4-B1gpH12D,] [171]. The reaction of [1,2,3,4-B1oH1¢D4] with AlCl3 in benzene
leads to [1,3-BloH12D2] [172]

3. Halogen Derivatives

Stock first reported the preparation of halogen derivatives of decaborane(14) by the
direct reaction of decaborane with halogens in a sealed tube [33]. These reactions were
re-investigated in the 1960s. It was found that the reaction of decaborane(14) with 1 equiv.
iodine at 110-120 °C leads to the formation of a mixture of 1- and 2-iodo derivatives of
decaborane in a ratio of ~1:2 [173,174]. The resulting mixture of isomers can be separated
by fractional crystallization from low-boiling alkanes (pentane, hexane, heptane) [173] or
chromatographically [175]. The assignment of the substitution position was made based
on the B NMR spectra [174,176,177]; however, the 1-isomer was initially erroneously
assigned as the 5-isomer [173,178]. The subsequent reaction of 2-iododecaborane with
iodine at 110 °C results in a mixture of the 1,2- and 2,4-diiodo derivatives [1,2-1,-B1gH1»]
and [2,4-I-B1pHj;] in a nearly equal ratio, while the similar reaction of 1-iododecaborane
produces mainly [1,2-I,-B1gHjz]. The reaction of decaborane(14) with an excess of iodine
was found to give a mixture of [1,2-I,-B1gH12] and [2,4-1,-BjgH12] in a ratio of ~1:2 [173]. The
reaction of decaborane(14) with iodine or iodine chloride in carbon disulfide in the presence
of AICl; was found to give a mixture of the 1- and 2-iodo derivatives of decaborane in the
same ratio of ~1:2 [179]. Later, the 1- and 2-iodo derivatives of decaborane were synthesized
by the reaction of decaborane(14) with iodine chloride in refluxing dichloromethane in the
presence of AlICl3 and reliably characterized by NMR spectroscopy [180]. The solid state
structures of [1-I-BoHj3] [181], [2-I-B1gH;3] (Figure 3) [180], and [2,4-1,-B1gH12] [182] were
determined by single-crystal X-ray diffraction.

The 5- and 6-iodo derivatives of decaborane were prepared in an indirect way. The
treatment of [arachno-6,9-(Me;S),-B1oH12] with anhydrous HI in benzene under reflux con-
ditions results in a mixture of the 5- and 6-iodo derivatives of decaborane [5-1-B1gH3] and
[6-1-B19H13] [174], which was separated by fraction crystallization from hexane [174] or chro-
matographically [175]. The reaction of [arachno-6,9-(Et;S)>-B1gHi2] with anhydrous HI in
benzene at room temperature was found to give the 5-iodo derivative [5-1-B1oH13] [183-185].
The reaction of (NHy)[closo-B1gHjo] with anhydrous HCl in a mixture of Allz and 1-butyl-3-
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methylimidazolium iodide (bmiml) at 70 °C proceeds with the boron cage opening and results
in the 6-iodo derivative of decaborane [6-1-B1gH13] [186]. The 6-iodo derivative isomerizes
to the 5-iodo derivative [5-1-BjpHj3] in the presence of a catalytic amount of triethylamine
in toluene at 60 °C. It is assumed that the isomerization occurs through the transformation
of [6-]-B1pH13] into the [6-]-B1oH; 3]~ anion, followed by its isomerization [187]. The 6-iodo
derivative [6-1-B1gH13] was also found to undergo photochemical isomerization to [5-I-B1gHjs]
under UV-irradiation in a solution [187]. The solid state structures of [5-1-BigHi3] [187] and
[6-1-B1oH13] [186] were determined by single-crystal X-ray diffraction (Figure 4). The 6-iodo
derivative [6-1-B1gH; 3] was also obtained by the reaction of (NHy)»[closo-B1oHj0] with Alls,
followed by the hydrolysis of the resulting intermediate [188].

Figure 4. Solid state structures of [5-1-BjgHj3] (left) and [6-I-B1gH;3] (right).

The reactions of decaborane(14) with bromine in dichloromethane in the presence of
AlCl3 [189] or AlBrs [190], or in carbon disulfide in the presence of AlCl; [174], lead to the
formation of a mixture of 1- and 2-bromo derivatives of decaborane [1-Br-B1gH;3] and [2-
Br-BjgHj3], which can be separated by fractional crystallization from hexane [173,189,190]
or chromatographically [175].

The 5- and 6-bromo derivatives of decaborane were also prepared in an indirect way.
The treatment of [arachno-6,9-(Me;S),-B1oH12] with anhydrous HBr in benzene under reflux
conditions results in a mixture of the 5- and 6-bromo derivatives of decaborane [5-Br-
BioHj3] and [6-Br-BjpHj3] in a ratio of ~1:4, which was separated by fraction crystallization
from hexane [174] or chromatographically [175,190]. The reactions of [arachno-6,9-(R,S),-
BioHi12] (R = Me, Et) with anhydrous HBr in benzene at room temperature were found to
give the 5-bromo derivative [5-Br-BjgH;3] [183-185]. The reaction of (NHy);[closo-B1gH1o]
with anhydrous HBr in a mixture of AlBrz and 1-butyl-3-methylimidazolium bromide
(bmimBr) at 70 °C proceeds with the boron cage opening and results in the 6-bromo deriva-
tive of decaborane [6-Br-B1gH13] [186]. The 6-bromo derivative isomerizes to the 5-bromo
derivative [5-Br-BjgHj3] in the presence of a catalytic amount of triethylamine in toluene at
60 °C [187]. The solid state structures of [5-Br-B1gH13] [187] and [6-Br-B1gH13] [186] were
determined by single-crystal X-ray diffraction (Figure 5). The 6-bromo derivative [6-Br-
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B1oHj3] was also obtained by the reaction of (NHy)s[closo-B1gHjg] with AlBrs3, followed by
the hydrolysis of the resulting intermediate [188].

Figure 5. Solid state structures of [5-Br-BjpHj3] (left) and [6-Br-B1gHis] (right).

The reaction of dimethylstannaundecaborane [nido-Me,SnB1gHj,] with bromine in
carbon disulfide leads to the oxidative removal of tin with the formation of the 5,10-dibromo
derivative of decaborane [5,10-Bry-B1gH;2] (Figure 6) [191].

o~

CoT

Figure 6. Solid state structure of the 5,10-dibromo derivative of decaborane [5,10-Br,-B1oH1»].

The reaction of decaborane(14) with chlorine in dichloromethane in the presence of
AlClj results in a mixture of the 1- and 2-chloro derivatives of decaborane [1-CI-B1gHj3]
and [2-CI-BjgH;3] [174,189]. Unexpectedly, a mixture of the 1- and 2-chloro derivatives
of decaborane was obtained in the reaction of decaborane(14) with 1,1-difluoroethane in
carbon disulfide in the presence of AICl; [192]. The isomers were separated by fractional
crystallization from pentane or hexane [174,189,192] or chromatographically [175], and the
substitution position was assigned using ''B NMR spectroscopy [174,193].

Similar to the corresponding iodo and bromo derivatives, the 5- and 6-chloro deriva-
tives of decaborane were prepared in an indirect way. The treatment of [arachno-6,9-
(Me;S),-B1gH12] with anhydrous HCl in benzene under reflux conditions results mainly
in the 6-chloro derivative of decaborane [6-Cl-BgH13] with some amount of the 5-chloro
isomer [174]. The reactions of [arachno-6,9-(Et,S),-B1gH12] with anhydrous HCI or HgCl,
in benzene at room temperature were also found to give the 6-chloro derivative [6-Cl-
BioH13] [183-185]. The reaction of (NH4)[closo-B1gH1o] with anhydrous HCl in a mixture
of AICl3 and 1-butyl-3-methylimidazolium chloride (bmimCl) at 70 °C proceeds with the
boron cage opening and results in the 6-chloro derivative of decaborane [6-Cl-B1oH;3] [186].
The 6-chloro derivative of decaborane can also be prepared by the reactions of (NHy)>[closo-
ByoHjp] with triflic acid in dichloromethane, respectively [186]. The 6-chloro derivative
isomerizes to the 5-chloro derivative [5-Cl-BjpH;3] in the presence of a catalytic amount
of triethylamine in toluene at 60 °C [187]. It was assumed that the isomerization occurs
through the transformation of [6-Cl-B1oH;3] into the [6-Cl-B1gH;3]™ anion, followed by
its isomerization. The solid state structures of [6-Cl-B1gHi3], (HPS)[6-Cl-B1gH1>], and
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(HPS)[5-C1-B1pH1,] were determined by single-crystal X-ray diffraction (Figure 7) [186,187].
The B-H-B bridge deprotonation at the site adjacent to the halogenated boron atoms was
revealed [187].

Figure 7. Solid state structures of [6-Cl-B1gHj3] (top) as well as the [6-Cl-BjgHyz] ™ (bottom left)
and [5-CI-BjpHjp] ™ (bottom right) anions in the crystal structures of the corresponding protonated
Proton Sponge salts.

The 6-chloro derivative [6-Cl-B1gH;3] was also obtained by the reaction of (NHy);[closo-
BioHip] or (Et4N)a[closo-B1gH1o] with AICl;, followed by the hydrolysis of the resulting
intermediate [188,194,195].

The 6-fluoro derivative of decaborane [6-F-B1oHj3] was first obtained by the reaction of
[arachno-6,9-(Et;S),-B1gH;i2] with anhydrous HF in benzene at room temperature [183-185].
Later, the 6-fluoro derivative was prepared by the reaction of (NHy),[closo-B1gH;o] with triflic
acid in 1-fluoropentane [186]. The solid state structure of [6-F-BjgH;3] was determined by
single-crystal X-ray diffraction (Figure 8) [186].

Figure 8. Solid state structure of the 6-fluoro derivative of decaborane [6-F-B1gHj3].
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4. Derivatives with a B-O Bond

Due to the lack of electrophilic reagents for the introduction of oxygen substituents,
the corresponding decaborane derivatives with substituents localized in the “bottom” of
the decaborane basket have not yet been obtained. Alkoxy derivatives of decaborane [5-RO-
BioHi3] (R = Me, Et, Pr, Bu) were first obtained in low (13-20%) yields by trying to iodinate
Na[BjpH;j3] in the corresponding esters [196]. The phenoxy derivative [5-PhO-BjgH;3] was
obtained in the same way, using anisole as a solvent [196]. The substitution position was
determined using ''B NMR spectroscopy [197]. It was assumed that their formation pro-
ceeds through the formation of oxonium derivatives of arachno-decaborane [RyO-B1oH13] ™,
followed by the elimination of one alkyl group [26]. The reaction of Na[B;oH;3] with SnCl4
in diethyl ether leads to a mixture of 6- and 5-alkoxy derivatives of decaborane [6-EtO-
BioHj3] and [5-EtO-B1pHj3] in a ratio varying from 85:15 to 70:30 depending on the reaction
temperature. The isomers were separated using column chromatography on silica [198].
It should be noted that the direct reactions of decaborane(14) with alcohols and phenols
ROH leads to its complete degradation to the corresponding trialkyl- or triarylborates
(RO)3B [199]. The trimethylsiloxy derivative [6-Me3SiO-B1gH;j3] was obtained in a low
yield (5-20%) from the reactions of Na[BoH;j3] and Nay[BoH12] with Me3SiCl in diethyl
ether [198]. The report on the preparation of a trimethylsilyl derivative [Me3Si-BjgHis]
under similar conditions [200] should apparently be considered erroneous.

The reactions of 5-bromo derivative [5-Br-B1gH;3] with alcohols ROH in the presence of
NaHCOj; in dichloromethane lead to 6-alkoxy derivatives [6-RO-B1oH;3] (R = Me, Et, t-Bu,
C-HX, CH2CH28H, CHQCHzL CH2CHQOCH2CH2C1, (CH2)3CECH, CH(CH2CH=CH2)2),
while the reactions of 6-bromo derivative [6-Br-B1gHi3] with alcohols ROH in the presence
of NaHCOj3 in dichloromethane lead to 5-alkoxy derivatives [5-RO-B1gH;j3] (R = Me, t-Bu,
CHX, CH2CH25H, CH2CH2L CHzCHzN(CO)2C2H4, CH2CH20CH2CH2CL (CH2)3CECH,
CH,C=CCHj;, CH(CH,CH=CH>),). The reactions of [5-Br-B1gHj3] and [6-Br-B1gH13]
with 1,4-cyclohexyldiol lead to the compounds [p-6,6'-(OCsH19O)-(B1oH13)2] and [u-5,5'-
(OCH190)-(B1gH13)2], respectively. The reactions of alcohols with [6-Br-BjoH;3] proceed
quickly at room temperature, while those with [5-Br-BjgH;3] require heating (70 °C) to
achieve completion. The reaction of [6-Br-B1gH;j3] with ethanol was largely complete after
12 h at room temperature, but the reactions with 2-iodoethanol (~20 h), 2-bromoethanol
(~40 h), 2-chloroethanol (~100 h), and 2-fluoroethanol (~125 h) all took increasingly
longer times. The reactions with chloro- and iodo-derivatives of decaborane were found
to proceed in a similar way; however, the reaction rate decreases in the halogen se-
ries I~Br > CI1[198]. The solid state structures of [5-MeO-B1gHj3] (Figure 9), [6-t-BuO-
B10H13] (Figure 9), [5—CICH2CH20CH2CH20-B10H13], [6-C1CH2CHzoCH2CH20-B10H13],
[5-MeC=CCH,0-ByoHj3], and [p-6,6'-(OCsH19O)-(B1oH13)2] (Figure 9) were determined
by single-crystal X-ray diffraction [201].

The 6-triflate derivative of decaborane [6-TfO-BgH;3] was prepared by the reaction of
Csy[closo-B1gH1o] with neat triflic acid at an ambient temperature [202,203]. In contrast, the
reaction of (NHy)»[closo-B1gH1o] with triflic acid in 1-butyl-3-methylimidazolium triflate at
60 °C results in the 5-triflate derivative of decaborane [5-TfO-B1oHj3] [204]. It was found
that the reaction proceeds through the formation of the 6-triflate derivative, which, upon
heating, isomerizes into the 5-triflate derivative. In the presence of a catalytic amount of
triethylamine, the isomerization of [6-TfO-BgH;3] to [5-TfO-B1gH;3] proceeds even at room
temperature [204]. The reactions of [5-TfO-B1oH;3] with methanol and 4-methoxyphenol in
1,2-dichloroethane at 70 °C result in the corresponding ethers [6-RO-BgH;3] (R = Me, CgHy-
4-OMe) [204]. The solid state structures of [6-TfO-B1gHj3] [202] and [5-TfO-B1gHq3] [204]
were determined by single-crystal X-ray diffraction (Figure 10).

The reactions of Nay[closo-B1gH1g] with alcohols ROH (R = Me, Et, i-Pr, Bu, Ph)
in hexane in the presence of trimethylsilyl triflate lead to the corresponding 6-alkoxy
derivatives of decaborane [6-RO-BjgH13] [205]. The reaction with water under the same
conditions results in the 6-trimethylsiloxy derivative [6-Me3SiO-B1gH13] [205].
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Figure 9. Solid state structures of [5-MeO-BgHjs] (top left), [6-t-BuO-B1gH;3] (top right), and
[1-6,6'-(OCgH190)-(B1gHi3)2] (bottom).

Xy

v

Figure 10. Solid state structures of [6-TfO-B1gHj3] (left) and [5-TfO-B1gH;3] (right).

In a similar way, the reaction of (NHy)»[closo-B1gHjg] with sulfuric acid produces the
6-hydroxy derivative of decaborane [6-HO-B1gH13] [206]. The 6-hydroxy derivative was
also obtained as a by-product of the reaction of [arachno-6,9-(Me;S)2-B1gH12] with sulfuric
acid in benzene [207].

The 6-acetoxy derivative of nido-decaborane [6-AcO-BjyH13] was obtained by the reac-
tion of [arachno-6,9-(Me,S),-B1gH1,] with mercury acetate [208]. The 6-acetoxy derivative
of the arachno-decaborate anion [arachno-6-AcO-B1yH;3]>~ was obtained by the reaction
of decaborane with 1-ethyl-3-methylimidazolium acetate (Comim)(OAc). The solid state
structure of (Comim),[6-AcO-B1gH13] was determined by single-crystal X-ray diffraction
(Figure 11) [209].

The bis(decaboranyl) ether [u-6,6'-O-(B1gH13)2] was prepared by the reaction of
[arachno-6,9-(R,S)»-B1gH12] (R = Me, Et) with sulfuric acid in benzene [210,211]. Its structure
was determined by 'B NMR spectroscopy [183,211] and supported by single-crystal X-ray
diffraction [212]. The bis(decaboranyl) ether [11-6,6'-O-(B1gHi3)2] was also obtained by the
dehydration of (H30);[closo-B1gH10] [213].
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Figure 11. Structure of the [6-arachno-AcO-B1gH 31>~ anion in the crystal structure of (Comim),[6-
ACO-BloHB].

The preparation of decaborane derivatives with amides [arachno-6,9-(MeRN(R')CO),-
BioHi2] (R = H, R’ = H, Me; R = Me, R’ = H, Me), triphenylphosphine oxide [arachno-
6,9-(Ph3PO),-B1gHj2], and dimethylsulfoxide [arachno-6,9-(Me,SO)2-B1gHi2] has also been
reported [214-217].

5. Derivatives with a B-S Bond

The reaction of decaborane(14) with sulfur in the presence of AlCl; at 120 °C results
in a mixture of the mercapto derivatives [1-HS-BjgH;3], [2-HS-B1gH13], and [1,2-(HS),-
B1oH12] [218,219]. The solid state structures of these mercapto derivatives were determined
by single-crystal X-ray diffraction (Figure 12) [219].

Figure 12. Solid state structures of the mercapto derivatives of decaborane [1-HS-BjgHj3] (left),
[2-HS-B10H13] (mlddle), and [1,2-(HS)2-810H12] (I'lght)

The reactions of Nay[closo-B1gHjp] with thiols RSH (R = i-Pr, i-Bu, c-Hx, CsHy-p-Me,
CgHy-p-F) in hexane in the presence of trimethylsilyl triflate led to the corresponding 6-
alkyl- and 6-arylsulfides [6-RS-B1gHi3] [205]. It should be noted that the direct reactions of
decaborane(14) with alkyl thiols RS lead to its complete degradation to the corresponding
trialkylthioborates (RS)3B [220].

Due to its use in the synthesis of carboranes, the 6,9-bis(dimethylsulfonium) deriva-
tive of the arachno-decaborate anion [arachno-6,9-(Me,S),-B1gHiz], which is formed by
refluxing decaborane with dimethyl sulfide in ether or benzene, is the most known de-
caborane derivative with a B-S bond [214,221,222]. The solid state structure of [arachno-
6,9-(Me;S)2-B1gH12] was determined by single-crystal X-ray diffraction [223]. The 6,9-
bis(dimethylsulfonium) derivative was studied by X-ray and X-ray photoelectron spec-
troscopy [224-226], and its diamagnetic susceptibility was determined [227]. The Me;S
substituents in [arachno-6,9-(MeyS)2-B1gHiz] can be easily replaced by stronger Lewis
bases [214,228]. A series of other bis(dialkylsulfonium) derivatives ([arachno-6,9-(RR’S),-
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BioH12] (R =R’ = Et, Pr; RR’ = (CHy)4, (CH,CH>),S, (CH,CH,),0)) have been prepared in
a similar manner [215,220,228,229].

The bis(diethylsulfonium) derivative [arachno-6,9-(Et,S);-B1gHi2] can also be obtained
by the reaction of (NH4)z[closo-B1gH1p] with anhydrous hydrogen chloride in diethylsul-
fide [230]. This approach has been extended to other salts of the closo-decaborate anion and
other strong acids, including (H3O),[closo-B1oH;o] [231,232].

The reactions of 2-halogen derivatives of decaborane [2-X-BjgHj3] (X = Cl, Bz, I)
with dimethylsulfide Me;S give the corresponding 2-halogen-6,9-bis(dimethylsulfonium)
derivatives [arachno-2-X-6,9-(Me;S),-B1gHi1] [233,234]. In a similar way, the reactions of
5-halogen derivatives of decaborane [5-X-B1gH;j3] (X = F, Br, I) with dialkylsulfides RS
(R = Me, Et) result in the corresponding 5-halogen-6,9-bis(dialkylsulfonium) derivatives
[arachno-5-X-6,9-(RyS),-B1pH11], while the reactions of the 6-chloro derivative proceed with
the halogen displacement, giving [arachno-6,9-(R,S),-B1pHiz] [185]. The solid state structure
of [5-Br-6,9-(R,5)2-B1pH11] was determined by single-crystal X-ray diffraction [235]. The
reactions of 2,4-dichloro- and 1,2,4-trichloro derivatives of decaborane [nido-2,4-Cl,-B1gH12]
and [nido-1,2,4-Cl3-B19H;11] with dimethylsulfide were found to proceed with the boron cage
rearrangement, resulting in [arachno-1,7-Cly-6,9-(Me;S),-B1gHig] and [arachno-1,3,7-Cl3-6,9-
(Me;S),2-B1oHyg], respectively [236]. The solid state structures of [1,7-Cly-6,9-(MeS)2-B1oHyp]
and [1,3,7-Cl3-6,9-(Me;S),-B1oHg] were determined by single-crystal X-ray diffraction [236].

The reaction of the 5-triflato derivative of decaborane [5-TfO-B1gH;13] with dimethylsul-
fide in toluene results in the 5-triflato-6,9-bis(dialkylsulfonium) derivative [arachno-5-TfO-
6,9-B1oH11(SMe»),], while the similar reaction of the 5-triflato derivative [6-TfO-B1gH13]
proceeds with the substitution of the triflate group, giving [arachno-6,9-B1gH12(SMey),] [204].
The solid state structure of [5-TfO-6,9-(Me;S),-B1pHj1] was determined by single-crystal
X-ray diffraction [204].

The 5-dimethylsulfonium derivative of decaborane [nido-5-MeS-B1gH1,] was obtained
by heating [arachno-6,9-(Me;S),-B1gHj12] in toluene or mesitylene, and its solid state struc-
ture was determined by single-crystal X-ray diffraction (Figure 13) [215,222,237,238]. It was
found that the B-H-B bridge deprotonation occurs at the site adjacent to the substituted
boron atom, and thus, the structure of [5-Me;S-B1gH15] is similar to the structure of the
[6-C1-B1pH12]~ anion [187].

Figure 13. Solid state structure of [nido-5-Me;S-B1gHiz].

The preparation of the bis(dimethylthioformamide) [arachno-6,9-(Me,N(H)CS),-
BigHiz] [215] and the bis(di(alkyl/aryl)thiourea) [arachno-6,9-(RHN),CS),-BigHiz]
(R = Et, Ph) [217,239] derivatives has also been reported.

6. Derivatives with a B-N Bond

Heating decaborane(14) in acetonitrile under reflux proceeds with hydrogen elimi-
nation, resulting in the 6,9-bis(acetonitrilium) derivative of the arachno-decaborate anion
[arachno-6,9-(MeC=N),-B1gH1] [240], which was the first structurally characterized de-
caborane derivative [217,241-243] (Figure 14). The 6,9-bis(acetonitrilium) derivative was
studied by X-ray photoelectron spectroscopy [226], and its diamagnetic susceptibility was
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determined [227]. The 6,9-bis(propionitrilium) and 6,9-bis(benzonitrilium) derivatives
[arachno-6,9-(RC=N);,-B1gH12] (R = Et, Ph) were prepared in a similar way from decab-
orane(14) and propionitrile [244] or benzonitrile [217], respectively. The reaction of the
6,9-bis(acetonitrilium) derivative with diethylcyanamide in diethyl ether results in [arachno-
6,9-(EtpNC=N),-B19H15] [214,245]. The reaction of the 2-bromo derivative of decaborane
[2-Br-BygHi3] gives [arachno-6,9-(MeC=N),-2-Br-BjgHj1] [233].

Figure 14. Solid state structure of [arachno-6,9-(MeC=N),-B1oHj,].

The 6,9-bis(acetonitrilium) derivative [arachno-6,9-(MeC=N),-B1yHj,] reacts with N-
nucleophiles (primary and secondary amines and hydrazine), giving the correspond-
ing amidines [arachno-6,9-(RR'"N(Me)C=HN),-B;oHy2] (R = H, R’ = Et, Pr, Bu, Ph, NH,,
NHMe; R = R’ = Et, Pr, Bu] [246-248]. The solid state structures of the amidines [6,9-
(BupyN(Me)C=HN),-B1gH1>] and [6,9-(PhHN(Me)C=HN),-B1oH1,]-Et,O were determined
by single-crystal X-ray diffraction (Figure 15) [248]. It should be noted that the reactions
with primary amines produce mainly the ZE isomers, whereas the reactions with secondary
amines result only in the EE isomers.

The reaction of the 6,9-bis(acetonitrilium) derivative with methanol results in the for-
mation of the corresponding imidate [arachno-6,9-(MeO(Me)C=HN),-B1oH;,] [248]. Nowa-
days, the addition of nucleophiles to the activated triple -C=N- bond of nitrilium deriva-
tives of various polyhedral boron hydrides has become a widely used method for their
modification [249-258].

The reactions of the 6,9-bis(acetonitrilium) derivative with tertiary amines in reflux-
ing benzene or toluene lead to the corresponding 6,9-bis(trialkylammonium) derivatives
[arachno-6,9-(R3N)>-B1gH12] (R = Me, Et) [214,245]. The 6,9-bis(ammonium) derivative
[arachno-6,9-(H3N),-B1gH12] was prepared by the reaction of decaborane(14) with am-
monia in benzene or toluene [259,260]. The solid state structures of [6,9-(H3N)>-B1gHj1s]
(Figure 16) [243,261], [6,9-(M€‘3N)2-810H12] [262], and [6,9-(Et3N)2-BloH12] [263] were de-
termined by single-crystal X-ray diffraction. [6,9-(H3N),-B1gHi2] and [6,9-(Et3N)2-B1oH12]
were studied by X-ray photoelectron and X-ray fluorescence spectroscopy [225,226,264].
The diamagnetic susceptibilities of [6,9-(Me3N),-B1gH1z] and [6,9-(EtsN)»-B1gH2] were de-
termined [227]. The thermal decomposition of the 6,9-bis(ammonium) derivative [arachno-
6,9-(H3N),-B1gH1,] was studied [260,265,266].

The reaction of decaborane(14) with diethylamine in cyclohexane results in the di-
ethylammonium derivative of the arachno-decaborate anion (Et,NH,)[arachno-6-Et,HN-
BigHj3] [267]. Similar alkylammonium derivatives (MeyN)[arachno-6-RR'R""N-B;oHj3]
(R=Et R =R"=H;R=R'=Et, R” =H; R=R’' =R” = Et; RR’ = (CH,)5, R” = H) were pre-
pared by the reactions of Na[BjoH13] with the corresponding amines, followed by precipita-
tion with (MegN)C1 [267]. Heating (Et,NH;)[arachno-6-EtyHN-B1gH;3] in THF under reflux
gives the 6,9-bis(diethylammonium) derivative [arachno-6,9-(Et;HN),-B1gH;i2], whereas the
similar reaction in acetonitrile leads to [arachno-6-Et, HN-9-Et,N(Me)C=HN-BoH1,] [267].
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The reactions of Na[arachno-6-EtyHN-BjgHj3] with acetonitrile and dimethylsulfide in the
presence of dry HCl result in [arachno-6-EtyNH-9-MeC=N-B1gH1,] and [arachno-6-Et,NH-
9-Me;yS-BigHi2], respectively [267]. In a similar way, the reaction of (MeyN)[arachno-6-
Et3N-B1gH;3] with acetonitrile leads to [arachno-6-Et;N-9-MeC=N-BgHi,] [221]. The reac-
tions of Na[arachno-6-EtyHN-B1gH;3] with amines in THF produce the corresponding 6,9-
bis(alkylammonium) derivatives [arachno-6-EtyNH-9-RR'R”N-B1gHy,] (R=Et, R’ =R” = H;
R=R'=Et,R"=H;R=R'=R" = Me) [267].

Figure 15. Solid state structures of the decaborane-based amidines [6,9-(BuyN(Me)C=HN),-B1gH;>]
(top) and [6,9-(PhHN(Me)C=HN),-B1gH1,] (bottom).

The reactions of decaborane(14) with pyridines, quinolines, and isoquinoline lead to
the corresponding [arachno-6,9-Ly-B1gH1s] (L = pyridine, 2-methylpyridine, 3-methylpyridine,
4-methylpyridine, 2-ethynylpyridine, 2-cyanopyridine, quinoline, 2-methylquinoline,
8-methylquinoline, isoquinoline) derivatives (Scheme 4) [214,236,268,269]. A more convenient
way to prepare 6,9-bis(pyridinium) derivatives is the nucleophilic substitution of the dialkylsul-
fide groups in [arachno-6,9-(RyS)2-B1oHiz] (R = Me, Et). In this way, the [arachno-6,9-Ly-BigHis]
(L = pyridine, 2-methylpyridine, 3-methylpyridine, 4-methylpyridine, 2,3-dimethylpyridine,
2,4-dimethylpyridine, 2,5-dimethylpyridine, 2,6-dimethylpyridine, 3,4-dimethylpyridine, 2-
methyl-5-ethylpyridine, 2-phenylpyridine, 4-benzylpyridine, 4-styrylpyridine,
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2-methoxypyridine, 4-methoxypyridine, 3-chloropyridine, 4-chloropyridine, 2-bromopyridine,
4-bromopyridine, 3,5-dibromopyridine, 3-cyanopyridine, 4-cyanopyridine, 4-acetylpyridine,
quinoline) derivatives were synthesized (Scheme 4) [229,270-272].

Scheme 4. Synthesis of 6,9-bis(pyridinium) derivatives [6,9-L,-B1gHj2].

All compounds of this series are brightly colored from yellow to red, which is the reason
for the interest in their study by UV and luminescent spectroscopy [229,271-273]. The 6,9-
bis(pyridinium) derivative [6,9-Py,-BigH12] was studied by X-ray photoelectron and X-ray
fluorescence spectroscopy [225,226] and, its diamagnetic susceptibility was determined [227].
The thermal decomposition of the 6,9-bis(pyridinium) and 6,9-bis(quinolinium) derivatives
was studied [274]. The solid state structures of [6,9-Py,-B1gH12] [275], [6,9-(HC=C-0-C5sH4N),-
BioHj2] [269], and [6,9-(N=C-0-C5H4N)»-B1gH;12]-CHCl, [269] were determined by single-
crystal X-ray diffraction (Figure 17).

Figure 17. Solid state structures of [arachno-6,9-(HC=C-0-C5sH4N),-B19Hji>] (left) and [arachno-6,9-
(N=C-0-C5H4N),-B1gHj1,] (right). Hydrogen atoms of organic substituents are omitted for clarity.
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It should be noted that the reaction of decaborane(14) with pyridine at low tem-
peratures was found to form the 6,6-bis(pyridinium) derivative [arachno-6,6-Py,-BioHi2],
which, upon refluxing in dry degassed pyridine, converts into the more stable 6,9-isomer
(Scheme 5) [268].

H H H H H H~ =N N~ N H H AN~
H H

pyridine pyridine
—_— [ ——
low temp. reflux

Scheme 5. Synthesis of [arachno-6,6-Py,-B1gHji,] and its transformation to [arachno-6,9-Py,-B1oHi»].

The reaction of [6,9-(Me;S),-BipHi2] with pyrazine in dichloromethane gives the
pyrazine-bridged derivative [u-6,6'-pyrazine-(9-Me;S-B1gH1s),], whereas the reaction with
4,4'-bipyridine leads to the product of the substitution of the Me;S groups with azahetero-
cycle [6,9—(NC5H4C5H4N)2-1310H12] (Figure 18) [276].

Figure 18. Solid state structures of [p-6,6'-pyrazine-(9-Me,S-BjgH1s)2] (top) and [6,9-
(NCsH4CsH4N),-B1gH12] (bottom).

The similar reactions of [6,9-(Me;S),-B1gH12] with 1,4-bis[ 3-(4-pyridyl)vinyl]benzene
and 1,4-bis[ 3-(4-quinolyl)vinyl]benzene were found to produce mixtures of the correspond-
ing bridged and terminal substituted derivatives (Scheme 6) [277].

The reactions of Na[arachno-6-Et,HN-B1pH3] and (Me4N)[arachno-6-EtsN-B1oHqs]
with pyridine in THF produce the corresponding 6-alkylammonium-9-pyridinium deriva-
tives [arachno-6-EtRN-9-Py-B1gHy2] (R = H, Et) [267,278].

The reactions of decaborane(14) with imidazoles in refluxing benzene result in the
corresponding 6,9-bis(imidazolium) derivatives [arachno-6,9-(RIm);-MepS-B1oHi2] (R = H,
Me, Et, Bu) (Figure 19). The hypergolic properties of the 6,9-bis(imidazolium) derivatives
prepared were studied [279].
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Me,S H H SMe,

Scheme 6. Reactions of [arachno-6,9-(Me;S),-B1gHi,] with 1,4-bis[3-(4-pyridyl)vinyl]benzene and
1,4-bis[ 3-(4-quinolyl)vinyl]benzene.

Figure 19. Solid state structures of [6,9-(HIm),-Me;S-B1gHi,] (top left), [6,9-(Melm),-Me,S-B1gHj»]
(top right), [6,9-(EtIm),-MeyS-B1gHiz] (bottom left), and [6,9-(Bulm),-Me;S-B1gH1z] (top right).
Hydrogen atoms of alkyl groups are omitted for clarity.

The reactions of decaborane(14) with 2-isopropyl- and 2-methyl-5-(2-chloroethyl)
tetrazoles in benzene result in the corresponding 6,9-bis(tetrazolium) derivatives [arachno-
6,9-L2-M€2S-B10H12] [280].

The 6-isothiocyanato derivative [6-SCN-BjoH;j3] was prepared by the reaction of
[6,9-(R2S)2-B1oH12] (R = Me, Et) with mercury isothiocyanate [208]. Alternatively, the
6-isothiocyanato derivative can be prepared by the reaction of decaborane(14) with NaSCN
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in 1,2-dimethoxyethane in the presence of dry HCI [281]. The solid state structure of
[6-SCN-B1gH;3] was determined by single-crystal X-ray diffraction (Figure 20) [281].

Figure 20. Solid state structures of [6-SCN-B1gHj3] (left) and [6-N3-u-5,6-NHy-B1gH11] (right).

The reaction of [6,9-(Me;S),-B1pH1z] with excess HN3 in toluene results in the 6-azido-
u-5,6-amino derivative [6-N3-u-5,6-NH,-B1gH11 ], the structure of which was determined
by single-crystal X-ray diffraction (Figure 20) [282].

7. Derivatives with a B-P Bond

The reaction of decaborane(14) with triphenylphosphine in diethyl ether under reflux
results in the 6,9-bis(triphenylphosphonium) derivative of the arachno-decaborate anion
[arachno-6,9-(Ph3P),-B1gH12]; the same product can be prepared by the reaction of [6,9-
(MeC=N),-B1gH;2] with triphenylphosphine in hot acetonitrile [214,245,283]. The solid
state structure of [arachno-6,9-(Ph3P),-B1oH2]-2DMF-H,O was determined by single-crystal
X-ray diffraction [284]. The 6,9-bis(triphenylphosphonium) derivative was also studied
by X-ray emission and X-ray photoelectron spectroscopy [279,280], and its diamagnetic
susceptibility was determined [227]. The reaction of [6,9-(Me;S),-2-Br-B1gH1] with triph-
enylphosphine in benzene results in the corresponding 6,9-bis(triphenylphosphonium)
derivative [6,9—(Ph3P)2—2—Br—B10H11] [233]

The reaction of decaborane(14) with PhMe,P at low temperatures (~200 K) gives a
mixture of exo,exo- and exo,endo-isomers of [6,9-(PhMe;P),-arachno-B1yHj,], which were
separated chromatographically [285,286]. The structure of both isomers was confirmed by
single-crystal X-ray diffraction (Figure 21) [286].

ub

Figure 21. Solid state structures of exo,endo-[6,9-(PhMe,P),-arachno-B1gHi,] (left) and exo,exo-[6,9-
(PhMe,P),-arachno-BigHio] (right). Hydrogen atoms of organic substituents are omitted for clarity.

Under similar conditions, the reaction of the 2,4-dichloro derivatives of decaborane
with PhMe,P solely produces the exo,endo-isomer of [6,9-(PhMe,P),-2,4-Cly-arachno-B1gHjg],
while the reaction of 2-bromo leads to mixtures of exo,exo- and exo,endo-isomers and [6,9-
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(PhMe,P),-2-Br-arachno-B1gHj1]. It is interesting to note that in the reaction of the 2-bromo
derivative, it is precisely the 6,9-exo0,endo-isomer that is formed, without any traces of the
9,6-exo,endo-isomer. The solid state structure of the exo,endo-isomer [6,9-(PhMe,P),-2-Br-
arachno-B1gHj,] was determined by single-crystal X-ray diffraction (Figure 22) [286].

v

Figure 22. Solid state structure of exo,endo-[6,9-(PhMe, P),-2-Br-arachno-BigHj,]. Hydrogen atoms of
organic substituents are omitted for clarity.

The reaction of decaborane(14) with triethylphosphine in benzene results in the
6,9-bis(triethylphosphonium) derivative [arachno-6,9-(Et3P),-BigH12] [287], whereas the
6,9-bis(diphenylphosphonium) and 6,9-bis(phenylphosphonium) derivatives [arachno-6,9-
(PhoHP);,-B1gH12] and [arachno-6,9-(PhH,P),-B1gH1,2] were prepared by the reactions of the
corresponding phosphines with [arachno-6,9-(Et,S),-B1oHi2] [217].

The phosphite, phosphinite, and thiophosphite derivatives of the arachno-decaborate
anion [arachno-6,9-(RoR'P),-BigHio] (R = R’ = OMe, OEt, OPh; R = Ph, R’ = OEt; R = OBu,
R’ = Ph; R = R’ = SEt) were prepared by the direct reactions of decaborane(14) with the
corresponding phosphorus compounds or via substitution of the Me,S and MeCN groups in
[arachno-6,9-(Me;S),-B1gHi2] and [arachno-6,9-(MeC=N),-B1oH], respectively [217,288-290].

The reaction of decaborane(14) with diphenylchlorophosphine in diethyl ether gives
the 6,9-bis(chlorodiphenylphosphonium) derivative [arachno-6,9-(CIPh,P),-B1oHi,], which,
upon the treatment with dimethylamine in alcohols, lead to the corresponding phospho-
nites [6,9-(ROPh;P),-B1gH;12] (R = Me, Et, CH,CH,OH) [290]. The reaction of [6,9-(CIPhyP),-
B1pHjiz] with dimethylamine in aqueous solution water results in the bis(dimethylammonium)
salt of the corresponding acid (Me;NH;),[6,9-(OPhyP)>-B1gH;2] [290]. The 6,9-bis-(hydroxy
diphenylphosphonium) derivative [6,9-(HOPh,P),-B1gH;2] was prepared by the reaction of
[6,9-(CIPh,P),-B1gH1o] with water in acetone [290].

The 6,9-bis(chlorodiphenylphosphonium) derivative reacts with ammonia, hydrazine,
primary aliphatic amines, and ethylenimine in alcohols to form the corresponding 6,9-
bis(aminodiphenylphosphonium) derivatives [6,9-(R'/RNPh,P),-B1oHp2] (R = H, R' =NHp,
Me, Bu; R = R’ = CH,CH,) [290]. The reactions of decaborane(14) or [arachno-6,9-(R;S),-
BioHi2] (R = Me, Et) with dimethylaminophosphines in refluxing benzene lead to the corre-
sponding 6,9-bis(dimethylaminophosphonium) derivatives [6,9-(RR'(Me;N)P),-B1oHjz]
(R=R’=NMey; R=NMe,, R’ =Ph, Cl; R=R" =Ph; R=Ph, R’ = Cl; RR' = OCH,CH,0) [217].

The reaction of [6,9-(CIPh,P),-B1oH12] with NaN3 in ethanol results in the 6,9-bis-(azidodi
phenylphosphonium) derivative [6,9-(N3Ph,P),-B1gH12] [290], which, upon the treatment with
triphenylphosphine in refluxing benzene, gives the 6,9-bis(triphenylphosphineiminodiphenyl
phosphonium) derivative [6,9-(PhsP=NPh,P),- BigHj2] [291].

The bifunctional derivatives [6,9-(XPh,P),-B1gH12] (X = Cl, OH, N3) were used for the
synthesis of decaborane-based polymers [291,292]. The chemistry of decaborane-based
polymers is considered in detail in the review [293]. The formation of decaborane-based

110



Molecules 2023, 28, 6287

polymers along with a small amount of [6,9-(dppf)2-B1pHi2] has also been reported in the
reaction of decaborane(14) with 1,1’-bis(diphenylphosphino)ferrocene (dppf) [294].

The reaction of Na[ByoH;j3] with tributylphosphine in acetonitrile in the presence of
dry HCl leads to [arachno-6-BusP-9-MeC=N-BjgHj,] [221]. The reaction of Na[BjoHis]
with diphenylchlorophosphine in diethyl ether leads to the diphenylphosphine derivative
[nido-pu-5,6-PhyP-B1gH13] [295], whose structure was determined by single-crystal X-ray
diffraction [296]. The same compound was reported to be formed in the reaction of the
so-called “Grignard derivative” [BjgHj3Mgl] formed by the treatment of decaborane(14)
with MeMgl, with diphenylchlorophosphine in diethyl ether [297]. The diphenylphosphine
derivative [nido-p-5,6-Ph,P-B1gHj3] is easily deprotonated with triethylamine or sodium
hydroxide to form the corresponding salts [295,297]. The solid state structure of the
triphenylmethylphosponium salt (PhsPMe)[arachno-p-6,9-Ph,P-B1gHj,] was determined
by single-crystal X-ray diffraction (Figure 23) [298].

Figure 23. Solid state structure of the [arachno-p-6,9-PhyP-BjgHi2]™ anion. Hydrogen atoms of
organic substituents are omitted for clarity.

It should be noted that the reactions of [6,9-(MeC=N),-B1gH1,] with low-coordinated
phosphorus compounds, such as phosphaalkynes RC=P (R = t-Bu, Ad), do not lead to
substitution o hydrogens but to the incorporation of phosphorus into the decaborane basket
with the formation of 11-vertex phosphoboranes [nido-RC(H)=PB1oH;3] [299,300].

8. Derivatives with a B-As Bond

The 6,9-bis(trialkyl/arylarsonium) derivatives [6,9-(R3As)>-B1oH12] (R = Et, Ph) were
prepared by the reactions of decaborane(14) or [6,9-(MeC=N),-B1oHj,] with the correspond-
ing arsines in benzene or toluene [287]. The reaction of decaborane(14) with triethoxyarsine
in benzene leads to [6,9-((EtO);As),-B1gH12] [289].

9. Derivatives with a B-C Bond

Decaborane derivatives with a B-C bond are probably the most studied area of decabo-
rane chemistry. Like the halogenation of decaborane, the direct alkylation reactions result in
the substitution of hydrogen atoms at “the bottom” of the decaborane basket. The reaction
of decaborane(14) with methyl bromide in carbon disulfide in the presence of AlCl3 at 80 °C
gives a mixture of the 2-methyl [2-Me-BjoH;3], 1,2- and 3,4-dimethyl [1,2-Me-B1oHj2]
and [2,4-Me,-B1pH13], 1,2,3- and 1,2 4-trimethyl [1,2,3-Me3-B1gH11] and [1,2,4-Me3-B1pH11],
1,2,3,4- and 1,2,3,5(or 8)-tetramethyl [1,2,3,4-Me3-B1gH1g], and [1,2,3,5(or 8)-Me4-B1pH1g]
derivatives, which were chromatographically separated [301]. The methylation of decabo-
rane(14) was also studied using methyl chloride [302,303].
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The reaction of decaborane(14) with neat methyl iodide in the presence of AICl3 at
room temperature gives the 1,2,3,4-tetramethyl derivative [1,2,3,4-Mes-B1gHjo], whereas
the reaction at 120 °C leads to the octasubstituted product [1-1-2,3,4,5,6,7,8-Me;-B1gHg].
The similar octasubstituted derivative [1-TfO-2,3,4,5,6,7,8-Me7-B1gHg] was obtained by the
reaction of decaborane(14) with TfOMe in the presence of a catalytic amount of triflic acid
at 120 °C. The solid state structures of [1-1-2,3,4,5,6,7,8-Me7-B1oHg] and [1-TfO-2,3,4,5,6,7,8-
Me7-B1gHg] were determined by single-crystal X-ray diffraction (Figure 24) [304]. The
methyl derivatives prepared can be easily deprotonated with a Proton Sponge to give the
corresponding salts [304].

Figure 24. Solid state structures of [1-1-2,3,4,5,6,7,8-Mey-B1oHg] (left) and [1-TfO-2,3,4,5,6,7,8-Mey-
BioHg] (right). Hydrogen atoms of methyl groups are omitted for clarity.

The reaction of decaborane(14) with ethyl bromide in carbon disulfide in the pres-
ence of AICl3 under reflux gives a mixture of mono-, di-, and triethyl derivatives [305].
The monoethyl derivative of decaborane was prepared by the reaction of decaborane(14)
with neat ethyl bromide in the presence of AICl3 [306]. The solid state structure of the
1-ethyl derivative of decaborane [1-Et-B1gH;3] was determined by single-crystal X-ray
diffraction [307].

The reaction of decaborane(14) with MeLi in benzene followed by treatment with HCI
has been reported to give a mixture of the 6-methyl-, 6,5(or 8)- and 6,9-dimethyl derivatives
of decaborane [308]. The reaction with EtLi in benzene gives the 6-ethyl derivative [6-Et-
B1oH13] [308]. The reaction of decaborane(14) with MeMgl has been shown to proceed by
two routes. The major reaction yields the so-called “Grignard derivative” [B1gH13Mgl] and
methane, and the minor reaction produces the 6-methyl derivative of decaborane. The
reaction of the “Grignard derivative” with dimethyl sulfate produces a mixture of the 5- and
6-methyl derivatives of decaborane [309]. In a similar way, the reaction of decaborane(14)
with EtMgl produces the “Grignard derivative” as the main product and the 6-ethyl
derivative of decaborane as a by-product. The reaction of the “Grignard derivative” with
[Et;O]BE, or diethyl sulfate gives the 5-ethyl derivative of decaborane [5-Et-B1gH13] [309].
A series of alkyl derivatives [R-BjgHj3] (R = butyl, amyl, hexyl, cyclohexyl, heptyl, octyl)
was prepared by the reactions of the “Grignard derivative” with the corresponding alkyl
fluorides [310]. The 6-benzyl derivative of decaborane [6-Bn-BgH;j3] can be prepared by
the reaction of the “Grignard derivative” with benzyl chloride or Na[B1oH;3] with benzyl
bromide [309,311,312].

Later, these reactions were re-examined, and it was shown that the first stage of
the reaction of decaborane(14) with the alkyllithium reagents RLi is deprotonation of
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decaborane with the formation of Li[B1oH;3]. The reaction with the second equivalent of
RLi produces Li;[arachno-6-R-B1gHji3], which, when treated with HCl, gives Li[arachno-6-R-
BioHi4] and then [nido-6-R-B1gHi3] (R = Me, n-Bu, t-Bu). The use of pre-prepared salts of
the [BjpHj3]™ anion makes it possible to reduce the formation of by-products [237,313].
Another approach to the 6-alkyl derivatives of decaborane includes the reactions
of [arachno-6,9-(Me;S),-B1oH12] with alkenes in dichloromethane, resulting in [nido-6-
R-8-Me,S-BgHy1] (R = cyclohexyl, cyclohexenyl, hexyl, octyl, 2,3-dimethyl-1-butyl, 2,3-
dimethyl-2-butyl, 2-methyl-2-butyl, (1R)-(+)-x-pinene, and (15)-(—)-fB-pinene), which can
be reduced using Superhydride Li[Et3;BH] in THF to [6-R-B1gHi2]~ and then protonated
with HCI/Et,O to [6-R-B1oH;3] [222,237,313-315]. From the point of view of organic chem-
istry, these reactions can be considered as the hydroboration reactions. The solid state
structures of [6-Chx-8-Me,S-B1gH11] [316], [6-Thx-8-Me,S-B1gHy1] [237] (Figure 25), and
[6-Thx-B1pH13] [237] (Figure 26) were determined by single-crystal X-ray diffraction.

«!
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Figure 25. Solid state structures of [6-Chx-8-Me;S-BjgHj1] (left) and [6-Thx-8-Me,S-B1gHj1] (right).
Hydrogen atoms of organic substituents are omitted for clarity.

Figure 26. Solid state structures of [6-Thx-BjgHjs] (top left), [6-MeC(O)CH,CH,CH,CH;-B1oHj3]

(top right), [6-Me;3SiCH,CH,CH,-B1gH;i3] (bottom left), and [6-H,C=CHCH,SiMe, CH,CH,CH,-
BioHj3] (bottom right). Hydrogen atoms of organic substituents are omitted for clarity.
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Another convenient method for the synthesis of 6-alkyl derivatives of decaborane is based
on the use of ionic liquids as a solvent. The reactions of decaborane(14) with terminal alkenes
in biphasic ionic-liquid /toluene mixtures lead to the corresponding 6-alkyl derivatives [6-R-
BioHi3] (R = CsHis, CsHiz, C16Hss, CH(i-Pr)CH,CHMey, (CH2)2CsHs, (CH2)3CsHs, (CHz)6Br,
(CH2)4CH=CH2 , (CH2)6CH=CH2, (CH2)30C3H7, (CH2)3SiMe3 ’ (CH2)4COMG, (CHz)éoAC,
(CH»)30Bn, (CH;)30H, and (CH;)3Bpin, norbornenyl) [317-320]. The best results were ob-
served for reactions with [bmim]X (1-butyl-3-methylimidazolium, X = Cl~ or BF,™) and
bmpyX (1-butyl-4-methylpyridinium, X = CI~ or BF; ™). The reaction mechanism includes
the ionic-liquid-promoted formation of the [BjgH;3]™ anion, its addition to the alkene to form
the [6-R-BjgH2] ™ anion, and, finally, the protonation of the last one to form the final product
[6-R-B1gH13] [314]. The solid state structures of [6-Me3Si(CH»)3-B1gH13] and [6-MeC(O)(CHy)4-
BipH;i3] were determined by single-crystal X-ray diffraction (Figure 26) [318]. The 6-cyclohexyl
derivative of decaborane [nido-6-C¢H;1-B1gH13] was obtained in a low yield from the re-
action of Csp[closo-BjgHyg] with triflic acid in cyclohexane (Figure 27) [202,203]. In a
similar way, the 6-hexyl derivative [nido-6-C¢H13-B19H13] was isolated from the reaction of
(NHy)s[closo-B1gH1] with concentrated nitric acid in hexane [321].

Figure 27. Solid state structures of [nido-6-C¢H11-B1gHi3] (top), [6-(4-cyclohexenyl)-B1gHi3] (bottom
left) and [6-(5'-norbornenyl)-B1gHj3] (bottom right).

The Cp,Ti(CO);,-catalyzed reactions of decaborane(14) with terminal alkenes have
been found to result in the high-yield formation of 6-alkyl derivatives of decaborane [6-R-
B1oH13] (R = C¢Hy3, CgHi7, (CH»)3SiMes) [322,323]. The reactions of decaborane(14) with
equimolar amounts of bifunctional alkenes such as diallyldimethylsilane, 1,5-hexadiene, 1,4-
cyclohexadiene, 1,5-cyclooctadiene, and 2,5-norbornadiene produce the corresponding de-
caborane derivatives with a double bond in the substituent [6-R-BjgHj3]
(R = (CHy)35iMe,CH,CH=CH,, (CH;,)4CH=CH,, 4-cyclohexenyl, 5-cyclooctenyl,
5-norbornenyl) [322-325]. The solid state structures of [6-H,C=CHCH,SiMe,(CH,)s-
BioHi3] (Figure 26) [322], [6-(4'-cyclohexenyl)-BigHi3] (Figure 27) [325], and [6-(5'-
norbornenyl)-BjgHi3] (Figure 27) [324] were determined by single-crystal X-ray diffraction.

The reactions of multifunctional alkenes with an excess amount of decaborane(14) pro-
duce the saturated linked-cage compounds with two ([u-6,6'-Me;Si-(6-(CH,)3-B1oH13)2], [1-
6,6'-(CHy)6-(B1oH13)2], [1-6,6'-(1",5"-cyclooctyl)-(B1oHi3)2], and [u-6,6'-(2",5”-norbornyl)-
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(B1oH13)2]) or four ([u*-6,6",6",6""-Si-(6-(CH,)3-B1gH13)4]) decaborane units [322,323,325].
The solid state structures of [u-6,6'-(CH;)g-(B1oH13)2], [1-6,6'-(2” 5" -norbornyl)-(B1oHi3)21,
and [u*-6,6',6" 6'"-Si-(6-(CH,)3-B1gHj13)4] were determined by single-crystal X-ray diffrac-
tion (Figure 28) [322,323,325].

<

Figure 28. Solid state structures of [p-6,6'-(CHy)e-(BigH13)2] (top), [u-6,6'-(2”,5”-norbornyl)-
(B1oHi13)2] (middle), and [u*-6,6/,6” ,6""-Si-(6-(CHy)3-B1gH13)4] (bottom). Hydrogen atoms of organic
substituents are omitted for clarity.

The derivatives with the two decaborane units [p-6,6'-(1",5"-cyclooctyl)-(B1gH13)2]
and [p-6,6'-(2",5"-norbornyl)-(B1gHj3)2] can also be prepared by the titanium-catalyzed re-
actions of decaborane(14) with [6-(5'-cyclooctenyl)-B1oHj3] and [6-(5'-norbornenyl)-B1gHjs],
respectively [325].

The 6-alkyl derivatives of decaborane with substituents containing double bonds in
the side chain (hexenyl, norbornenyl, etc.) are used for the synthesis of decaborane-based
polymers and boron-containing ceramics [319,324-332].
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The reactions of decaborane(14) with terminal alkenes in the presence of catalytic
amounts of PtBr, or HyPtClg lead to the 6,9-dialkyl derivatives nido-[6,9-Rp-B1gHji2]
(R = C2H5, C3H7, C4H9, C5H11) [333] The reactions of [5—TfO-B10H13] and [5-I-BloH13]
with 1-pentene in the presence of a catalytic amount of PtBr; at 55 °C lead to the correspond-
il’lg 6,9-dialkyl derivatives [6,9-(C5H11)2-5-Tf0-810H11] and [6,9-(C5H11)2-5-I-B10H11] [204].
The solid state structure of [6,9-(C5Hj11)2-5-1-B1gH11] was determined by single-crystal X-ray
diffraction (Figure 29) [204].

Figure 29. Solid state structure of [6,9-(C5Hj1)2-5-1-B1gH;j1]. Hydrogen atoms of organic substituents
are omitted for clarity.

The reactions of decaborane(14) with terminal alkynes in toluene in the presence of
[Cp*IrCly]; or [(p-cymene)RuCl,], as catalysts lead to the corresponding 6,9-di([3-alkenyl)
derivatives of decaborane [6,9-((E)-RCH=CH),-B1pH1>] (R = H, C¢Hy3, C¢Hs, (CH,),Br,
(CH,)3Cl, SiMej3) [334,335]. The solid state structures of [6,9-((E)-Br(CH;),CH=CH),-
BioHi2] and [6,9-((E)-Me3SiCH=CH),-BjgH;2] were determined by single-crystal X-ray
diffraction (Figure 30) [334,335].

Figure 30. Solid state structures of [6,9-((E)-Br(CH;),CH=CH),-BjpHj,] (left) and [6,9-((E)-
M63SiCH=CH)2-B10H12] (rlght)

In contrast to [(p-cymene)RuCl;],, the reactions of decaborane(14) with terminal
alkynes in the presence of [(p-cymene)Rul; ], result in the 6,9-di(x-alkenyl) derivatives [6,9-
(R(HzCZ)C)z-Blolel (R = C6H13, CHz-C-C6H11, (CHz)zBI‘, (CH2)3C1) [334,335] The solid
state structure of [6,9-(c-CoH11CH,(HpC=)C),-B1gHi2] was determined by single-crystal
X-ray diffraction (Figure 31) [334,335].
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Figure 31. Solid state structure of [6,9-(c-C¢Hy1 CH, (H,C=)C),-B1pH1,]. Hydrogen atoms of organic
substituents are omitted for clarity.

In a similar way, the reactions of 6-alkyldecaboranes [6-R-BjpH;3] with terminal
alkynes in the presence of [Cp*IrCl, ], give asymmetrically substituted 6-alkyl-9-alkenyl-
derivatives [6-R-9-((E)-R/CHZCH)Q-BH)HH] (R = (CH2)3SiME3, R = H, C6H5, C6H4—m—
CH=CH; CH,CH=CHj,; R = CsHy1, R’ = H). The solid state structure of [6-Me3Si(CH)s-
9-(E)-m-HC=CCgH,CH=CH-BpH;;] was determined by single-crystal X-ray diffraction
(Figure 32) [334,335].

Figure 32. Solid state structure of [6-Me3Si(CHy)3-9-(E)-m-HC=CCyHsCH=CH-B1oH1»].

While [Cp*IrCl,], proved to be inactive for inducing the hydroboration of simple
olefins, such as 1-pentene, by either decaborane or the 6-alkyl-decaboranes, it was found to
catalyze the hydroboration of 6-alkyl-9-vinyldecaboranes [6-R-9-CHp=CH-BjpoHj,]
(R = C5H11, (CH2)381Me3) by 6—alky1—decaboranes [6-R—B10H13] (R = C5H11, (CH2)3SIM€3)
to yield linked-cage products [9,9"-u-CH,CH,-(6-R-B1gHi2)2] (R = CsHyp, (CH;)3SiMes)
(Figure 33) [335].

The vinyl derivative [6-Me35i(CH;)3-9-CH,=CH),-B1oH;,] was found to readily un-
dergo both homo- and cross-metathesis reactions in the presence of Grubbs’ II catalyst,
giving the corresponding products [9,9'-u-CH=CH-(6-Me3Si(CH;)3-B19H12)>] (Figure 34)
and [6-ME3Si(CHz)3-9-RCH=CH-B10H12] (R = C3H7, (CH2)4BI‘, CstiMeg,) [335].
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Figure 33. Solid state structures of [9,9’-u-CH,CH,-(6-CsH11-B1gH12)o] (top) and [9,9’-u-CH,CH,-(6-
Me3Si(CH;)3-B1gH12)2] (bottom).

Figure 34. Solid state structure of [9,9'-u-CH=CH-(6-Me3Si(CH,)3-B1oH12)2 1.

Heating [arachno-6,9-(Me,S),-B1gHi2] with silylated acetylenes Me3SiC=CR
(R =Me, Bu, SiMej3) leads to the corresponding trimethylsilyl alkenyl derivatives [nido-6-
Me3Si(R)C=CH-5-Me,S-B1gH11] [336,337]. The solid state structures of [6-Me3Si(Me)C=CH-
5-M625-B10H11] [336], [6-Me3Si(Bu)C=CH-5—Me2S—B10H11] [337], and [6—(Me3Si)2C=CH—5—
Me,S-B1gHi11] [337] were determined by single-crystal X-ray diffraction (Figure 35).

The reaction of [6,9-(Me;S),-B1gHj1,] with the phosphaalkyne t-BuC=P in reflux-
ing benzene leads to [p-6(C),6'(C),5' (P)-C(t-Bu)PH-(nido-8-Me,S-B1gHy1 ) (nido-B1gHyz)], in
which two decaborane units are linked by the C(t-Bu)PH-bridge (Figure 36) [338].
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Figure 35. Solid state structures of [6-Me3Si(Me)C=CH-5-Me;S-B1gH11] (top left), [6-Me3Si(Bu)C=CH-
5-MeyS-B1gHj1] (top right), and [6-(Me35i),C=CH-5-Me;S-BjpHj1] (bottom). Hydrogen atoms of
organic substituents are omitted for clarity.

< v

Figure 36. Solid state structure of [u-6(C),6'(C),5' (P)-C(t-Bu)PH-(nido-8-Me;S-B1gHy1 ) (nido-B1gHyo)].
Hydrogen atoms of organic substituents are omitted for clarity.

The derivatives [p-(exo-6(C),endo-6(N)-CH=CH-0-C5H4N)-9(N)-HC=C-0-C5H4N-
arachno-BigHy1] (Figure 34) [265] and [p-(exo-6(C),endo-6(N)-(closo-1',2'-CyB1gHyp-2'-)-o0-
CsHyN)-p-(exo-8(C),ex0-9(N)-CH, CHy-0-CsHaN)-arachno-B1gHi] (Figure 37) [339] were
isolated in minor amounts as products of the intramolecular hydroboronation of [arachno-
6,9-(HC=C-0-C5H4N);,-B1oH1;] during its thermolysis in 1,2-dichloroethane. In the latter
compound, the formation of the ortho-carborane fragment occurs as a result
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of the reaction of the acetylene group of the substituent with the second molecule of the
decaborane derivative.

Figure 37. Solid state structures of [p-(ex0-6(C),endo-6(N)-CH=CH-0-C5H4N)-9(N)-HC=C-0-C5H;N-
arachno-BigHy1] (left) and [p-(exo-6(C),endo-6(N)-(closo-1",2'-C,B1gH1g-2'-)-0-C5H4N)-p-(exo-8(C) exo-
9(N)-CH,CHy-0-C5HyN)-arachno-B1gHyg] (right). Hydrogen atoms of organic substituents in the left
structure are omitted for clarity.

The reactions of Csj[closo-B1gH1] with triflic acid or (NHy),[closo-B1gH1g] with sulfuric
acid in the presence of aromatic hydrocarbons produce the corresponding 6-aryl derivatives
of decaborane [nido-6-Ar-B1gH13] (Ar = Ph, C¢Hy-4-Me, CgH3-3,5-Me,, CcH»-2,4,6-Mes,
CgHy-2,4,6-'Pr3, CeH,Cl, CgH,CF3) [202,203,321,340]. The solid state structures of [6-Ph-
B10H13], [6-P-T01-B10H13], and [6-(2/,4/,6/—iPI'3—C6H2—Bl()H13] were determined by single—
crystal X-ray diffraction (Figure 38) [202,203,340].

Figure 38. Solid state structures of [6-Ph-BjpH13] (top left), [6-p-Tol-B1gH13] (top right), and [6-
(2! 4 ,6'-'Pr3-C4Hyp-B1oHy3] (bottom). Hydrogen atoms of organic substituents are omitted for clarity.

The 6-phenyl derivative [6-Ph-BjpH;3] was also obtained by the reaction of decabo-
rane(14) with PhLi, followed by the treatment with HCl in Et,O [237] as well as by the solid
state pyrolysis of [nido-PhySnBjgHi,] at 95 °C [198].
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The pyrolysis of decaborane(14) in benzene at 200 °C gives the 5-phenyl derivative
[5-Ph-B1pH13] as the main product together with some amounts of the 6-isomer and 5,8-
diphenyl derivative [5,8-Phy-B1gH;2] [341]. The solid state structures of [5-Ph-BjoH;3] and
[5,8-Phy-B1gH;2] were determined by single-crystal X-ray diffraction (Figure 39) [341].

Figure 39. Solid state structures of [5-Ph-B1gH;3] (left) and [5,8-Phy-B1gHjo] (right). Hydrogen atoms
of organic substituents are omitted for clarity.

The pyrolysis of decaborane(14) in toluene at 250 °C affords the novel microporous
polymer named “activated borane”, in which the decaborane clusters are interconnected
by toluene moieties. Activated borane displays a high surface area of 774m? g1, a thermal
stability up to 1000 °C (under Ar), and a sorption capacity to emerging pollutants exceeding
the capacity of commercial activated carbon [342].

Heating (HPS)[B1pH;3] in acetonitrile under reflux results in the formation of the
bridged imino derivative (HPS)[arachno-p-6(C),9(N)-MeC=NH-BoH;,] (Figure 40) [343].

Figure 40. Solid state structures of the [arachno-u-6(C),9(N)-MeC=NH-B1oH1,]~ (left) and [arachno-
endo-6-N=C-B1gH;,]>~ (right) anions.

The reaction of decaborane(14) with sodium cyanide in water followed by the ad-
dition of CsCl gives Cs;[arachno-endo-6-N=C-B1oH;j3] [215]. The solid state structure of
the trimethylphenylammonium salt (Me3NPh),[endo-6-N=C-BjyH13] (Figure 40) [344] and
lead complex {(Bipy),Pb[endo-6-N=C-B1gHi3]} [345] were determined by single-crystal
X-ray diffraction.

The reactions of decaborane(14) with sodium cyanide and dimethylsulfide or tetrahy-
drothiophene lead to the corresponding Na[arachno-6-N=C-9-RR’S-BjgH1,] (R =R’ = Me,
RR’ = (CH,)4). Na[6-N=C-9-Me;,S-B1oHj1s] can also be prepared by the reaction of [6,9-
(MeS)2-B1gH12] with sodium cyanide in dimethylsulfide [215].
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10. Derivatives with an exo-Polyhedral B-B Bond

Decaborane derivatives with an exo-polyhedral B-B bond are rare, since the reaction
of decaborane(14) with boron hydrides usually leads to the completion of the polyhedral
backbone with the formation of tetradecahydro-nido-undecaborate [B11H14]™ [346] and
dodecahydro-closo-dodecaborate [B12H12]%>~ [3] anions and their derivatives.

The reactions of decaborane(14) with sterically hindered (alkyl/arylimino)(2,2,6,6-
tetramethylpiperidino)boranes lead to the corresponding 6-substituted aminoborane deriva-
tives [nido-6-(RNH)(CsHgMeysNH)B-BoHy3] (R = -Bu, C¢H3-2,6-'Pry) (Figure 41) [347].

v 9

Figure 41. Solid state structures of [nido-6-(t-BuNH)(CsHgMesNH)B-B1gH;3] (left) and [p-5,6-(9-
BBN)-B1gH;3] (right). Hydrogen atoms of alkyl groups are omitted for clarity.

The reaction of Na[BjgHi3] with 9-bora[3.3.1]bicyclononane (9-Br-BBN) in
dichloromethane results in the formation of [u-5,6-(9-BBN)-B1gH13], where the 9-BBN
group appears in the role of an asymmetric bridge between the B(5) and B(6) positions
of the decaborane basket (Figure 41). It is noteworthy that upon the deprotonation of [p-
5,6-(9-BBN)-B1gH;3] with a Proton Sponge in dichloromethane, the 9-BBN bridging group
migrates from the B(6) atom to the B(10) atom, which leads to the formation of an 11-vertex
nido-structure (HPS)[p-7,7-CH(CH,CH,CHj),CH-B11Hy;], being a formal derivative of the
[B11H14]~ anion [348].

Decaborane derivatives with an exo-polyhedral B-B bond also include isomeric con-
juncto-decaboranes [BjgHj3]», which consist of two nido-B1y units linked by a direct B-B
bond. These compounds were first identified as trace impurities in technical decaborane
(14) [349]. In principle, there can be 11 different geometric isomers of conjuncto-decaborane
[B1oHi13]2, 4 of which are in the form of enantiomeric pairs. Therefore, various routes
(photolysis [350,351], pyrolysis [350,351], y-irradiation [352], high-energy electron bom-
bardment [351], silent electrical discharge [353]) for synthesizing these compounds have
been developed. All of them, as a rule, lead to the formation of mixtures with different
isomeric compositions. The solid state structures of the 1,1’- [353], 1,2~ [354], 1,5- [352],
1,6'- [238], 2,2- [355,356], and 2,6'- [356] isomers have been determined by single-crystal
X-ray diffraction, whereas the 2,5'- [351], 5,5'- [351], and 6,6’- [357] isomers have been
characterized by NMR spectroscopy.

The asymmetric derivatives [arachno-1-(6"-nido-B1gHy3)-6,9-(MeS),-B1gHy1] and [nido-
4-(2'-nido-B19Hi3)-5-Me;S-B1oHy1 ] (Figure 42) were isolated from the reaction of [1,5'-(nido-
BioH13)2] with dimethylsulfide under reflux [238]. The first compound was also obtained
by the thermolysis of [arachno-6,9-(Me;S),-B1gHi2] in refluxing toluene [238].
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Figure 42. Solid state structures of [arachno-1-(6'-nido-B1gHj3)-6,9-(Me3S)2-B1gHy1] (left) and [nido-4-
(2'-nido-B1gH13)-5-MeS-B1gHj1] (right). Hydrogen atoms of alkyl groups are omitted for clarity.

The isomeric tridecaboranyl species [arachno-1,5-(6"-nido-B1gHy3)2-6,9-(Me2S)2-B1oHiol
(Figure 43) and [arachno-1,3-(6'-nido-B1gH13)2-6,9-(MesS)2-B1gHyg] were isolated from the
products of the thermolysis of [arachno-6,9-(Me,S),-B1gHi2] in refluxing benzene [238,358].

Figure 43. Solid state structure of [arachno-1,5-(6'-nido-B1gHi3)2-6,9-(Me;S)2-B1oHygl. Hydrogen
atoms of organic substituents are omitted for clarity.

Here, it is also worth mentioning an unusual structure, in which two hydrogen atoms
at positions 5 and 6 of the decaborane basket are replaced by pentaborane moieties—5-
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(nido-pentaboran-2-yl)-6-(nido-pentaboran-1-yl)-nido-decaborane, formed as a result of the
long-term storage (23 years) of a sealed, under-vacuum pentaborane(9) sample under
ambient lighting and temperature conditions (Figure 44) [339].

Figure 44. Structure of 5-(nido-pentaboran-2-yl)-6-(nido-pentaboran-1-yl)-nido-decaborane.

11. Decaborane-Related conjucto-Boranes [B1gHy,1

Another type of compound worth considering here are the conjuncto-boranes [B1gHp,],
in which two decaborane baskets are connected by a common edge. Octadecaborane(22)
[B1gHp;] in the form of a mixture of syn- and anti-isomers (Figure 45) is formed on the
hydrolysis of (H30)y[trans-ByoH;1g]-nHO and can be separated by fractional crystalliza-
tion [359]. More recently, a convenient method has been proposed for the synthesis of
anti-[Bi1gHpo ] by mild oxidation of (MesN)[nido-BgH;1,] with iodine in toluene, which gives
excellent yields (~80%) and thus provides a large-scale and safe route to this important
polyborane cluster [360].

Figure 45. Structures and numbering of atoms in syn- (left) and anti- (right) isomers of [B1gHy;].
Reprinted with permission from Ref. [359]. Copyright (1968) the American Chemical Society.

The photophysics of both isomers have been studied by UV-vis spectroscopic tech-
niques and quantum chemical calculations. In an air-saturated hexane solution, anti-
[B1gHy2,] shows fluorescence with a high quantum yield, ®r = 0.97, and singlet oxygen
O,(! Ag) production (@, ~ 0.008). Conversely, the isomer syn-[B1gH,] shows no measurable
fluorescence, instead displaying a much faster, picosecond nonradiative decay of excited
singlet states [361]. Due to this, anti-[BjgH,] can be considered as a potential blue laser
material. The photophysical properties of anti-[BigHj,] can be tuned by the partial substi-
tution of hydrogen atoms with various functional groups. Because of this, combined with
its high stability [362-366], anti-[BigHp,] is attracting increasing research interest, while the
syn-[BigHy,] isomer has received much less attention.

The reaction of anti-[B1gHy,] with chlorine generated in situ from N-chlorosuccinimide
(NCS) with HCl/dioxane in dichloromethane leads to the 7-chloro derivative anti-[7-Cl-
BisHy1] (Figure 46) [367]. The reaction of anti-[B1gHj>] with AICI; in tetrachloromethane
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results in a mixture of the 3,3'- and 3,4’-dichloro derivatives anti-[3,3'-Cl,-B1gHpo] (Figure 46)
and anti-[3,4'-Cly-B1gHpg] (Figure 45) together with minor amounts of the other isomeric
dichloro derivatives anti-[4,4’-Cly-B1gHpg] (Figure 46), anti-[3,1'-Cl,-B1gHyg] (Figure 46),
and anti-[7,3'-Cl,-B1gHyg], as well as the 3- and 4-chloro derivatives anti-[3-Cl-B1gHjy1] and
anti-[4-Cl-B1gHj1] and the 3,4,3'- and 3,4,4'-trichloro derivatives anti-[3,4,3'-Cl3-B1gH9]
and anti-[3,4,4'-Cl3-B1gH1g], which were separated chromatographically [368].

Figure 46. Solid state structures of anti-[7-Cl-BigHp1] (top left), anti-[3,1'-Cly-B1gHp] (top
right), anti-[4,4'-Cl,-B1gHyg] (middle left), anti-[3,3'-Cly-B1gHyg] (middle right), and anti-[3,4’-Cl,
-B18H20] (bottom).
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The bromination of anti-[B1gHy,] with bromine in dichloromethane in the presence of
AICl3 leads to the 4-bromo or 4,4'-dibromo derivatives anti-[4-Br-BigHjp1 ] or anti-[4,4'-Bry-
BigHyg] depending on the reagent ratio (Figure 47) [369,370].

Figure 47. Solid state structures of anti-[4-Br-BigHp1] (left) and anti-[4,4’-Bry-B1gHyg] (right).

The reaction of anti-[B1gH», | with iodine in ethanol leads to the 4-iodo derivative anti-
[7-1-B1gHp1 ] (Figure 48) [359,371], while the reaction with I, or ICl in the presence of AICl3
in dichloromethane results in the 4-iodo- and 4,4’-diiodo derivatives anti-[4-1,-B1gHy1] and
anti-[4,4'-1,-B1gHy] (Figure 48), depending on the reagent ratio [367,371].

Figure 48. Solid state structures of anti-[7-1-BigHy1] (left) and anti-[4,4"-1,-B1gHy] (right).

The iodine atom in anti-[7-1-BjgHjy; ] can be substituted by various nucleophiles: the re-
action with trifluoroacetamide in toluene in the presence of K3POy gives the corresponding
N-boronated amide anti-[7-CF3CONH-B1gHj1]; the reactions with t-BuOK, 4-FC¢H4OK,
and 1-AdSK in toluene or tetrahydrofuran lead to the corresponding (thio)ethers anti-[7-RX-
BigHy1]. The reaction with potassium 2,6-dimethylthiophenolate in toluene results in the
corresponding thioether anti-[7-(2',6'-Me,CgH3S)-B1gHy1 ], while the reaction in tetrahydro-
furan produces anti-[7-(2' ,6'-Me,C¢H3S(CH,)40)-B1gHo1] [372]. The Pd-catalyzed reactions
of anti—[7—I—BlgH21] with CF3CONH2, t-BuOK, and 2,6-M62C6H30K in the presence of
catalytic amounts of RuPhos Pd G4 and RuPhos in 1,4-dioxane lead to the corresponding
derivatives with B-N and B-O bonds anti-[7-X-B1gH»1] [372].

The reaction of anti-[BigHj;] with neat methyl iodide in the presence of AICI; at
room temperature results in the 3,3’ 4,4'-tetramethyl derivative anti-[3,3',4,4'-Me4-B1gHjg]
(Figure 49) as the main product, together with minor amounts of the 4,4’-dimethyl deriva-
tive anti-[4,4’-Me,-B1gHyo] (Figure 49), the 3,4,4'- and 3,3’ ,4-trimethyl derivatives anti-
[3,4,4'-Me3-B1sH1g] (Figure 47) and anti-[3,3',4-Mes-B1gH19], as well as the 1,3,3' 4,4'- and
3,3 4,4 8-pentamethyl derivatives anti-[1,3,3',4,4'-Mes-B1gHy7] and anti-[3,3' 4,4',8-Mes-
BisHj7] and the 1,1/,3,3' 4,4’-hexamethyl derivative anti-[1,1',3,3' 4,4'-Meg-B1gHi6] [373].
The similar reaction with ethyl iodide gives the 3,3,4,4’-tetraethyl derivative anti-[3,3' 4,4'-
Et4-B18H18] (Figure 49) [373]
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Figure 49. Solid state structures of anti-[4,4'-Mep-B1gHyg] (top left), anti-[3,4,4'-Me3-B1gHy9] (top
right), anti-[3,3' 4,4’ -Me,-B1gH1g] (bottom left), and anti-[3,3' 4,4’ -Ety-B1gHyg] (bottom right).

The dichloroundecamethyl anti-[2,2'-Cl,-1,1',3,3',4,4',7,7',8,8',10'-Me11-B1gHo],
dichlorododecamethyl anti-[2,2'-Cl,-1,1',3,3' 4,4',7,7' ,8,8',10,10'-Me1,-B1gHg] (Figure 50),
and dichlorotridecamethyl anti-[2,2'-Cl,-1,1',3,3' 4,4',7,7',8,8',9,10,10'-Me 3-B1sH;] deriva-
tives were obtained by the reaction of anti-[B1gHy,] with methyl iodide in the presence of
AlCl3 in dichloromethane at 55 °C [373,374].

Figure 50. Solid state structure of anti-[2,2'-Cl,-1,1',3,3,4,4',7,7',8,8/,10,10’-Me1»-B1gHg]. Hydrogen
atoms of organic substituents are omitted for clarity.

The reaction of anti-[B1gHjy] with elemental sulfur in the presence of AlCl; at 125 °C
leads to the 4,4’-dimercapto derivative anti-[4,4'-(HS),-B1gsHyo] (Figure 51) [375].
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Figure 51. Solid state structure of anti-[4,4"-(HS),-B1gHyg].

The reaction of anti-[BigHp,] with pyridine in refluxing chloroform or benzene unex-
pectedly results in a two-fold substitution in one of the Bjj-baskets to form nido-arachno-
[6',9'-Py,-B1gHyo] (Figure 52) together with some amount of anti-[8'-Py-BigHy]
(Figure 52) and [3/,8'-Py,-BigHjg] as the main degradation product. In contrast to the
thermochromic fluorescence of nido-arachno-[6',9'-Py,-BigHyg] (from 620 nm brick red
at room temperature to 585 nm yellow at 8 K), anti-[8'-Py-B1gHj1] exhibits no lumines-
cence [376,377]. The 6',9'-disubstituted derivatives with 4-picoline [377], isoquinoline [378],
and 5-hydroxyisoquinoline [379] were prepared in a similar way.

Figure 52. Solid state structures of nido-arachno-[6' 9'-Py,-B1gHog] (left) and anti-[8-Py-BigHo1 ] (right).

The reaction of anti-[BigH,] with methyl isonitrile MeNC in benzene leads to anti-
[7-{(MeNH)C3N;HMe;}-B1gHyp], in which a reductive trimerization of MeNC gives an
unusual imidazole-based carbene, {(MeNH)C3N,HMej}, that is stabilized by coordination
to the macropolyhedral boron cluster (Figure 53) [380].

Figure 53. Solid state structure of anti-[7-{(MeNH)C3N,HMe,}-B1gHyg]. Hydrogen atoms of organic
substituents are omitted for clarity.
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The reaction with tert-butyl isonitrile in 1,2-dichloroethane results in anti-[7-
{(t-BuNHCH){t-BuNHC(CN)}CH;}-B1gHy0], in which a reductive oligomerization of
t-BuNC has given the complex polynitrogen base {(t-BuNHCH){t-BuNHC(CN)}CHo:} for-
mally as a zwitterionic carbene attached to the macropolyhedral boron cluster
(Figure 54) [381].

Figure 54. Solid state structure of anti-[7-{(-BuNHCH){t-BuNHC(CN)}CH,}-B1gHjg]. Hydrogen
atoms of organic substituents are omitted for clarity.

The synthesis of few substituted derivatives of syn-[BigHy,] was reported. Heating
syn-[B1gHpy] with sulfur in the presence of anhydrous AICl3 at 125 °C results in a mixture
of the isomeric mercapto derivatives syn-[1-HS-BigHy1 1, syn-[3-HS-B1gHy1 ], and syn-[4-HS-
B1gHy1], which were all separated by chromatography on silica (Figure 55) [382].

Figure 55. Solid state structures of syn-[1-HS-B1gHp1 ] (top left), syn-[3-HS-B1gHy1 ] (top right), and
SyTl-[4-HS-B18H21] (bottom).

The 3- and 4-mercapto derivatives of syn-[BigHp,], syn-[3-HS-B1gH»1], and syn-[4-HS-
BigHj1] were obtained as byproducts of thermolysis of nonathiaborane arachno-[SBgH;]
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in boiling cyclohexane [383]. The mercapto derivatives obtained are brightly luminescent
under UV irradiation, making these compounds rare examples of a luminescent derivative
of Syi’l-[Blgsz] [382,383]

The deprotonation of syn-[BijgHg,] with NaH in 1,2-dimethoxyethane, followed by the
reaction with iodine and dimethylsulfide under reflux, results in the 7-dimethylsulfonium
derivative syn-[7-Me,S-B1gHyg] (Figure 56) [384].

Figure 56. Solid state structure of syn-[7-Me,S-B1gHyg]. Hydrogen atoms of organic substituents are
omitted for clarity.

12. Conclusions

The purpose of this review was to give the most complete picture of the current state
of the chemistry of decaborane and its derivatives. After its rapid development on the
verge of the 1950s and 1960s, associated with the study of the chemistry of decaborane as
a potential component of rocket fuels, the chemistry of decaborane was studied by many
research groups. However, no comprehensive review elucidating it in full has appeared
for more than 50 years, which certainly hindered the development of this important area
of boron cluster chemistry. We would like to hope that this review will be useful both for
young researchers just starting their way in boron chemistry and for researchers actively
working in this field.
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Abstract: Crystalline borates have received great attention due to their various structures and wide
applications. For a long time, the corner-sharing B-O unit is considered a basic rule in borate
structural chemistry. The Dy4B¢O15 synthesized under high-pressure is the first oxoborate with
edge-sharing [BO4] tetrahedra, while the KZnB3Og is the first ambient pressure borate with the
edge-sharing [BO,] tetrahedra. The edge-sharing connection modes greatly enrich the structural
chemistry of borates and are expected to expand new applications in the future. In this review, we
summarize the recent progress in crystalline borates with edge-sharing [BOy] tetrahedra. We discuss
the synthesis, fundamental building blocks, structural features, and possible applications of these
edge-sharing borates. Finally, we also discuss the future perspectives in this field.

Keywords: borate; edge-sharing; fundamental building blocks; structural chemistry

1. Introduction

Borates show rich structural chemistry and have broad applications as birefringent
materials and nonlinear optical (NLO) materials [1-31]. The famous KBe;BOsF, (KBBE),
LiB305 (LBO), and B-BaB,Oy4 (B-BBO) crystals are used to generate ultraviolet (UV) or
deep-UV lasers through cascaded frequency conversion in practical application [32-34].
a-BaB,Oy4 (a-BBO) is an excellent UV birefringent crystal with a wide transparency win-
dow from 190 nm to 3500 nm and a large birefringence of 0.15 at 266 nm [35]. To date,
the number of synthetic borates and borate minerals are over 3900 in the documented
literature [1]. Three types of B-O units of linear [BO;], triangular [BO3], and tetrahedral
[BO4] are observed in these borates in which linear [BO;] with sp hybridized chemical
bonds are extremely rare; only 0.1% of borates contain the linear [BO;] configuration.
M5Bay(B19017)2(BO,) (M = K, Rb) and NaRbg(B4Os5(OH)4)3(BO;) are three typical exam-
ples; the former two compounds contain unusual [BO,] with the traditional [BO3] and
[BO4] units and exhibit suitable birefringence (An = 0.06) and transparency windows down
to the deep-UV region (<190 nm) [36,37]. Theoretical analyses reveal that the [BO3] and
[BO4] units have the smaller polarizability anisotropy compared with linear [BO,]. While
the latter one is the first noncentrosymmetric and chiral structure with the linear [BO,] unit
and displays a weak second-harmonic generation response (SHG) (0.1 x SiO;) and wide
transparency of about 21.2% at 200 nm [38].

In 2021, Pan and coworkers summarized the synthesis, fundamental building blocks
(FBBs), symmetries, structure features, and functional properties of the reported anhydrous
borates [1]. The FBBs of polynuclear borates are generally formed by corner-/edge-sharing
[BO3] and [BO4] units. Cs3B;0O1, contains a large FBB with 63 boron atoms in which
35 (or 37) BOj triangles and 28 (or 26) BO, tetrahedra are linked to form thick anionic
sheets stacked along the ¢ direction [39]. Mg;@[BgoO193(OH)13] contains 42 [BO3] trian-
gles and 27 [BOy4] tetrahedra; it exhibits a supramolecular framework with hexagonal
snowflake-like channels; unique triple-helical ribbons are found in {Bgg} FBBs [40]. This
huge [BgoO103(OH)13] cluster represents the largest FBB in borates. The FBBs can further
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polymerize into 1D chains, 2D layers, and 3D networks [41-49]. For example, we obtained
three alkali and alkaline earth-metal borates, namely Ba;B;¢pO16(OH),-(H3BO3)(H,0O),
NayB19O17-Hpen, and Cay[B509]-(OH)-H,O [41-43], in which pentaborates are used to
construct a single-layered structure, 2D microporous layers, and a 3D network, respectively.
Cay[B509]-(OH)-H,O is impressive with a dense net consisting of pcu B—O net and dia
Ca—O net and exhibits a short UV cutoff edge below 200 nm and a strong SHG response of
~three times that of KH,POy, (KDP) [43].

In 2002, Huppertz and coworkers reported the high-pressure synthesis of Dy4BO1s; it
is the first oxoborate with an edge-sharing BO, tetrahedra [50]. The edge-sharing [BO4]
tetrahedra in Dy4B¢O15 changes the rule of corner-sharing [BO3]/[BO4] units in borate
structural chemistry. In addition, it is considered that the extreme synthetic conditions,
such as high pressure, is necessary for edge-sharing borates. In 2010, the discovery of
KZnB3;0¢ changed this view; KZnB3;Og represents the first ambient pressure edge-sharing
[BO4]-containing borate [51]. To date, edge-sharing [BO4]-containing borates are still rare;
less than 1% of borates contain edge-sharing BO, tetrahedra. Over the past decade, the syn-
thesis, crystal structures, and properties of KBBF-like borates [52], fluorooxoborates [53,54],
high-temperature borates [55], high-pressure borates [56], f-element borates [57], zincob-
orates [58,59], aluminoborates [60,61], borogermanates [62], hybrid d- or p-block metal
borates [63], and hydrated borates with non-metal or transition-metal complex cations have
been well reviewed [64]. Herein, we give a detailed summary of the recent progress in
crystalline borates with edge-sharing BO, tetrahedra. These edge-sharing borates can be
grouped into two types in terms of their synthetic method: (i) high pressure synthesis of
borates with edge-sharing [BO4] tetrahedra and (ii) ambient pressure synthesis of borates
with edge-sharing [BO,] tetrahedra. We discuss the synthesis, FBBs, structural features,
potential applications, and future perspectives of edge-sharing borates.

2. High Pressure Synthesis of Borates with Edge-Sharing [BO4] Tetrahedra

The existence of uncommon edge-sharing [BO4] tetrahedra disobeys Pauling’s third
rule. The borates containing the so-called edge-sharing [B,Og] dimer were initially believed
to be obtained only under extreme conditions, such as high temperature and high pressure.
Since the first case of this species was discovered, multi-anvil high-pressure synthesis is the
dominant route to obtain the new edge-sharing [BO4] tetrahedra-containing borates. Up to
now, there are 26 high-pressure edge-sharing borates within the scope of discussion. Boron
atoms tend to coordinate with four O atoms to form [BO4] tetrahedra under a high-pressure
environment, as evidenced by most of these high-pressure compounds constructed merely
from [BOy4] tetrahedra. Even in [BOs]-containing borates, such as high-pressure AB3Os, the
proportion of the [BO3] triangle is only 1/3.

2.1. Rare Earth Borates

RE4B¢O15 (RE = Dy and Ho). Dy4BgOjs is the first reported metal borate with edge-
sharing [BO4] tetrahedra; it was obtained under high-temperature (1273 K) and high-
pressure (8 Gpa) conditions by Huppertz et al. in 2002 [50]. Shortly after, isostructural
Ho-analogues was prepared under the same extreme high-pressure condition in 2003 [65].
The RE4BsO5 series crystallize in the monoclinic crystal system with the space group of
C2/c (no. 15); their structures exhibit corrugated ?[BsO15]w layers formed by the linkage
of the adjacent [B12O35] clusters (Figure 1b). The large [B120O35] cluster, incorporating
edge-sharing and corner-sharing [BO4] tetrahedra with the ratio of 8:4, can be considered as
the FBB of RE4B¢O;5 (Figure 1a). Furthermore, the interlayer rare earth ions connect these
corrugated layers to form the final 3D structures (Figure 1c). The multi-anvil techniques,
which can offer external pressures, accelerate the discovery of borates with unusual edge-
sharing [BO4] tetrahedra and initiate the era of exploring such borates under multi-anvil
high-pressure conditions.
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Figure 1. (a) The [B1,035] FBB; (b) the 2[BsO15]co corrugated layer; (c) the total structure of RE4BO;5
(RE = Dy and Ho) along [010] direction. Key: cross-centered purple ball, rare earth atom; black
ball, B atom; red ball, O atom; orange/olive tetrahedron, edge/vertex-sharing [BO4]; purple trian-
gle, [BOs].

(c)

x-RE;B4Og (RE = Sm, Eu, Gd, Tb, Dy, Ho and Y). #-RE;B4Og borates (RE = Sm, Eu, Gd,
Tb, Dy, Ho and Y) are another rare earth borate series with edge-sharing [BO4] tetrahedra
reported in the period of 2002 to 2017 [66-69]. Similar to the RE4B¢O15 series, the a-RE;B4Oqg
series crystallize in the same space group (C2/c, no. 15) in which all the incorporating boron
atoms are four-coordinated. In these structures, the complex [ByyOss] FBB is comprised
with edge- and corner-sharing [BO4] tetrahedra according to the ratio of 18:2 (Figure 2a and
blue blanket in Figure 2b). With respect to the whole covalent B-O framework of RE;4BO1s5,
the 3[B¢O15]0 network is formed by the linkage of [By(Os5] FBBs, the rare earth cations
located in the channels (Figure 2b).

La3BgO13(OH). During the synthetic process, the replacement of the anhydrous boron
source with boric acid, hydrated borates, or borates containing water molecules are some-
times obtained. La3zBsO13(OH) is the first SHG-active edge-sharing [BO4] tetrahedra-
containing borate [70]. This compound was obtained by a high-pressure/high-temperature
condition at 6 GPa and 1673 K and was immediately identified as an NLO crystal by
Huppertz et al. in 2020. It crystallizes in the chiral space group, P2; (no. 4), and presents
a 2D 2[B¢O13(OH)]« layered structure with La ions located between the layers (Figure 3).
The FBB of La3BsO13(OH) features a ‘sechser’-ring, which is constructed of one [B,Og],
three vertex-sharing [BO4], and one [BO3(OH)] (Figure 3a). The [B;O14(OH)] FBBs are
linked into a 2D 2[B¢O13(OH)] e layer along the bc plane, which further stack along [100]
direction with La ions residing in the interlayer space (Figure 3b). Although LazBsO13(OH)
crystallizes in a noncentrosymmetric space group, its basic B-O units in the lattice are all the
non-rt-conjugated tetrahedral. LagBO;3(OH) displays a relatively weak SHG effect. Com-
pared to the non-7r-conjugated [BO,] tetrahedron with negligible hyperpolarization, the
mt-conjugated motifs represented by planar [BO3] and [B3Og] in the borate system are supe-
rior NLO-active functional modules, and thus, the powder SHG response of LazBsO13(OH)
based on the Kurtz—Perry method is as weak as 2/3 times that of quartz.
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Figure 2. (a) The [ByOs5] FBB; (b) the total structure of RE;B4Og (RE = Sm, Eu, Gd, Tb, Dy, Ho, and
Y) along [010] direction. Key: cross-centered purple ball, rare earth atom; black ball, B atom; red ball,
O atom; orange/olive tetrahedron, edge/vertex-sharing [BO4].

Figure 3. (a) The [B;O14(OH)] FBB of LazBsO13(OH); (b) the total structure of LazBO13(OH) along
[010] direction. Key: green ball, La atom; black ball, B atom; red ball, O atom; small pink ball, H atom;
orange/olive tetrahedron, edge/vertex-sharing [BOy4].

2.2. Transition Metal Borates

TMB,04 (TM = Ni, Fe and Co). Previous research on edge-sharing [BO4]-containing
borates mainly focus on lanthanide borates. Later, researchers achieved the combination
of transition metal and edge-sharing [BO4] tetrahedra. From 2007 to 2010, a series of
high-pressure transition metal borates, TMB,O, (TM = Nji, Fe and Co), were discovered
by Huppertz and coworkers [71-73]. All boron atoms in this species are four-coordinated,
and the FBB is the simplest [B,Og] cluster (Figure 4b). Each edge-shared [B,O¢] dimmer
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is linked to four surrounding [B,Og] units through y,-O atoms, resulting in a dense 2D
2[B,04]o layer with six-member rings (6 MRs) (Figure 4a). The stacking of 2[By04]oo
layer along [100] direction is further linked by interlayer TM ions, which leads to the final
structure of TMB,O; (Figure 4c).

NN

(b)
(c)

Figure 4. (a) The 2[B,04]eo layer expanding in the bc plane; (b) the [BoOg] FBB; (c) the total structure
of TMB,Oy4 (TM = Ni, Fe and Co) along [001] direction. Key: cross-centered purple ball, divalent
transition metal atom; black ball, B atom; red ball, O atom; orange tetrahedron, edge-sharing [BO4].

v-HfB,Os. In 2021, the y-phase of HfB,Os, which incorporates edge-sharing [BO4]
tetrahedra, was obtained under extreme pressure (120 GPa) by Huppertz [74]. v-HfB,Os
crystallizes in the centrosymmetric monoclinic space group, P2;/c (no. 14). The tetravalent
transition metal Hf** cation displays higher coordination numbers than divalent cations,
and the FBB in y-HfB,Os is changed to [B3Og] with the additional one vertex-sharing [BO4]
(Figure 5a). Similar to the stuctures of TMB, Oy series, the structure of y-HfB,Os5 borate also
shows layered sheets with Hf ions filling the interlayer space (Figure 5b). It is interesting
to note that B-HfB,O5 was synthesized at 7.5 GPa in the multi-anvil press, upon further
compression up to 120 GPa, a shrinkage of the cell parameters during the compression
process was observed, and finally the B-phase is transformed to the y-phase. The layer in
B-HfB,Os5 contains four MRs and eight MRs by the corner-sharing BO, tetrahedra, while
7-HfB,Os5 contains ten MRs, including the edge-sharing BO, tetrahedra. Edge-sharing BO4
tetrahedra in new phase y-HfB,Os shows exceptionally short B-O and B- - - B distances.
The coordination number of the Hf** cations in ¢-HfB,Os5 increased to nine in comparison
to eight in its ambient pressure counterpart.
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Figure 5. (a) The [B3O9] FBB; (b) the total structure of HfB,O5 along [010] direction. Key: cross-
centered purple ball, Hf atom; black ball, B atom; red ball, O atom; orange tetrahedron, edge-
sharing [BO4].

MgB22039-Hy0 (M = Fe and Co). The first two acentric edge-sharing [BO4] tetrahedra-
containing borates MgB2O39-HyO (M = Fe and Co) were prepared under the high-pressure
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(6 GPa) and high-temperature (880 °C for Fe and 950 °C for Co) conditions in a Walker-type
multi-anvil apparatus by Huppertz et al. in 2010 [75]. The MgB;,O39-HyO series crystallize
in a noncentrosymmetric orthorhombic space group, Pmn2; (no. 31). The unusually long
B-O bond lengths as well as the short distances between the two boron cores are shown
in the structure, which indicates the successful capture of intermediate states on the way
to edge-sharing [BOy] tetrahedra. The structure of MgB,O39-H,O shows a 3D [B2O39]o
anhydrous B-O framework with the Fe or Co ions and water molecules located in the
structural channels (Figure 6a,c). Specifically, taking FegByyO39-H,O as an example, the
B(11), O(2), O(15), and O(24) in the structure are not strictly in the same plane, and the
B(11)-O(16) bond length (1.883(6) A)is obviously longer than the common B-O distances
(Figure 6b). The group of B(11) center and its three coordinated O(2,15,24) atoms as well as
the neighboring O(16) can be regarded as a highly twisted polyhedron or the intermediate
states between [BOj3] tringle and [BO,] tetrahedron. The discovery of MgByO39-H,O is
helpful for understanding the dynamic process from the vertex-sharing [BO3] + [BO4]
model to edge-sharing [BO4] + [BO4] model.
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Figure 6. (a) The [By4Os4] FBB of MgByO39-HyO (M = Fe and Co); (b) coordination spheres of boron
atoms B(11) and B(8) in FegBy»,O39-H>O; () the total structure of MgBy»,O39-H,O (M = Fe and Co)
along [100] direction. Key: cross-centered purple ball, Fe/Co atom; black ball, B atom; red ball,
O atom; small pink ball, H atom; orange/olive tetrahedron, edge/vertex-sharing [BO4].

Co7B24042(0OH),-2H,0. Although the cobalt hydrated borate CoyB,404,(OH),-2H,O
crystallizes in a centrosymmetric space group, Pbam (no. 55), it shares similar structural
characteristics with CogB22O39-H,O. This species was prepared under high-pressure (6 GPa)
and high-temperature (1153 K) conditions by Huppertz et al. in 2012 [76]. The complex
FBB of CoyB24042(0OH),-2H,0 is comprised of twenty-two corner- and two edge-sharing
[BO4] tetrahedra with two hydroxy group locating in the mirror plane (Figure 7a). The
structure of CoyBysO4(OH),-2H,0 shows the 3[By4O42(OH); ] framework with Co ions
and water molecules located in the structural channels (Figure 7b).

2.3. Borates with Monovalent or Divalent A-Site Cations

AB30Os5 [A =K, NHy, Rb, Tl and Cs; «(H30)x (x = 0.5-0.7)]. During the period of 2011
to 2014, the AB3Os series [A = K, NHy, Rb, Tl and Cs,(H30)y (x = 0.5-0.7)] were synthe-
sized under high-pressure/high-temperature conditions by Huppertz et al. [77-80]. KB3Os is
the first compound with various configurations, including corner-sharing [BOs], corner-
sharing [BOy], and edge-sharing [BO4]. The FBB of the isostructural AB;Os contains two
[BO;3] triangles, four corner-sharing [BO4] tetrahedra, and two edge-sharing [BO4] tetra-
hedra (Figure 8a). It should be noted that the [BoO¢] rings in AB3O5 can be regarded as
six connected nodes; the two endocyclic O atoms of each [B,Og] ring are further connected
with two corner-sharing [BO,4] tetrahedra. The total structures of the AB3O5 series ex-
hibit 3D B-O anionic skeletons with monovalent cations locating the structural channels
(Figure 8b). Although the boron source in the synthesis of AB3Os series are boric acid,
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only the Cs;_(H30),B305 (x = 0.5-0.7) phase successfully incorporates oxonium ions into

its structure.
(b)
; b» K K

Figure 7. (a) The [BpsO43(OH),] FBB of Co7By4O4(OH),-2H,O; (b) the total structure of
Co7Bp4042(OH),-2H,0 along [001] direction. Key: navy ball, Co atom; black ball, B atom; red
ball, O atom; small pink ball, H atom; orange/olive tetrahedron, edge/vertex-sharing [BO4].

(a)

Figure 8. (a) The [BgOy] FBB; (b) the total structure of AB3O5 along [110] direction. Key: cross-
centered purple ball, monovalent cation; black ball, B atom; red ball, O atom; orange/olive tetrahe-
dron, edge/vertex-sharing [BO4]; purple triangle [BOs].

CsB50g. CsB50g is another alkali metal borate prepared under high-pressure (6 Gpa)
and high-temperature (1173 K) conditions in a Walker-type multianvil apparatus [81].
Structurally, CsB5Og features a similar structure to the aforementioned AB3Os series. The
basic B-O building blocks of CsB5Og are corner-sharing [BO3], corner-sharing [BOy], and
edge-sharing [BO4]; these units exhibit a ratio of 2:1:2, respectively (Figure 9a). The structure
of CsB50g exhibits a 3D B-O covalent framework with Cs ions locating in the structural
channels (Figure 9b).

(a) (b)

Figure 9. (a) The [B5O41] FBB; (b) the total structure of CsB5Og along [010] direction. Key: cyan ball,
Cs atom; black ball, B atom; red ball, O atom; orange/olive tetrahedron, corner-/edge-sharing [BO4];
purple tringle [BOs].

NaBSi3Og. In 2022, Gorelova et al. studied the high-pressure modification of NaBSi3Og,
and revealed the transformation behaviors of NaBSizOg during continuous pressure in-
crease [82]. Unexpectedly, above 27.8 GPa the crystal structure of NaBSi3Og achieves the
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coexistence of the rare edge-sharing [BO4] tetrahedra and earlier unknown edge-sharing
[SiOs] square pyramids. The structures under 16.2 and 27.8 Gpa are quite different. Both
the 16.2 Gpa- and 27.8 Gpa-phases crystallize in the P1. The Si atoms in the 16.2 Gpa-phase
are all four-coordinated, and the corner-sharing [SiO4] tetrahedra are incorporated into
the 1D [Si3Ogle chains, while 1/3 Si atoms are five-coordinated in the 27.8 Gpa-phase.
These [SiOs] square pyramids are dimerized into [Si;Og] units (Figure 10a,c). SiO; tetra-
hedra undergo geometrical distortion leading to the formation of SiOs polyhedra due to
the pressure-induced transformations. The [BOy] tetrahedra in 16.2 Gpa-phase and the
[B2Og] dimers in 27.8 Gpa-phase act as linkers and further stable the whole structures
(Figure 10b,d).
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Figure 10. (a) The 2[SizOg]e pseudo layer and [BO,] linkage in the structure of 16.2 Gpa-NaBSizOg;
(b) the view of the whole structure of 16.2 Gpa-NaBSizOg along [100] direction; (c) the 2[Si30g]eo
layer and [B,Og] linkage in the structure of 24.8 Gpa-NaBSi3Og; (d) the view of the whole structure
of 24.8 Gpa-NaBSizOg along [001] direction. Key: yellow ball, Na atom; blue ball, Si atom; black ball,
B atom; red ball, O atom; orange tetrahedron, edge-sharing [BO4].

7-BaByOy4. The a- and B-phases of barium metaborate are famously commercialized
birefringent and nonlinear optical materials. Relevant theoretical studies offered various
predicted phase of barium metaborate. In 2022, the third phase, y-BaB,O4, was synthesized
experimentally by Bekker et al. under conditions of 3 GPa and 1173 K [83]. -BaB,O4
crystallizes in a centrosymmetrical space group, P2;/n (no. 14). Its anionic B-O skeleton
exhibits 1D chains, which is completely different from the isolated [B3O¢] planar cluster
in a- and B-phases. The [B4O1p] FBB in y-BaB,Oy4 is comprised of one [B,Og] ring and
two additional [BOs] triangles (Figure 11a); these [B4O19] FBBs further assemble into the
1[B,04]e chains (Figure 11b). Finally, the [BaO1p] polyhedra stable the 1[B,04]eo chains in
the lattice to form the total 3D structure of y-BaB,O4 (Figure 11c). The calculated band gap
is up to 7.045 eV, which implies transparency in the deep-UV region. The most intense band
at a frequency of 853 cm ! in the Raman spectra corresponds to the symmetric bending
mode of the B—O—B—O ring in edge-sharing tetrahedra.

a-Bas[B10O17(OH);]. Apart from the extreme high pressure afforded by the multi-anvil
high-pressure device, the hydrothermal reactor can also provide relatively high pressure.
In 2019, Lii et al. reported the structures of a-Baz[B19O;17(OH);], which were obtained
through hydrothermal reactions at 773 K and 0.1 Gpa. a-Ba3[B190O17(OH);]. The phase
containing edge-sharing [BO4] tetrahedra crystallizes in the monoclinic space group, P21 /n
(no. 14), and presents a hydrated 3D B-O framework with Ba ions filling in the cavities
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(Figure 12b) [84]. In terms of its FBB, the complex [B29O49(OH)4] can be divided into the
double [B501;] (the blue dotted ellipse part) and [B1gO15(OH)4] (the red dotted blanket)
categories (Figure 12a). Unlike FBBs mentioned in other borates, the [ByO4(OH),] units
act as two connected nodes in the structure as the targeted [B,Og] units are bounded to
hydrogen atoms as terminal hydroxy groups. The aggregation of [B5O;;] clusters expanding
in the ac plane leads to a corrugated layer, and the hydrated [B19O15(OH)4] clusters connect
the adjacent antiparallel layers to form the 3[B19017(OH); e covalent skeleton.
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Figure 11. (a) The [B4O1] FBB of 7-BaB,0y; (b) the view of 1D [BO, ] chain in the structure; (c) the
total structure of y-BaB,O4 along [001] direction. Key: green ball, Ba atom; black ball, B atom; red
ball, O atom; orange tetrahedron, edge-sharing [BOy4]; purple tringle [BO3].

2 X [BsOql + [B4g045(OH),] = [Bzoom(OH)d S °‘_Ia

Figure 12. (a) The [B¢O49(OH)4] FBB comprised with two [B5O1;] clusters and one [B19O15(OH)4]
cluster; (b) the total structure of a-Ba3[B19O17(OH),] along [100] direction. Key: green ball, Ba
atom; black ball, B atom; red ball, O atom; small pink ball, H atom; orange/olive tetrahedron,

edge/vertex-sharing [BOy]; purple triangle [BOs].

3. Ambient Pressure Synthesis of Borates with Edge-Sharing [BO4] Tetrahedra

The edge-sharing [BOy] tetrahedra-containing borates obtained from classical high-
temperature solution and cooling method make it possible to obtain this species more con-
veniently. More importantly, borates obtained under ambient pressure might incorporate
more rt-conjugated [BOs] units. Edge-sharing borates with high [BO3]:[BO4] ratios, such as
B-CsByO14 (7:2) and BagZng(B3Og)s(BsO12) (22:2), are identified as birefringent crystals.

KZnB30g¢. The first case of borate containing edge-sharing [BO4] tetrahedra was
synthesized under atmospheric pressure. KZnB3;Og was reported by Chen et al. and Wu
et al. independently in 2010 [51,85]. KZnB3Og crystallizes in the triclinic space group (P1,
no. 2) with a low symmetry. The [B;O;,] FBB features isolated B-O cluster containing
four [BOs] tringles and two edge-sharing [BOy] tetrahedra (Figure 13a). The aligned
repetition of isolated [BsO12] clusters in the lattice gives a 2D [BgO12] pseudo layer (see
the green dotted blankets in Figure 13b,c), the pairs of edge-sharing [ZnOy4] polyhedra
connect the adjacent six [BgO1,] clusters to form the 3[ZnB30g e network with K cations
filling the cavities. Later, KZnB3Og was defined as highly thermally stable by Chen et al.,
and its unidirectional thermal expansion property was investigated. Its unique property
is explained by the cooperative rotations of rigid groups [B¢O12] and [ZnyOg] driven by
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anharmonic thermal vibrations of K ions [86-88]. The discovery of KZnB3;Oy indicated
that high pressure is not essential for obtaining edge-sharing [BOy] tetrahedra-containing
borates, and subsequently, ambient pressure edge-sharing [BO4] tetrahedra-containing
borates have been synthesized successfully one after another.

(a) ] e ~.

Figure 13. (a) The [B¢O1,] FBB; (b) the 2D [BgO12]e pseudo layer; (c) the total structure of KZnB3Oyq
along [110] direction. Key: purple ball, K atom; grey ball, Zn atom; black ball, B atom; red ball,
O atom; orange tetrahedron, edge-sharing [BOy]; purple tringle [BO3].

BasgNayZny (B3Og)2(B12024). BagNarZny(B3Og)2(B12054) is another edge-sharing [BO4]
tetrahedra-containing borate obtained without an extreme pressure condition, as reported
by Chen et al. in 2013 [89]. BagsNayZny(B3O¢)2(B120,4) crystallizes in the triclinic space
group, P1 (no. 2); it features a complex sandwich-like layered structure. There are two
kinds of FBBs in the structure of BagNayZns(B3O¢)2(B12024), namely [B1,074] and [B3O¢],
respectively (Figure 14a,b). The aggregation of [B12O4] FBBs and [Zn(1)O4] tetrahedra
according to the stoichiometric ratio of 1:2 gives a layered [Zn;(B12054)]e configuration
expanding in the ab planes, while the second FBBs [B3O¢] are connected to [Zn(2)O4] to
form [Zn(B3O¢)]w sheets. The assembly of two [Zn(B3Og)]« sheets and one [Zn(B12074)]e0
layer leads to the formation of a complex [Zn4(B30¢)2(B12024)]e sandwiched structure.
Split Na(1,2) atoms with the occupancy of 0.47:0.53 fill in the cavities of the sandwiched
layers, and spherical coordinated Ba ions fill in the adjacent sandwiched layers (Figure 14c).

LiyNayCsB;Oyg. The trimetallic borate LiyNayCsB;O,y was reported by Pan et al.
in 2019, and its expansion rate was investigated at the same time [90]. LisNayCsB;O»
crystallizes in a triclinic crystal system with the space group of P1 (no. 2). With respect to
its unique [B14053] FBB, the centered [B,Og] ring acts as a four-connected node and further
connects with one [BO;3] tringle and one [B50;11] cluster (Figure 15a). The total crystal
structure of LiyNayCsB;Oyq displays a 3D configuration with monovalent alkali metal Li,
Na, and Cs ions residing in the free spaces (Figure 15b). The temperature-dependent unit
cell parameters were collected experimentally. as Additionally, the theoretical evaluation
of thermal expansion along the principal axes indicate the highly anisotropic thermal
expansion behavior of LiyNayCsByOy9. The expansion rates for X;, X,, and X3 were
evaluated to be 3.51 x 107%,17 x 107, and 25.4 x 107¢ K~!, respectively. This compound
may be used as a thermal expansion material.
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Figure 14. Two types of different FBBs occur in BayNapZns(B3Og)2(B12024): (a) [B12024] FBB;
(b) [B30g] FBB; (c) the complex layered structure of BagNayZny (B3Og)2(B12024) along [100] direction.
Key: green ball, Ba atom; yellow ball, Na atom; grey ball, Zn atom; black ball, B atom; red ball,
O atom; olive/orange tetrahedron, corner-/edge-sharing [BO4]; purple tringle [BO3].

Figure 15. (a) The [B14053] FBB; (b) view of the whole crystal structure of LiyNayCsB;O14 along [100]
direction. Key: green ball, Li atom; yellow ball, Na atom; cyan ball, Cs atom; black ball, B atom; red
ball, O atom; orange/olive tetrahedron, edge-/corner-sharing [BO4]; purple tringle [BOs].

BaAIBOj. In 2019, Pan et al. reported the synthesis and experimental and theoretical
studies of an edge-sharing [BO,] tetrahedra-containing aluminum oxyborate, BaAIBOj.
BaAlIBO,4 was synthesized via the high-temperature solution method under atmospheric
pressure [91]. Single-crystal X-ray diffraction analysis reveals that BaAIBO, crystallizes
in a monoclinic space group, P2;/c (no. 14). The crystal structure of BaAIBO, exhibits a
3D framework, which is comprised with [AlO4] tetrahedra, [B4O1¢] clusters, and A-site
Ba®* cations filling the structural channels. The corner-sharing [AlO4] units in the ab plane
give a 2D 2[ALO5]e0 layer with six MRs (Figure 16b). The [BoOg] rings connect with two
[BO3] tringles end to end to form the isolated [B4O1¢] cluster (Figure 16a), which can be
considered as the FBB of BaAIBO,. The combination of [B4O1¢] clusters and the neighboring
2[Al,Os]w layer give the final 3D framework.

B-CsBgO14. In 2019, Pan et al. prepared the B-CsBgOq4 under ambient pressure. This
compound is the first case of triple-layered borate with edge-sharing [BO,] tetrahedra [92].
Taking the [BsO12] cluster in the KZnB3Og as the prototype, the sandwich-like [B1gO34]
FBB can be evolved from the combination of one [BgO12] and two anti-parallel [B¢O12]
double-ring units (Figure 17a). The further aggregation of [B1gO34] FBBs in the bc plane
leads to the formation of corrugated layers with A-site Ba?* cations residing in the channels;
the whole structure of B-CsBy9O14 is formed by stacking of these triple-layered sheets along
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[100] direction (Figure 17b). The B-O anionic skeleton of 3-CsBy9O14 possesses a high
[BO3]:[BO4] (7:2) ratio; the layered structure as well as the well-aligned [BO3] units in the
lattice lead to a large optical anisotropy. The experimental and theoretical studies indicate
that B-CsBgO14 can be identified as a potential deep-ultraviolet birefringent material with a
wide band gap (>6.72 eV) and large birefringence (0.115 or 0.135 at 1064 nm).
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Figure 16. (a) The [B4O19] FBB of BaAlIBOy; (b) the 2D [Al;Os]w layer constructed by vertex-sharing
[AIO4] tetrahedra expanding in the ab plane; (c) the total structure of BaAIBO, along [100] direction.

Key: green ball, Ba atom; light blue ball, Al atom; black ball, B atom; red ball, O atom; small pink ball,
H atom; orange tetrahedron, edge-sharing [BO,]; purple tringle [BO3].
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Figure 17. (a) The [B13O34] FBB of -CsBgO14; (b) view of the whole crystal structure of f-CsBgO14
along [100] direction. Key: cyan ball, Cs atom; black ball, B atom; red ball, O atom; orange/green
tetrahedron, edge/corner-sharing [BO,]; purple tringle [BO3].

Pb;28Baj 72B19O19. In 2021, an edge-sharing [BO4]-containing borate, Pb; 23Baj 7,B10019,
was obtained under ambient pressure by Pan et al. [93]. It features a 3D B-O anionic frame-
work. Pbj 2gBaj 72B19O19 crystallizes in a monoclinic crystal system with the space group of
C2/c (no. 15). Its asymmetric unit consists of one Pb atom, five B atoms, ten O atoms, and
one common site of the Ba/Pb atom with the occupancy of 0.14:0.86. Unlike the [B,Og] basic
ring in most of edge-sharing [BO4]-containing borate with four exocyclic O atoms acting as
connection nodes, the centered [B,Og] in [B19O24] FBB connects two [BO,] tetrahedra by
the two exocyclic p»-O atoms and two [B3Og] by two endocyclic y13-O atoms (Figure 18a).
The whole [B19O19] anionic framework is assembled from [B1yO54] FBBs and Pb and Ba
ions located in the structural channels (Figure 18b).

K35SbsBOq3. In 2021, Quarez et al. discovered the complete transformation of adja-
cent [BO3] pairs into [B;Og] dimers in the a- and B-phase of K3SbsBO;3 driven by cool-
ing [94]. The [BOs]-containing a-phase of K3SbsBOj3 is obtained from the traditional
high-temperature solution method, and the symmetry increasing from P1 to C2/c during
the cooling process, accompanied with the transformation of two close [BO3] tringles
into edge-sharing [B,Og] units. The structures of a- and $-K3SbsBO;3 display complex
2[Sb4013]eo layers separated by [BO3] pairs or edge-sharing [BOy] tetrahedra (Figure 19a,b).
The anti-parallel [BOs] pair in the a-phase displays a short B- - - B distance (3.083(6) A) and
an extremely long B- - - O secondary bond (2.623(6) A), while the coordination spheres of
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corresponding B atoms in the B-phase are distorted into tetrahedra (Figure 19¢,d). The low
temperature brings a lattice compression, which finally leads to B,Og units, which shortens
the B- - - B and B- - - O distances in each pair of adjacent BO; triangles units. Further studies
show that B K-edge electron energy loss (EELS) spectroscopes provide a characteristic
signal of the ByOg units; the EELS method may widely use to identify edge-sharing B,Oq
units more convenient in the future.

i "i P08
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Figure 18. (a) The [B19O4] FBB of Pb;gBa; 72B19019; (b) the view of the whole structure of
Pby 28Bay 72B19O19 along [010] direction. Key: grey ball, Pb atom; green ball, Ba atom; black ball,
B atom; red ball, O atom; orange/olive tetrahedron, edge/vertex-sharing [BO4].

(b)

...... 2.623(6) A
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Figure 19. (a) The view of the whole structure of -K3SbsBO;3 along [100] direction; (b) the view
of the whole structure of a-K3SbsBO;3 along [100] direction; (c) the anti-parallel [BO3] pair in the
B-K3SbsBOs3; (d) the edge-sharing [BO4] tetrahedra in the x-K3SbsBOq3. Key: purple ball, K atom;
green ball, Sb atom; black ball, B atom; red ball, O atom; orange tetrahedron, edge-sharing [BO4];
purple triangle, [BOs].

BagZng(B3Og)s(BsO12). BagZng(B3Og)s(BsO12) was reported by Mao et al. and Pan et al.
independently in 2022 and identified as a potential birefringent crystal with a deep-
ultraviolet absorption cut-off edge and strong optical anisotropy [95,96]. The structure of
BagZng(B3Og)s(BsO12) features a 2D [ZnB4Ogl network constructed by [ZnOy] tetrahedra
and two kinds of B-O clusters ([BgO12] and [B3Og4]) with Ba cations located in the cavities
(Figure 20). It should be noted that BagZng(B3Og)s(BsO12) shows extremely low symmetry
(space group P-1, no. 2), and its asymmetric unit includes six Ba atoms, six Zn atoms,
six planar [B3Og] clusters, and two [B3Og] fragments (half of [BgO;2] cluster). To sim-
plify the description of structure, we use B-O cluster-1 and B-O cluster-2 to represent
the basic structural units (Figure 20a—). In the sandwiched [ZnB4Og]e layers, the top
and bottom of well-aligned [B¢O12] clusters are shielded by the anti-parallel 2[Zn(B30¢)]oo
sheets. The ... A-A’-A ... stacking sequence of [ZnB;Ogl along the [001] direction leads
to the formation of the total covalent skeleton, and Ba ions act as counterions in the lattice.
From the structural perspective, the uniformly arrangement of two kinds of B-O clus-
ters and the high ratio of highly birefringence-active [BOs] tringles and [BOy4] tetrahedra
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(22:20) indicate that BagZng(B3Og)s(BsO12) may have remarkable optical anisotropy. In
addition, the dangling bonds of terminal in two kinds of B-O clusters are eliminated by
the covalent [ZnOy] tetrahedra; thus, the short-wavelength absorption cut off edge has
a blue shift. The basic physical properties of BagZng(B3Og)s(BsO12) were also studied.
The transmission/absorption spectra indicate that BagZng(B3Og)s(BsO12) possesses a wide
transparency window from 180 nm to 3405 nm. The difference of refractive indices based
on a (001) wafer at 589.3 nm is as large as 0.14, which indicates that the birefringence of
BagZng(B30g)6(BO12) is even larger than the commercialized a-BaB,O4. Moreover, ther-
mal analysis demonstrates that BagZng(B3Og)s(BsO12) melts congruently. The acquirement
of bulk crystals could be anticipated as is evidenced by the already grown sub-centimeter

sized crystals.
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Figure 20. Two types of different FBBs occur in BagZng(B3O4)6(BO12): (a) [BO12] FBB; (b) [B3Og]
FBB; (c) the structure of BagZng(B3Og)s(BsO12) along [010] direction. Key: green ball, Ba atom; grey
ball, Zn atom; black ball, B atom; red ball, O atom; orange/green tetrahedron, edge-/corner-sharing
[BO4]; purple tringle [BO3].

4. Conclusions

The synthesis of edge-sharing borates greatly changes the rule of corner sharing
B-O units in borate structures, and further work demonstrates that the extreme synthetic
conditions, such as high pressure, are not necessary for edge-sharing borates. The crys-
talline borates with edge-sharing [BOy4] tetrahedra continue to develop; about 34 new
edge-sharing borates containing edge-sharing B,Og unit have been found in recent years,
among which three are crystallized in noncentrosymmetric space groups, only about 10%
in the whole edge-sharing borates. This ratio is much smaller than 35% for the entire borate
system, which may be attributable to the [BO4] units likely formed under the high-pressure
environment [97]. Noncentrosymmetric edge-sharing borates are needed to better under-
stand the NLO property in these types of structures. Fortunately, more rt-conjugated [BO3]
units are found under the ambient-pressure environment; the high [BO3] and [BO4] ratio in
edge-sharing borates may be beneficial for the formation of noncentrosymmetric structures.

The signal of the ByOg structural motif can be unambiguously assigned in the B K-edge
EELS spectrum. Some of these edge-sharing borates exhibit interesting properties, such as
unusual anisotropic thermal expansion behavior. It is curious to chemists whether edge-
sharing BO3/BO4, BO3/BOs3, or even face-sharing B-O units can be realized in the future. It
is also expected that the synthesis of edge-sharing [BOsF]*~, [BO,F,]°~, and [BOF3]%™ units
in the future will greatly enrich the structural chemistry of crystalline fluorooxoborates.
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Finally, we should better understand the structure—property relationships of these edge-
sharing borates, which will help us to find more applications.
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Abstract: Cross-coupling reactions with [B12Hq1112~ as one partner have been used successfully for
Kumada and Buchwald Hartwig couplings with Pd catalysis. Here, we found that the iodide could
be substituted easily, and unexpectedly, with other halides such as Br and Cl, and with pseudohalides
such as cyanide, azide, and isocyanate. We found that for Cl, Br, N3, and NCO, tetrabutylammonium
salts—or sodium salts—were successful halide sources, whereas for cyanide, CuCN was the only
halide source that allowed a successful exchange. The azide could be reacted further in a click reaction
with triazoles. While no substitution with fluoride occurred, tetrabutylammonium fluoride in the
presence of water led to [BjoHiq OHJ?". Yields were high to very high, and reaction times were short

when using a microwave oven as a heating source.

Keywords: dodecaborate(2-); dodecahydrido-closo-dodecaborate(2-); Pd catalysis; halogen exchange;
click reaction

1. Introduction

Dodecaborate clusters are of increasing interest because of their special supramolecular
properties: they are water soluble due to their inherent charge, and yet they can interact
strongly with hydrophobic surfaces. This can be used in, e.g., their binding to the interior
of cyclodextrins [1-4], or to the outside surface of cucurbiturils [5], and it also manifests
itself in large retention factors in chromatography on hydrophilic matrices in water [6].
They can form ionic liquids even with Li* as the cation [7]. At the basis of these phenomena
is the weak interaction of the cluster with water as a solvent [8]. While a proper choice of
counterion allows good to excellent solubility in water, the solvent interacts only weakly
and can therefore be removed easily. This phenomenon makes dodecaborate compounds
the first example of superchaotropic agents [4,9].

Such properties are not found in organic compounds. Making full use of these proper-
ties requires that the boron cluster is attached to other (organic, organometallic, or inorganic)
units. This requires that suitable functionalization methods allow the dodecaborate to react
with other functional groups in other building blocks, so that a linkage between them can
combine properties from both components. In the past, known types of reactions have been
rather limited, and they were achieved mostly by attaching organic moieties to heteroatoms
such as O [10,11], N [12-14], and S [2,15] (for an overview, see Scheme 1).

Recently, we have found that Pd-catalyzed cross-coupling with anilines and amides
of monoiodo-dodecaborate ([Bi12H;11]?7) leads to the formation of B-N-linkers between
the dodecaborate and the organic moiety [16]. Previously, [B1,H111]>~ was reacted under
Kumada coupling conditions with Grignard reagents [17,18]. The procedure to introduce an
iodine atom into the [By,Hy»]?~ cluster could be improved considerably by using not molec-
ular iodine, but N-iodosuccinimide, resulting in very clean stoichiometric iodinations [19].
The corresponding N-chloro- and N-bromosuccinimides result in the corresponding chloro-
and bromododecaborates, again in clean reactions with well-controllable stoichiometry. The
[Bi12H11NH3]~ was obtained before by reaction with hydroxylamine-O-sulfonic acid; using
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a Buchwald-Hartwig cross-coupling, we could obtain [Bi,H;1NH;3]~ from [BioHy 12
with urea as source of nitrogen, followed by acid-catalyzed hydrolysis.

Previous work
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Scheme 1. Substitution reactions of [B1oHy2 ]2~

While the selective introduction of a single halogen atom is possible, the forma-
tion of [B1,H11OHJ?~, described before [20], uses strongly acidic conditions; it therefore
usually leads also to di-substituted products as byproducts [20]. Other dodecaborate
substituents such as cyanide, azide, cyanate, and thiocyanate have not been described.
The isocyanate derivative has been obtained before through a Curtius rearrangement of a
carbonyl azide [21].

In the course of our continued exploration of the further reactivity of [B1oH 1127,
especially with respect to other Pd-catalyzed reactions, reactions with apparently innocent
salts, such as NaBr and tetrabutylammonium bromide, occurred. We were very surprised
to find that an exchange of the iodide with other nucleophiles was possible, and we could
obtain compounds which had not been obtained before. Several of these compounds can
be reacted further, while others might be unwanted side products in further reactions.

2. Results

Our investigation started with an observation when we tried to run Pd-catalyzed cross-
coupling reactions in a heterogeneous system of water and immiscible solvents. In order
to increase the solubility of water-soluble anions, we wanted to resort to phase transfer
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catalysts such as BusNBr to transfer the anion into the organic phase. To our surprise, even
in the absence of any further reagent (except KOH, which would serve as a base for other
reactions) we found conversion of [B;;H;1I]*~ to the corresponding [B12Hi Br]>~. Halogen
exchange is known to occur in aryl halides [22], but we had not observed this reaction
when further, probably better, groups with good ability to interact with the Pd cation were
present. We therefore checked further salts, first with the tetrabutylammonium cation, and
then with Na* as the counterion.

Successful exchange reactions could be performed using Pd;(dba)s as the Pd source
and Davephos as the ligand in DMSO, as previously found for Buchwald-Hartwig type
cross-couplings (Ref. [16]). For the reaction with the halides and pseudohalides Br—, C1~,
and N3 7, the choice of counterion (BusyN* or Na*) did not matter, and the corresponding
derivatives were obtained in good yield. Depending on the workup, there might be a
partial or complete exchange of the cation when starting with BugsN™ salts of the cluster
and using a sodium halide as a halide source.

Reactions were considerably faster, at identical temperatures, when conducted with
microwave heating. This is in agreement with our previous experience with substitution
reactions on dodecaborates [16,23]. We attribute this to the inherent dipole of the cluster
and the ionic conduction, both of which are known to increase the energy transfer of
microwave radiation into the solution.

We then checked whether KOH as base (required for Buchwald-Hartwig or Suzuki
reactions) was necessary by leaving it out, and the reaction proceeded equally well without
KOH. Scheme 2 shows the conditions and the scope.

o
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Scheme 2. Reaction of [BypHj11]?~ to halides and pseudohalides.

We were able to obtain an isocyanate using NaNCO as a cyanate donor. This com-
pound has been obtained before by the reaction of the CO derivative of dodecaborate [24]
with sodium azide through a Curtius rearrangement [21]. On the basis of the 1B NMR
spectrum, we identified the N atom as the B-bonded atom, which resonates at —10 ppm
in agreement with the product described in the literature [21]. For oxygen compounds
bound to B, boron-11 resonances at positive ppm values (relative to BF3 etherate) are
observed [20,25], while the compound isolated here, as all other B-N cluster bonds, has a
resonance at negative ppm values for the heteroatom-substituted B atom.
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The analogous reaction with thiocyanate did not provide any product. This might, in
part, be attributed to strong interactions between the sulfur of the thiocyanate and the Pd
atom (observed for similar structures not containing boron [26]), preventing any further
reactions. The thiocyanate had been obtained before by the reaction of the dirhodanide
pseudohalogen with [B12H12]?~ [27], in a reaction similar to other halogenation reactions.

When trying to exchange the iodide of [B1oHp1I]2~ with F~, using anhydrous tetra-
butylammonium fluoride, or NaF, we did not succeed in obtaining any substitution with
fluoride. When using the trihydrate of the BuyNF and KOH as a hydroxide source, a
very clean reaction to [B1,H11OH]?~ occurred. Given the ease of preparing [BioHy 12
in its pure monosubstituted form with N-iodosuccinimide and its smooth conversion to
[B12H11OHJ?~ described here, this route might be preferable to the routes described in the
past, which used aqueous acid.

The hydroxy derivative was a side product when using the common hydroxides
(sodium, potassium, tetrabutylammonium—the latter either in water or in THF). With these
reagents, only a little hydroxydodecaborate (20% at most) was formed. This also manifests
itself in the observation that KOH is a good base for cross-coupling reactions, both here and
in the Buchwald-Hartwig reaction, without the formation of hydroxydodecaborate [16].
This is in contrast with the reaction of aryl halides with KOH in water, which, under Pd
catalysis, leads to phenols in excellent yields [28].

For CN™ as anion, neither tetrabutylammonium nor sodium as countercations gave
the desired product. In addition, KCN, Zn(CN),, and K4[Fe(CN)] did not provide any
cyano products. Only its copper(I) salt could be used successfully (Scheme 2).

Previously, the complete replacement of the iodine atoms on [By2I2]%~ with CN—,
using Pd salts and prolonged high-temperature heating with microwave irradiation, has
been reported by Kamin et al. [29]. A bulky Pd ligand, tBuPrettPhos, more space demanding
than the Davephos used here, was needed for achieving reasonable yields.

Further reactions of the new compounds obtained here (see Scheme 3) are also of great interest.
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2— _ |
>—<7 N Y/
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not observed
Scheme 3. Reactions of [B1,H1{NCO]?~ and [B1,H;1N3]%~. (a): Ref. [21].

The azide obtained here for the first time invites one to perform click chemistry.
While this has been described for carboranyl azides [30], such reactions have not yet
been described for the dodecaborate cluster. As a prototype reaction, we used acetylene
dimethylcarboxylate. The desired product was obtained in excellent yield after only short
reaction times and a simple workup.

The isocyanate (described previously and used for reactions by others [21]) is known
to react to the corresponding urea derivative with amines. We tested whether we could
also cause a reaction with alcohols under basic conditions to the corresponding carbamates.
To our surprise, alkoxides could not react to form the desired product. We attribute this
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to the large electron density donated by the cluster to the carbonyl carbon. We have seen
previously that the cluster considerably increases the pK; values of the -SH and the -NH,
groups attached to it [15,31].

3. Discussion

The exchange reactions described here work only with [B1,Hy1 112~ as the starting
material. The bromide and the chloride did not react; we had already observed this for cross-
coupling reactions with amides and anilines [16]. This is in contrast to carboranes, where
the bromide can undergo reactions to the isocyanate and azide, and to the amides [30].

We speculate that the exchange with the halides and pseudohalides happens after the
oxidative insertion of the Pd into the B-I bond, similar to the mechanisms proposed for
the aryl halide exchange [22]. The iodide that had been bound originally to the cluster can
exchange with the incoming halide or pseudohalide, and the resulting complex undergoes
reductive elimination to the final product. While one would expect this to work in both
directions, we found before that in contrast to [B;;Hy1I]?>~, the chloro- or bromoderivatives
were non-reactive in cross-coupling with Pd under Buchwald-Hartwig conditions [16].
Thus, even if the formation of the bromo- or chloro-dodecaborate might not be an ener-
getically favored reaction, due to the low reactivity of the product under cross-coupling
conditions, the oxidative insertion of Pd into the B-Br or B-CI bond will not be possible,
and the product will therefore accumulate. The fluoride might be too hard a nucleophile to
bind well to the Pd (which is known to be a soft electrophile) and to replace the iodide in
the complex.

Our results might also be of importance when salts are added as presumably non-
reacting additives to cross-coupling reactions with [Bj;Hj11]?~, as the anions of the salts
might react preferentially.

The surprising formation of [B1oH;1OHJ?~ offers a new route to this compound, which
can act as a nucleophile and be alkylated or acylated [11].

The preparation of the isocyanate has been achieved before through a multistep
reaction from the carbonyl-substituted cluster [21]. The method proposed here is an
alternative, which might result in an easier preparation of this compound.

While the bromo- and chloro-dodecaborates will be largely chemically inert, the
pseudohalogens azide, isocyanate, and cyanide can react further. The reaction of the
isocyanate with amines is known [21]. Even more interesting for further reactions is the
click reaction of the azide with alkynes. As the click reaction occurs under mild conditions,
and there are plenty of potential alkyne reaction partners, their conjugation with the
dodecaborate and its unique properties might open up new opportunities in cellular
transport of attached biological effectors [32], in covalent stabilization of non-covalent
networks [33], and in further applications.

4. Materials and Methods

Dodecahydrido-closo-dodecaborate was purchased as Cs* salt from BASF. It was
converted to tetrabutylammonium salt by precipitation from an aqueous solution with
BuyNCl dissolved in water. All other chemicals and solvents were from Sigma-Aldrich, St.
Louis, MO, USA, or Carl Roth, Karlsruhe, Germany, and were used as received.

1B NMR spectra were recorded on a JEOL 400 MHz spectrometer at 25 °C. Chemical
shifts were referenced relative to external BF3 etherate. MestReNova V10.0.2-15465 S3
software (Mestrelab Research, Santiago de Compostela, Spain) was used to visualize the
spectra. Coupling constants (J) are reported in Hertz (Hz). NMR spectra of the new
compounds described here are provided in the Supplementary Materials (Figures S1-516).

Mass spectra were recorded on a Waters QTOF Premier spectrometer in negative
mode, using acetonitrile as solvent for electrospray. The 1/z values reported below are
those of the most intense peaks. MS spectra of the new compounds described here are
provided in the Supplementary Materials (Figures S17-522).
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Reagents and solvents were commercially available and used without further purifi-
cation. The [B1oHi11]>~ (BugN), was prepared according to the literature procedure, with
some modifications. Tetrabutylammonium bromide, tetrabutylammonium chloride, tetra-
butylammonium fluoride trihydrate, copper cyanide, sodium bromide, sodium chloride,
tetrabutylammonium azide, sodium azide, Davephos, and Pd,(dba); were purchased from
Sigma-Aldrich and were used as received. The DMSO, dichloromethane, acetonitrile, and
silica gel (Grade 60, 230-400 Mesh) were from Carl Roth. Celite (545 filter aid, not acid
washed, powder) was from Fisher. All cross-coupling reactions were performed in an
oven-dried 10 mL round-bottom flask. The thin-layer chromatography (TLC) AluSil plates
were from MachereyNagel, Diiren, Germany. The TLC samples for borane-containing
compounds were stained with 1 wt.% PdCl, in 6 M HCI and were developed using a heat
gun. An open-vessel microwave oven (CEM Discover, Model 908860, or HNZXIB, Model
MCR-3) was used.

4.1. General Procedure

A dry 10 mL round-bottom flask fitted with condenser was charged with 1.0 equiv-
alents of: (BusIN)»B12H;j1l, Pdy(dba)s (5 mol%); Davephos (10 mol%); 3-5 equivalents
of tetrabutylammonium bromide or NaBr for synthesis of (BusIN),B1,H;11Br; Tetrabuty-
lammonium chloride or NaCl for synthesis of (BusN);B1,H;11Cl; Tetrabutylammonium
azide or NaNj for synthesis of (BusN),B12H11N3; Tetrabutylammonium fluoride-3H,O
and 5.0 equivalents of KOH were used for the synthesis of (BusN),B1o,H;;OH; and cop-
per(I)cyanide was used for the synthesis of (BusN);B1,H11CN. Subsequently, 2.0 mL of
anhydrous DMSO was added. The reaction flask was filled with N, and connected to a
condenser. The round-bottom flask was placed in a CEM microwave oven and heated to
150 °C, at a maximum power of 300 W, for 15 min with stirring (high), or heated in an
oil bath at 150 °C for 3-5 h until the starting (BusN),B1,H11I was completely consumed,
as judged by "B NMR and TLC. The mixture was cooled to room temperature and then
filtered through a funnel filled with cotton, celite, and filter paper. The resulting solution
was concentrated under reduced pressure and the crude product was subjected to silica gel
chromatography using a gradient of acetonitrile (0-25%) in DCM.

The spectroscopic data of the compounds known from the literature (Br, Cl, OH) agree
with the literature data.

(BugN);B1,Hy1Br: 1B NMR (129 MHz, DMSO-dg, §): —19.30 (d, ] = 128 Hz, 1B, B-H),
—16.27 (d, ] = 134 Hz, 5B, B-H), —14.71 (d, ] = 136 Hz, 5B, B-H), —8.91 (s, 1B, B-Br). HRMS
(ESI/TOF) m/z for BypHj1Br [M]?~: 110.55 (found: 110.57).

(BugN),;B1,Hy1ClL: ''B NMR (129 MHz, DMSO-d;, §): —20.8 (d, ] = 129 Hz, 1B, B-H),
—17.2(d, ] = 129 Hz, 5B, B-H), —15.5 (d, ] = 131 Hz, 5B, B-H), —3.7 (s, 1B, B-Cl). HRMS
(ESI/TOF) m/z for B1;Hy1Cl [M]?>~: 88.08 (found: 88.10).

(BugN);B12H11N3: 1'B NMR (129 MHz, DMSO-dg, 6): —19.61 (d, ] = 129 Hz, 1B, B-H),
—16.07 (d, ] = 129 Hz, 5B, B-H), —16.43 (d, | = 131 Hz, 5B, B-H), —2.68 (s, 1B, B-N3). HRMS
(ESI/TOF) m/z for Bj;H11N3 [M]?~: 91.60 (found: 91.62).

(BugN);B12Hy1OH: 1B NMR (129 MHz, DMSO-dg, 8): —25.81 (d, ] = 129 Hz, 1B, B-H),
—19.71 (d, ] =125 Hz, 5B, B-H), —17.08 (d, ] = 124 Hz, 5B, B-H), 4.23 (s, 1B, B-OH). HRMS
(ESI/TOF) m/z for Bi,Hy;OH [M]?~: 79.10 (found: 79.10).

(BugN),B12H11CN: 1B NMR (129 MHz, DMSO-dg, §): —22.86 (s, 1B, B-CN) —18.60 (d,
J =149 Hz, 1B, B-H), —16.43 (d, ] = 123 Hz, 10B, B-H). HRMS (ESI/TOF) m/z for B;oH11N3
[M]?~: 83.60 (found: 83.61).

(BugN);B1,H11NCO: "B NMR (129 MHz, DMSO-d;, §): —21.25 (d, ] = 123.7 Hz, 1B,
B-H), —18.72 (d, ] = 154.14 Hz, 5B, B-H), —17.40 (d, ] = 154.14 Hz, 5B, B-H), —9.75 (s, 1B,
B-NCO). HRMS (ESI/TOF) m/z for Bj;Hyj1NCO [M]?~: 91.59 (found 91.60).

4.2. Click Reaction

(BugN);B12H11N3, (1 mmol) was dissolved in CH3CN; subsequently, Cu(I)OAc
(0.2 mmol) and sodium ascorbate (0.3 mmol) were added. Then, dimethyl but-2-ynedioate
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(2.0 mmol) was added to the mixture and the reaction mixture was stirred at 85 °C for 3 h.
The reaction progress was monitored by TLC and NMR. After the complete consumption
of the starting material, the reaction mixture was allowed to cool to room temperature, and
the insoluble materials were removed via filtration. The desired product was collected in
95% yield by a short plug of silica gel using 1:1 DCM:Acetonitrile.

1B NMR (129 MHz, Acetonitrile-ds, 8): —5.4 (s, 1B), —16.4 (d, ] = 50 Hz, 5B), —17.1 (d,
] =48.9 Hz, 5B), —18.4 (d, ] = 83 Hz, 1B). 'H NMR (400 MHz, Acetonitrile-d3, §): 0.95-0.98
(t, 24H), 1.31-1.40, 16H), 1.56-1.64 (m, 16H), 3.07, 3.09, 3.11 (m, 16H), 3.80 (s, 3H), 3.84 (s,
3H). HRMS (ESI/TOF) m/z for BjyH17CO4N3 [M]?~: 162.61 (found: 162.60).

5. Conclusions

We have found that [B1,Hj11]?~ reacts with other halides and pseudohalides under
cross-coupling conditions to yield compounds which have not been previously obtained,
and to yield other products in a simple manner. Several of these compounds can be reacted
further, thus considerably broadening the possibilities of linking the dodecaborate cluster
to other fragments of interest for biology, drug development, and material sciences.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28073245/s1, Figure S1: UB{H}-NMR of (BusN),B1,H;1Br;
Figure S2: 1'B-NMR of (BugN),B1,Hy; Br; Figure S3: 1'B{H}-NMR of (BugN),B,H;;Cl; Figure S4: 11B-
NMR of (BuyN),B1,H;;Cl; Figure S5: ''B{H}-NMR of (BuyN),;B;,H;;OH; Figure S6: 'B-NMR
of (BugN),Bj,H;1OH; Figure S7: 'B{H}-NMR of (BuyN),B1,H;;NCO; Figure S8: "'B-NMR of
(BugN),B1,H 1 NCO; Figure S9: "'B{H}-NMR of (BuyN),B1,H;;CN; Figure S10: ''B{H}-NMR of
(Bu4N)2B12H11CN; Figure S11: 11B{H}—l\ﬂ\/IR of (BU4N)2B12H11N3; Figure S12: 11B{H}—l\“\/IR of
(Bu4N)2Ble11N3; Figure S13: 11B{H}-I\H\/IR of (BU4N)2312H11-C6H6O4; Figure S13: 11B{H}-I\H\/IR
of (BugN),B1,H11-C¢HgOy; Figure S15: 'H-NMR of the click reaction product; Figure S16: MS
spectrum of [B1,H11ClJ%—; Figure S17: MS spectrum of [B1,H11Br]*—; Figure S18: MS spectrum
of [B1yH;OH?—; Figure S19: MS spectrum of [B1oH1;NCOJ*—; Figure S20: MS spectrum of
[B1oH11N312—; Figure S21: MS spectrum of [B12H1;CNJ%—; Figure S22: MS spectrum of [B1,Hj-
C6H6O4]27.
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Abstract: The reduction of a variety of aromatic and aliphatic nitriles, activated by a molar equivalent
of titanium tetrachloride, has been achieved at room temperature using ammonia borane as a safe
reductant. The corresponding methanamines were isolated in good to excellent yields following a
simple acid-base workup.
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1. Introduction

The amine moiety in organic molecules is considered extremely important due to
their multifaceted functions, especially in life sciences [1] and industrial chemistry [2,3].
Their applications encompass agro, materials, dye, textile, pharma, surfactant, plastic, and
paper industries, to name a few. Accordingly, their syntheses have been the subject of
intense research for organic chemists [4,5]. Primary amines function as intermediates or
end-products in organic synthesis and have received their due attention. While reductive
amination using ammonia or ammonium salts can be envisioned for their synthesis, it is
often very challenging to perform [6-8]. Another simple process for primary amines is
readily achieved via the reduction of organonitriles (Scheme 1) [9].

(i) Ho/cat.
(i) LiAIH,4
iii) NaBH,4 + additives
iv) B-THF, BMS

(

( o~
> R NH,

(v) catechol/pinacolborane+ catalyst

(vi) TH, amine-borane + catalysts

(vii) aminoboranes

(

viii) silanes + catalyst

Scheme 1. Reduction of organonitriles to primary amines.

Catalytic hydrogenation (Scheme 1i) Of nitriles to amines depends on the reaction
conditions [10] and often the intermediate imine-derivatives undergo side reactions to form
secondary and/or tertiary amines. Among the hydride reducing agents, lithium aluminum
hydride (LAH) can reduce nitriles to amines [11,12] (Scheme 1ii), whereas sodium boro-
hydride (SBH) fails to achieve the reduction [13-15]. However, SBH with metal/metal
salt additives [16-20], such as aluminum chloride, indium chloride [21], zinc chloride,
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R,SeBr, [22], etc. has been utilized for this reduction (Scheme 1iii). Borane derivatives,
such as borane-tetrahydrofuran (B-THF) and borane-dimethyl sulfide (BMS), have also
been used for the reduction of nitriles [23,24] (Scheme 1iv). Oxoborane derivatives, such as
catecholborane or pinacolborane, which are slow in their reactivity compared to borane
or its alkyl derivatives have also been used to reduce nitriles by using transition metal
activators as catalysts [25-28] (Scheme 1v). Several metal-catalyzed transfer hydrogena-
tions (TH) using amine-boranes, including ammonia-borane to convert a nitrile to an amine
have also been reported recently (Scheme 1vi) [29-34]. Diisopropylaminoborane gener-
ated via the dehydrogenation of the corresponding amine-borane has been shown to be
effective for the reduction of nitriles to amines [35] (Scheme 1vii). The literature is also
permeated with reports on the use of silane derivatives in the presence of activators for
nitrile reduction [36—42] (Scheme 1viii).

Most of these procedures have several serious drawbacks, such as air- and moisture-
sensitivity of the reagents, expensive nature of the reagents or catalysts, the formation
of dialkylamines, etc. Efficient procedures for the reduction of nitriles are still being
sought actively. As part of our program on amine-boranes, we recently described the
reduction of ketones [43] as well as carboxylic acids [44] using ammonia borane (AB, 1a)
in diethyl ether (Et,O), in the presence of sub-stoichiometric titanium tetrachloride as an
activator (Scheme 2). While comparing the competitive reduction of a carboxylic acid and
an organonitrile, under standard conditions, the latter was observed to be unreactive. Due
to the importance of primary amines, we were eager to learn whether an organonitrile will
succumb to the reaction under modified conditions. Accordingly, a systematic examination
was initiated and reported herein is the facile conversion of nitriles to primary amines, at
room temperature, with ammonia borane in the presence of a molar equivalent of titanium
tetrachloride as the activator. Both aliphatic and aromatic nitriles underwent reduction, and
the products were isolated, in good to excellent yields, using a simple acid-base workup.

TiCl, (10 mol%) OH

0
L NHs-BH5 (0.5 to 1.0 equiv.) 1

R™ X Et,0 (0.33 M), 25 °C R™ X
X =R, OH X=R, H

Scheme 2. Reduction of carbonyls activated by TiCl; using ammonia borane.

2. Results and Discussion

The successful hydroboration of alkenes [45] and alkynes [46] with 1a in refluxing
tetrahydrofuran (THF), as opposed to the lack of any reaction at room temperature [47],
led us to attempt the hydroboration (reduction) of a representative nitrile, benzonitrile
(2a) with 1a in refluxing THE. Surprisingly, even after 20 h, the reaction was only ~24%
complete with one equiv. and ~60% complete with two equiv. of the reducing agent 1a
(entries 2 and 3, Table 1). This prompted a logical modification of the reaction of 2a, which
was conducted, under catalyzed conditions, in diethyl ether at room temperature. Unlike
the sub-stoichiometric (10%) catalyst loading reported for the reduction of ketones and
acids [43,44], the reaction was now performed in the presence of increasing amounts of the
activator titanium tetrachloride as well as differing stoichiometries of the reducing agent,
1a. The reaction was followed by thin layer chromatography for the disappearance of 2a.
After several attempts, we were delighted to observe that using a molar ratio of 1:2:0.7 for
2a:1a: activator led to complete conversion of 2a to benzylamine (3a) in 77% isolated yield
within 3 h (entry 4, Table 1). No conversion of benzonitrile was observed in the absence of
the catalyst, confirming the crucial necessity of TiCly for this reduction (entry 1, Table 1).
Remarkably, increasing the stoichiometry of TiCly to 1 equiv. and of 1a to 2 equiv. provided
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an increase in yield (95%), while decreasing the reaction time to an hour (entry 5, Table 1).
Decreasing the reagent load of 1a to 1.5 equiv., however, resulted in an inefficient reaction
and the yield decreased to 71% (entry 6, Table 1). Increasing the reaction time up to 24 h
did not have any effect on the yield.

Table 1. Optimization of reaction conditions for the reduction of benzonitrile.

Entry LA R;N-BH; LA:R;N-BH;  Solvent Time, h Yli);{’;},"ﬁf/o
1 none 1a 0:2 Et,O 24 NR?
2 none 1a 0:1 THF 20 24°¢
3 none 1a 0:2 THF 20 60 €
4 TiCly 1a 0.7:2 Et,O 3 77

54 TiCly 1la 1:2 Et,0 1 95
6 TiCly 1la 1:1.5 Et,0 24 71
7 TiCly 1a 0.7:2 CH,Cl, 3 71
8 TiCl, 1la 0.7:2 THF 3 20
9 TiCly 1a 0.7:2 pentane 3 NR?
10 TiBry 1la 0.5:2 Et,O 3 95
11 HfCly 1a 0.7:2 Et,O 3 63
12 BF3.0Et, la 0.7:2 Et,O 3 17
13 AlICl; 1la 0.7:2 Et,O 3 65
14 FeCly 1a 0.7:2 Et,0 3 55
15 TiCly 1b 12 Et,O 3 16
16 TiCly 1c 12 Et,0 3 17
17 TiCly 1d 12 Et,0 3 NR?
18 TiCly 1e 12 Et,O 3 34

% isolated yield. ” NR = no reaction. ‘determined as a mixture of 3a and 2a by PMR after workup. ¢ optimal condition.

The conversions and reaction rates for amine formation from nitriles strongly de-
pended on the reaction parameters, such as solvent, Lewis acid and its equivalences, as
well as the amine-borane used. The effect of the solvent was exemplified by replacing
Et,O, with dichloromethane (CH,Cl,), THF, and pentane under similar conditions. These
observations confirmed that Et,O is the best solvent to effect the transformation effortlessly
(entries 7-9 in Table 1).

Next, other common Lewis acids, such as TiBry, HfCly, BF;eEt,O, AlCl3, and FeCls,
were examined (entries 10-14, Table 1). Among these catalysts, TiBrs showed good catalytic
activity (entry 10). However, due to the relatively higher cost of TiBry, TiCly was used as
the catalyst for subsequent studies.

The effect of the amine-borane reductant was then examined by incorporating amine-
boranes of differing substitutions on the nitrogen, prepared in our laboratory [48,49],
in place of 1a. Thus, 1°-(n-propylamine-borane, 1b) 2°-(dimethylamine-borane, 1c), 3°-
(triethylamine-borane, 1d) and heteroaromatic (pyridine-borane, 1e) were examined (Figure 1)
and the results reveal that 1a is the most efficient among all the amine-boranes tested
(entries 15-18 in Table 1). Notably, when triethylamine-borane (1d) was used, no reduction
was observed (entry 17, Table 1).
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n-Pr / >
HiB=NH3 HiB-~N-H H,B~N—-H H3B+N—/ HB-N D
) \ | -

¥ —
1a 1b 1c 1d 1e

Figure 1. Amine-boranes examined for the reduction of organonitriles.

Having optimized the reaction conditions to achieve the reduction of benzonitrile
in 95% yield, the scope of the methodology was studied with respect to the organoni-
trile partner (Figure 2). Initially, the effect of substitutions on the benzene ring at the
ortho-, meta-, and para-positions was evaluated. Thus, ortho-chlorobenzonitrile (2b), meta-
fluorobenzonitrile (2¢), and para-fluoro-(2d), -chloro-(2e), and -bromo-(2f) benzonitriles
were converted to the corresponding amines (3b-3f) in 70-72% yields, respectively. Ad-
ditionally, 2,4-difluorobenzonitrile (2g) provided the desired benzylamine product 3g in
77% yield. No dehalogenation product was observed in all these cases.

TiCly (1eq)
NH5-BH5 (2.0 equiv.
Ar—CN 3 3 ( guiv.) a Ar/\NHz

Et,0 (0.33 M), 25 °C, (1-3) h
F

amines from aryl nitriles

NH, \©/\

Qg

e

(3a, 94%, 1h) (3b, 72%, 1h) (3¢, 73%, 1h) (3d, 72%, 1h)
/@/\NHZ I©/\ /@/\ /©/\NH2
cl Br FiC
(3e, 77%, 1h) (3f, 70%, 1h) (39, 77%, 1h) (3h, 97%, 1h)
NH2
S o LS SR

(3i, 99%2, 3h) (3], 86%2, 3h) (3k, 86%, 1h) (31, 51%, 3h)

2

8~§

(/;LNHZ

(3m, 83%, 3h) (3n, 73%, 3h)

2.5 equiv. NHaBH3 was used.

Figure 2. Reduction of activated aromatic nitriles with ammonia borane.

Reductions of benzonitrile with an electron-deficient group on the aromatic ring, for
example, 4-trifluoromethylbenzonitrile (2h) underwent the reduction efficiently to the
corresponding amine 3h in almost quantitative yield 97%, indicating that weak electron-
withdrawing groups have no impact on this transformation. The electron-donating 2- and
4- methyl (2i-2j) did not inhibit the formation of amines (3i-3j), isolated in 99% and 86%
yields in 3 h, respectively, although a slightly higher molar equivalent of 1a (2.5 equiv.)
was necessary for complete reduction. Furthermore, the reaction of increased electron-
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donating 4-methoxybenzonitrile was converted to the desired product methanamine 3k
in good yield (86%). It should be noted that higher temperatures were required when
diisopropylaminoborane reagent was used for reduction of 2k [35]. However, para-N,
N-dimethylaminobenzonitrile (21) provided the corresponding aminobenzylamine (31),
albeit in diminished yield (51%) even when the reaction was extended to 24 h. The sluggish
reactivity was attributed to the deleterious effect of the dimethylamino group, which might
be exchanging borane with ammonia and rendering the reduction ineffective or due to the
deactivation of the catalyst by complexation with the non-bonding electrons on nitrogen.

As a representative of a bulky aryl nitrile, 1-cyanonaphthalene (2m) was subjected to
the new ammonia borane reduction under the optimized conditions when the correspond-
ing 1-naphthylmethanamine (3m) was isolated in 83% yield. In addition, a representative
heteroaromatic nitrile, 1-thiophenenitrile (2n) also proved highly amenable to the reaction
conditions and afforded thiophenylmethanamine (3n) in 73% yield.

Reduction of alkyl nitriles is considered a challenge and numerous methodologies
have failed to reduce aliphatic nitriles to primary amines, mainly due to a competitive de-
protonation of the acidic x-proton prior to the reduction of the nitrile moiety. Accordingly,
a series of straight chain and branched aliphatic nitriles were also included in the study. We
were pleased to observe that the ammonia-borane/TiCl4 reducing system is effective for the
reduction of these nitriles as well (Figure 3). Our catalytic system does not induce deproto-
nation and, indeed, all the aliphatic nitriles were reduced, within 3 h, to their corresponding
amines at room temperature in excellent yields. For example, acyclic octane- (20) and dode-
canenitrile (2p) were reduced to the amines 30 and 3p, respectively, in 89% and 92% yields.
A branched nitrile, cyclohexanenitrile (2q) was also reduced, albeit, in a decreased 63%
yield, to the corresponding methanamine 3q. Additionally, substituted, and unsubstituted
2-phenylethanenitriles were examined and all of them provided the corresponding amines
in >90% yields. Thus, the parent 2-phenylethanenitrile (2r), 2-(4-fluorophenyl)ethanenitrile
(2s), 2-(4-methoxyphenyl)ethanenitrile (2t) and 2-(2’ 4’-difluorophenyl)ethanenitrile (2u)
with electron-neutral,-poor, and -rich substituents were converted to the correspond-
ing amines 3r-3t in 90%-98% yields. Gratifyingly, even a highly hindered ethanenitrile
derivative, such as o, a-diphenylethanenitrile (2v), was reduced to the corresponding
f3,B-diphenylethylamine (3v) in quantitative yield 95%.

TiCly (1eq)
NH3-BH3 (2.0 equiv.)

Et,0 (0.33 M), 25 °C, (1-3) h

R=CN

R”NH,

amines from aliphatic nitriles

H,
NH
W\/\/NHZ WNHZ ©/\,

(30, 89%, 3h) (3p, 92%, 3h) (39, 63%, 3 h) (3r, 94%2, 3h)
o o ij” 94 \‘
(3s, 94%, 3 h) (3t, 98%, 3h) 90%, 3 h) (3v, 95%, 3h)

425 equiv. NH;BH; was used.

Figure 3. Reduction of activated aliphatic nitriles with ammonia borane.
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3. Materials and Methods
3.1. General Information

Ammonia-borane [50] and other amine-boranes used in this study were prepared
according to our earlier published procedures [48,49]. Other reagents and solvents as well
as the amines or amine-hydrochlorides to prepare the amine-boranes were purchased from
Sigma-Aldrich or Oakwood chemicals. The nitriles, amines, sodium bicarbonate, and
sodium borohydride were used as received. Anhydrous diethyl ether was prepared by
distillation over sodium-benzophenone and anhydrous dichloromethane was prepared
by distillation over calcium hydride and stored under nitrogen atmosphere. Thin layer
chromatography (TLC) was performed on silica gel F60 plates and visualized under UV
light or ceric ammonium molybdate solution. The structures of the product amines were
confirmed by nuclear magnetic resonance (NMR) spectroscopy and measured in  values in
parts per million (ppm). 'H NMR spectra of reduction products were recorded on a Bruker
400 MHz spectrometer at ambient temperature and calibrated against the residual solvent
peak of CDCl3 (5 = 7.26 ppm) as an internal standard. The '*C NMR spectra were reported
at 101MHz (297 K) and calibrated using CDCl3 (5 = 77.0 ppm) as an internal standard.
Coupling constants (J) are given in hertz (Hz), and signal multiplicities are described of
NMR data as s = singlet, d = doublet, t = triplet, dd = doublet of doublets, dt = doublet
of triplets, qd = quartet of doublets, q = quartet, quint and p = pentet, m = multiplet, and
br = broad. 'B, 'H (300 MHz), and ¥C NMR (75 MHz) spectra of synthesized amine-
boranes were recorded at room temperature on a Varian INOVA or MERCURY 300 MHz
NMR instrument. !'B NMR spectra were recorded at 96 MHz and chemical shifts were
reported relative to the external standard, BF3:OEt; (6 = 0 ppm).

3.2. Experimental
3.2.1. General Procedure for the Preparation of Amines from Nitriles

The preparation of benzylamine from benzonitrile is typical. A 50 mL oven dried
round bottom flask was charged with benzonitrile (1 mmol, 1 equiv.) and a magnetic
stirring bar. The flask was sealed using a rubber septum. After purging the flask with
nitrogen, dry diethyl ether (or other solvents) (3 mL) was added, and the solution was
cooled to 0 °C with an ice bath. Subsequently, TiCly (or other Lewis acids) (1 mmol, 1 equiv.)
was added to the solution, dropwise via syringe if a liquid or by temporarily removing the
septum (under a flow of nitrogen) if a solid. The septum was then carefully opened (under
a flow of nitrogen) and ammonia borane (or other solid amine-borane) (2.0 mmol, 2.0 equiv.)
was added slowly to the reaction mixture (liquid amine-boranes were added via a syringe).
Upon complete addition, the reaction flask was again sealed with a septum. After stirring
at 0 °C for 1 min, the reaction mixture was allowed to warm to room temperature, stirred
and monitored by TLC for completion (disappearance of the starting nitrile), when the
crude mixture was brought to 0 °C using an ice bath and quenched by the slow addition of
cold 3 M HCI. The acidic solution was stirred for 30 min, made basic with 3 M NaOH to
pH 11, transferred to a separatory funnel and extracted with diethyl ether (2 x 15 mL). The
combined organic layers were washed with brine (1 x 3 mL), dried over anhydrous sodium
sulfate, filtered through cotton, and concentrated under aspirator vacuum using a rotary
evaporator. Any remaining traces of solvent were removed by subjecting to high vacuum
for 30 min. The product amines were characterized using 'H and '*C NMR spectroscopy
and compared with those reported in the literature and their references have been included.
The spectra are available in Supporting Information. The results from the optimization
experiments are shown in Table 1. Ammonia borane as the reductant and titanium chloride
as the Lewis acid in diethyl ether solvent was established as the optimal procedure for
subsequent reactions.

3.2.2. Characterization of Product Amines

Benzylamine (3a); The compound was prepared as described in the general procedure
(colorless oil, yield = 100 mg, 94%); TH NMR (400 MHz, CDCl3) & 7.35-7.30 (m, 4H),
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7.27-7.23 (m, 1H), 3.87 (s, 2H), 1.51 (s, 2H). 3C NMR (101 MHz, CDCl3) §143.2, 128.4, 127.0,
126.7, 46.4. Compound characterization is in accordance with previous reports [51].

2-Chlorobenzylamine (3b); The compound was prepared as described in the general
procedure (colorless oil, yield = 102 mg, 72%); TH NMR (400 MHz, CDCl3) § 7.37-7.30
(m, 2H), 7.27-7.13 (m, 3H), 3.90 (d, ] = 2.5 Hz, 2H), 1.60 (s, 2H). 13C NMR (101 MHz, CDCl3)
5140.5,133.2,129.4,128.8, 128.1, 127.0, 44.5. Compound characterization is in accordance
with previous reports [52].

3-Flourobenzylamine (3c); The compound was prepared as described in the general
procedure (colorless oil, yield = 91 mg, 73%); 'H NMR (400 MHz, CDCl3) & 7.33-7.23
(m, 1H), 7.05 (dd, | = 17.0, 8.4 Hz, 2H), 6.92 (t, | = 7.8 Hz, 1H), 3.86 (s, 2H), 1.48 (s, 2H).
13C NMR (101 MHz, CDCl3) §161.7, 145.8, 129.9, 129.8, 122.4, 113.9, 113.7, 113.6, 113.4, 45.9.
F NMR (376 MHz, CDCl3) § —114.9. Compound characterization is in accordance with
previous reports [53].

4-Fluorobenzylamine (3d); The compound was prepared as described in the general
procedure (yellow oil, yield = 90 mg, 72%); TH NMR (400 MHz, CDCl3) § 7.27 (dd, ] = 8.5,
5.5 Hz, 2H), 7.01 (t, ] = 8.7 Hz, 2H), 3.84 (s, 2H), 1.44 (s, 2H). '3C NMR (101 MHz, CDCl3)
§162.9, 160.5, 138.8, 128.6, 128.5, 115.3, 115.0, 45.7. 'F NMR (376 MHz, CDCl3) § —117.9.
Compound characterization is in accordance with previous reports [53].

4-Chlorobenzylamine (3e); The compound was prepared as described in the general proce-
dure (colorless oil, yield = 109 mg, 77%); 'TH NMR (400 MHz, CDCl3) § 7.29 (d, ] = 7.7 Hz, 2H),
7.25(d, ] = 7.0 Hz, 2H), 3.84 (s, 2H), 1.53 (s, 2H). 1*C NMR (101 MHz, CDCl;) 5141.5, 1324,
128.5,128.4, 45.7. Compound characterization is in accordance with previous reports [51].

4-Bromobenzylamine (3f); The compound was prepared as described in the general procedure
(colorless oil, yield = 130 mg, 70%); 'H NMR (400 MHz, CDCl3) § 7.42 (d, ] = 8.0 Hz, 2H), 7.16
(d, ] =82 Hz, 2H), 3.79 (s, 1H), 1.53 (s, 1H). 3C NMR (101 MHz, CDCl;) § 142.0, 131.4, 128.7,
120.4, 45.7. Compound characterization is in accordance with previous reports [52].

2,4-Diflourobenzylamine (3g); The compound was prepared as described in the general
procedure (colorless oil, yield = 110 mg, 77%); 'H NMR (400 MHz, CDCl3) & 7.33-7.23
(m, 1H), 6.87-6.72 (m, 2H), 3.84 (s, 2H), 1.52 (s, 2H). 13C NMR (101 MHz, CDCl3) §163.2,
161.9, 159.6, 129.9, 129.8, 129.7, 126.1, 126.0, 111.1, 110.9, 110.8, 103.9, 103.7, 103.4, 39.95,
39.91. YF NMR (376 MHz, CDCl3) § —113.9, —117.4.

(4-(Trifluoromethyl)phenyl)methanamine (3h); The compound was prepared as described
in the general procedure (colorless oil, yield = 170 mg, 97%); '"H NMR (400 MHz, CDCl;)
5758 (d, ] =8.0 Hz, 2H), 7.42 (d, ] = 8.1 Hz, 2H), 3.93 (s, 2H), 1.61 (s, 1H). 3C NMR 3C NMR
(101 MHz, CDCl3) $146.9, 128.5, 127.2, 125.35, 125.31, 122.8, 45.8. ’F NMR (376 MHz, CDCls)
5 —63.9. Compound characterization is in accordance with previous reports [53].

o-Tolylmethanamine (3i); The compound was prepared as described in the general proce-
dure (colorless oil, yield = 118 mg, 99%); 'H NMR (400 MHz, CDCl3) § 7.31 (d, ] = 6.6 Hz, 1H),
7.24-7.14 (m, 3H), 3.86 (s, 2H), 2.34 (s, 3H), 1.69 (s, 1H). 13C NMR (101 MHz, CDCl3) §140.9,
135.4,130.2,127.0, 126.7,126.1, 43.9, 18.7. Compound characterization is in accordance with
previous reports [53].

4-Methylbenzyl amine (3j); The compound was prepared as described in the gen-
eral procedure (colorless oil, yield = 104 mg, 86%); 'H NMR (400 MHz, CDCl3) & 7.19
(d,J=8.0Hz,2H), 7.15 (d, ] = 5.4 Hz, 2H), 3.81 (s, 2H), 2.33 (s, 3H), 1.54-1.44 (m, 2H).
13C NMR (101 MHz, CDCl3) $140.3, 136.2, 129.1, 126.9, 46.2, 21.0. Compound characteriza-
tion is in accordance with previous reports [51].

4-Methoxybenzylamine (3k); The compound was prepared as described in the gen-
eral procedure (Colorless oil, yield = 118 mg, 86%); 'H NMR (400 MHz, CDCl3) 6§ 7.22
(d, ] = 8.6 Hz,2H), 6.87 (d, ] = 8.6 Hz, 2H), 3.79 (s, 5H), 1.43 (s, 2H). 3C NMR (101 MHz, CDCl3)
5158.4, 135.5, 128.2, 113.8, 55.2, 45.8. Compound characterization is in accordance with
previous reports.

4-(Aminomethyl)-N,N-dimethylaniline (31); The compound was prepared as described in
the general procedure (yellow oil, yield = 77mg, 51%); TH NMR (400 MHz, CDCl3) & 7.18
(d, ] =8.6 Hz, 2H), 6.72 (d, ] = 8.7 Hz, 2H), 3.76 (s, 2H), 2.93 (s, 6H), 1.47 (s, 2H). 3C NMR
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(101 MHz, CDCl3) 5149.7,131.5,127.9, 112.8, 45.9, 40.7. Compound characterization is in
accordance with previous reports [54].

Naphthalen-1-ylmethanamine (3m); The compound was prepared as described in the
general procedure (yellow oil, yield = 130 mg, 83%); 'H NMR (400 MHz, CDCl3) & 8.07
(s, 1H),7.89(d, ] =7.8 Hz, 1H), 7.78 (d, | = 8.1 Hz, 1H), 7.59-7.43 (m, 4H), 4.32 (s, 2H), 1.59
(s, 2H). 3C NMR (101 MHz, CDCl3) §138.9, 133.8, 131.1, 128.8, 127.5, 126.1, 125.6, 125.5,
124.4,123.1, 44.0. Compound characterization is in accordance with previous reports [53].

Thiophen-2-ylmethanamine (3n); The compound was prepared as described in the
general procedure (yellow oil, yield = 82 mg, 73%); 'H NMR (400 MHz, CDCl3) & 7.18
(d,J=5.0Hz, 1H), 6.94 (t, ] = 4.2 Hz, 1H), 6.90 (d, | = 2.9 Hz, 1H), 4.03 (s, 2H), 1.65 (s, 2H).
13C NMR (101 MHz, CDCl3) 6 147.4, 126.7,123.9, 123.5, 41.3.

Octan-1-amine (30); The compound was prepared as described in the general procedure
(colorless oil, yield = 115 mg, 89%); TH NMR (400 MHz, CDCl3) § 2.65 (t, ] = 8.0 Hz, 2H),
1.45-1.20 (m, 14H), 0.87 (t, ] = 8.0 Hz, 3H). 13C NMR (101 MHz, CDCl;) $42.1, 33.8, 31.7, 29.4,
29.2,26.8,22.5,14.0. Compound characterization is in accordance with previous reports [55].

Dodecan-1-amine (3p); The compound was prepared as described in the general proce-
dure (colorless oil, yield = 170 mg, 92%); 'H NMR (400 MHz, CDCl3) § 2.66 (t, ] = 6.9 Hz, 2H),
1.41 (s, 2H), 1.24 (s, 20H), 0.86 (t, ] = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl;) §42.2, 33.8,
31.8,29.54, 29.53, 29.41, 29.41, 29.24, 29.24, 26.8, 22.6, 14.0. Compound characterization is in
accordance with previous reports [52].

Cyclohexylmethanamine (3q); The compound was prepared as described in the general pro-
cedure (colorless oil, yield = 71 mg, 63%); TH NMR (400 MHz, CDCly) 5 2.49 (d, | = 6.3 Hz, 2H),
1.75-1.62 (m, 6H), 1.29-1.18 (m, 5H), 0.87 (t, ] = 11.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) 548.8,
41.2,30.7, 26.6, 25.9. Compound characterization is in accordance with previous reports [52].

Phenethylamine (3r); The compound was prepared as described in the general proce-
dure (yellow oil, yield = 114 mg, 94%); 'H NMR (400 MHz, CDCl3) § 7.34-7.25 (m, 2H),
7.23-7.18 (m, 3H), 2.97 (t, ] = 7.1 Hz, 2H), 2.77 (t, ] = 6.9 Hz, 2H), 2.13 (s, 2H). 13C NMR
(101 MHz, CDCl3) $139.5, 128.7,128.4, 126.1, 43.2, 39.5. Compound characterization is in
accordance with previous reports [56].

2-(4-Fluorophenyl)ethan-1-amine (3s); The compound was prepared as described in
the general procedure (yellow oil, yield = 130 mg, 94%); 'H NMR (400 MHz, CDCl3)
§7.14 (d,] =13.4 Hz, 2H), 6.97 (d, ] = 17.4 Hz, 2H), 2.93 (s, 2H), 2.71 (s, 2H). 13C NMR
(101 MHz, CDCl3) §160.2, 135.4, 130.0, 115.2, 115.0, 43.5, 39.1. 19F NMR (376 MHz, CDCl5)
5 —118.8. Compound characterization is in accordance with previous reports [56].

2-(4-Methoxyphenyl)ethanamine (3t); The compound was prepared as described in the
general procedure (yellow oil, yield = 148 mg, 98%); 'H NMR (400 MHz, CDCl3) § 7.10
(d, ] =8.3Hz, 2H), 6.83 (d, ] = 8.2 Hz, 2H), 3.77 (s, 3H), 2.91 (s, 2H), 2.68 (s, 2H), 1.32 (s, 2H).
13C NMR (101 MHz, CDCl3) $157.9, 131.7, 129.6, 114.4, 113.8, 55.1, 43.6, 39.0. Compound
characterization is in accordance with previous reports [51].

2-(2,4-difluorophenyl)ethan-1-amine (3u); The compound was prepared as described
in the general procedure (yellow oil, yield = 141 mg, 90%); 'H NMR (400 MHz, CDCl3)
§7.18-7.09 (m, 1H), 6.82-6.73 (m, 2H), 2.91 (t, ] = 6.9 Hz, 2H), 2.72 (t, ] = 6.9 Hz, 2H), 1.24
(s, 2H). 3C NMR (101 MHz, CDCl3) §160.3, 159.9, 131.5, 131.4, 131.3, 122.5, 122.3, 111.0,
110.8, 103.9, 103.6, 103.3, 42.3, 32.8. 'F NMR (376 MHz, CDCl3) 6 —114.8, —115.9.

2,2-Diphenylethan-1-amine (3v); The compound was prepared as described in the gen-
eral procedure (colorless, yield = 187 mg, 95%); 'H NMR (400 MHz, CDCl3) & 7.33-7.20
(m, 10H),3.99 (t,] =7.6 Hz, 1H), 3.33 (d, ] = 7.6 Hz, 2H), 1.22 (s, 2H). *C NMR (101 MHz, CDCl;)
5142.7,128.5,128.0, 126.4, 55.1, 47.0.

4. Conclusions

In conclusion, we have developed a simple protocol for the reduction of nitriles to
afford primary amines using ammonia-borane as the reductant in the presence of one
molar equivalent of TiCly in diethyl ether at room temperature. A broad range of aromatic,
heteroaromatic, benzylic, and aliphatic nitriles were efficiently reduced under this condition
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in moderate to very high yields. This reducing system affords negligible side products, and
the workup of the reaction mixture is very simple. The reaction is believed to progress via
the activation of the nitrile by titanium tetrachloride, followed by the hydroboration of the
carbon nitrogen triple bond.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28010060/s1, NMR spectra of product amines.
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Abstract: The new Lewis acid-base adducts of general formula X(nad)B<-NCsH4-C5H4N—B(nad)X
[nad = 1,8-0,Cy9Hg, X = C¢Hs (2¢), 3,4,5-F3-CcH, (2d)] were synthesized in high yields via reactions
of 1,8-dihydroxy naphthalene [nadH,] and 4,4"-bipyridine with the aryl boronic acids C¢HsB(OH),
and 3,4,5-F3-C¢H,B(OH)j,, respectively, and structurally characterized by multi-nuclear NMR spec-
troscopy and SCXRD. Self-assembled H-shaped Lewis acid—base adduct 2d proved to be effective in
forming thermally stable host-guest complexes, 2d x solvent, with aromatic hydrocarbon solvents
such as benzene, toluene, mesitylene, aniline, and -, p-, and o-xylene. Crystallographic analysis of
these solvent adducts revealed host—guest interactions to primarily occur via 7t---7r contacts between
the 4,4’-bipyridyl linker and the aromatic solvents, resulting in the formation of 1:1 and 1:2 host-guest
complexes. Thermogravimetric analysis of the isolated complexes 2d x solvent revealed their high
thermal stability with peak temperatures associated with the loss of solvent ranging from 122 to
147 °C. 2d, when self-assembled in an equimolar mixture of m-, p-, and o-xylene (1:1:1), preferentially
binds to o-xylene. Collectively, these results demonstrate the ability of 1,8-dihydroxy naphthalene
to serve as an effective building block in the selective self-assembly to supramolecular aggregates
through dative covalent N—B bonds.

Keywords: boron; boronic acid ester; Lewis acid-base adduct; self-assembly; boronic acid; dative
N—B bonding; host-guest complex; - stacking; aromatic hydrocarbons

1. Introduction

The last decades have witnessed increased interest in the rational design of supramolec-
ular architectures based on the self-assembly of various suitable building blocks [1-12].
Amongst the various strategies, the utilization of intermolecular dative covalent N—B bond
interactions in the design and self-assembly of well-defined supramolecular structures
has become a promising synthetic approach with potential in host-guest chemistry, gas
storage, and crystal engineering [13-16]. Examples of this recent development are trigonal
planar catechol-based aryl boronic esters [17]. These strongly Lewis acidic building blocks,
in combination with N-containing strongly Lewis basic ligands, have been demonstrated
to facilitate self-assembly to give—through coordinate covalent N—B bonds—boronic
ester-based supramolecular structures, such as coordination polymers, cage- and nanos-
tructures, and gels [18-27]. Recently, the groups of H6pfl and Morales-Rojas [28] have
shown that reactions of catechol-based aryl boronic esters with bipyridine linkers in the
presence of various aromatic hydrocarbon solvents readily form self-assembled Lewis-type
N—B adducts with aromatic hydrocarbons incorporated. It was hypothesized that upon
N—B coordination, the aromatic bipyridine linker becomes increasingly electron-deficient,
enabling the recognition and selective isolation of host-guest complexes with aromatic
hydrocarbons [29]. However, catecholate-based boronic esters, despite their high Lewis
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acidity, readily hydrolyze, particularly when used in “wet” solvents. Our group has re-
cently shown that 1,8-dihydroxy naphthalene-based aryl boronic esters are as strongly
Lewis acidic as their catechol-based counterparts but significantly more hydrolytically
stable (Scheme 1) [30]. Based on our recent findings, we envisioned that 1,8-dihydroxy
naphthalene should be an effective building block in the self-assembly with aryl boronic
acids and a suitable bipyridine linker to form thermally stable host—guest complexes with
aromatic hydrocarbons.

X
OH OH |\ A
Z
o O/B\O

-2 H,0 | 2H,0
XA\
X

Scheme 1. Formation of catechol- and 1,8-dihydroxy naphthalene-based aryl boronic esters.

2. Results and Discussion

At the outset, we investigated the ability of our recently prepared boronic esters
of general formula R-Bnad (1a—e), where nad = 1,8-naphthtalenediolate (a: R = mesityl;
b: R = 2,6-dichlorophenyl; ¢: R = phenyl; d: R = 3,4,5-trifluorophenyl; e: R = pentafluo-
rophenyl) to form stable Lewis acid—base adducts with 4,4'-bipyridine (Scheme 2). The
reactions were performed in acetone-Dg as the solvent and monitored by 'B and 'H NMR
spectroscopy. However, the 'H NMR spectra of all five reactions exclusively gave one
set of signals, even when an excess of 4,4’-bipyridine or one of the respective boronic
esters was used, indicating rapid equilibrium to occur at room temperature. The !B NMR
spectra, on the other hand, showed very different spectral features (Figure 1). Thus, a 1:2
mixture of 4,4"-bipyridine and the bulkiest and least Lewis acidic ester 1a (R = mesityl)
showed a signal at around 29 ppm, which is close to the !B NMR chemical shift of 1a
(6 =27 ppm in CDCly) [30], showing that the equilibrium strongly favors the individual
acid and base components over adduct 2a. For the system 4,4’-bipyridine/1b (1:2), two
distinct signals at ca. 27 ppm and 7 ppm were observed; the former can be assigned to ester
1b, while the latter is due to the desired Lewis acid-base adduct 2b. In contrast, mixtures
of 4,4'-bipyridine with 1c, 1d, and 1e, respectively, showed up-field shifted signals at ca.
12 ppm (1c), 6 ppm (1d), and 4 ppm (1e), indicating the formation of the respective adducts
2¢, 2d, and 2e.

N
z R R
acetone-dg OL /
™ / \ ?‘N/ \
o\~ \ o©
. g M=h
2a-
\ € R
1a-e aR=Mes, bR =2,6-Cl,-CgHs, ¢ R = CgHs, d R = 3,4,5-F5-CgHp.e R = CgFs

Scheme 2. Equilibrium between 4,4'-bipyridine /1a—e and the Lewis acid-base adducts 2a—e in dilute
acetone-dg at room temperature.
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4,4-bipyridine + 1a

4,4-bipyridine + 1b
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Figure 1. ''B NMR spectroscopic study of the equilibrium reaction of the esters 1a—e with 4,4’
bipyridine in acetone-Dg at room temperature.

To confirm our structural assignments, efforts were undertaken to grow single crystals
suitable for X-ray analysis from concentrated acetone solutions of 4,4’-bipyridine and
2a—e. The results for 2a, 2b, and 2d are shown in Figure 2 and reveal that two boronic
ester units bind to a 4,4’-bipyridine moiety linked via dative N—B bonds. Compounds
2a and 2b can structurally be described as double-tweezers. 2a exhibits an almost perfect
double-tweezer-shaped structure with nearly planar bipyridine units, while 2b is markedly
twisted with a twisting angle of the bipyridine moiety of about 35°. Adduct 2d, on the
other hand, is composed of a more H-shaped structure with a nearly planar bipyridine unit
(twisting angle ~10°). The bond parameters for all three adducts are similar, with B-N and
B-O distances ranging from 1.61 to 1.67 A and 1.45-1.47 A, respectively. The central boron
atoms in 2a, 2b, and 2d have slightly distorted tetrahedral coordination environments, with
O-B-O and N-B-O angles ranging from 111-116° to 102-105°. Unfortunately, it was not
possible to obtain suitable single crystals of 2c and 2e from acetone as the solvent. Not
only was 2e highly soluble in acetone, but it also slowly degraded to a second product
exhibiting a relatively sharp signal in the ''B NMR with a chemical shift of ca. 0 ppm (see
also Figure 1). This new product crystallized from acetone after a week and was identified
by NMR spectroscopy and SCXRD as a spirocyclic 4,4"-bipyridinium borate (see supporting
information). However, switching the solvent from acetone to benzene resulted in the
formation of single crystalline material, which by X-ray analysis was identified as the phenyl
derivative 2¢ x benzene (Figure 2). Similar to 2d, adduct 2¢ X benzene has an H-shaped
structure with a nearly planar bipyridine unit (twisting angle ~ 5°) and average B-O and
B-N distances of 1.45 and 1.67 A, respectively. Notably, 2¢ x benzene co-crystallizes with
two molecules of benzene, both being entrapped via 77t stacking with the 4,4"-bipyridine
moiety and C-H -+ 7t contacts with both the phenyl and the naphthalene substituents.
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(b)

(d)

Figure 2. Solid-state structures of the 4,4-bipyridine adducts 2a, 2b, 2d (co-crystallizing acetone
molecules omitted for clarity), and 2¢ x benzene. Color codes: red = oxygen, orange = boron,
green = fluorine, white = hydrogen, black = carbon, blue = nitrogen. Selected bond lengths [A] and
angles [°]: (a) 2a, O1 B1 1.476(2), O2 B1 1.462(2), N1 B1 1.627(2), O2 B1 O1 110.9(1), O2 B1 N1 104.7(1),
O1 B1 N1 100.3(1); (b) 2b, O1 B1 1.448(2), O2 B1 1.449(2), O3 B2 1.453(2), O4 B2 1.442(2), N1 B1
1.611(2), N2 B2 1.650(2), O1 B1 02 112.1(1), O1 B1 N1 104.9(1), O2 B1 N1 105.4(1), O4 B2 N2 106.2(1),
03 B2 N2 102.5(1), 04 B2 O3 116.2(1); (c) 2d, B1 O2 1.449(2), B1 O1 1.453(2), B1 N1 1.675(2), B2 O4
1.447(2), B2 O3 1.452(2), B2 N2 1.669(2), O2 B1 N1 105.9(1), O1 B1 N1 104.5(1), O2 B1 O1 115.0(1), O4
B2 N2 104.4(1), O3 B2 N2 105.9(1), 04 B2 O3 115.2(1); (d) 2¢ x benzene, O1 B1 1.455(2), O2 B1 1.456(2),
03 B2 1.458(2), 04 B2 1.453(2), N1 B1 1.673(2), N2 B2 1.670(2), O1 B1 02 114.1(1), O1 B1 N1 104.8(1),
02 B1 N1 104.4(1), 04 B2 O3 114.1(1), O4 B2 N2 104.9(1), O3 B2 N2 104.5(1).

It was also possible to synthesize and isolate adducts 2¢ and 2d via a one-pot pro-
cedure in excellent yields starting from the respective boronic acids, without the need of
preparing the respective esters 1c and 1d (Scheme 3). For example, when two equivalents
of 1,8-dihydroxy naphthalene and one equivalent of 4,4'-bipyridine were reacted with
two equivalents of the respective aryl boronic acid in acetone as a solvent, 2c and 2d were
isolated in yields of 80% and 90%, respectively, as bright orange crystalline materials. Both
compounds were fully characterized by 'H, 1>C, 1°F, and !B NMR spectroscopy as well as
by combustion analysis.

Encouraged by these results, the self-assembly with diboronic acids was investigated.
Thus, upon reacting 1,8-dihydroxy naphthalene with 4,4’-bipyridine and 1,4-phenylene
diboronic acid in a 2:1:1 ratio in acetone as the solvent, an orange crystalline material formed.
However, once precipitated, the isolated material proved to be insoluble in common organic
solvents, rendering its characterization by NMR spectroscopy impossible. Attempts to grow
single crystals suitable for X-ray analysis failed as well. On the other hand, replacing 4,4'-
bipyridine with trans-1,2-di(4-pyridyl)ethylene gave— upon reaction with 1,8-dihydroxy
naphthalene and 1,4-phenylene diboronic acid in acetone—an orange microcrystalline
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precipitate, from which single crystals suitable for X-ray analysis could be obtained. The
results revealed the compound to be polymeric Lewis acid-base adduct 3. Polymer 3 is
composed of diboronic ester units coordinated with the 4,4’-bipyridine moieties in a zig-zag
fashion (Scheme 3, Figure 3a). Due to poor diffraction and multiple twinning of the single
crystals measured, only the connectivity of the polymer could be confirmed.

N
g
+ R-B(OH), By
P =
e salat e s
7 A
| />0
Sy R
HQ 2¢: R = CgHs
I 1 A 2d: R = 3,4,5-F3-CgHs

Scheme 3. One-pot synthesis of 2¢, 2d, 3, and 4.

(a) (b)

Figure 3. Solid-state structures of 3 (a) (disordered DMSO molecules omitted for clarity) and 4 (b)
(disordered acetone molecules omitted for clarity). Color codes: red = oxygen, orange = boron,
white = hydrogen, black = carbon, blue = nitrogen. Selected bond lengths in [A] and angles [°]: 4,
O1 B1 1.454(2), O2 B1 1.458(2), O3 B2 1.451(2), O4 B2 1.457(2), N1 B1 1.672(2), N2 B2 1.678(2), O1 Bl
02114.9(1), O1 B1 N1 105.6(1), O2 B1 N1 105.3(1), O3 B2 O4 114.9(1), O3 B2 N2 105.1(1), O4 B2 N2

105.9(1).

In contrast, the reaction of 1,3-phenylene diboronic acid under otherwise identical
conditions did not lead to the formation of a polymeric structure; instead, the rectangular
dimer 4 (yield 94%) was formed as confirmed by single-crystal X-ray analysis (Scheme 3,
Figure 3b). Both bipyridine units in 4 are markedly twisted, with twisting angles of about
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40°. The average B-N and B-O distances are in the expected range of 1.675 and 1.455 A,
respectively.

Encouraged by the ability of 2¢ x benzene to form a stable host-guest complex with
two molecules of benzene, a detailed study of the inclusion properties of H-shaped 2d was
undertaken (Scheme 4). 2d was selected because of its enhanced hydrolytic stability in solu-
tion and the ability of the fluorine substituents to significantly decrease the electron density
at boron, thereby increasing the stability of the Lewis acid—base adducts to be formed. Sus-
pensions of 1,8-dihydroxy naphthalene, 44/ -bipyridine, and 3,4,5-trifluorophenyl boronic
acid in the respective aromatic hydrocarbon solvent (i.e., benzene, toluene, o-xylene, m-
xylene, p-xylene, mesitylene, aniline) were heated until clear solutions were obtained. Upon
slowly cooling to room temperature, crystalline solids were obtained in isolated yields
ranging from 34-81%. In addition to being characterized by 'H NMR spectroscopy and
combustion analysis, all compounds were analyzed by X-ray crystallography:.

B OO
sIsleNelsgole

benzene toluene m-xylene p-xylene o-xylene mesitylene aniline

Scheme 4. Host—guest chemistry of 2c¢ with various aromatic hydrocarbon solvents.

The results of the X-ray analysis are shown in Figure 4 and reveal that 2d is capable
of forming various stable host—guest complexes with all aromatic hydrocarbon solvents
used in this study via 7— stacking between the 4,4’-bipyridyl unit of 2d and the respective
aromatic solvent. Thus, in benzene as a solvent, 2d x benzene is formed (Figure 4a), which
is composed of three benzene molecules per two molecules of 2d. Identical results were
obtained with aniline as the solvent, generating host—guest complex 2d x aniline (Figure 4b)
with a 2d/aniline ratio of 2:3. In contrast, carrying out the self-assembly reactions in toluene
and p-xylene gave the host—guest complexes 2d x toluene and 2d x p-xylene (Figure 4c,d),
respectively, which consist of one aromatic guest per one molecule of 2d (1:1 complex).
Interestingly, crystallization experiments in meta-xylene gave two crystallographically
distinct single crystals of 2d x m-xylene; the results for one revealed a classical 1:1 host-
guest complex (Figure 4e), while X-ray analysis of the second one revealed a 1:2 complex
(Figure 4f) with two additional unbound m-xylene molecules per three equivalents of the
1:2 complex. On the other hand, X-ray analysis of crystalline 2d x o-xylene obtained from
o-xylene as a solvent confirmed a 1:2 complex (Figure 4g). The X-ray analysis for 2d x
mesitylene (Figure 4h) also confirms a 1:2 host—guest complex but with two molecules of
2d and two molecules of unbound mesitylene in the unit cell.
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Figure 4. Solid-state structures of host-guest complexes of 2¢ with various aromatic solvents (color
codes: red = oxygen, orange = boron, white = hydrogen, black = carbon, blue = nitrogen, green = flu-
orine): (a) 2d x benzene; (b) 2d x aniline, (c) 2d X toluene, (d) 2d x p-xylene; (e) 2d x m-xylene;
(f) 2d x m-xylene (unbound m-xylene omitted for clarity); (g) 2d x o-xylene; (h) 2d x mesitylene
(unbound mesitylene omitted for clarity).

Table 1 compares the host-guest ratios of 2d x solvent determined from the X-ray
analysis of single crystals with those obtained from the TH NMR data of the bulk materials;
the latter were dried in air for circa 24 h. It was found that crystals of 2d x o-xylene and 2d
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x m-xylene, upon drying in air, lose guest molecules to form host-guest complexes with a
formal 1:1 host-guest ratio. While in 2d x aniline and 2d x benzene, the 2:3 host-guest
ratio remains unchanged, and 2d x mesitylene contains significantly more mesitylene than
what was found via X-ray analysis of single crystalline material. This seems to imply that
2d x mesitylene may crystallize in various forms with different host-guest ratios.

Table 1. Molar 2d/solvent ratios of 2d x solvent from SCXRD and 'H NMR data.

2d % Solvent 2d/Solvent Ratio 2d/Solvent Ratio
(from X-ray Data) (from "H NMR Data) !
2d x benzene 2:3 1:1.5
2d x toluene 1:1 1:1
2d x o-xylene 1:2 1:1
2d x m-xylene 2 3:6% and 1:1 1:1
2d x p-xylene 1:1 1:1
2d x mesitylene 124 1:2.66
2d X aniline 2:3 1:1.5

! The isolated crystalline materials were dried in air for 24 h; 2 Two crystallographically distinct crystals were
found; 3 Crystal contains two additional unbound m-xylene molecules; 4 Crystal contains two molecules of 2d
and two molecules of unbound mesitylene.

To study the thermal behavior of the host-guest complexes 2d x solvent, a thermo-
gravimetric analysis of the bulk materials was performed; the results are shown in Figure 5,
Figures S30 and S31, and Table S1. Figure 5 (bottom) shows the TG curve of 2d, revealing
complete weight loss to occur at about 260 °C. This indicates that the acid—base adduct 2d
either sublimes or that the decomposition and evaporation of its individual acid and base
components occur within the same temperature range. The TG graphs of all host-guest
compounds exhibit a two-step weight loss. This is exemplarily shown for the solvent
adducts 2d x benzene, 2d X toluene, 2d x o-xylene, 2d x m-xylene, and 2d x p-xylene
(Figure 5), for which the observed weight losses are consistent with the stoichiometry of the
bulk materials established by 'H NMR spectroscopy (Table 1). After the loss of the guest,
the residual material likely consists of the solid phase established for solvent-free 2d. In this
series, for 2d x benzene and 2d x toluene, the peak temperatures (Tpeak) associated with
the liberation of the guest were found to be 131 °C and 147 °C, respectively, suggesting
stronger host—guest interactions in 2d x toluene, and consistent with the results of DSC
analysis (Figures S32 and S33). For the xylene series, the peak temperatures for the loss of
solvent are 122 °C (2d x m-xylene), 133 °C (2d x o-xylene), and 136 °C (2d x p-xylene). The
slightly higher peak temperatures for 2d x o-xylene and 2d x p-xylene suggest somewhat
stronger host-guest interactions compared to 2d x m-xylene, which is supported by DSC
measurements (Figures 534-536).

In a related study, H6pfl and Morales-Rojas recently disclosed the thermal proper-
ties of self-assembled host-guest complexes derived from reactions of 1,2-catechol and
3,4,5-trifluorphenylboronic acid with 4,4'-bipyridine in various aromatic hydrocarbon
solvents [28]. Thermogravimetric analysis of these catechol-based host-guest complexes
revealed the peak temperatures associated with the loss of solvent to be 65 °C (m-xylene),
71 °C (o-xylene), 76 °C (p-xylene), 121 °C (toluene), 139 °C (benzene), and 100 °C (mesity-
lene). Except for benzene, these values are significantly lower than what was measured for
our 1,8-dihydroxy naphthalene-based host-guest complexes 2d x solvent (Figure 5). The
replacement of catechol with the 1,8-dihydroxy naphthalene ligand at the central boron
appears to result in stronger 7t-type host—guest interactions between the 4,4’-bipyridine
unit and the aromatic solvent. Unfortunately, H6pfl and Morales-Rojas did not disclose
thermodynamic data from DSC measurements for comparison [28].
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Figure 5. Thermogravimetric analysis of 2d and its solvent adducts 2d x solvent with corresponding
weight loss [%] and peak temperature Tpeai [°C] for the loss of solvent.

Based on the results from the host-guest chemistry with m-, o0-, and p-xylene, we
wondered whether self-assembled 2d would selectively incorporate one of the three xylene
isomers. Thus, 1,8-dihydroxy naphthalene, 4,4"-bipyridine, and 3,4,5-trifluoroboronic acid
were reacted in an equimolar solvent mixture of m-, p-, and o-xylene (1:1:1). The obtained
crystalline material was collected and analyzed by 'H NMR spectroscopy using DMSO-
Dg as the solvent (see supporting information for more details). The results revealed a
higher selectivity of 2d for o-xylene (ca. 57%), with an m-, p-, to o-xylene ratio of about
2:1:4, respectively, which is similar to those of the respective catechol-based host—-guest
complexes reported by H6pfl and Morales-Rojas [28]. Considering the results from the
TGA and DSC measurements, the fairly low uptake of p-xylene appears to be surprising
but perhaps can be attributed to kinetic effects during the crystallization process.

Finally, to further broaden the scope of the host-guest approach, the modified bipyri-
dine linker 1,2-bis(4-pyridyl)ethane was employed in reactions with 1,8-dihydroxy naph-
thalene and various boronic acids. Unfortunately, in none of the cases could host-guest
complexes with aromatic hydrocarbon solvents be crystallized and structurally determined.
Nonetheless, single crystals of the solvent-free double-tweezers 5 and 6 could be obtained
from acetone solutions and were characterized by single-crystal X-ray crystallography
(Figure 6a,b).
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(b)

Figure 6. Solid-state structures of 5 and 6 (color codes: red = oxygen, orange = boron, white = hydro-
gen, black = carbon, blue = nitrogen). Selected bond lengths [A] and angles [°]: (a) 5, O1 B1 1.447(4),
02 C31.367(3), 02 B1 1.466(4), N1 B1 1.656(4), N2 B2 1.682(4), O1 B1 O2 114.4(3), O1 B1 N1 105.4(2),
02 B1 N1 104.7(2); (b) 6, 01 B1 1.471(2), 02 B1 1.467(2), N1 B1 1.622(2), O2 B1 O1 112.3(1), 02 B1 N1
106.0(1), O1 B1 N1 99.7(1).

3. Conclusions

We have demonstrated the ability of 1,8-dihydroxy naphthalene to self-assemble
with various aryl boronic acids and 4,4’-bipyridine as a linker to give double-tweezer
and H-shaped Lewis acid-base adducts in very good isolated yields by means of N—B
bond formation. In addition, a series of host-guest complexes, 2d X solvent, was pre-
pared via reactions of 4,4’-bipyridine, 1,8-dihydroxy naphthalene, and 3,4,5-trifluorophenyl
boronic acid with various aromatic hydrocarbons. SCXRD analysis of these solvent adducts
revealed host-guest interactions to primarily occur via 7t---7t contacts between the 4,4'-
bipyridyl linker and the aromatic solvents to give 1:1 and 1:2 host-guest complexes, which
was confirmed by 'H NMR spectroscopic analysis of the bulk samples. TGA measurements
of the bulk samples showed well-defined weight losses at peak temperatures ranging from
122 to 147 °C, which in every case could be attributed to the complete loss of solvent (guest).
Self-assembled Lewis acid-base adduct 2d, when recrystallized from an equimolar mixture
of m-, p-, and o-xylene (1:1:1), preferentially binds to o-xylene, generating 2d x o-xylene as
the major component, similar to what was reported for structurally related catechol-based
host-guest complexes [28]. Collectively, the present contribution demonstrates the effec-
tiveness of 1,8-dihydroxy naphthalene in constructing supramolecular structures via dative
N-B bond formation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28145394/s1. Figure S1: TH NMR spectrum of 2¢ (acetone-dg);
Figure S2: 13C NMR spectrum of 2c¢ (acetone-dg); Figure S3: 1B NMR spectrum of 2c (acetone-dg);
Figure S4: 113 NMR spectrum of 2¢ (DMSO-dg); Figure S5: TH NMR spectrum of 2¢ x benzene
in DMSO-dg; Figure Sé: 'H NMR spectrum 2d (acetone-dg); Figure S7: 13C NMR spectrum of 2d
(acetone-dg); Figure S8: 9F NMR spectrum of 2d (acetone-dg); Figure S9: 113 NMR spectrum of 2d
(acetone-dg); Figure S10: 'H NMR spectrum of 4,4-bipyridinium-bis(1,8-naphthalenediolato)borate
(DMSO-dg); Figure S11: ''B NMR spectrum of 4,4-bipyridinium-bis(1,8-naphthalenediolato)borate
(DMSO-dg); Figure S12: 3C NMR spectrum of 4,4-bipyridinium-bis(1,8-naphthalenediolato)borate
(DMSO-d); Figure S13: 13C NMR-DEPT spectrum of 4,4-bipyridinium-bis(1,8-naphthalenediolato)
borate (DMSO-dg); Figure S14: 'H NMR spectrum of 1,4-benzene-diboronic-acid-1,8-naphthalenediolate
ester in DMSO-dg; Figure S15: 13C NMR spectrum of 1,4-benzene-diboronic-acid-1,8-naphthalenediolate
ester in DMSO-dg; Figure S16: ''B NMR spectrum of 1,4-benzene-diboronic-acid-1,8-naphthalenediolate
ester in DMSO-dg; Figure S17: 1B NMR spectrum of 1,4-benzene-diboronic-acid-1,8-naphthalenediolate
ester in acetone-dg; Figure S518: TH NMR spectrum of 4 in DMSO-dg; Figure S19: THNMR spectrum of
2d x benzene in acetone-dg; Figure S20: TH NMR spectrum of 2d X toluene in DMSO-dg; Figure S21:
TH NMR spectrum of 2d x m-xylene in DMSO-dg; Figure 522: 'H NMR spectrum of 2d x p-xylene
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in DMSO-dg; Figure S23: 1TH NMR spectrum of 2d x o-xylene in DMSO-dg; Figure S24: TH NMR
spectrum of 2d x mesitylene in DMSO-dg; Figure S25: 'H NMR spectrum of 2d x aniline in DMSO-
dg; Figure S26: 'H NMR spectrum (DMSO-dg) of adduct 2d x xylene isolated from a 1:1:1 mixture of
m-, p-, and o-xylene; Figure S27: Aliphatic region of the 'H NMR spectrum (DMSO-dg) of adduct 2d x
xylene isolated from a 1:1:1 mixture of -, p-, and o-xylene; Figure S28: "H NMR spectrum (DMSO-d)
of 2d x m-xylene after soaking in o-xylene for 24 h; Figure S29: "H NMR spectrum (DMSO-dg) of
2d x p-xylene after soaking in o-xylene for 24 h; Figure S30: Thermogravimetric analysis of 2d x
mesitylene with weight loss [%] and peak temperature Tpeqi [°C] for the loss of solvent; Figure S31:
Thermogravimetric analysis of 2d x aniline with weight loss [%] and peak temperature Tpeak [°C] for
the loss of solvent; Figure S32: DSC analysis of 2d x benzene for the loss of solvent; Figure S33: DSC
analysis of 2d X toluene for the loss of solvent; Figure S34: DSC analysis of 2d x p-xylene for the loss
of solvent; Figure S35: DSC analysis of 2d x o-xylene for the loss of solvent; Figure S36: DSC analysis
of 2d x m-xylene for the loss of solvent; Table S1: Selected information from the TGA analysis for 2d
x solvent; Table S2: Crystal data and structure refinement for 2d x toluene; Table S3: Crystal data and
structure refinement for 6; Table S4: Crystal data and structure refinement for 2b; Table S5: Crystal
data and structure refinement for 2d x benzene; Table S6: Crystal data and structure refinement for
2d x p-xylene; Table S7: Crystal data and structure refinement for 2d x m-xylene; Table S8: Crystal
data and structure refinement for 2d x aniline; Table S9: Crystal data and structure refinement for
5; Table S10: Crystal data and structure refinement for 2d; Table S11: Crystal data and structure
refinement for 3; Table S12: Crystal data and structure refinement for 2d x m-xylene; Table 513:
Crystal data and structure refinement for 2¢; Table S14: Crystal data and structure refinement for
2a; Table S15: Crystal data and structure refinement for 2d x mesitylene; Table S16: Crystal data
and structure refinement for 2d x o-xylene; Table S17: Crystal data and structure refinement for 4.
References [31-38] are cited in the supplementary materials.
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Abstract: The synthesis of the first conjugates of acridine with cobalt bis(dicarbollide) are reported.
A novel 9-azido derivative of acridine was prepared through the reaction of 9-methoxyacridine with
N3CH,CH,;NH), and its solid-state molecular structure was determined via single-crystal X-ray
diffraction. The azidoacridine was used in a copper (I)-catalyzed azide-alkyne cycloaddition reaction
with cobalt bis(dicarbollide)-based terminal alkynes to give the target 1,2,3-triazoles. DNA interaction
studies via absorbance spectroscopy showed the weak binding of the obtained conjugates with DNA.
The antiproliferative activity (ICsp) of the boronated conjugates against a series of human cell lines
was evaluated through an MTT assay. The results suggested that acridine derivatives of cobalt
bis(dicarbollide) might serve as a novel scaffold for the future development of new agents for boron
neutron capture therapy (BNCT).

Keywords: acridine; cobalt bis(dicarbollide); synthesis; DNA-interaction; antiproliferative activity

1. Introduction

Boron neutron capture therapy (BNCT) is a binary therapeutic method based on the
nuclear capture reaction that takes place when the stable isotope !B is irradiated with
neutrons to release high-energy o-particles and “Li nuclei [1,2]. The most important re-
quirements for BNCT agents are (1) low toxicity; (2) high tumor uptake (~20-35 ng '°B)
and low normal tissue uptake, with a sufficient tumor/normal tissue boron concentra-
tion ratio of >3:1; and (3) relatively rapid clearance from the blood and normal tissues,
and persistence in the tumor for at least several hours during irradiation with a neutron
flux [3-6]. Since o-particles have very short pathlengths in biological tissues (5-9 pm), their
destructive effects are practically limited to cells that contain boron. In theory, x-particles
can selectively destroy not only tumor cells, but also adjoining normal cells. Because BNCT
primarily is a biologically, rather than physically, targeted type of particle radiation therapy,
it offers the possibility to selectively destroy tumor cells without affecting the normal cells
and tissues of an organism. The requirement, however, is that sufficient amounts of 1°B
and thermal neutrons are delivered to the site of the tumor.

Therefore, polyhedral boron hydrides, such as cobalt bis(dicarbollide) [3,3"-Co(1,2-
CyBoHj1)2]7, containing eighteen boron atoms in the molecule and characterized by out-
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standing chemical and thermal stability and the availability of convenient modification
methods [7,8], are good candidates for the design of BNCT agents. Cobalt bis(dicarbollide)
as a sodium salt demonstrates good water solubility and low toxicity both in vitro [9,10]
and in vivo [9,11]. In particular, it does not show acute toxicity when intravenously [9]
or intraperitoneally [11] injected into wild-type mice. It was also found that cobalt
bis(dicarbollide) can pass directly through lipid membranes [12-14] and accumulate in
cells without disrupting membrane integrity [10].

Calculations have shown that the radiobiological effectiveness of the boron neutron
capture reaction ['’B('n,*He)”Li] can be significantly enhanced when it occurs in the cell
nucleus rather than in the cytoplasm or the cell membrane [15]. Boron accumulating in the
cell nucleus is much more efficient in cell killing than the same amount of boron when it is
uniformly distributed. Consequently, when the BNCT drug is localized in the cell nucleus,
a lower concentration is required [16]. These data have implications for the choice of boron
carriers in neutron capture therapy.

This leads to an interest in DNA-binding BNCT agents, such as DNA intercalators (acri-
dine, phenanthridinium, naphthalimide, and others) [17-27]. The first boron-containing
acridine was synthesized by Snyder and Konecky and contained two aryl dihydroxyboryl
groups [28]. This compound was too toxic to be used as a BNCT agent, but it led to the
synthesis of the first carborane-based acridines [29]. Although these latter compounds
were less toxic and achieved higher concentrations in tumors compared with the normal
brain and blood, these values were significantly lower than those found in the liver, kid-
ney, and spleen. Later, it was proposed to introduce additional hydrophilic groups into
the carborane part of the molecule in order to improve its bioavailability [30]. Recently,
synthesis of a series of acridines modified with carborane clusters and the evaluation of
their DNA-binding ability and cytotoxicity has been described [31]. Also recently, one
example of boronated acridine has been reported in which the boron moiety is cobalt
bis(dicarbollide). This compound was synthesized through the reaction of 9-aminoacridine
with a 1,4-dioxane derivative of cobalt bis(dicarbollide) [32].

In this contribution, we describe the synthesis of a series of novel 9-aminoacridine
derivatives with the cobalt bis(dicarbollide) moiety as potential candidates for BNCT via
the Cu(I)-catalyzed 1,3-dipolar [3 + 2] cycloaddition reaction of alkynes to azides (“click”
reaction) as well as the evaluation of their antiproliferative activity and DNA interaction.

2. Results and Discussion
2.1. Synthesis of N?-Azidooacridine 2

9-Aminoacridine derivatives are an interesting group of heterocyclic compounds
whose chemical structure causes them to have a variety of biological activities [33,34].
Thus, it was found that 9-aminoacridines can selectively accumulate in cell nuclei and
other cellular organoids containing nucleic acids. Earlier studies on 9-aminoacridine have
shown that this compound intercalates between the base stacks into a DNA double helix.
It is assumed that the 9-aminoacridine with its 9-amino group lies in the minor groove
and the 4- and 5-positions of the acridine ring are oriented toward the major groove [35].
It should also be noted that the literature provides information that the cytotoxicity of
acridine derivatives is related to the presence and nature of various types of substituents
at the 9-amino group of the acridine heterocycle. Thus, the substitution of one of the
hydrogen atoms of the amino group in 9-aminoacridine leads to a decrease in the toxicity
of substances [36].

We decided to synthesize boron-containing acridine derivatives with the introduction
of the cobalt bis(dicarbollide) moiety through the “click” reaction. Among the methods for
obtaining bioconjugates, the “click” reaction is widely used, leading to the formation of
1,2,3-triazoles [37-39]. Earlier, the “click” reaction was successfully used to obtain a wide
range of conjugates of cobalt bis(dicarbollide) with chlorine e [40], nucleosides [41], and
cholesterol [42]. In the present work, we used the “click” reaction to obtain new conjugates
of the cobalt bis(dicarbollide) with acridine. At the start of our study, only a few examples

197



Molecules 2023, 28, 6636

of known boron-containing acridines were represented by carborane derivatives [29,31],
while the first example of conjugate of acridine with cobalt bis(dicarbollide) was reported
very recently, and it was prepared through the direct reaction of 9-aminoacridine with the
1,4-dioxane derivative of cobalt bis(dicarbollide) [32].

Thus, we prepared the azido derivative of acridine which can be used for conjugation
with acetylenic derivatives of cobalt bis(dicarbollide). The reaction of 9-methoxyacridine 1
with 2-azidoethanamine hydrochloride in acetonitrile in the presence of EtzIN upon reflux
for 17 h results in N%-azidoacridine hydrochloride 2, which was isolated as a water-soluble
pale yellow crystalline solid after crystallization from ethanol in 76% yield (Scheme 1).

OCH3 HN/\/N3
NH,*
_ > | | _J*He
N CH5CN, Et;N, reflux N
1 2 (76%)

Scheme 1. Synthesis of N?-substituted azidoacridine 2.

The synthesized azido derivative of acridine 2 was characterized using the methods
of 'H and '3C NMR spectroscopy, IR-spectroscopy, and high-resolution mass spectrometry
(see Supplementary Materials). In the 'H-NMR spectrum, the signals of the methylene
groups are observed at 3.63 and 3.72 ppm, and the characteristic signals of the acridine core
2 are observed in the range of 6.96-7.61 ppm. The IR spectrum of compound 2 exhibits an
absorption band characteristic of the N3 group at 2065 cm 1.

2.2. Single-Crystal X-ray Diffraction Studies of N-Azidoacridine 2

The solid-state structure of 9-azidoacridine 2 was determined through a single-crystal
X-ray diffraction study (Figure 1). Crystals of 2 suitable for single-crystal X-ray analysis
were grown via crystallization from ethanol.

c11 C10

Figure 1. The independent unit in crystal of 2 in the representation of non-hydrogen atoms as
probability ellipsoids of atomic displacements (p = 0.5). The H-bond is shown by a dotted line.

The independent part of the unit cell of 2 contains an H-bonded contact ionic pair: the
chloride anion and the protonated substituted acridine as a cation. According to a Cam-
bridge Structural Database [43] search, the structure of 2 is one of many known examples
of protonated acridine salts [44—48]. Note that in all these structures, the acridinium cation
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is nearly flat, while this is not the case for 2, where the angle between mean-squared planes
composed of the carbon atoms of two lateral hydrocarbon rings is 21.6 (2)°. Moreover, the
N2 nitrogen atom in 2 is significantly shifted out of the plane of the central acridine cycle:
the non-bonding N1...C7-N2 angle equals 167.0 (1)°. Considering the opposite directions
of the displacement of the substituent and the lateral acridine cycles from the mean-square
acridine plane, one can suppose the presence of steric repulsion between them. Indeed,
there are several rather short H. . .H contacts within the cation; with the normalization of
X-H bond lengths, the distances between the hydrogen atoms at the C5 and C9 atoms and
the hydrogen atoms at the N2, C14, and C15 atoms are less than 2.05 A.

The role of steric repulsion is supported by the geometry optimization performed
for the isolated cation on the PBEO-D3/def2TZVP level. The relaxed structure is heavily
distorted even without the influence of media effects: the mentioned interplane angle
is 12.1° and the N1...C7-N2 angle equals 165.8°. Overall, both the relaxed isolated and
crystal structures of cation 2 are quite similar (the r.m.s. difference for non-hydrogen atoms
does not exceed 0.12 A, Figure S1). What is noteworthy is that this conformation is indeed
unfavorable for the acridine moiety: according to the calculations for the unsubstituted
acridinium cation, the energy of the distorted conformation (constructed on the basis of
that in 2 with the optimization of only hydrogen atoms) is 6.3 kcal-mol ! higher than that
in the fully relaxed structure. The electronic structure of the isolated cation 2 was then
analyzed using the real space methods to determine the role of interatomic contacts in the
(de)stabilization of the cation’s conformation.

According to the analysis of non-covalent interactions based on the reduced den-
sity gradient (RDG) and sign (A;)-p (r) functions [49] (A,—intermediate eigenvalue of
electron density Hessian), there are a number of regions having low RDG values, which
indicate the presence of non-covalent interactions in the area between the substituent and
the acridine moiety. In particular, the RDG/sign (A2)-p (r) plot (Figure S2) and the corre-
sponding 3D isosurface plot (Figure 2, left) demonstrates the regions potentially having
(1) rather strong non-covalent interactions between the H2N and H5 atoms and between
the H9 and H14B atoms (the negative A, sign corresponds to the accumulation of electron
density), (2) weak Van der Waals interaction between the N5 and H5 atoms, and (3) forced
interactions between the H9 and H15A atoms, between the H9 and N2 atoms, and between
the N2 and C5 atoms, all formed due to steric effects (the positive A, sign corresponds to
the electronic charge depletion). The bonding nature of the dihydrogen H2N...H5 and
H9. . .H14B contacts as well as of the weak N5. . .H5 contact is confirmed by the presence
of (3, —1) critical points of electron density between corresponding topological atoms
(Figure 2, right) that is the real space manifestation of preferred exchange-interaction chan-
nels [50,51]. Note that the net energy of these bonding non-covalent interactions estimated
from the interatomic surface integrals of electron density [52] equals —7.1 kcal-mol~!,
which is in exceptionally good agreement with the loss of energy occurring upon the
distortion of acridine moiety conformation (see above). The main contribution (—3.6 and
—3.2 kcal'mol 1) arises from the dihydrogen bonds, whereas the energy of C-H...N in-
teraction is less than 0.3 kcal-mol~! in magnitude. Thus, the steric repulsion between the
substituent and acridine fragments leading to the pronounced distortion of the aromatic
fragment is compensated by two dihydrogen bonds.

Finally, the crystal packing of 2 is expected, considering the presence of two strong
proton donors in the cation. Namely, cation moieties are aggregated into the infinite chains
by rather strong H-bonds between the N-H groups and chloride anions (N...Cl 3.131 and
3.156 A, Z (NHCI) with the normalization of N-H bond lengths 171.3° and 156.4°, Figure 3).
Due to their geometry, these H-bonds, together with weaker C-H. . .Cl contacts, can ad-
ditionally stabilize the distorted structure of the cation. The abovementioned chains are
bound together through numerous weaker interactions such as 7. . .7t stacking interactions
between acridine moieties, C-H. . .Cl hydrogen bonds, and C-H. . .7t interactions.
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.
" LS

Figure 2. Real space electronic structure peculiarities in the area of substituent in the isolated
optimized cation from 2. On the left: the RDG isosurface (0.3) colored by the sign (A;)-p (r) function
(from —0.0019 a.u. in red to 0.0019 a.u. in blue). On the right: the atomic connectivity graph according
to the topological analysis of p (r); dashed curves denote non-covalent interactions; green and red
points denote (3, —1) and (3, +1) critical points of p (r), correspondingly.

Figure 3. A fragment of infinite chain in the crystal of 2. H-bonds are shown by dotted lines.

2.3. Synthesis of Cobalt Bis(dicarbollide)-Acridine Derivatives with 1,2,3-Triazoles 7-10

One of the important goals of BNCT, as already mentioned, is the synthesis of com-
pounds which provide higher accumulation of boron in tumor than the clinically used
compounds. This can be achieved through using boron clusters with a high content of
boron atoms in the molecule, such as cobalt bis(dicarbollide) [6,53]. In this contribution,
the “click” reaction was proposed to combine the cobalt bis(dicarbollide) cluster, provid-
ing a high content of boron atoms in the molecule, and the acridine system, providing
the delivery of the boron component to the cell nucleus due to intercalation between
DNA base stacks. Moreover, through changing the type and the size of a spacer between
cobalt bis(dicarbollide) cluster and acridine, it is possible to control, to some extent, the
hydrophilic/hydrophobic balance of the compounds.

The obtained N°-azidooacridine 2 was used for the synthesis of target conjugates of
cobalt bis(dicarbollide) with acridine 7-10 (Scheme 2). The acetylenic derivatives of cobalt
bis(dicarbollide) 3-6 were prepared through the nucleophilic cleavage reactions of the
corresponding cyclic oxonium derivatives of cobalt bis(dicarbollide) with 2-propyn-1-ol
and 3-butyn-1-ol [40,54]. The “click” reactions were carried out refluxing boron-containing
acetylenic derivatives 3-6 with the N%-azidoacridine 2 in ethanol for 2 h in the presence of
Cul and diisopropylethylamine (DIPEA). The desired triazoles 7-10 were isolated as cesium
salts via precipitation with CsCl from aqueous acetone followed by column chromatography
on silica using a CH,Cl,-CH3CN mixture (70-75%) as eluent.
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Scheme 2. Synthesis of conjugates of cobalt bis(dicarbollide) with acridine 7-10.

The conjugation products were characterized via 'H-, 1'B-, and '3 C-NMR; IR-spectroscopy;
and high-resolution mass spectrometry (see Supplementary Materials). The purity of the
obtained compounds was confirmed via chemical analysis.

In the 'H-NMR spectra of the synthesized compounds 7-10, the characteristic signals
of the triazole CH hydrogens appear in the region of 7.83-7.99 ppm; the signals of the
methylene groups next to the triazole cycle are observed in the range of 4.90-5.14 ppm
and the characteristic signals of the aromatic system of acridine are observed in the range
of 7.62-8.58 ppm for compounds 7-10. For conjugates 7-10, the signals of the CH .y,
groups in the 'H-NMR spectra appear as broad singlets in the ranges of 4.19-4.25 and
4.11-4.19 ppm. In the '3C-NMR spectra, the signals of the triazole CH carbons for 7-10
are observed in the range of 123.2-124.0 ppm, whereas the signals of the second triazole
carbons appear in the range of 139.8-140.2 ppm. In the '3C-NMR spectra, the signals
of CH.y, groups appeared in the range of 46.4-53.9 ppm. The 'B{!H} NMR spectra of
compounds 7-10 exhibit singlets between 23.4-23.8 ppm from the substituted boron atom.

The IR spectra of compounds 7-10 exhibit absorption bands characteristic of the BH
groups at 2547-2553 cm ! and the 1,2,3-triazole heterocycles at 1581-1593 cm~!. The mass
spectra of boron-containing conjugates 7-10 show negatively charged ions corresponding
to [M-Cs]~, which are consistent with the predicted isotope distributions; this confirms the
molecular formulas of the obtained compounds (Figure 4 presents the mass spectrum of
conjugate 7).
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Figure 4. Mass spectrum of conjugate 7 (found 729.4657 [M]~, [CysH45B18CoN5O3]~, calculated
729.4658).
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2.4. DNA Interaction Study

In order to test the ability of the compounds to bind DNA, spectral changes were
tested through increasing the concentration of DNA in solution. Due to the low solubility
of the compounds, a concentration of 5 pM was used. Calf thymus DNA at concentrations
of up to 80 uM was added to the solution of compounds. The changes in the absorption
spectra of compounds 7-10 are shown in Figure S5 (see Supplementary Materials). It can
be seen that increasing the concentration of DNA in the solution leads to a non-significant
decrease in absorbance. Changes in the absorbance of compounds 7-10 were not significant:
about 5% taking into account dilution during titration. Such changes may characterize
the relatively weak binding of the studied compounds with DNA under experimental
conditions. The largest spectral changes were observed for conjugate 8 (Figure 5).

Conjugate 8

0.35 ] 1.1 .
—0uM m320nm
03 A —8 uM ®444nm
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e}
° \ —28uM| ©
5 02 —40uM| N 1 m.
3 S m®
2015 —59uM| € MRS
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Figure 5. Changes of absorbance spectra upon DNA interaction for conjugate 8. We used a 5 mkM
compound in 10 mM potassium phosphate buffer pH = 8.0 and a calf thymus DNA in the range

0-80 uM (b.p.).

2.5. Antiproliferative Activity of Boronated Acridines 7-10

The antiproliferative activity of compounds 7-10 against cancer HCT116, MCF7, A549,
and WI38 nonmalignant lung fibroblast cell lines was evaluated by means of a standard
MTT colorimetric assay after 72 h of incubation (Table 1). All four compounds were found
to be nontoxic against the lung cancer A549 cell line. However, against other cancer cells
and nonmalignant cells, compounds showed activity in the mid-micromolar range that
complicates use as new agents for BNCT.

Table 1. Antiproliferative activity of conjugates 7-10 and cisplatin against human cancer cells.

IC5p, tM
Cell Line . .
7 8 9 10 Cisplatin [55]
WI38 21 +4 21£5 33+3 34£8 8§+3
A549 >200 >200 >200 >200 13+3
HCT116 49 £20 61 £25 43 £18 41+1 13+4
MCF7 15+3 25£6 28+£3 13+3 30£9
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3. Materials and Methods
3.1. General Methods

The acetylenic derivatives of cobalt bis(dicarbollide) [8-HC=CCH,O(CH,CH,0),-3,3'-
CO(1,Z-CngHlo)(1/,2/-C239H11)]K (3) [40], [8—HCECCHZCHzo(CHZCHQO)Z-:’),?)/—CO(1,2—
C2B9H10)(1/,2/-C2B9H11)]K (4) [40], [S-HCECCHzO(CH2)50-3,3/-CO(1,2-C239H10)(1/,2/-
C2B9H11)]Na (5) [54], [S-HCECCHZCHQO(CH2)50-3,3/-(:0(1,2-(:2B9H10)(1/,2/-C2B9H11)]Na
(6) [54], and N3CH,CH,NH,; x HCI [56] were prepared according to the literature.
9-Methoxyacridine (Chemieliva Pharmaceutical Co., Ltd., Chongqing, China), diisopropy-
lethylamine (Carl Roth GmbH, Karlsruhe, Germany), and Cul (PANREAC QUIMICA
SA, Barcelona, Spain) were used without further purification. Ethanol, CH3CN, CH,Cl,
and NaN3 were commercially analytical grade reagents. The reaction progress was moni-
tored via thin-layer chromatography (Merck F245 silica gel on aluminum plates). Acros
Organics silica gel (0.060-0.200 mm) was used for column chromatography. The NMR
spectra at 'H (400.1 MHz), ''B (128.4 MHz), and '3C (100.0 MHz) were recorded with a
Varian Inova 400 spectrometer (Varian, Palo Alto, CA, USA). The residual signal of the
NMR solvent relative to Me4Si was taken as the internal reference for 'H- and 3C-NMR
spectra. !'B-NMR spectra were referenced using BF;-Et,O as an external standard. In-
frared spectra were recorded on a Spectra SF 2000 (OKB SPECTRUM, Saint-Petersburg,
Russia) instrument. High-resolution mass spectra (HRMS) were measured on a mictOTOF
IT (Bruker Daltonic, Bremen, Germany) instrument using electrospray ionization (ESI). The
measurements were performed in a negative ion mode (interface capillary voltage 3000 V)
and positive ion mode (interface capillary voltage 4500 V), mass range from m/z 50 to
m/z 3000, external or internal calibration was carried out with ESI Tuning Mix, Agilent.
A syringe injection was used for solutions in acetonitrile (flow rate 3 uL/min). Nitrogen
was applied as a dry gas; the interface temperature was set at 180 °C. Elemental analyses
were performed at the Laboratory of Microanalysis of the A.N. Nesmeyanov Institute of
Organoelement Compounds.

3.1.1. Synthesis of N?-Azidoacridine 2

We added 1 mL of NEt3 to a suspension of 9-methoxyacridine 1 (0.5 g, 2.4 mmol) and
2-azidoethanamine hydrochloride (0.32 g, 2.6 mmol) in 20 mL of CH3CN. The reaction
mixture was stirred under reflux for 15 h and then cooled to room temperature. To the
cooling reaction mixture, a few drops of HCl were added before pH = 3 and left in the air
for 1 h. Then, the solution was evaporated, and residue was crystallized from EtOH. The
product was filtered, washed with cold EtOH (5 mL), and air dried to give pale yellow
crystals of 2 (0.54 g, yield 76%). 'H NMR (400 MHz, D,O) n 7.61 (d, 2H, 2 x CHay,
J=9.0Hz), 749 (t, 2H, 2 x CHpa,), 7.11(t, 2H, 2 x CHa,), 6.96 (d, 2H, 2 x CHa,, ] =9.0 Hz),
3.72 (CH,), 3.63 (CH,) ppm. *C NMR (101 MHz, D,0): 158.9 (Ca;), 138.6 (Ca;), 135.3
(CHay), 124.0 (2 x CHa,), 118.0 (CHa,), 111.5 (Cay), 57.4 (Car), 49.7 (NCHy), 47.6 (NCH,)
ppm. IR (KBr, 1, cm~1): 2065 (N3). HRMS (ESI) m/z for [C15H13N5]* caled 264.1244 [M]*,
found: 264.1246 [M]".

General Procedure for the Synthesis of the Conjugates of Cobalt Bis(Dicarbollide) with
Acridine 7-10

A mixture of 9-azidoacridine 2 (1 eq.), the alkynyl derivatives of cobalt bis(dicarbollide)
3-6 (1 eq.), diisopropylethylamine (0.5-1 mL), and Cul (0.1 eq.) in 10-15 mL of EtOH was
heated under reflux for 2 h. Then, the reaction mixture was cooled to room temperature,
and inorganic precipitate was filtered. Then, organic solvent was removed in vacuo. The
residue was extracted using EtOAc (100 mL) and washed with 1M HCI (4 x 50 mL) and
brine (2 x 50 mL) and dried (NaySOy). Then, the ethyl acetate was evaporated. The residue
was dissolved in 5 mL of acetone. To the resulting solution, 1 g of CsCl in 100 mL of water
was added. The crude product was purified on a silica column using CH,Cl,-CH3CN (2/1)
as an eluent to give the desired products 7-10.
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3.1.2. Synthesis of Conjugate 7

Conjugate 7 was prepared from compound 2 (0.09 g, 0.30 mmol), the alkynyl derivative
of cobalt bis(dicarbollide) 3 (0.14 g, 0.30 mmol), diisopropylethylamine (1 mL, 0.74 g,
5.73 mmol), and Cul (0.006 g, 0.03 mmol) in 15 mL of EtOH. The product was obtained
as an orange solid of 4 (0.19 g, yield 73%). 'H NMR (400 MHz, acetone-dg) x 8.52 (d, 2H,
2 x CHp,, ] =9.0Hz),8.02 (s,4H, 4 x CHp,), 7.83 (s, 1H, CHCN3), 7.62 (m, 2H, 2 x CHa,),
5.08 (s, 2H, CH,;N), 4.90 (s, 2H, CH,NH), 4.41 (s, 2H, OCH;C), 4.19 (br. s, 2H, CHapp), 4.11
(br. s, 2H, CHa), 3.78 (s, 2H, BOCH,), 3.57 (s, 2H, CH0), 3.49 (s, 2H, CH,0), 3.22 (s,
2H, CH,0) ppm. "B NMR (128 MHz, acetone-de): 23.8 (1B, s), 5.2 (1B, d, ] = 144 Hz), 0.3
(1B,d,J=152), —2.3 (1B, d, ] =164 Hz), —4.5 (2B, d, ] = 142 Hz), —7.2 (4B, d, ] = 124 Hz),
—9.0 (2B, d, ] unsolved), —17.3 (2B, d, | = 164 Hz), —20.2 (2B, d, ] = 150 Hz), —22.5 (1B,
d, ] =150 Hz), —28.6 (1B, d, | = 142 Hz) ppm. 13C NMR (101 MHz, acetone-dg): 158.3
(Car), 144.8 (Car), 140.2 (CN3CH), 134.9 (CHa,), 125.1 (CHay), 123.9 (CHa,, CN3CH), 119.9
(CHay), 113.5 (Cay), 72.2 (OCH3), 70.3 (OCHy), 68.8 (OCH3), 63.8 (OCH3), 59.7 (OCH,), 53.3
(CHearp), 50.0 (NCHy), 49.6 (NCH,), 46.6 (CH o) ppm. IR (KBr, 1, cm™1): 2568 (BH), 1581
(triazole). Found: C 36.41, H 5.14, B 22.79, N 8.07; Calc. for CygHy5B13CoN503Cs C 36.22,
H 5.26, B 22.57, N 8.12. HRMS (ESI) m/z for [CysHy5B1§CoN503] caled 729.4658 [M]~,
found 729.4657 [M] .

3.1.3. Synthesis of Conjugate 8

Conjugate 8 was prepared from compound 2 (0.062 g, 0.21 mmol), alkynyl derivative
of cobalt bis(dicarbollide) 4 (0.10 g, 0.21 mmol), diisopropylethylamine (0.5 mL, 0.37 g,
2.86 mmol), and Cul (0.004 g, 0.02 mmol) in 10 mL of EtOH. The product was obtained
as an orange solid of 4 (0.14 g, yield 75%). 'H NMR (400 MHz, acetone-dg) 11 8.54 (d, 2H,
2 x CHay, ] =9.0 Hz), 8.02 (m, 4H, 4 x CHpy,), 7.87 (s, 1H, CHCN3), 7.66 (m, 2H, 2 x CHag,),
5.08 (m, 2H, CH;N), 4.90 (m, 2H, CH,NH), 4.22 (br. s, 2H, CH_,1,), 4.19 (br. s, 2H, CH 1),
3.67 (m, 2H, OCH,CH,C), 3.48 (m, 8H, BOCH,, 3 x CH,0), 2.80 (m, 2H, CH,0) ppm. 'B
NMR (128 MHz, acetone-dg): 23.4 (1B, s), 4.4 (1B, d, ] = 145 Hz), 0.6 (1B, d, ] = 168), —2.4
(1B,d, J unsolved), —4.3 (2B, d, ] =156 Hz), —7.2 (2B, d, ] =130 Hz), —8.0 (4B, d, ] = 124 Hz),
—17.4 (2B, d, J unsolved), —20.4 (2B, d, ] = 162 Hz), —21.9 (1B, d, ] = 160 Hz), —28.7 (1B, d,
] = 152 Hz) ppm. '*C NMR (101 MHz, acetone-dg): 158.6 (Ca;), 145.6 (Ca;), 139.9 (CN3CH),
135.6 (CHp,), 125.2 (CHy,), 124.3 (CH,,), 123.4 (CN3CH), 119.2 (CHy,), 112.9 (Ca,), 71.9
(OCHy), 70.2 (OCHy), 69.8 (OCHy), 69.4 (OCH,), 68.6 (OCHy), 53.7 (CH¢arp), 49.5 (NCHy),
48.8 (NCHy>), 46.5 (CHarp), 29.5 (CHy) ppm. IR (KBr, 1, cm~1): 2553 (BH), 1593 (triazole).
Found: C 37.17, H 5.28, B 22.51, N 7.68; Calc. for C,7H47B15§CoN503Cs C 37.01, H 5.41,
B 22.21, N 7.99. HRMS (ESI) m/z for [Co7H47B13CoN503]" caled 743.4815 [M]~, found:
743.4818 [M]~.

3.1.4. Synthesis of Conjugate 9

Conjugate 9 was prepared from compound 2 (0.09 g, 0.30 mmol), the alkynyl derivative
of cobalt bis(dicarbollide) 5 (0.14 g, 0.30 mmol), diisopropylethylamine (1 mL, 0.74 g,
5.73 mmol), and Cul (0.006 g, 0.03 mmol) in 15 mL of EtOH. The product was obtained
as an orange solid of 4 (0.18 g, yield 70%). 'H NMR (400 MHz, acetone-dg) ;1 8.58 (d, 2H,
2 x CHpy, ] =9.0 Hz), 8.07 (m, 2H, 2 x CHa,), 7.99 (m, 3H, 2 x CHa,, CHCN3), 7.67 (t,
2H, 2 x CHpy), 5.14 (m, 2H, CH;,N), 4.96 (m, 2H, CH,NH), 4.46 (s, 2H, OCH,C), 4.25 (br.
s, 2H, CHayp), 4.17 (br. s, 2H, CHepp), 3.46 (t, 2H, BOCH)), 3.33 (t, 2H, CHy,), 1.44 (dq,
4H, 2 x CHy), 1.31 (m, 2H, CH;) ppm. B NMR (128 MHz, acetone-dg): 23.4 (1B, s), 4.3
(1B, d, ] =144 Hz), 0.0 (1B, d, J = 152), —2.6 (1B, d, ] unsolved), —4.6 (2B, d, ] = 162 Hz),
—74 (2B, d, ] =122 Hz), —82 (4B, d, ] = 124 Hz), —17.4 (2B, d, ] = 162 Hz), —20.3 (2B,
d,J =144 Hz), —22.6 (1B, d, J = 158 Hz), —28.4 (1B, d, ] = 150 Hz) ppm. 3C NMR (101
MHz, acetone-dg): 158.8 (Cay), 145.6 (Cay), 139.8 (CN3CH), 135.8 (CHay), 125.3 (CHa,),
124.4 (CHjy,), 124.0 (CN3CH), 119.0 (CHjy,), 112.9 (Cay), 70.0 (OCHy), 68.8 (OCH,), 63.8
(OCHy), 53.9 (CHcarp), 49.3 (NCHy), 48.9 (NCHy), 46.4 (CHcapp), 31.6 (CHy), 29.6 (CHy), 22.7
(CHy) ppm. IR (KBr, 1, cm~1): 2553 (BH), 1583 (triazole). Found: C 37.83, H 5.32, B 22.91,
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N 8.33; Calc. for Cy;H47B13CoN50,Cs C 37.70, H 5.51, B 22.62, N 8.14. HRMS (ESI) m/z for
[CoyHy7B18CoN5O;]" caled 727.4866 [M]~, found: 727.4868 [M] .

3.1.5. Synthesis of Conjugate 10

Conjugate 10 was prepared from compound 2 (0.063 g, 0.21 mmol), the alkynyl
derivative of cobalt bis(dicarbollide) 6 (0.10 g, 0.21 mmol), diisopropylethylamine (0.5 mL,
0.37 g, 2.86 mmol), and Cul (0.004 g, 0.02 mmol) in 10 mL of EtOH. The product was
obtained as an orange solid of 4 (0.13 g, yield 71%). 'H NMR (400 MHz, acetone-dg): 8.56
(d, 2H, 2 x CHa,, ] =9.0 Hz), 8.08 (m, 2H, 2 x CHp,), 7.98 (d, 2H, 2 x CHja,, ] =9.1 Hz),
7.83 (s, 1H, -CHCN3), 7.68 (m, 2H, 2 x CHay), 5.10 (m, 2H, CH;N), 4.91 (m, 2H, CH,NH),
4.25 (br. s, 2H, CHoap), 4.18 (br. s, 2H, CHeayp,), 3.47 (m, 4H, BOCH,, OCH,CH,C), 3.31 (m,
2H, CH,), 2.82 (m, 4H, 2 x CH,), 1.43 (m, 2H, CH,), 1.32 (m, 2H, CH,) ppm. !B NMR
(128 MHz, acetone-dg): 23.4 (1B, s), 4.3 (1B,d, ] =162 Hz), 0.4 (1B, d, ] = 142), —2.6 (1B,
d, ] =146 Hz), —4.6 (2B, d, ] = 138 Hz), —7.4 (2B, d, ] unsolved), —8.3 (4B, d, ] = 134 Hz),
—17.5 (2B, d, ] = 164 Hz), —20.4 (2B, d, ] = 148 Hz), —22.8 (1B, d, ] unsolved), —28.6 (1B, d,
J =162 Hz) ppm. 13C NMR (101 MHz, acetone-dg): 158.7 (Ca,), 145.6 (Ca,), 139.9 (CN5CH),
135.8 (CHay), 125.3 (CHay), 124.4 (CHay), 123.2 (CN3CH), 119.0 (CHay,y), 112.9 (Cyy), 70.5
(OCH3y), 69.1 (OCH3), 68.7 (OCH3), 53.9 (CHarp), 49.4 (NCHy), 48.7 (NCH3), 46.4 (CHcarp),
31.6 (CHy), 29.4 (CH,), 26.3 (CHy), 22.7 (CH») ppm. IR (KBr, 1, cm~1): 2547 (BH), 1583
(triazole). Found: C 38.35, H 5.76, B 22.48, N 8.13; Calc. for CygH49B15CoN50,Cs C 38.47,
H 5.65, B 22.26, N 8.01. HRMS (ESI) m/z for [CpgH49B1§CoN50,]~ calcd 741.5023 [M],
found: 741.5028 [M] .

3.2. Absorbance Spectroscopy

Absorption spectra were recorded on a Jasco v550 (Japan) spectrophotometer in a
thermostatted cuvette with 1 cm optical path at 25 °C. A solution of 5 mkM compounds
in 10 mM potassium phosphate buffer pH = 8.0 and a calf thymus DNA (Sigma-Aldrich)
concentration in the range 0-80 uM (b.p.) was used to obtain spectral changes in DNA
interactions.

3.3. Cells and MTT Assay

The human HCT116 colorectal carcinoma, MCF7 breast adenocarcinoma, A549 non-
small cell lung carcinoma, and WI38 nonmalignant lung fibroblast cell lines were obtained
from the European collection of authenticated cell cultures (ECACC; Salisbury, UK). All
cells were grown in DMEM medium (Gibco™, Cork, Ireland) supplemented with 10%
fetal bovine serum (Gibco™, Cork, Brazil). The cells were cultured in an incubator at
37 °C in a humidified 5% CO, atmosphere and subcultured 2 times a week. The MTT
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay was performed as
described earlier [46]. In brief, the cells were seeded in 96-well plates («I'PP», Switzerland)
atal x 10% cells/well in 100 uL. After 24 h incubation at 37 °C, the cells were incubated
with the tested compounds in concentrations from 0 to 200 pM.

3.4. Crystallographic Data

At 100K, crystals of 2 (Ci5H14CIN5, M = 299.76) are orthorhombic, space group
P212121: a = 7.0854(3), b = 11.0430(4), c = 17.4107(7) E, V = 1362.28(9) E3, Z = 4 (Z' = 1),
deale = 1.462 g~cm_3, F(000) = 624. Intensities of 14,766 reflections were measured with a
Bruker D8 Quest diffractometer equipped with the Photon III detector [A(MoKa) = 0.71072E,
m-scans, 20 < 61°], and 3991 independent reflections [Rin; = 0.0451] were used in fur-
ther refinement. The structure was solved using the direct method and refined through
the full-matrix least-squares technique against F? in the anisotropic-isotropic approxima-
tion. The hydrogen atoms were found from the difference Fourier synthesis of electron
density. All the hydrogen atoms were refined in the isotropic approximation without
constraints imposed on the positional parameters. For 1, the refinement converged to
wR2 = 0.0844 and GOF = 0.959 for all independent reflections (R1 = 0.0364 was calculated
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against F for 3185 observed reflections with I > 20(I)). All calculations were performed
using the SHELX [57] and OLEX2 [58] program packages. CCDC 2,257,438 contains the
supplementary crystallographic data for 1. These data can be obtained free of charge via
https:/ /www.ccdc.cam.ac.uk/structures/ (accessed on 3 July 2023) (or from the CCDC,
12 Union Road, Cambridge, CB21EZ, UK; or deposit@ccdc.cam.ac.uk). The X-ray diffraction
study was performed using the equipment of the JRC PMR IGIC RAS.

The DFT calculations for the isolated cation of 1 as well for two conformations (relaxed
and distorted) of the unsubstituted acridinium cation were performed using the Gaussian09
program [59]. The electronic energy calculations were performed using the def2TZVP basis
set [60,61] and the PBEQ functional [62,63] with Grimme’s empirical dispersion correc-
tion [64] and Becke-Johnson damping [65]. The geometry optimization procedures were
performed invoking the standard cutoff criteria and ultrafine grids. According to the
normal mode calculations, both fully relaxed structures (the cation of 1 and the equilibrium
unsubstituted acridinium cation) correspond to energy minima. The RDG and sign(42)-c®
functions were calculated using the MultiWFN program [66], whereas the topological
analysis of electron density function was performed in the AIMAII program [67].

4. Conclusions

The copper(I)-catalyzed 1,3-dipolar [3 + 2] cycloaddition reaction of cobalt bis(dicarbollide)
alkynes derivatives with azidoacridine yield the corresponding products containing 18 atoms
of boron per molecule. The novel conjugates demonstrated antiproliferative activity against
two tumor and one non-tumor human cell lines. DNA interaction studies using absorbance
spectroscopy showed the weak binding of the obtained compounds with DNA. Among
all other compounds, the acridine conjugate obtained from the 1,4-dioxane derivative of
cobalt bis(dicarbollide) and propargyl alcohol showed the best result (the largest spectral
changes were observed for this compound). It should be noted that the preliminary results
indicated some potential, suggesting binding to DNA. Thus, the toxic boronated acridines
presented in this work contain novel, unexplored structural features whose relevance in
the field deserves investigation in order to achieve still-better non-toxic BNCT agents,
capable of binding to DNA. Further efforts are warranted to explore the effect of other
kinds of boronated substituents on the 9-aminoacridine scaffold on the activity and toxicity
of boronated acridines. As compounds with a possibly more affinitive interaction with
DNA, the introduction of active groups carrying a positive charge could be suggested,
which would increase water solubility and make the acridine core more affinitive to DNA,
possibly enhancing binding to DNA as a target.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28186636/s1, Figure S1 with main crystallographic data
for 2. Figure 52 with the area of substituent in the isolated optimized cation from 2. Figure S3 with
changes of absorbance spectra upon DNA interaction for conjugates 7,9,10. Figures S4-S8: ESI-HRMS
spectra of compounds 2, 7-10, Figures $9-S13: IR spectra of compounds 2, 7-10, Figures S14-S31: 'H,
1B{IH}, 11B and 13C{1H} spectra of compounds 2, 7-10.
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Abstract: The octahydridotriborate anion plays a crucial role in the field of polyhedral boron chem-
istry, facilitating the synthesis of higher boranes and the preparation of diverse transition metal
complexes. Among the stable forms of this anion, CsBsHg (or (n-C4Hg)4N)[B3Hg] have been iden-
tified. These salts serve as valuable precursors for the synthesis of metallaboranes, wherein the
triborate anion acts as a ligand coordinating to the metal center. In this study, we have successfully
synthesized a novel rhodatetraborane dihydride, [Rh(172-B3H8)(H)2(PPh3)2] (1), which represents a
Rh(IIT) complex featuring a bidentate chelate ligand fasormed by B3Hg ~. Extensive characterization
of this rhodatetraborane complex has been performed using NMR spectroscopy in solution and X-ray
diffraction analysis in the solid state. Notably, the complex exhibits intriguing fluxional behavior,
which has been investigated using NMR techniques. Moreover, we have explored the reactivity of
complex 1 towards pyridine (py) and dimethylphenylphosphine (PMe,Ph). Our findings highlight
the labile nature of this four-vertex rhodatetraborane as it undergoes disassembly upon attack from
the corresponding Lewis base, resulting in the formation of borane adducts, LBH3, where L = py,
PMe,Ph. Furthermore, in these reactions, we report the characterization of new cationic hydride
complexes, such as [Rh(H),(PPhs), (py)]* (2) and [Rh(H),(PMe,Ph)4]*. Notably, the latter complex
has been characterized as the octahydridotriborate salt [Rh(H),(PMe,Ph),][BsHg] (3), which extends
the scope of rhodatetraborane derivatives.

Keywords: boranes; metallaboranes; metal hydrides; fluxionality; solid-state structure

1. Introduction

The synthesis of [arachno-B3Hg] ™ has gathered significant attention in recent years due
to its pivotal role in the preparation of higher boranes, such as closo-B1oH1»2~, and a wide
array of transition metal complexes [1-4].

Many salts of this anion have been prepared using B,Hg, but concerns regarding
the toxicity and flammability of diborane have prompted the exploration of alternative
synthetic routes. Among the various methods, the reaction of Na[BH4] with I, stands
out [2]; however, the presence of iodide anions poses challenges in obtaining the desired
product. Recent investigations have focused on replacing iodine with various metal halides
as oxidants, offering improved efficiency and selectivity in the synthesis of [arachno-BsHg] ™.

The crystal structure of [(H3N),BH;][BsHg] has been determined by Peters and Nord-
man, shedding light on the structural composition of the octahydridotriborate anion. The
anion consists of a triangular arrangement of boron atoms, with two bridging and six
terminal hydrogens [3].

The inherent stability and accessibility of the arachno-B3;Hg™ anion have paved the
way for extensive investigations into its reactivity with various metal complexes [4]. The
resulting arachno-2-metallaboranes can be synthesized through ligand substitution reactions,
offering a general route for the incorporation of transition metals into the cluster framework:

LoMX + BsHg™ — [L,_1MB3Hg] + L + X (L = neutral ligand; X = halide)
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The reactivity of arachno-BzHg™ has been explored with a wide range of transition
metals, spanning across the periodic table, including Ti, Cr, Mo, W, Mn, Re, Fe, Ru, Os,
Ir [5], Cu, Ag and Zn [1,34].

The reaction between a transition metal complex and the octahydridotriborate anion
is, a priori, the most direct route to the synthesis of arachno-2-metallatetraboranes. How-
ever, some of the reported metallatetraboranes were prepared from reactions of either
monocyclopentadienyl metal chlorides or hydride-ligated complexes of transition metals
from groups 5-9 with monoboranes (LiBH4 or BH3THF) [6-8]. This synthetic procedure
was developed mainly by Fehlener and co-workers at Notre Dame University (Notre
Dam, IN, USA) [9]; and Gosh and co-workers have been using it for a good number of
years, at the Indian Institute of Technology Madras (Chennai, India), in the pursuit of new
metallaboranes [10].

Alternatively, reactions between metal complexes and larger boranes, such as pentabo-
rane, were also a route to tetraboranes, via cluster dismantling processes [11].

To expand the scope of transition element arachno-metallaboranes and explore novel
structures and dynamic processes, our study focused on investigating the reactivity be-
tween Wilkinson’s catalyst, [RhCIl(PPh3)s], and the octahydridotriborate anion, [BsHg] .
This investigation resulted in the successful synthesis of dihydridorhodatetraborane,
[Rh(n2-B3Hg)(H)2(PPh3),] (1). The compound was comprehensively characterized us-
ing NMR spectroscopy and X-ray diffraction analysis. Notably, the newly synthesized
metallatetraborane exhibited a chemical non-rigidity, which was studied using NMR spec-
troscopy at variable temperatures. In addition, we have carried out an exploratory study
of the reactivity of 1 with Lewis bases, resulting in the characterization of hydride metal
complexes.

2. Results and Discussion
2.1. Synthesis of [Rh(7>-B3Hg)(H),(PPh3),] (1)

The reaction of the Wilkinson’s catalyst with the cesium salt CsBsHg in ethanol leads
to the formation of dihydridorhodatetraborane (1) (Scheme 1).

—‘H _
H / PPhg

H
H——p \ _H
AN / A & b ey / ~
B N, 4 pPhp—rh—c — 28 o BT—— H
/ \55‘/ H ’ 7 e o o H \ A
H H \ PhaP in EtOH or Et,0 H Els :
" H
Scheme 1. Reaction between the Wilkinson’s catalyst and the octahydridotriborate anion to give
[Rh(y2-B3Hg)(H)2(PPhs):] (1).

Due to the limited solubility of the cesium salt in ethanol and the insolubility of
the rhodium complex (Wilkinson’s catalyst) in the same solvent, the reaction proceeds
in a heterogeneous solid-liquid phase. The reaction mixture initially forms a brick-red
suspension, which transforms into a red-orange product, corresponding to the formation of
dihydridorhodatetraborane (1). The product is then collected by filtration using a sintered
disc filter funnel.

As an alternative approach, we conducted the reaction using the tris(dioxane) solvate
NaB3Hg 3(C4HgO,) as the starting material in diethyl ether, which also exhibits limited sol-
ubility for Wilkinson’s catalyst. Similar to the ethanol system, this synthesis is characterized
by a heterogeneous reaction. The resulting yellow product, identified as hydridorhodathi-
aborane, is easily filtered under ambient conditions, yielding 1.
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2.2. X-ray Diffraction Analysis

The Cambridge Crystallographic Data Centre (CCDC) provides X-ray diffraction anal-
yses for fifteen arachno-metallaboranes, incorporating {ML}-fragments of Nb [7], Cr [12],
Mo [10], W [6,10], Mn [13], Re [8,13], Ru [11,14,15], Os [16] and Cu [17]. However, the avail-
ability of comparative structural data across the periodic table, for this particular class of
four-vertex arachno-metallaboranes, is limited. It is important to emphasize that the crystal
structure of compound 1 represents the first example of a Group 9 arachno-2-metallaborane
characterized by X-ray diffraction analysis.

Single crystals of the compound were obtained by diffusing hexane into a solution of
1 in CH,Cl,. Figure 1 depicts an ORTEP-type drawing, illustrating selected interatomic
distances and angles. The rhodium center in the compound exhibits an octahedral coordi-
nation sphere, where the BsHg ™~ moiety acts as a bidentate ;?-ligand through two B-H-Rh
bridge bonds. These bridge bonds are located trans to the exo-polyhedral hydride ligands.
Completing the coordination number 6 around the metal, two Ph3P ligands are mutually
trans. Consequently, the molecule can be classified as an eighteen-electron, six-coordinate,
octahedral d° rhodium(III) complex.

Figure 1. ORTEP-type of drawing for [Rh(172-B3H8)(H)2(PPh3)2] (1), showing the cluster numbering
system employed, with 50% thermal ellipsoids for non-hydrogen atoms. The phenyl rings (except
for the ipso carbon atoms) are omitted to aid clarity. Selected interatomic distances (A) and angles
(°) with esds in parenthesis: Rh2-P1 2.3103(11), Rh2-P2 2.2911(11), Rh2-H 1.58(2) (average value of
the two hydride ligands), Rh2-B1 2.428(5), Rh1-B3 2.420(5), B1-B3 1.764(8), B1-B4 1.790(8), B3-B4
1.805(8), P1-Rh2-P2 158.68(4), B1-Rh2-P1 103.27(13), B1-Rh2-P2 95.72(13), B3—-Rh2-P1 106.40(13),
B3-Rh2-P2 94.10(13), H-Rh2-P1 81.1(18) (average value of the two hydride ligands), B1-Rh2-B3
42.67(18), B3-B1-Rh2 68.4(2), B1-B3-Rh2 68.9(2), B3-B1-B4 61.0(3), B1-B3-B4 60.2(3), B1-B4-B3
58.8(3). The dihedral angle between planes {B1B3B4} and {B1B3Rh2} is 121.91(3).

Alternatively, compound 1 can be described as a four-vertex arachno-cluster, which
can be related to the parent arachno-B4Hyy by replacing a BH, ‘wing-tip” with the d°-
{Rh(H)»(PPhs),} fragment. This description follows the architectural patterns proposed
by Williams [18], where the four-vertex butterfly type arachno-cluster is derived from
an octahedron by removing two adjacent vertices. According to the polyhedral skeletal
electron pair theory (PSEPT) [19,20], these clusters are expected to have seven skeletal
electron pairs (n + 3; where n is the number of vertices of the polyhedral cluster). Applying
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the PSEPT electron-counting rules, the {Rh(H),(PPhs),} group in compound 1 can be
considered as a vertex contributing three electrons to the cluster framework bonding
[9 e (Rh) + 4 e” (2PPh3) + 2 e" (2H) — 12 e~ = 3 e ], resembling the BH, ‘wing-tip” in
arachno-B4Hjyg.

The distances between Rh2 and P1, as well as Rh2 and P2, are determined to be
2.3103(11) A and 2.2911(11) A, respectively. These bond lengths are significantly shorter
compared to the Ru-P lengths observed in the arachno-2-ruthenatetraborane, [Ru(r?-
B3Hg)(H)2(PPh3),], which also features two mutually trans PPhj ligands. In the ruthenate-
traborane, the Ru-P bond lengths are measured to be 2.373(1) A and 2.364(1) A. However,
when the hydrotris(pyrazol-1-yl)borate-ligated ruthenatetraborane, [Ru(;yz-B3H8)(PPh3){K3 -
HB(pz)s}], is considered, the Ru-P bond distance is slightly shorter at 2.317(1) A. Analysis
from the Cambridge Crystallographic Data Centre (CCDC) reveals that the mean bond
length for Rh-PPhj is 2.318 A, while the mean bond distance for Ru-PPhj is slightly longer
at2.350 A. Based on these findings, it can be concluded that the M—P bond distances fall
within the crystallographic data, indicating that the Ru-PPh3 bonds are on average longer
than the corresponding Rh—PPhj lengths.

It is noteworthy to highlight that the {Ru(CO)(H)(PPhs),} and {Ru(PPh3){K3—HB(pZ)3}
fragments present in the ruthenaboranes are isolobal and isoelectronic with the {Rh(H),(PPhs),}
group observed in compound 1. These fragments contribute three electrons to the cluster
framework, thus fulfilling the expected seven skeletal electron pairs (seps) characteristic of
a four-vertex arachno-cluster.

In the crystal structure of compound 1, the rhodatetraborane clusters exhibit a packing
arrangement along the crystallographic axis a. These clusters form ribbons that associate
in pairs through sextuple phenyl embrace (SPE) interactions. The separation between
the P atoms (P---P) and the collinearity of Rh—P---P-Rh are measured at 7.9 A and 165°,
respectively, falling within the reported range for this attractive edge-to-face interaction
(Figure 2). The SPE interaction arises from intermolecular edge-to-face C—H-- 7t attractive
forces facilitated by the presence of phenyl rings [21,22].

All metal octahydridotriboranes stored in the CCDC exhibit a notable similarity, with
mean distance values of 1.745 A, 1.797 A and 1.794 A for the B1-B3, B1-B4 and B3-B4
linkages, respectively. Among these linkages, the B1-B3 edge involved in the M-B-B
interaction (M = Nb, Cr, Mo, W, Mn, Re, Ru, Os, Cu) shows the shortest mean value.
However, the length of the B1-B3 edge varies within the range of 1.707 A to 1.833 A, which
is larger than the range of 1.772 A to 1.817 A observed for the other two B-B connections
involving B-B-B bonds. This structural feature is expected due to the variation in the
metal center across the metallatetraborane series. The M-B-B interaction, facilitated by two
bridging hydrogen atoms, is expected to influence the B1-B3 distance, leading to significant
differences among the compounds.

In the parent arachno-BsHj cluster, the ‘hinge” B1-B3 edge exhibits a mean value of
1.722 A, which is the shortest among the five B-B bond distances present in this four-vertex
arachno-cluster. The other B-B distances in arachno-ByHjy range between 1.844 A and
1.847 A, based on the average values derived from the five structures available in the CCDC.
The butterfly dihedral angle, characterizing the molecular structure of B4Hj, is measured to
be 118.4 &+ 0.4°. In comparison, the dihedral angle for the metal compounds falls within the
range of 124.5 &+ 5.2°. The smallest dihedral angle observed among the metallatetraboranes
is 119.3°, which corresponds to the octahydridotriborato-bis(triphenylphosphine)copper(l)
compound [17]. This compound features a {(PPhs),Cu} vertex with both endo- and exo-
triphenyl ligands, closely resembling the {BHj,} vertex in arachno-tetraborane(10). The
coordination of the {(PPh3),Cu} and {BH,} vertices, bound to the { {172—B3H8} fragment,
exhibits a tetrahedral geometry. Consequently, significant structural similarities between
these two molecules are expected, as evidenced by the similarity in their dihedral angles.

Among the tetrametallaboranes determined through crystallography and deposited
in the CCDC, different metal fragments act as vertices, formally replacing the {BHj}
vertex in arachno-B4Hjp. As a result, notable differences in the dihedral angles are ob-
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served, depending on the nature of the endo- and exo-ligands. For instance, the [Ru(y?-
B3Hjg)(C1)(57°-(CH3)sCs))] cluster features a pseudo-octahedral ruthenium(Il) center, bonded
to exo-hexamethylbenzene and endo-chloro ligands. This metal fragment leads to a relatively
flat structure with a dihedral angle of 129.7°. Another tetrametallaborane, [Nb(;72-BsHg)(17°-
(CsHs)z], exhibits a dihedral angle of 125.7°. In this case, the coordination number around
the niobium(III) center is eight, with six positions occupied by the cyclopentadienyl lig-
ands, each acting as a tridentate ligand, and the remaining two positions occupied by the
bidentate octahydridotriborate anion.

Figure 2. Packing of individual molecules of 1 that form ribbons along the a axis (above); detail of
edge-to-face phenyl interactions between the molecules within the ribbons (below).

2.3. NMR Characterization and Comparison

The assignments provided in Table 1 for the resonances are reasonably determined
based on their relative intensities and by comparing them with the resonances observed in
the previously reported hydridoiridatetraborane, [Ir(72-B3Hg)(H)o(PPh3),] [5]. To further
support these assignments, DFT calculations were performed on a model compound,
[Rh(172—B3H3)(H)2(PH3)2]. The calculated data confirmed the resonance assignments and
provided additional insight into the molecular structure and behavior of the compound.
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Table 1. ''B, 'H and 3!P NMR data for compound [Rh(172-B3Hg)(H),(PPh3),] (compound 1), com-
pared to the corresponding DFT/GIAO !'B-nuclear shielding data, calculated for the PH3 model,
[Rh(qz—BgHg)(H)z(PH3)2] [in brackets].

(a) Cluster Data:

Assignment ! 5 (11B) 2 Assignment ! 5 (H)3
B4 —1.0[-3.8] exo-H4 +2.54 [+2.74]
B1,3 —38.9 [—41.0] endo-H5 +1.82 [+2.33]
exo-H1, exo-H3 —0.11 [+1.02]
H1,4; H3,4 (B-H-B) —1.11[-0.65]
H1,2; H3,2 (Rh-H-B) —7.07 [-5.10]
H2, H6 (Rh—H) —11.79 4 [—6.37]
(b) Phosphorous-31 Data:
Assignment 5 @elp)3 17(13Rh-31P)/Hz 2j(31p1-21P2)/Hz
P1 39.9 111
P2 147 111 367

1 Based on the symmetry of 1, TH-{11B} selective experiments and DFT calculations. 2 CD,Cl, solution at 298 K.
3 CD,Cl, solution at 223 K. *'H-{!!B(off)}: broad, apparent quintet, ] = 15.3 Hz; 'H-{*!P}: broad, apparent
triplet, which corresponds to a second order spectrum, analyzed to give 11(13Rh-1H1,2) = 1J(1%Rh-1H2,3) = 18 Hz,
17(18Rh-1H2) = 1J(1BRh-1H6) = 16 Hz, 2J(*H1,2-'H2) = 2 Hz, 2J('H1,2-1H6) = 12 Hz.

The NMR data obtained for compound 1 are fully in accord with the solid-state
structure determined by X-ray diffraction analysis. The room temperature !'B NMR
spectrum shows two distinct resonances at 5('!B) —1.0 and —38.9 ppm, with a relative
intensity ratio of 1:2. These resonances can be attributed to the B4 and B1,3 vertices,
respectively. Interestingly, the uncoupled 'B spectrum does not display the expected
TA1B-1H) coupling constants (refer to Figure S1). This observation can be rationalized
considering the chemical non-rigidity of the endo- and bridging-hydrogen atoms present in
the {(72-BsHg)} ligand (vide infra).

Figure 3 illustrates a stick representation of the chemical shifts and relative intensities
in the !'B spectra for a series of isostructural and isoelectronic arachno-metallatetraboranes
similar to compound 1. These four-vertex clusters exhibit highly similar overall !'B shield-
ing patterns. The resonances corresponding to the metal-bound B1-B3 positions are
grouped within a narrow region of 5(!!B) from —36.0 to —41.0 ppm. On the other hand,
the signals associated with the “wing-tip” B4 position are observed between 5(*'B) —1.0
and +6.0 ppm.

The observed marked similarity in the !'B NMR resonances is somewhat surprising,
considering that the metal fragments change from early to late-transition elements, each
bearing different ligands such as CO, PPhs, dppe, CsHs, CsMes and hydrides, and the fact
that the spectra were recorded in different solvents such as toluene-d®, CD,Cl, and CDCl;.

This finding suggests that the fundamental nature of the metal-to-{y2-BsHg} frag-
ment interaction is maintained throughout this series of compounds. According to the
electron-counting rules [19,20] the {Nb(175—C5H5)2}— [7], {W(PMe3)3(H)3}- [6], {Re(CO)4}- [5],
{Mn(CO),(dppe)}- [13], {Os(CO)(PPhs) (H)}- [5], {Ru(CO)(PPhs)a(H)}-, {Fe(i1°-C5Mes)(CO)}-
, {Ir(H),(PPhj3),} [5] and {Rh(H),(PPhjs),}-vertices contribute three electrons to the cluster
framework. This electron count yields seven seps, as expected for four-vertex arachno-2-
metallatetraboranes. The consistency in electron counting and the resultant ''B resonances
further support the notion that the interaction between the metal fragment and the {1%-
B3Hg} ligand is maintained across this series of compounds.
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Figure 3. Stick representation of the Hp-{1H} NMR spectra of a series of arachno-metallaboranes. The
NMR data were measured in different solvents such as toluene-d®, CD,Cl, and CDCl;.

At 298 K, the 'H-{}!B} NMR spectrum of compound 1 exhibits three signals at §(*H)
+2.66 ppm, —6.96 ppm and —11.95 ppm, with a relative intensity ratio of 1:2:2. These
spectroscopic data do not match the expected pattern based on the molecular structure
of the dihydrorhodatetraborane. According to the Cs point group symmetry, we would
anticipate five proton resonances with a relative intensity ratio of 1:1:2:2:2, along with
aromatic Ph signals (30H). However, when the TH-{(11B} spectrum is measured at 223 K,
the expected pattern is observed. Peaks appear at 5('H) +2.54 (1H), +1.82 (1H), -0.11 (2H),
-1.11 (2H), -7.07 (2H) and -11.79 ppm.

The lowest frequency signal at —11.79 ppm, corresponding to the Rh-H hydride
ligands, does not broaden in the proton-coupled spectrum. This hydride resonance exhibits
the characteristic pattern of a broad quintet, which appears as an apparent broad triplet in
the 'H-{3!P} spectrum (refer to Figure S2). However, the chemically equivalent hydride
ligands, H2 and H6 in Figure 1, couple unequally to the H1,2 and H2,3 nuclei, resulting in
magnetic non-equivalence (Figure S3). Consequently, the 'H-{3'P} spectrum for the Rh-H
ligands (H2, H6 in Figure 1) displays second-order behavior (Figure S3).

In the dihydridoiridatetraborane analogue, [II‘(I]Z-B3H8)(H)Z(PPh3)2], the hydride
signal appears at 5('H) —13.30 p.p.m, appearing as a triplet of doublets due to cisoid
coupling to two 3P nuclei with very similar coupling constants. Additionally, a small
transoid coupling, 2](1Hbridge’1Ht) =7.0 Hz, is observed. In compound 1, there are also

two 3!P nuclei with similar coupling constants. However, the proton pattern of the hydride
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nuclei shows second-order effects, as discussed above. Interestingly, the calculated transoid
2J(*H1,2-'H6) coupling constant in compound 1 is significantly larger compared to that
observed in the dihydridoiridatetraborane analogue [5].

The two 3P nuclei in compound 1 form an AB-spin system with strong coupling,
which is evident from the presence of a “roof effect” in the 3! P-{'H} spectrum at 202 MHz
(refer to Figure S4). In a strong coupling regime, the separation of the two central states
is determined by the formula C = [((5v)? + ]2]%, where dv represents the difference in
resonance frequencies of the two spins and ] is the scalar coupling constant [23]. The
large 2J('P1-'BRh-*1P2) of 367 Hz indicates a mutually trans-disposition of the two
phosphorus atoms, confirming the molecular structure determined by X-ray diffraction
analysis (Figure 1).

The proton signals at 5('H) +2.54 (1H), +1.82 (1H), —0.11 (2H), —1.11 (2H) and —7.07
(2H) exhibit significant broadening in the 'H spectrum compared to the 'H-{!! B} spectrum.
This indicates that these resonances correspond to 'H nuclei directly bound to boron atoms.
The molecular structure of compound 1, along with the TH-{11B} selective experiments and
the observed broadening patterns, has facilitated the complete assignment of the proton
resonances to their respective positions within the structure of 1.

In Figure 4, it is observed that the 'H resonances assigned to the B1,3 exo-hydrogen
atoms are grouped together between —0.51 and +1.30 ppm, forming a “low-frequency”
cluster. On the other hand, the B4-Hex, signals are grouped between +1.83 and +4.81 ppm,
forming a “high-frequency” cluster. Within this high-frequency group, the B4 exo-hydrogen
resonance experiences significant deshielding when the metal atom is Nb, Re, Os, or
Ir. This results in a large chemical shift difference for this particular resonance between
[Rh(772—B3H8)(H)2(PPh3)2] (1) and [Ir(172—B3H8)(H)Z(PPhg,)z], as well as between [Ru(172—
B3Hjg)(CO)(PPh3),H] and [Os(17>-B3Hg)(CO)(PPh3),H]. If we consider that the metal center
is located antipodal to the B4 vertex through an axis connecting M2 and B4, this effect
can be attributed to the change from a second-row transition metal center to a third-row
transition metal center.

_— 6.00 14*H)/ppm
<
M2/H\ \54
~—
\\817 \ Hexo
1
H B B3/Hbridging
a
Hexo
1.00 4
-20.00 -10.00 0.po 10.00
A1B)/ppm
1.00 -

Figure 4. Plot of 5(!'B) versus ¢ (H) for directly bound [BH(terminal)] units in the following arachmno-
metallatetraboranes: [Nb(172-B3H8)(115-C5H5)2], [W(172-B3H8)(PMe3)3(H)3], [Re(172-B3H8)(CO)4],
[Os(17%-B3Hg)(CO)(PPh3);H], [Ru(r7>-B3Hg)(CO)(PPhs),HI, [Ir(;7>-B3Hg)(H)2(PPhs),] and [Rh(y*-
B3Hg)(H)2(PPhs)2] (1).

An interesting observation was made regarding the anomalous low proton shielding
of exo-terminal protons that are positioned antipodal to third-row metal centers in twelve-
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vertex closo-metallaheteroborane systems. This phenomenon has been recognized as a
diagnostic characteristic of this structural feature [24-30]. Similarly, we can utilize the
strong deshielding of B4-H,y, protons as a diagnostic indicator for the presence of third-
row transition metal centers in four-vertex arachno-2-metallatetraboranes. This provides
valuable insights into the structural composition of these compounds.

2.4. Fluxional Behavior

In order to investigate the chemical non-rigidity and fluxional behavior of compound
1, a variable temperature (VT) NMR study was conducted in CD,Cl,. Figure 5 illustrates
the changes observed in the 'H-{!'B} NMR spectrum as the temperature was varied. The
proton signals corresponding to B4-Hy4,, B1,3-Hexo, and B4-Hypyigging-B1/B3 hydrogen
atoms gradually broaden and eventually disappear, indicating an intramolecular proton
exchange process in compound 1. Notably, this process does not involve the B4-H,,, and
Rh-H-B1/B3 bridging hydrogen atoms nor the Rh-H hydride ligands.

- 1 s

endo ha'an‘dging'Bl'3 Rh2-H
285K

.

B4-H

B1,3-H,,
g B4'an’dging'Bl/B?’ Rh2_}_Ibridgr'ng_B]"3 Rh2-H
J\ 223K

T T T T T T T
3 2 1 0 -1 -2 -3

% .
&'H)/ppm
Figure 5. TH-{11B} NMR spectra, in CD,Cly, at different temperatures, which demonstrate an in-
tramolecular fluxional process for compound 1.

The coalescence temperature, determined as the point at which the 'H signals merge,
was estimated to be 300 K. Using this information, the activation energy (AG ¥) for the asym-
metric population system was calculated to be 10 kcal/mol (see Supporting Information
for the analysis) [31].

To investigate the possible exchange of B4-H,y,, the Rh—Hy3i,,—B1,3 and the Rh-H
hydrogen atoms at higher temperatures, NMR spectra of compound 1 were measured
at +67 °C in deuterated 1,1,2,2-tetrachloroethane. The 'H—{1!B} spectrum revealed the
formation of a new hydridorhodatetraborane, exhibiting proton resonances at éy —6.78
and —11.67 ppm, which were assigned to Rh-H-B and Rh-H hydrogen atoms, respectively
(Figure S5).

A further increase in the temperature to +97 °C resulted in the decomposition of
both compound 1 and the new hydridorhodaborane. The products of this decomposi-
tion included borane triphenylphosphine (Ph3P-BHj3) and hydride-ligated complexes, as
evidenced by the presence of several doublets in the > P-{'H} spectrum (Figure S6). Addi-
tionally, the !'B NMR spectrum showed peaks between g +2.5 and +10.0 ppm, which did
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not exhibit !J(1'B-'H) coupling, suggesting the formation of species containing O-B bonds
(Figure S7).

The intramolecular hydrogen atom exchange observed in compound 1 shares sim-
ilarities with the reported behavior of octahydridotriborate complexes such as [Mn(;7%-
B3H7Br)(CO),] and [Ru(;?-BsHg)(CO)(H)(PPhs),] [32], where the M2-H-B1/B3 bridging
atoms also remain static. In these cases, the fluxional process occurs with an activa-
tion energy, AG?, of approximately 12.2 kcal/mol at +23 °C for the manganesaborane.
Interestingly, analogous compounds of third-row transition elements, such as [Os(17%-
B3Hg)(CO)(H)(PPh3),] and [Ir(52-B3Hg) (H)2(PPhs),], which are CO-ligated ruthenaborane
and compound 1 analogues, respectively, do not exhibit fluxional behavior.

Several mechanisms have been proposed to explain hydrogen exchange in four-
vertex arachno-2-metallatetraboranes. In the case of covalent metal-octahydridotriborate
Be(B3Hs),, for instance, a rearrangement involving a Be-to-BsHg bond change from 772 to
1!, facilitated by Be-H-B bonds, followed by hydrogen atom exchange around the two
BHj3 units of the Be—{y'-B3Hg} fragment, has been suggested. This mechanism ultimately
leads to complete proton and boron exchange at high temperatures [33]. However, this
mechanism cannot be applied to explain the observed exchange in compound 1, as the
Rh-H-B hydrogen atoms do not participate in the dynamic process.

Similar fluxional behavior has been observed in L,CuB3;Hg species, where low-energy
exchange of hydrogen and boron atoms occurs [34]. This behavior is reminiscent of the
“free” BsHg ™ anion, for which the energy barrier for complete scrambling of hydrogen and
boron atoms has been calculated as 5.2 kcal/mol [35,36]. The fluxional process in copper-
octahydridotriborate complexes involves a pseudo-rotatory motion of the {L,Cu} fragment
around the {B3Hg} ligand, supported by Cu-H-B bonds of different hapticity. Additionally,
(CHj3),GaBsHg and (CHj3), AlB3Hg have been found to exhibit fluxional behavior in solution,
and the mechanism explaining the intramolecular exchange of hydrogen and boron atoms
also involves metal-to-octahydrotriborane hapticity [37].

The fluxional process observed in the complex [Mn(;72-B3H;Br)(CO)4], where the
Mn-H-B hydrogen atoms are not involved in the exchange, was proposed to involve a
rotation around the B4-Brey, bond coupled with rotation about either B-H bond in the
metal-boron bridge. Similarly, in the case of compound 1, we can propose a concerted
rotation of the B4-Hegp4o, B1,3-Hexo and B4-H-B1,3 bridging hydrogen atoms around the
B4-Hexo bond as a mechanism to explain the observed fluxional exchange (Scheme 2). This
rotational motion would allow for the dynamic rearrangement of hydrogen atoms without
involving the Rh—H-B or Rh—-H-B1,3 bonds.

PhgP _Rh2

Scheme 2. A proposed mechanism of intramolecular hydrogen exchange in 1.

2.5. Reactions of 1 with Lewis Bases

We conducted preliminary and exploratory studies on the reactivity of arachno-2-
rhodatetraborane (1) with pyridine (py) and dimethylphenylphosphine (PMe;Ph). The
reactions were performed on a small scale in NMR tubes, and the results presented and
discussed in this section should be considered as initial findings.

The ' P-{'H} NMR spectrum of the reaction mixture, obtained by adding pyridine to a
CD,Cl, solution of 1in a 5 mm NMR tube at 233 K, reveals a doublet at §(3'P) +47.2 ppm,
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along with the resonances of the starting rhodatetraborane (Figure S8). In the 'H-{3!P} NMR
spectrum at 223 K, two new signals appear at 6(*H) —16.89 and —17.96, with a 1:1 relative
intensity ratio, exhibiting the patterns of a pseudo-triplet and a doublet of doublets (dd),
respectively (Figure S9). In the 'H-{!'B} NMR spectrum, the apparent triplet transforms
into an apparent quintet, and the dd becomes a triplet of doublets (Figure S10). The two-
dimensional 'H-?'P-HMBC spectrum reveals clear cross peaks between the 3P doublet
and the two hydride signals, and the 'H-'H correlation further confirms the coupling
between both hydrides (Figures S11 and 512).

In the ''B NMR spectrum, a broad peak of low intensity is observed at §(*!B) +19.3 ppm,
accompanied by smaller intensity peaks between +2 and —5 ppm. The highest intensity
signals correspond to a quartet at §(!'B) —12.1 p.p.m. and a multiplet at —37.8 ppm. The
latter signal transforms into a doublet under 'H decoupling (Figure S13). The main ''B
resonances can be confidently assigned to the pyridine and phosphine adducts, py-BHj3
and PPh3-BHj3. However, the assignment of the lower intensity triplet at —9.4 ppm (close
to the quartet of the pyridine borane) remains uncertain.

Based on the observed NMR data, it is proposed that the reaction of compound 1
with pyridine results in the formation of borane adducts and a new cationic rhodium(III)
complex, [Rh(H),(PPh3),(py)2]" (compound 2), which exhibits an octahedral structure
(Scheme 3). However, the formation of anionic species, in particular the borate anions, is
not clearly observed in the NMR spectra. The low-intensity signals observed in the 'B
NMR spectrum, some of which do not show 'J(*H-!!B) coupling and others that appear as
triplets, could potentially correspond to borate anions. Further characterization is required
to determine the exact nature of the anionic species formed in the reaction with pyridine.

+
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~ V", ) wH T l
Rh— + B
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Scheme 3. Reactions of 1 with the ligands py and PMe,Ph.

Upon addition of PMe, Ph to a CD,Cl, solution of compound 1, the S1p_{1H} NMR spec-
trum shows the appearance of two new doublets of triplets at 5(3'P) +0.3 and —10.6 ppm.
The spectrum at 233 K also reveals signals corresponding to free PMe,Ph and PPhj at
5(3'P) —45.6 and —7.3 ppm, respectively (Figure S15). In the 'H-{!'B} spectrum, a new
hydride resonance is observed at 6('H) —10.15 ppm, exhibiting the pattern of a doublet
of pseudo-quartets. This hydride resonance appears as a simple doublet in the 'H-{3!P}
spectrum (Figures S16 and S17). These observations strongly suggest the formation of
the octahedral rhodium(III) cationic complex [Rh(H),(PMe,Ph)4]*, in which the hydride
ligands occupy cis positions to each other (Scheme 3).

The ''B NMR spectrum exhibits a septet at §(!'B) —30.5 ppm, which can be assigned to
the free octadecahydridoborate anion, BsHg ™. There is also a multiplet at —37.7 ppm, which
becomes a doublet upon 'H decoupling, corresponding to PhMe,P-BHj;. Additionally,
the spectrum shows signals of low intensity at —40.6, —44.7 and —45.4 ppm, as well as a
broad peak of higher intensity at 16.3 ppm (Figure S18). These signals may correspond to
uncharacterized metallaborane species present at low concentrations.
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Overall, the data described for the reaction between 1 and PMe, Ph strongly suggest
the formation of the salt [Rh(H),(PMe,Ph)4][BsHg] (3).

3. Conclusions

The reaction in ethanol of Cs[BsHg] with the Wilkinson'’s catalyst provides a con-
venient method for the preparation of the arachno-2-rhodatetraborane, 1. This reaction
involves the oxidative addition of two hydrogen atoms to the rhodium(I) center to form a
{Rh(III)(H),(PPhs),}* cationic fragment that binds the [B3Hg] ™ anionic ligand. The origin
of the two additional hydrogen atoms is unclear and we can envision that some of the
octahydridotriborate anion could donate them. Alternatively, the presence of ethanol could
potentially act as a hydrogen transfer agent, facilitating the addition of hydrogen atoms to
the rhodium center.

In the crystal structure, the sextuple phenyl embrace is an important driving force
leading to the formation of ribbons in the lattice.

The fluxional behavior observed in compound 1 is similar to the non-rigid behavior
found in other arachno-2-metallatetraboranes; based on the literature, we have proposed a
probable mechanism of H atom exchange that involves the endo-H5 hydrogen atom, the
exo-H1 and exo-H3 as well as the B1-H1,4-B4 and B3-H3,4-B4 bridging hydrogen atoms. It
has been found that 1 is thermally unstable, decomposing at temperatures between +67
and +97 °C; this behavior suggests that the rhodatetraborane may exhibit a rich reaction
chemistry versus different reagents.

We have explored this hypothesis in reactions of 1 with the Lewis bases, dimethylphen-
ylphosphine, PMe,Ph and pyridine. In these reactions, we have found that the {?-B3Hg} an-
ionic ligand is labile, and it is cleaved by PMe,Ph to form the salt [Rh(H),(PMe,Ph)4][B3Hg]
(3). Alternatively, the reaction with pyridine demonstrates that dismantling of the #?-B3Hg ™
ligand can also lead to the formation of pyridine and triphenylphosphine adducts, L-BH3,
and to cationic complexes such as [Rh(H),(PPhs),(py)2]" (2).

The observed fluxional behavior and thermal instability highlight the versatility and
potential reactivity of the rhodatetraborane compound 1, making it an interesting candidate
for further exploration in various chemical reactions and applications.

4. Materials and Methods
4.1. General

Reactions were carried out under an argon atmosphere using standard Schlenk line
techniques. Solvents were obtained from a Solvent Purification System from Innovative
Technology Inc. NaB3Hg-3(C4HgO,) was purchased from Katchem spol. s r. 0., and used
as received. The deuterated solvent CD,Cl, was deaerated, following freeze-pump—thaw
methods, and dried over 3 A molecular sieves.

Infrared spectra were recorded on a Perkin-Elmer 100 spectrometer, using a Universal
ATR Sampling Accessory. Solution NMR spectra were recorded on Bruker Avance AV
300-MHz, AV 400-MHz and AV 500-MHz spectrometers, using !'B, ''B-{1H}, 'H, 'H-{!'B},
TH-{!B(selective)}, 'H-3'P-HMBC and 'H-'H-COSY techniques. The 'H NMR chemical
shifts were measured relative to the partially deuterated solvent peaks but are reported in
ppm relative to tetramethylsilane. !'B chemical shifts are quoted relative to [BF3-OEt;].

4.2. Crystal Structure Determination

X-ray diffraction data were collected on an APEX DUO Bruker diffractometer, using
graphite-monochromated Mo Ka radiation (A = 0.71073 A). Diffracted intensities were
integrated [38] and corrected for absorption effects using the multi-scan method [39,40].
Both programs are included in the APEX4 package. All the structures were solved by direct
methods with SHELXS [41] and refined by full-matrix least squares on F2 with SHELXL [42].
Hydrogen atoms were located from difference Fourier maps and refined isotropically.

Single crystals of 1 suitable for X-ray analysis were grown in a 5 mm NMR tube in a
fridge at 4 °C by slow diffusion of hexane into a CH,Cl, solution of the salt.
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Structural data for [Rh(;?-BsHg)(H),(PPh3),]-2CH,Cl, (1-2CH,Cly, 100 K): Mr = 839.81,
colorless prism, triclinic P—1, a = 12.3834(12) A b= 12.9413(12) A c= 13.9452(13) A,
& =76.211(2)°, B = 85.014(2)°, v = 66.7050(10)°, V = 1993.4(3) A3, Z =2, T = 100(2) K,
Dcaled =1.399 g cm 3, 1 =0.803 mm !, absorption correction factors min. 0.824 max.
0.924. 32,874 reflections, 8938 unique (Rint = 0.0659), 6581 observed, Ry = 0.0558 [I > 20(I)],
WRy(F?) = 0.1562 (all data), GOF = 1.060. CCDC 2281251.

4.3. Mass Spectrometry

The mass spectrum for compound 1 was measured on a Thermo-Finnigan LCQ-
Fleet Ion Trap instrument using electrospray ionization (ESI) with samples dissolved in
acetonitrile (approximately 100 ng mL~!) and introduced to the ion source by infusion at
a rate of 6 uL. min~!: source voltage 3.2 kV, tube lens voltage —90.7 V, capillary voltage
—32.0 V, capillary temperature 360 °C, drying gas flow 7 L min~".

4.4. Computational Details

The calculations were performed using the Gaussian 09 package [43]. The structure
of the model molecule, [Rh(B3Hg)(H)»(PHj3),], was initially optimized using standard
methods with the B3LYP/6-31+G(d) methodology and basis sets. The final optimization,
including frequency analyses to confirm the true minima, together with GIAO nuclear-
shielding calculations, was performed using B3LYP methodology with the 6-31++G(d)
basis-set. GIAO nuclear shielding calculations were performed on the final optimized
geometry, and computed !B shielding values were related to chemical shifts by comparison
with the computed value for B;Hg, which was taken to be 5(1'B) +16.6 ppm relative to the
BF3(OEt,) = 0.0 ppm standard.

4.5. Preparation of [Rh(y?-B3Hg)(H)»(PPh3),] (1)

Method A: White powdery CsB3Hg [44] (0.0808 g, 0.470 mmol) was added to 10 mL
of ethanol in a Schlenk tube (the ethanol was previously degassed with argon for five
minutes). The tube was slightly heated to facilitate the formation of a solution, upon
which [RhCI(PPh3)3] (0.4311 g; 0.470 mmol) was added to form a red-orange suspension.
The reaction mixture was stirred at room temperature for three hours to give a yellow
solid in suspension. The product was filtered through a frit, in air, to yield a yellow-
mustard solid and an orange filtrate. The solid was collected in a Schlenk tube, dissolved in
dichloromethane and filtered, under argon, through a silica gel layer. The resulting yellow
solid was crystallized from CH,Cl,/Hexane (1:2). This final product was studied using
NMR spectroscopy, demonstrating that its composition corresponded to the hydridrorho-
datetraborane 1. The total yield after drying under vacuum for several hours was 0.26 mg
(0.387 mmol, 82.34%).

'H-{!1B} (500 MHz, CD,Cly, 223 K): § + 7.66 to +7.32 ppm (m, aromatic signals, CgHs,
30H). IR (ATR): Vmax/cm ™! 3054-2962 (w, C-H), 2508, 2452, 2378 (s, BH), 2451 (s, BH),
2418 (s, BH), 1585, 1568, 1480 (C=C aromatics). HR-MS(ESI): m/z calcd exact mass for
Cs6HapB3P2Rh, [M]+, 670.1939; this anticipated parent ion is clearly absent. Instead, the
spectrum exhibits high intensity peaks at 627.0867, 628.0884 and 629.0901 u, with an isotopic
pattern that matches well that calculated for the ion [C3H30P,Rh]*, [M — (BzHg + Hy)]™.
This ion corresponds to the {Rh(PPh3),} fragment, demonstrating that the rhodatetraborane
1 undergoes facile cleavage upon ionization (Figure 519).

Method B: White powdery NaB3Hg-3(C4HgO,) (0.1261 g, 0.385 mmol) was dissolved
in 10 mL of dry ether, in a Schlenk tube, which was immersed in an isopropanol bath at
—30 °C. Subsequently, the Wilkinson’s catalyst was added (0.3559 g, 0.385 mmol), under a
flow of argon, to the sodium octahydridotriborate dioxane solution. The resulting brick-red
suspension was stirred at room temperature under an atmosphere of argon. After one hour
of stirring the temperature was increased to +5 °C and the color of the suspension became
orange-red. The reaction was maintained for another three hours to give a brown-yellow
suspension, immersed in the isopropanol bath at +10 °C. We allowed the solid to settle
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down and decanted the supernatant with a pipette, under a flow of argon. The decanted
liquid was dried under vacuum to give an orange-yellow solid, whereas the sediment
formed a beige solid, after drying. The NMR spectra of the former fraction (the decanted
liquid) showed the presence of O=PPhz and PhzP-BH3, as major and minor components,
respectively. The ether-insoluble product corresponded to the four-vertex rhodatetraborane.
This method afforded 20 mg of 1 (8%).

4.6. Reactions Of[Rh(i’]2-B3Hg)(H)2(PPhg)z] (1) with Lewis Bases

Reaction of [Rh(y?>-B3Hg)(H),(PPh3) 51 (1) with py. 10.2 mg of 1 (1.50 x 10~2 mmol) treated
with 1.20 pg of pyridine (1.50 x 10~2 mmol), in a Schlenk tube immersed in a bath of
isopropanol at —30 °C. The resulting yellow solution was stirred, under an atmosphere
of argon for 5 h; during this time, the temperature was raised to +10 °C. The reaction
was stirred for another 20 min at room temperature. The solvent was evaporated under
vacuum to give an orange solid, which was dissolved in deuterated dichloromethane and
studied using NMR spectroscopy. 3! P-{'H} (162 MHz, 233 K): 6 +47.2 ppm [J(3'P-1%3Rh)
= 118 Hz], together with the signal of O=PPh;. 'H-{*'P} (400 MHz, 233 K): 6 +8.59 (d,
J = 5.0 Hz, ortho-NCs5Hs, 2H), +8.59 (d, ] = 5.0 Hz, 0-NCsHs, 2H), +8.34 (br. s, 0-NCsHs,
2H), +7.95 (t., p-NCsHs, 2H), +7.95 (t., p-NCsHs, 2H), +6.54 (br. s, m-NCsHs, 2H), between
+7.73 and +6.80 (m, CgHs-rings and NC5Hs), —16.89 (t, [J(1%Rh-'H2,6) + 2J(1H2-'H2,3) =
2J(1H6-'H1,2) = 12.9 Hz, 2H) and -17.96 (dd, 'J(1%Rh-1H2,6) = 23.4, 2J(*H2-'H2,3) = ](*Hé-
1H1,2) = 10.9 Hz, 2H). 'H-{'B} (400 MHz, 233 K): 6 —16.89 (app. quintet, !J(!%Rh-'H2,6) +
2](31P-31P) + 2J(1H2-1H2,3) = 12.9 Hz, 2H) and —17.96 (td, ] = 25.5, 13.1 Hz, Rh-H2). § !B
(400 MHz, 298 K): 6 +18.8 (br.), +1.47 (s), —1.5 (1), —9.31 (t, 95 Hz), —12.0 (q, 'J(*'B-'H) =
98 Hz, py-BH3), —37.8 (dq, 62 Hz, PhsPBH3), —27.4 (t, 98 Hz).

In situ characterization of [Rh(H),(PMe;Ph)4][B3Hgl (3). 12.6 mg of 1 (1.88 x 1072 mmol),
dissolved in CD,Cl, in a NMR tube, which was immersed in an isopropanol bath at
—30 °C, and 2.6 mg (2.7 uL) of PMe,Ph (1.88 X 10~2 mmol) was added into the NMR
tube, under a flow of argon. The reaction was studied using NMR spectroscopy, starting
at 233 K and then heating the sample to room temperature. 3'P-{'H} (162 MHz, 233 K):
5 +26.7 ppm [s, O=PPh3], +19.7 (very br., PhMe,P-BH3), +0.3 [dt, J(1®®*Rh-3!P) = 97 Hz,
2](31P1-31P2) = 24 Hz], —7.2 (s, PPhy), —10.6 p.pm [dt, [J(1BRh-3!P) = 86 Hz, ?J(*'P1-31P2)
= 24 Hz], together with the signals of 1 (Table 1). 'H-{3'P} (400 MHz, 233 K): § +7.84 to
6.94 (m, aromatics, C¢Hs), +1.56 (s, CH3), +1.46 (s, CH3), —10.25 (d, J(*®Rh-'H) = 13.8 Hz.
TH-{11B} (400 MHz, 233 K): +1.2 (d, 2J(*'P-'H), PhMe,-BH3), +0.23(s, BsHg ), —10.25 (d
of pseudo-quintets, second order, 2J(MP-1Hyans) = 147.9 Hz, 1J(1®Rh-1H) = 14.0 Hz, ?J(1'P-
H) = 17.2 Hz, 2H) and —17.96 (dd, 'J(1®Rh-'H2,6) = 23.4, 2J(1H2-'H2,3) = 2J(*H6-'H1,2)
=10.9 Hz, 2H) ppm. 'B (400 MHz, 298 K): 6 —16.4 (br. s), —30.5 (sept, BsHg ™), —37.7
(quartet of d, J(1'B-*'P) = 59 Hz, !J(*!B-'H) = 102 Hz, PhMe,P-BH3), —45.2 (br. s).

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules28186462 /s1, Figures $1-519: 1B, 1H, 3'P, 'H-3'P-HMBC,
H-TH-COSY NMR spectra for 1, and for the reaction mixtures with pyridine and dimethylphenylphos-
phine; Table S1: calculated Cartesian coordinates for PH3-ligated model compound [Rh(772-B3H8(H)2

(PH3)2].
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Abstract: The unsymmetrical diborane(4) derivative [(d(CH,P(iPr);)abB)-Bpin] (1) proved to be a
versatile PBP boryl pincer ligand precursor for Co(I) (2a, 4a), Rh(I) (2-3b) and Ir(I/III) (2-3¢, 5-6¢) com-
plexes, in particular of the types [(d(CH,P(iPr),)abB)M(PMe3),] (2a—c) and [(d(CH,P(iPr),)abB)M—
PMejs] (2b—c). Whilst similar complexes have been obtained before, for the first time, the coordination
chemistry of a homologous series of PBP pincer complexes, in particular the interconversion of the
five- and four-coordinate complexes 2a—c/3a—c, was studied in detail. For Co, instead of the mono
phosphine complex 2a, the dinitrogen complex [(d(CH,P(iPr);)abB)Co(N;)(PMejs)] (4a) is formed
spontaneously upon PMe; abstraction from 2a in the presence of Ny. All complexes were compre-
hensively characterised spectroscopically in solution via multinuclear (VI-)NMR spectroscopy and
structurally in the solid state through single-crystal X-ray diffraction. The unique properties of the
PBP ligand with respect to its coordination chemical properties are addressed.

Keywords: boron; diborane(4); boryl complex; PBP pincer ligand

1. Introduction

Since their first report in 2009 by Nozaki, Yamashita and a co-worker, PBP pincer
ligands with a diaminoboryl framework have been explored with respect to their co-
ordination chemistry with various transition metals, in particular cobalt, thodium and
iridium, as well as with respect to potential applications in different catalytic and sto-
ichiometric processes [1-7]. Whilst the majority of boryl pincer complexes are of this
PBP diaminoboryl type, a number of boryl pincer complexes with other ligands frame-
works, often quite unique ones, have also been reported [8-14]. Transition metal PBP
diaminoboryl pincer complexes are fundamentally accessible through the oxidative ad-
dition of a hydridoborane ligand precursor, possibly followed by further modifications,
a route already developed by Nozaki and Yamashita in their seminal work [1-7]. To
overcome the inherent obstacles by this ‘B-H oxidative addition route’, we recently de-
veloped an unsymmetrical diborane(4), pinB-B(d(CH,P(iPr);)ab) (1) (pin = (OCMey),,
d(CH,P(iPr);)ab = 1,2-(N(CH,P(iPr);))2CsHa), as a versatile PBP ligand precursor. This pre-
cursor provides direct access to PBP complexes through o bond metathesis, as exemplified
with the copper boryl complex [(d(CH,P(iPr),;)abB)Culy, and, alternatively, oxidative addition,
as exemplified with the platinum bis-boryl complexes cis-[(d(CH,P(iPr),)abB)(iPr;P)Pt-Bpin]
and trans-[(d(CH,P(iPr);)abB)Pt-Bpin] (Scheme 1) [15].

In the present work, we endeavoured to explore the use of pinB-B(d(CH;P(iPr);)ab)
(1) as a precursor for a series of group 9 PBP boryl pincer complexes and study their
fundamental coordination chemistry. To facilitate the access to a range of PBP boryl pincer
complexes, we chose three easily available group 9 metal complexes [(Me;P);Co-Me],
[(Me3P)3Rh—Cl] and [(cod)Ir—Cl]; as precursors [16-18].
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Scheme 1. Formation of PBP pincer boryl complexes from a diborane(4) precursor [15].

2. Results
2.1. Cobalt Complexes

The reaction of 1 with [(Me3P)4Co-Me] results in the mono boryl complex
[(d(CH,P(iPr);)abB)Co—(PMe3),] (2a) (Scheme 2), presumably via an oxidative addition/
reductive elimination pathway [19-21]. The reaction delivers 2a after 24 h at 50 °C as
dark orange crystals in a 66% isolated yield. A single crystal X-ray diffraction study on
2arevealed a five coordinate 18-valence electron Co(I) complex (Scheme 2). The complex
2a crystallises in an achiral non-centrosymmetric space group of the type Pca2; with four
molecules in the unit cell (Z =4, Z" = 1) (Supplementary Materials) [22].

[(Me3P),CoMe]
- pinB-Me
-2 PMes

P(iPr),

N, \\PMe3
B-Co—PMe;
v
PP,

2a

Scheme 2. Formation of PBP cobalt boryl complexes 2a (left) and its molecular structure (right).
Selected distances [A] and angles [°]: Col-B1 1.936(2), Col-P1 2.2063(4), Col-P2 2.1859(3), Col-
P3 2.1643(4), Col1-P4 2.1968(4), P1-Co1-P2 125.55(2), P2-Co1-P3 112.03(1), P1-Co1-P3 110.56(2),
B1-Co1-P4 173.85(5), B1-Co1-P3 83.24(5), Col-[P1,P2,P3] 0.4372(3).

The coordination environment at the cobalt atom in 2a is best described as distorted
trigonal bipyramidal with the boryl ligand and one PMej ligand in the apical positions,
and the angle between these positions deviates by 7° from linearity. Moreover, the strong o
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donor properties of the boryl ligand result in an elongation of the Co1-P4 distance of the
apical PMe; ligand, compared to distance Co1-P3 of the equatorial PMej ligand by 0.03 A.

The equatorial positions are occupied by the two pincer phosphine donors and a
second PMej ligand, resulting in a sum of angles in the equatorial plane [P1,P2,P3] of
348.14°, whereby the angle P1-Col-P2, involving the two pincer phosphorus atoms, is
slightly larger than the other angles. For the deviation of the sum of angles, from 360°
accounts for the significant displacement of Col from the [P1,P2,P3] plane by 0.4372(3) A
towards the P4 atom. This distortion of the trigonal bipyramidal coordination environment
at the cobalt atom is due to the restraints imposed by the five-ring chelates in 2a. Whilst the
solid-state molecular structure of 2a does not exhibit any crystallographic symmetry;, it is
virtually Cs symmetric, with a mirror plane through the atoms [B1,P3,P4,Co1] (Figure S37).

An analogous unrestraint mono boryl complex [(PMe3);Co—-Bcat] (cat = 1,2-O,CgH,)
exhibits a slightly longer B-Co distance of 1.9545(4) A and a slightly shorter trans-B P-Co
distance of 2.1897(1) A, together with a less pronounced displacement of the cobalt atom
from the equatorial ligand plane [21]. The equatorial Co-P distance in [(PMe3)4Co—Bcat],
however, is more equally distributed around 2.17 A. The closely related square planar
PBP complex [(d(CH,P(tBu);)abB)Co-Ny], reported to undergo reversible H; activation
by Peters and a co-worker, exhibits similar Co-B and Co-P distances of 1.946(1) A and
2.1884(4)/2.1901(3) A and also significant deviation of the P-Co-P angle from linearity of
156.26(1)° as a result of the five-ring chelation [3].

The 3'P{'H} NMR spectrum of 2a comprises three distinct signals, two signals of the
two distinct PMe;3 ligands, one in the apical—trans boryl—position around 0 ppm and the
second around -16 ppm for the equatorial PMe; ligand. The third signal around 83 ppm is
assigned to the two equivalent PBP pincer ligand P(iPr), groups (Figures 1(top) and S4).
Whilst these signals do not exhibit any fine structure at room temperature (Figure S54), at
lower temperatures, the signals split in a doublet of doublets at 82.9 ppm (69 °C) for the
P(iPr), groups, an apparent broadened quartet at 0.7 ppm (=69 °C) for the apical PMe;
ligand and a triplet of doublets at —16.2 ppm (69 °C) for the equatorial PMej ligand
(Figures 1(top) and S4). This is in agreement with the mutual couplings within an A;MN
spin system. This agrees with a conformation of the complex in solution similar to the one
found in the solid state.

However, the temperature-dependent broadening is indicative of dynamic processes
present in solution. A 'H-'H NOESY NMR spectrum at room temperature gives a fitting
picture. Distinct NOE contacts between the PMej; signals and the methine CHMe; signals
allow for the assignment of the PMejs ligands to the apical and equatorial positions, respec-
tively. Exchange signals are observed between the two PMej ligands, but also between
pairs of methyl groups of the two distinct isopropyl moieties and the methine protons of
these groups (Figure 1 (bottom)). This is fundamentally in agreement with two possible
exchange mechanisms: (i) via the dissociation of a PMej ligand with a transient four coor-
dinate 16-electron complex [(d(CH,P(iPr);)abB)Co-PMes] and the re-association of a PMej
ligand; (ii) a concerted mechanism exchanging the PMe; ligand positions via a (distorted)
square pyramidal intermediate is feasible. Note also that the NMR data do not suggest any
appreciable dissociation of PMe; from 2a, contrary to the heavier rhodium homolog 2b
(vide infra).

The reaction of 2a with an equimolar amount of BAr3 as a Lewis acid should lead to ab-
straction of a PMej ligand and, after reorganisation, to the complex [(d(CH,P(iPr),)abB)Co-
PMes] (3a). However, whilst one PMej ligand can indeed be abstracted by BPhs, the
complex 3a is not isolated. Instead, in a dinitrogen atmosphere, its dinitrogen adduct
[(d(CH2P(iPr);)abB)Co—(N32)(PMes)] (4a) crystallises in minute amounts after several days
at —40° C (Scheme 3).
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31P{'H} NMR at —69 °C
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Figure 1. 3'P{'H} NMR spectrum of 2a at 69 °C (top), and a section of the 'H-'H NOESY NMR
spectrum of 2a (bottom), selected exchange (blue) and NOE (red) correlations are depicted (PhMe-dg,

400.4/162.1 MHz, rt).
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Scheme 3. Reaction of 2a with BArs (Ar = Ph, CgFs5) and molecular structures of
[(d(CH,P(iPr);)abB)Rh—(N5)(PMes)] (4a). Selected distances [A] and angles [°]: Col-B1 1.942(6),
Co1-P1 2.1949(15), Col-P2 2.2175(16), Col-P3 2.1798(16), Col-N3 1.816(5), N3-N4 1.118(7), P1-Col-
P2 134.51(7), P2-Co1-P3 110.78(6), P1-Co1-P3 104.85(6), B1-Co1-P3 89.5(2), B1-Co1-N3 172.2(2),
Col1-[P1,P2,P3] 0.3915(9).

The N, complex 4a crystallises in a space group of the type P2;/c with two inde-
pendent molecules in the asymmetric unit (Z = 8, Z’ = 2) (Supplementary Materials) [22].
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Both molecules exhibit only a marginal geometric difference, and only one is discussed
exemplarily (Figure 540).

As for 2a, the coordination geometry of 4a is best described as distorted trigonal
bipyramidal with the boryl ligand and the N, ligand in the apical positions. The B-Co
distance remains virtually unchanged by this substitution of the trans boryl ligand and
is also identical to the distance found in the closely related four—coordinate PBP complex
[(d(CH,P(tBu);)abB)Co-Njy] reported by Peters et al. of 1.946(1) A [3]. This indicates again
that the B-Co distance is largely determined by the geometrical restraints of the five-ring
chelates (vide infra). The close to linear B-Co-N, the angle deviates only by less than 7°
from the value found in 2a and in Peter’s N, complex [3]. The equatorial ligands experience
more substantial changes, although their sum of angles around the cobalt atom increases
only slightly by 2° to 350.14°, and consistently, the deviation of the cobalt atom from
the [P1,P2,P3] plane decreases by 0.05 A. The angle between the pincer P atoms deviates
significantly by 9°; hence, 4a is more distorted from an ideal trigonal bipyramidal geometry
towards a square pyramidal arrangement than 2a. However, the reduced steric demand
of the ligand in the apical position trans to the boryl ligand in 4a as compared to 2a leads
to a relaxation of the B1-Co1-P3 angle by about 7°. The N-N distance in the N ligand in
4a compares well with the distance of 1.119(2) A found in Peter’s N, complex; the N-Co
distance, however, is in 4a slightly—by 0.035 A—enlarged [3].

As we failed to isolate 4a in any appreciable amounts, we resorted to its spectroscopic
in situ characterisation (Figure 2). Performing the reaction of 2a with B(C¢Fs)3 in toluene
and monitoring this reaction via IR spectroscopy gives clear evidence of the immediate
formation of an N, complex, based on the appearance of a strong IR band at 2061 cm ™!
if the reaction is conducted under an N, atmosphere, whereas only a minute signal is
observed under an argon atmosphere, presumably due to the presence of adventitious N»
(Scheme 3). This compares well to the N=N stretching frequency of 2013 cm ! reported
for the related complex [(d(CH,P(tBu);)abB)Co-N;] (vide supra) by Peters et al. [3].

IR spectrum 31P{"H} NMR "B{'H} NMR

N e

V I o ~nrt
"‘*J MV _J 1L_ o —12 7 —12
under Ny 96
| under Ar 2a + B(Cst 3 at—80 °C

2a + B(CgFs)3 at rt N “

JW =

2a at-80 °C 2ain at

— T —T T T
2400 2200 2000 1800 100 80 0 —20 60 40 20 0 —20
A fem—1 8 /ppm 8 /ppm 8 /ppm

-
o

Transmittance
o =3 o
» ()] [os]

o
N

Figure 2. IR (in PhMe), 3'P{'H} NMR and ''B{'H} spectra of 2a + B(C¢Fs)3 at rt and -80 °C and of
isolated 2a (PhMe-dg, 162.1/96.3 MHz, rt).

Following the reaction of 2a with B(C4F5)3 under an N atmosphere via 31p and 11B
NMR spectroscopy (Figure 2) gives a consistent picture: upon addition of the Lewis acid,
the chemical shifts change from those of 2a (Figure 2). Whilst the 'B{'H} NMR signal shifts
only by about 3 ppm, it gives evidence for the presence of the PBP boryl ligand. The changes
in the 3'P{'"H} NMR spectrum are more substantial. The two 31p NMR signals of the PMej
ligands in 2a change to a broad signal at —13 ppm and a second comparably narrow signal

—7 ppm without an appreciable fine structure. Upon cooling, however, the latter signal
broadens, and its intensity reduces, whist the former signal changes into a well-developed
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triplet (—11.4 ppm, ?Jpp = 73 Hz) at —80 °C (Figure 2). The latter triplet corresponds to
the doublet at higher chemical shifts (94.6 ppm, ?Jpp = 73 Hz). This is readily explained
by the abstraction of one PMej ligand to give the Lewis acid base adduct Me;P-B(C4Fs)3
(631p = —6.1 ppm, 118 = —14.7 ppm in CD,Cl,) and a PBP pincer cobalt complex bearing
only one additional PMe; ligand Me3zP-B(CgFs)s is only sparingly soluble and to a large
extend removed prior to the measurement. The remaining dissolved adduct, however,
precipitates upon cooling resulting in a reduced 3!P NMR signal at lower temperatures. The
chemical shift of —11.4 ppm and the P-P coupling constant of around 80 Hz suggest that
this PMej ligand occupies an equatorial position in a trigonal bipyramidal complex, as it
resembles the chemical shift, but in particular, the higher Peq—Pppp coupling constant found
in 2a. In other words, the complex that is quantitatively formed is not the four-coordinate
complex 3a but a five coordinate complex with a single PMe3 ligand in an equatorial
position—the nitrogen complex 4a.

Gas-phase DFT computations on the thermodynamics of the complexes 3a and 4a and
their heavier homologues (vide infra) as central atoms indeed show that for cobalt as the cen-
tral atom, the formation of a five-coordinate N, complex of the type [(d(CH,P(iPr),)abB)M-
(N2)(PMe3)] is strongly favoured over the four coordinate complex [(d(CH,P(iPr);)abB)M-
(PMes3)] by AGogg = —22.4 K] mol~! (AEy = —70.6 k] mol 1), despite the entropic penalty
occurring from the coordination of gaseous N,. However, for the rhodium and iridium
analogue, the coordination of an N ligand to the latter four-coordinate complex is—in
agreement with our observations (vide infra)—disfavoured by AGyg = 51.3 k] mol~!
(AEy = 8.2 KJmol~!) for rhodium and AGagg = 51.4 k] mol~! (AEj = 8.4 k] mol~1) for irid-
ium (Supplementary Materials) [22]. The computed N=N stretching frequency in 4a of
2170 cm ™! is by about 100 cm ™! off the experimental values, but within the expected range
considering the harmonic nature of the computation and other approximations [22].

Due to an initial computation of the force constant between Co and Ny, the bonding
in 4a is quite strong (Co-N: 2.33 N cm™!), whilst the trans-B Co-P bond in 2a shows the
expected kinetic lability (Co-P: 1.36 N cm™!) of a spectator ligand. More importantly, the
electronic coupling in 4a between the N-N bond and the Co-N coordination is pronounced
(Co-N/N-N coupling force constant: —0.02 cm N~!) and synergistic (negative sign), point-
ing to an effective back donation [23]. And indeed, the experimental N; IR wavenumber of
2061 cm ™! is in line with a modest activation relative to free N, (~2330 cm™1). Finally, the
Co-B bond trans to the N ligand seems to be very strong (Co-B: 2.28 N cm 1), reducing
the flexibility to access different coordination geometries [24].

2.2. Rhodium Complexes

The reaction of 1 with [(Me3P)3;Rh—Cl] in the presence of KOtBu leads to the formation
of a rhodium(I) boryl complex (Scheme 4). It may be speculated that the reaction proceeds
via an intermediate rhodium alkoxido complex as discussed for the formation of the related
complex [(dmabB)Rh(PMej3);] (dmab = 1,2-(NMe),C¢Hy) [20]. However, the reaction of 1
with [(Me3P)3;Rh—Cl] in the presence of KOtBu leads to the formation of an equilibrium
mixture of the square planar complex [(d(CH,P(iPr);)abB)Rh-PMes] (3b) and the five
coordinate complex [(d(CH;P(iPr),)abB)Rh(PMej3),] (2b) (Scheme 4), whilst in the absence
of KO#Bu, no reaction is observed (Supplementary Materials) [22] (Figures 512 and S13).
After recrystallisation from diethyl ether, the four coordinate complex 3b is obtained as
bright orange crystals at a 70% yield, whereas crystallisation from n-pentane in the presence
of an excess PMej leads to the isolation of the five-coordinate complex 2b as crystalline
material at a 43% yield. The spontaneous dissociation of one PMe; ligand from 2b to
give 3b is not contradicting gas-phase DFT computational data (Table 510), suggesting
an endothermic (15 k] mol~!) dissociation from 2b to 3b + PMes, but overall, an entropy
driven exergonic process (—47 k] mol 1) (Supplementary Materials) [22].

231



Molecules 2023, 28, 6191

RGP [R(Pr

NGO [(MeP)3RhCI] N, \ Pl N, \ PMe;
B—8 Koty _ B-Rh—PMe; ———ix JB-Rh—PMe,
N o - gl;liﬂ—:)tBu N / - PMe, N I
_ S , .
(. 0 \pe), \j/ \pP),
1 3b PMe 2b

crystallisation

Scheme 4. Formation of PBP rhodium boryl complexes 3b and 2b.

Both complexes 2b and 3b crystallise in monoclinic space groups of the type P2;/n
and P21 /c, respectively, and contain one complex molecule in the asymmetric unit (Z = 4,
Z’ =1) (Supplementary Materials) [22]. The molecular structure of complex 2b is analogous
to that of the cobalt homologue 2a (Figure S38). The rhodium ion is distorted trigonal
bipyramidaly coordinated by the boryl pincer ligand and one PMe;3 ligand in the apical
positions (Figure 3, right). The sum of angles in the equatorial plane [P1,P2,P3] comprising
the pincer phosphorus atoms and one PMej ligand is with 347° only insignificantly smaller
than in 2a, whereby the angle P1-Co1-P2, involving the pincer phosphorus atoms, is by
about 2° larger than in 2a. The displacement of Rh1 from the [P1,P2,P3] plane is by 0.05 A
larger than in 2a, an effect of the increased radius of the rhodium ion within the restraining
pincer coordination environment.

Figure 3. Molecular structures of the complexes [(d(CH,P(iPr);)abB)Rh-PMes] (3b) (left) and
[(d(CH,P(iPr)p)abB)Rh(PMes),] (2b) (right). Selected distances [A] and angles [°], 3b: Rh1-Bl1
2.0221(5), Rh1-P1 2.2658(1), Rh1-P2 2.2794(1), Rh1-P3 2.3555(1), P1-Rh1-P2 152.622(5), B1-Rh1-P3
177.02(2), Rh1-[P1,P2,P3,B1] 0.0264(3); 2b: Rh1-B1 2.0256(7), Rh1-P1 2.3262(2), Rh1-P2 2.3364(2), Rh1-
P3 2.3167(2), Rh1-P4 2.3705(5), P1-Rh1-P2 127.894(6), P2-Rh1-P3 108.475(7), P1-Rh1-P3 110.722(7),
B1-Rh1-P4 172.54(2), Rh1-[P1,P2,P3] 0.4833(3).

Complex 3b is best described as a distorted square planar complex with a nearly
linear B1-Rh1-P3 angle and a significantly (by 27°), from linearity, deviating P1-Rh1-P2
angle. However, this angle is significantly closer to linearity than the respective angle
in the five-coordinate complex 2b (Figure 3, left). The change in the Rh---P/B distances
between 2a and 3b is comparably small, despite the change in the coordination number.
Most pronounced is a decrease in the pincer phosphorus atoms to rhodium distances in
comparison to 2b by about 0.06 A, which may be attributed to the less strained ligand
conformation in the more planar 3b.

The equilibrium between 2b and 3b, as a fundamental aspect of their coordination
chemistry, was further studied via NMR spectroscopy. NMR titration of 3b with increasing
amounts of PMe; shows a highly dynamic behaviour in the 3 P{'H} NMR spectra at room
temperature (Figures 4 and 517-519). Only one set of signals of the PBP ligand and the
trans-B PMejs ligand is observed, respectively. Whilst the 3!P NMR signal of the PBP ligand
changes appreciably from 84 ppm to 75 ppm with increasing amounts of PMe3 added, the
signal of the trans-B PMej ligand, in 2b, is only marginally influenced (—27.3 to —26.4 ppm).
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An additional signal is observed shifting from —37 ppm at low amounts of PMe3 to —62 ppm
after the addition of an excess of PMes. This is readily explained by a rapid exchange among
3b, 2b and free PMe3 on the NMR time scale and consequently, the observation of an
averaged chemical shift of the exchanging PMe3 moieties throughout this process. In
agreement with that, the spectrum observed for isolated 2b is very virtually identical to the
spectrum of 3b after the addition of an equimolar amount of PMes.

[T .

3b + 1.3 equiv. PMe3 in THF-dg at 46 °C ‘ ' ﬁ ”

isolated 2b —
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Figure 4. In situ 3'P{'H} NMR spectra of the reaction of 3b with different amounts of PMe; (121.6 MHz,
CgDsg, 1t), isolated 2b and 3b with 1.3 equiv. PMes at —46 °C (162.1 MHz, THF-dg).

At low temperatures, however, the exchange among 3b, 2b and free PMe3 becomes
slow on the NMR timescale, and well-resolved signals for 2b and free PMej; are observed
(Figures 4, S14 and S15). The ' P{H} NMR spectrum of 2b itself at —46 °C comprises three
signals (A, M and N) of an A;MNX spin system with the expected 3'P->'P and 3 P-1®®Rh
couplings (Figure S16, Table S3). Following the reaction of 3b with different amounts of
PMej3 via UV-Vis spectroscopy corroborates the rapid equilibrium between 3b and 2b being
rather on the side of 3b and free PMej (Figures S20 and S21).

In conclusion, it may be stated that the five-coordinate trigonal bipyramidal complex
2b, in contrast to the Co analogue, easily dissociates one PMej ligand to give the distorted
square planar complex 3b. The virtual indifference in the 3'P NMR chemical shift (and line
shape) of the apparently not-exchanging trans-B PMej ligand around 27 ppm suggests that
this exchange does not affect this ligand but involves only the equatorial PMej ligand.

2.3. Iridium Complexes

Whilst for the formation of the cobalt and rhodium PBP pincer complexes 2a and
2b/3b, it may be arguable whether activation of the diborane precursor 1 proceeds via a o
bond metathesis or an oxidative addition/reductive elimination pathway, the reaction of
1 with the iridium(I) complex [Ir(cod)Cl], (cod = 1,5-cyclooctadien) to give the bis-boryl
complex [(d(CH,P(iPr);)abB)Ir(Bpin)(Cl)] (5¢) is obviously an oxidative addition reaction
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(Scheme 5). This five-coordinate complex reacts with excess PMej to give the six-coordinate
complex [(d(CH,P(iPr),)abB)Ir(Bpin)(PMes)(Cl)] (6¢).
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Scheme 5. Consecutive formation of the PBP iridium boryl compels 5c, 6¢, 3¢ and 2c.

Both complexes 5¢ and 6¢ crystallise in monoclinic space groups of the type P2;/c.
The solid-state structure of 5¢ contains one complex molecule in the asymmetric unit (Z = 4,
Z’ = 1), whereas 6c comprises two independent molecules in the asymmetric unit (Z = 8§,
Z’ =2). The Bpin moiety in 5¢ shows some positional disorder that is neglected in the further
discussion; for 6¢, however, one of the independent molecules shows severe disorder and
is not considered for further geometrical analysis (Supplementary Materials) [22].

The trigonal bipyramidal geometry of 5¢ may be considered typical for a five-coordinate
Ir bis-boryl complex with phosphine ligands (Figure 5). All five structurally characterised
complexes of this type adopt a trigonal bipyramidal geometry with the two phosphine
ligands in the axial positions (P-Ir-P angle 157-172°, for PXP pincer ligands P-Ir-P angle
157-162°) and small B---B distances and B-Ir-B angles in the ranges of 2.22-2.41 A and
65.8-76.7°, respectively [25-29].

In 6¢, the PMes ligand adopts a position trans to the PBP pincer boryl ligand, whilst the
chlorido ligand occupies a position trans to the Bpin ligand (Figure 5). As a result, 6¢ may
best be described as a strongly distorted octahedral complex with the Bpin and chlorido
ligand in the axial positions. Structurally, the extension of the coordination sphere to the
distorted octahedral complex 6c is accompanied by some ligand reorganisation. The P1-Ir-
P2 angle reduces upon coordination by about 3° to deviate more from linearity, whereas
the B-Ir-B angle deviates in 6¢ by about 6° less from 90° than in 5¢ (in accordance with the
B---B distance increasing from 5c to 6c by 0.25 A). The d(CH,P(iPr),)abB ligand backbone
in 6¢ (mean plane [B1,N1,N2,C¢Hy]) includes an angle of 24.8(8)° with the equatorial plane
of the complex (mean plane [P1,P2,P3,B1,Ir1]), 20° more than in the five-coordinate 5¢. This
is a result of the increased steric encumbrance induced by the extension of the coordination
sphere in 6¢. The B-Ir distance increases slightly upon PMes coordination in 6¢ because of
the presence of trans ligands. This is more significant for B1, which is trans to the stronger
trans influencing ligand PMej3 as opposed to the chlorido ligand for B2. The CI-Ir distance
increases accordingly, whereas the P1/P2-Ir1 distances remain virtually unaffected. Again,
because of the strong trans influence of the boryl ligand, the P-Ir distance of the PMe3
ligand is longer than those of the pincer phosphine atoms by about 0.06 A [30].
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Figure 5. Molecular structures of the complexes [(d(CH,P(iPr))abB)Ir(Bpin)(Cl)] (5¢) (left, disorder
omitted for clarity) and [(d(CH,P(iPr);)abB)Ir(Bpin)(Cl)(PMes)] (6¢) (right, one of two independent
molecules shown) (Supplementary Materials) [22]. Selected distances [A] and angles [°], 5¢: Ir1-B1
1.986(2), Ir1-B2 2.012(2), Ir1-P1 2.3354(4), Ir1-P2 2.3306(4), Ir1-Cl1 2.4144(4), P1-Ir1-P2 156.45(2),
B1-Ir1-B2 72.16(8), B1-Ir1-Cl1 153.23(6), B2-Ir1-Cl1 134.49(6), Z/[P1,P2,B1,Ir1][B1,N1,N2,CsH,] 4.3(2),
B1-B2 2.354(3); 6¢: Ir1-B1 2.052(4), Ir1-B2 2.050(4), Ir1-P1 2.3391(8), Ir1-P2 2.3627(9), Ir1-P3 2.4155(9),
Ir1-Cl1 2.5667(9), P1-Ir1-P2 153.28(3), B1-Ir1-B2 78.9(1), B1-Ir1-Cl1 107.6(1), B1-Ir1-P3 172.6(1),
B2-Rh1-Cl1 173.4(1), B2-Rh1-P3 94.0(1), Z[P1,P2,P3,B1,Ir1][B1,N1,N2,CcHy] 24.78(8), B1-B2 2.605(2).

The solution-state 'H, 3'P and '*C NMR spectroscopic data for 5¢ and 6c fulfil the
expectations and can readily be explained by the solid-state structures. Surprising, however,
are the !B NMR chemical shifts. For both complexes, two very distinct, somewhat broad-
ened singlets at chemical shifts of 39.7 ppm (Aw 1= 340 Hz) and 19.9 ppm (Aw 1= 330 Hz)

for 5¢ and of 48.8 ppm (Aw 1= 460 Hz) and 26.6 ppm (Aw 1= 450 Hz) for 6c¢ are observed in

THF-dg at room temperature. This chemical shift range is somewhat different from the 'B
NMR data for the reported Ir(Ill) boryl in a range of 29-35 ppm for five-coordinate and of
3043 ppm for six-coordinate complexes, respectively [1,2,7,25,26,28,31].

Whilst complex 6c¢ is stable under inert conditions, it reacts readily with an equimolar
amount of KOtBu to give the Ir(I) PBP pincer complex 3¢ (Figure 6, Scheme 5). Monitoring
this reaction via in situ NMR spectroscopy (Figures 6 and S34-S36) shows an essentially
clean conversion to 3¢, as indicated by its characteristic signals around 80 ppm (doublet,
Jp—p = 5 Hz) for the pincer phosphorus atoms and a broadened singlet for the PMej lig-
and around —20 ppm (Figure S35 Supplementary Materials) [22]. Only minor amounts
of a so far unidentified side product with a 3P NMR signal at 45 ppm (II) are observed.
However, upon closer evaluation, two transient species are observed during this reac-
tion. At one hand side, the five-coordinate complex 2¢ (vide infra) is formed in small
amounts in the beginning but is later on fully consumed (Figure 6). On the other side,
a species with a 3'P{!H} NMR singlet signal at 64.5 ppm (1) is observed. In agreement
with this, the !B NMR data suggest the presence of a transient boryl intermediate at
40 ppm, whereas 3c itself exhibits a moderately broad 'B{'H} NMR signal around 56 ppm
(Figure S36 Supplementary Materials) [22,32]. It may be assumed that the conversion of
6¢ to 3¢ proceeds via the initial coordination of a OtBu ligand followed by (possibly after
some reorganisation) the reductive elimination to an Ir(I) PBP complex, 3c or a closely
related species. The intermediate presence of 2c may be explained by the intermediate
liberation of PMej3 and its transient addition to 3¢ during this process. An in situ 3'P{'H}
NMR spectrum of a mixture of 3¢ and excess PMej; corroborates the facile formation of
2¢ (Figure 6, top). Moreover, it must be emphasised that the system 2¢/3c/PMej exhibits
much less dynamic behaviour than the homologous rhodium system 2b/3b/PMej (vide
supra). Contrary to the latter, even in the presence of excess PMes at room temperature,
a well-resolved, 3'P{'H} NMR spectrum (A;MN spin system) with a narrow linewidth is
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observed, indicating only comparably slow exchange of a coordinated PMej ligand with
free PMe;. Contrary to 2b, distinct signals for both PMej ligands are observable for 2¢
at room temperature in the presence of free PMe; (Figure 6, top). One of these signals
(around —70 ppm), however, sharpens upon only moderate cooling to an apparent quartet
(Figure S27 Supplementary Materials) [22]. In agreement with that, in situ UV-Vis spectro-
scopic data of 3¢ in the presence of different amounts of PMej3 indicate a rapid equilibration,
rather on the side of 2¢ (Figures S30 and S31). The 'B NMR shift of 2c of around 55 ppm is
virtually unaffected by the change in the coordination number.
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Figure 6. In situ 3lp{lH} NMR spectra of the reaction of 6¢ with KOfBu (121.6 MHz, THF-dg, rt).

In conclusion, it may be stated that the five-coordinate trigonal bipyramidal complex
2¢, similarly to the cobalt analogue 2a and opposed to the rhodium homologue, shows only
little dynamic behaviour in solution and does not readily dissociate a PMe; ligand to give
the distorted square planar complex 3c. However, gas-phase DFT computational data sug-
gest similar thermodynamic data for the dissociation of PMe3 from 2¢ (AEj = 16 k] mol !,
AGjgg = —48 k] mol ™) as for the rhodium analogue 2b (Supplementary Materials) [22].

The complexes 2c and 3c crystallise isostructurally with the homologous rhodium
complexes in monoclinic space groups of the types P21 /n and P2, /c, respectively (Z = 4,
7’ = 1) (Supplementary Materials) [22]. As a consequence, the molecular structure of 2¢
(Figure 7, right) differs only marginally form the structure of the lighter homologue 2b and
from the cobalt homologue 2a (Figure S38).

The sum of angles in the equatorial plane [P1,P2,P3] of the distorted trigonal bipyra-
midal complex 2c is, with 347.76°, only insignificantly different from that in 2a and 2b.
The angle P1-Ir1-P2, involving the pincer phosphorus atoms, is larger than that in 2a by
about 2° and, hence, virtually identical to that in 2b. The displacement of Ir1 from the
[P1,P2,P3] plane is in the middle between the values for two lighter homologues, by 0.03 A
larger than in 2a and by 0.02 A smaller than in 2b. Generally, the M-P distances, however,
increase from 2a to 2b and 2c¢ by about 0.12 A, most significantly between the cobalt and
the rhodium complex.
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Figure 7. Molecular structures of the complexes [(d(CH,P(iPr);)abB)Ir-PMes] (3c) and (left)
[(d(CH,P(iPr);)abB)Ir(PMes),] (2¢) (right). Selected distances [A] and angles [°], 3c: Ir1-B1 2.034(2),
Ir1-P1 2.2764(4), Ir1-P2 2.2662(2), Ir1-P3 2.3355(5), P1-Ir1-P2 152.95(2), B1-Ir1-P3 176.73(6), Irl—
[P1,P2,P3,B1] 0.0386(3); 2c: Ir1-B1 2.055(3), Ir1-P1 2.3113(6), Ir1-P2 2.3165(6), Ir1-P3 2.2911(6), Ir1-P4
2.3521(6), P1-Ir1-P2 127.71(2), P2-Ir1-P3 108.84(8), P1-Ir1-P3 111.21(2), B1-Ir1-P4 172.02(8), Ir1-
[P1,P2,P3] 0.4666(3).

Overall, the PBP pincer ligand shows, within the series 2a, 2b 2¢, a high ability to
coordinate different metal ions. The high flexibility of this ligand is also illustrated by a
comparison of the five-coordinate complexes 5¢ and 2¢. For both complexes, a trigonal
bipyramidal geometry is observed; however, whilst in 2¢, the phosphorus atoms of the PBP
pincer ligand occupy two equatorial positions and the boryl moiety is bound in an axial
position, in 5¢, two phosphorus atoms coordinate in the two axial positions and the boron
atom in an equatorial position. This is illustrated by P-M-P angles included by the pincer
phosphorus atoms decreasing by 30° from 5c to 2c.

The solid-state structure of the distorted square planar complex 3c is again very similar
to that of its rhodium homologue 3b (Figure 539) with a nearly linear B1-Ir1-P3 angle
and a P1-Ir1-P2 angle of 152.95(2)° deviating significantly from linearity. Noteworthy is
the Ir1-B1 distance in 3¢ that is slightly (0.01 A) longer, whereas the pincer P-M distances
are identical, and the trans-B P-M distance is slightly shorter (0.02 A) than the respective
distance in the rhodium homologue 3b.

3. Discussion

A series of either group 9 PBP diaminoboryl pincer complexes was synthesised using
the unsymmetrical diborane(4) 1 as a PBP pincer precursor and fully characterised. In an
extension of our earlier work [15], this exemplifies again the versatility of this compound as
a PBP pincer ligand precursor. The Co' and Rh! complexes [(d(CH,P(iPr);)abB)Co—~(PMes);]
(2a) and [(d(CH,P(iPr);)abB)Rh—~(PMes)n] (2b (n = 2), 3b (n = 1)), respectively, were obtained
in a one-step reaction from the respective Co' and Rh! precursors (Schemes 2 and 4). Whilst
an oxidative addition/reductive elimination pathway is, for both reactions, feasible, in the
rhodium case, a 0 bond metathesis pathway may be feasible, considering results based
on a related non-pincer ligand [20]. The heavier Ir' homologue, however, was obtained
via the isolated intermediate Ir'!l complexes [(d(CH,P(iPr);)abB)Ir(Bpin)(Cl)] (5¢) and
[(d(CH,P(iPr);)abB)Ir(Bpin)(PMes)(Cl)] (6¢). Complex 5¢ is formed upon an oxidative
addition reaction of the diborane(4) 1 with [Ir(cod)Cl], (cod = 1,5-cyclooctadien) and
subsequently reacts via PMe; addition to 6c. The coordination chemistry of the resulting
homologous complexes [(d(CH,P(iPr);)abB)M(PMes)z] (2a—c) and [(d(CH,P(iPr);)abB)M—
PMej3] (3b,c) was studied structurally in the solid state, as well as spectroscopically in
solution. However, for M = Rh and Ir, both complexes are structurally very similar but
differ in the dynamic behaviour and the relative accessibility of the four (3b,c) vs. the five
(2b,c) coordinated complexes. For Co only the five-coordinate complex 2a is accessible,
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whereas Lewis acid-promoted PMej abstraction under a dinitrogen atmosphere leads to the
formation of the surprisingly stable N, complex [(d(CH,P(iPr);)abB)Co—(N,)(PMes)] (4a).

Having, with the unsymmetrical diborane(4) [(d(CH,P(iPr);)abB)-Bpin] (1), a well
accessible and versatile PBP ligand precursor that is capable of oxidative addition (Pt!,
Co!, Rh! (possibly), Ir!') and o bond metathesis (Cu! and possibly Rh!) reactions [15,20] will
stimulate the further development of PBP pincer ligands. In conclusion, PBP diaminoboryl
pincer ligands are a ligand class with remarkable ligand properties with respect to their
high o donor strength and weak 7 acceptor properties—leading to a strong trans effect
and influence [30]—that provide stability for the inherently reactive B-M bond due to their
pincer framework. Furthermore, PBP pincer ligands are tuneable based on the backbone
and P atoms substituents, making them interesting for a broad range of applications from
catalysis to the stabilisation of reactive intermediates.

4. Materials and Methods
4.1. General Considerations

pinB-B(d(CH,P(iPr);)ab) (1), [(Me3P)sCoMe], [(Me3P)3;RhCl] and [(cod)IrCl], were
prepared according to literature procedures [15-18,33]. All other compounds were com-
mercially available and were used as received; their purity and identity were checked using
appropriate spectroscopic methods. Unless otherwise noted, all solvents were dried using
an MBraun solvent purification system, deoxygenated using the freeze-pump-thaw method
and stored under purified nitrogen. Unless noted otherwise, all manipulations were per-
formed using standard Schlenk techniques under an atmosphere of purified nitrogen or
in a nitrogen-filled glove box (MBraun). NMR spectra were recorded on Bruker Avance II
300, Avance III HD 300 and Avance III 400 spectrometers. NMR tubes equipped with screw
caps (WILMAD) were used, and the solvents were dried over potassium/benzophenone
and degassed. Chemical shifts (6) are given in ppm, using the (residual) resonance signal
of the solvents for calibration (C¢Dg: 'H NMR: 7.16 ppm, '*C NMR: 128.06 ppm; PhMe-
dg: 'H NMR: 2.08 ppm, *C NMR: 20.43 ppm; THF-dg: 'H NMR: 1.72 ppm, '3C NMR:
25.31 ppm) [34]. !B and 3'P NMR chemical shifts are reported relative to pseudo external
BF3-Et,O and 85% H3PO4(aq), respectively. Be{Hy, UB{1H} and 3'P{*H} NMR spectra were
recorded employing composite pulse 'H decoupling. !'B NMR spectra were processed ap-
plying a back linear prediction, in order to suppress the broad background signal due to the
boron in the NMR tube and instrument. A Lorentz-type window function (LB = 10 Hz) was
used, and the spectra were carefully evaluated to ensure that no genuinely broad signals
of the sample were suppressed. Simulations were conducted with the TOPSPIN/DAISY
program package (Bruker). Melting points were determined in flame-sealed capillaries
under nitrogen using a Biichi 535 apparatus and are not corrected. Elemental analyses
were performed at the Institut fiir Anorganische und Analytische Chemie of the Technische
Universitdt Braunschweig using an Elementar vario MICRO cube instrument. A Bruker
Vertex 70 spectrometer was used for recording IR spectra. The IR spectra were recorded in
PhMe solutions in a cuvette of an approximately 1 mm optical path length equipped with
NaCl windows.

X-ray Structure Determination. The single crystals were transferred into inert perfluo-
roether oil inside a nitrogen-filled glovebox and, outside the glovebox, rapidly mounted
on top of a CryoLoop (Hampton Research) and placed on the diffractometer in the cold
nitrogen gas stream of a Cryostream 800 cooling system (Oxford Cryosystems) [35]. The
data were collected on a Rigaku Oxford Diffraction Synergy-S instrument using either
mirror-focused MoK« or CuKa radiation (Rigaku PhotonJet microfocus sources). The
reflections were indexed and integrated, and appropriate absorption corrections were
applied as implemented in the CrysAlisPro software package [36]. The structures were
solved employing the program SHELXT and refined anisotropically for all non-hydrogen
atoms via full-matrix least squares based on all F? values using SHELXL software [37-39].
Generally, hydrogen atoms were refined employing a riding model; methyl groups were
treated as rigid bodies and were allowed to rotate about the E-CH3 bond. During refine-
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ment and analysis of the crystallographic data, the programs OLEX?, PLATON, Mercury
and Diamond were used [40—43]. Unless noted otherwise non-C,H atoms are depicted as
ellipsoids at the 50% probability level, whereas the carbon atom framework is depicted
as a stick model (grey), and hydrogen atoms are omitted for clarity. Adapted numbering
schemes may be used to improve the readability. Further crystallographic details can be
found in the Supplementary Materials available.

4.2. Experimental Procedures and Analysis Data
4.2.1. [(d(CH,P(iPr)2)abB)Co(PMe3),] (2a)

In a Schlenk-flask, d(CH,P(iPr);)abB-Bpin (1) (100 mg, 0.198 mmol, 1 equiv.) and
[(MesP)sCoMe] (75 mg, 0.198 mmol, 1 equiv.) were dissolved in toluene (50 mL) and stirred
for 24 h at 50 °C whilst a reduced pressure was applied for about 50% of the time (the
pressure was normalised overnight). The solvent was completely removed in vacuo and
the brown residue was dissolved in n-pentane and recrystallised at —40 °C. The resulting
dark orange crystals were washed with cold n-pentane (1 mL) and dried in vacuo (77 mg,
0.131 mmol, 66%).

TH NMR (PhMe-dg, 400.4 MHz, rt) 6 = 6.96-6.91 (m, 2 H, 3-HC »,), 6.74-6.79 (m, 2 H, 2-
HCay),3.50 (d, 2]y = 11.0 Hz, 2 H, CHH'), 3.47 (d, ?J1.q = 11.0 Hz, Jy.p = 4 Hz, 2 H, CHH’),
1.98 (app. sept., *Jupg = 7.6 Hz, 3]y = 7.0 Hz, 2 H, CH(CH3),), 1.89 (m, 3]y = 7.0 Hz,
3Jh-n =74 Hz, Jy.p =2.5,4.0 Hz, 2 H, C’'H(CHj3),), 1.29 (d, ?Ji.p = 5.0 Hz, 9 H, Pap(CH3)s3),
1.23 (app. q, °Jpy = 7.6 Hz, Jy.p = 6.8, 6.0 Hz, 6 H, CH(CH3)(C’'H3)), 1.11 (m, *Ji.py = 7.0 Hz,
Jrp = 5.7, 3.6 Hz, 6 H, CH(CH3)(C’H3)), 1.04 (d, *Jp.p = 4.8 Hz, 9 H, Peq(CH3)3), 0.98 (app.
q, 3Th.yr = 7.0 Hz, Jip = 6.9, 6.5 Hz, 6 H, C’"H(CH3)(C'H3)), 0.78 (app- q, 3Th.y =74 Hz,
Jr-p = 6.5,5.7 Hz, 6 H, C’'H(CH3)(C’Hs)). *C{'"H} NMR (PhMe-dsg, 100.7 MHz, rt) 6 = 140.6
(app. t, Jc-p =6 Hz, 1-Ca;), 117.2 (s, 3-HCy,), 106.5 (s, 2-HC ), 44.5 (m, CHH’), 32.0 (app. dt,
Je.p =19,3 Hz, CH(CH3)y), 29.1 (app. t, Jc.p = 5 Hz, C’'H(CH3),), 27.8 (m, Pap(CH3)3), 25.7
(app dq, ]C—P = 15, 4 HZ, Peq(CH3)3), 21.9 (S, CH(CH3)(C’H3)), 20.3 (S, CH(CH3)(C’H3)), 19.4
(s, C’"H(CH3)(C'Hs)), 18.9 (app. t, Jc.p = 3 Hz, C’'H(CH3)(C'H3)). *'P{'H} NMR (PhMe-ds,
162.1 MHz, rt) § = 83.0 (br. s, Aw% = 217 Hz, CH,P(iPr);), —1.2 (br. s, Aw% =132 Hz,
P(CHz)s), =17.4 (br. s, Aw, =245 Hz, P(CHs)s). B{1H} NMR (PhMe-dg, 128.5 MHz, rt)
6 57.0 (br. s, Aw 1= 360 Hz). "TH NMR (PhMe-dg, 400.4 MHz, —69 °C) § = 7.20-7.14 (m,
2 H, Cay), 6.95-6.89 (m, 2 H, HC ), 3.51-3.33 (m, 4 H, CHH"), 1.92 (br. s, 2 H, CH(CH3)5,),
1.80 (br. app. sept., Ju-g =7 Hz, 2 H, C’H(CH3),), 1.22 (d, 2y.p = 5 Hz, 9 H, P(CH3)3),
1.20 (br. s, 6 H, CH(CH3)(C’H3)), 1.06 (d, *Ju.p = 5 Hz, 9 H, P(CH3)3), 1.03 (br. s, 6 H,
CH(CH3)(C’H3)), 0.99-0.90 (m, 6 H, C’H(CH3)(C'Hs)), 0.75 (br. s, 6 H, C’"H(CHj3)(C'H3)).
31P{TH} NMR (PhMe-dg, 162.1 MHz, —69 °C) ¢ = 82.9 (dd, *Jp_p = 80, 30 Hz, CH,P(iPr),),
0.7 (app. q, ?Jp-p = 30, 28 Hz, P4p(CH3)3), —16.2 (td, q, ?Jp-p = 80, 28 Hz, Peq(CH3)3). 'H
NMR (C¢Dg, 300.1 MHz, rt) 6 =7.10-7.03 (m, 2 H, HCx;), 6.92-6.85 (m, 2 H, HCx;), 3.50 (m,
4H, CHH’), 2.06-1.85 (m, 4 H, CH(CH3),), 1.29 (d, ?Ju.p = 5.0 Hz, 9 H, P(CH3)3), 1.28-1.19
(m, 6 H, CH(CH3)(C'H3)), 1.14-1.07 (m, 6 H, CH(CH3)(C'H3)), 1.07 (d, ?Jp.p = 4.8 Hz, 9 H,
P(CHs)s), 1.03-0.94 (m, 6 H, C’H(CH3)(C'Hz)), 0.87-0.76 (m, 6 H, C’'H(CH3)(C’'H3)). ' B{'H}
NMR (CgDg, 96.3 MHz, rt) 5 57.2 (br. s, Aw% =460 Hz). 3'P{'TH} NMR (C¢Dj, 121.5 MHz,
rt) 0 82.9 (br. s, Aw 1= 200 Hz, CH,P(iPr);), —1.5 (br. s, Aw 1= 135 Hz, P(CH3)3), —17.5 (br.
S, Aw% =240 Hz, P'(CHj3)3). Anal. Calcd. for C¢Hs4BCoN, P, (2a): C, 53.08; H, 9.25; N,
4.76. Found: C, 52.84; H, 9.27; N, 5.13. m.p.: 160-163 °C.

4.2.2. [(d(CH,P(iPr),)abB)Co(N,)(PMes)] (4a)

Single crystals of 4a: In a nitrogen-filled glovebox, 2a (10 mg, 17 umol, 1 equiv.) and
triphenylborane (4.1 mg, 17 pmol, 1 equiv.) were dissolved in C¢Dg (0.7 mL). After 3 d at
room temperature, the solution was layered with n-pentane. Colourless crystals of Me3P-
BPhj separated. The supernatant solution was decanted, and the solvent was removed
in vacuo. The residue was dissolved in toluene (0.5 mL), and the solution was layered
with n-pentane and cooled to —40 °C. Colourless crystals formed overnight, from which
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the supernatant solution was decanted and cooled again to —40 °C. A few orange single
crystals of 4a suitable for x-ray diffraction were obtained from this solution. In situ IR
characterisation of 4a was as follows: in a nitrogen-filled glovebox, 2a (10 mg, 17 umol,
1 equiv.) and tris(pentafluorophenyl)borane (8.7 mg, 17 umol, 1 equiv.) were dissolved
in toluene (0.4 mL) and transferred into an IR cuvette. An IR spectrum of this solution
was recorded. The reaction under an Ar atmosphere was conducted analogously in an
Ar-filled glovebox. In situ NMR characterisation of 4a was performed as follows: in a
nitrogen-filled glovebox, 2a (16.1 mg, 27 umol, 1 equiv.) and tris(pentafluorophenyl)borane
(14 mg, 27 umol, 1 equiv.) were dissolved in toluene-dg and filtered through a small pad of
celite. NMR spectra of this solution were recorded.

'H NMR (PhMe-dg, 400.4 MHz, 1t) § = 6.88 (br. 5,2 H, HCp,), 6.66 (br. s, 2 H, HCp;),
3.50 (br. s,2 H, CH>), 3.34 (br. s, 2 H, CH,;), 2.11 (overlapping with the residual solvent signal,
CH(CH3;),), 1.48-0.65 (P(CH3)3) and CH(CHj3),). 31P{'H} NMR (PhMe-ds, 162.1 MHz, rt)
0 =935 (br. s, Aw% = 211 Hz, CH,P(iPr),), —13.4 (br. s, Co-P(CH3)3). 'B{'H} NMR
(PhMe-ds, 128.5 MHz, rt) § 54.3 (br. s, Aw; = 630 Hz). 'H NMR (PhMe-ds, 400.4 MHz,
—69 °C) § =6.77 (br. 5,2 H, HCy,), 3.35 (br. 5,2 H, CHj), 3.13 (br. d, 2 H, CH3), 1.95 (br. s,
4 H, CH(CHj3)y), 1.40 (br. s, 6 H, CH(CHj3),), 1.19 (br. s, 6 H, CH(CHj3);), 1.04 (br. s, 15 H,
CH(CH3;),) and P(CH3)3), 0.80 (br. s, 6 H, CH(CHj3),). 3'P{'H} NMR (PhMe-ds, 162.1 MHz,
—80°C) 6 =94.6 (d, 2Jp.p = 74 Hz, CH,P(iPr),), —11.4 (t, 2Jp_p = 74 Hz, Co-P(CH3)3).

4.2.3. [(d(CH,P(iPr),)abB)Rh(PMe3),] (2b)

The reaction was performed as described for 3b on a 55 pmol scale (vide infra). After
filtration, an excess of PMe3 (30 uL, 22 mg, 0.3 mmol, 5.5 equiv.) was added, and the
resulting yellow solution was cooled to —40 °C. After 48 h, bright yellow crystals suitable
for X-ray crystallography had formed. The supernatant solution was decanted, and the
crystals were dried in vacuo (15 mg, 24 umol, 43%). NMR spectra of the isolated material
show an equilibrium among 2b, 3b and free PMe; (Figures S17-519). NMR spectra of 2b
were recorded from a solution of 3b (15 mg, 28 umol) in THF-dg (0.7 mL) after the addition
of PMej; (3.7 uL, 2.7 mg, 37 umol, 1.3 equiv.).

'H NMR (THF-dg, 400.4 MHz, —46° C) 6 6.58-6.47 (m, 4 H, 2,3-HCy,), 3.61-3.42 (m,
4 H, CH,), 2.12 (app. sept., ] = 6.9 Hz, 2 H, CH(CH3s),), 1.64 (br. s, 2 H, Aw% =25 Hz,

CH(CHjs),), 1.43 (d, ?Jy.p = 4.8 Hz, 9 H, P(CH3)3), 1.34-1.21 (m, 12 H, CH(CH3),), 1.11 (d,
’Jpp = 4.8 Hz, 9 H, P’(CH3)3), 1.03 (app. q, ] = 5.6 Hz, 6 H, CH(CH3),), 0.94 (d, ?Jy.p = 2 Hz,
2.9 H, free P(CH3)3), 0.7 (app. q, ] = 7.1 Hz, 6 H, CH(CH3),). 'B{'H} NMR (THF-ds,
128.5 MHz, 1t) § 55.4 (s, Aw =365 Hz). 31p{1H} NMR (THF-dg, 162.1 MHz, rt) § 76.6 (br.

d, 'Jp.rn = 153 Hz, Aw, =150 Hz, CHyP(iPr)2), —26.4 (br. d, Upry =97 Hz, Aw; =105 Hz,
P(CH3)3), —37 (br. s, Aw% =1000 Hz, P(CH3)3), —54 (br. s, Aw% = 1600 Hz, free P(CH3)3).

31p{TH} NMR (THF-ds, 162.1 MHz, —46 °C) § 75.5 (ddd, !Jp_g;, = 157 Hz, ?Jp.p = 38, 103 Hz,
CH,P(iPr),), —25.1 (app. dq, Jp.ry = 105 Hz, ?Jp.p = 43, 38 Hz, P,,(CHj)3), —32.3 (dtd,
Yp.rn = 157 Hz, ?Jp.p = 103, 43 Hz, P,y(CHs)3). Anal. Calcd. for C26HssBN,PsRh (2b): C,
49.39; H, 8.61; N, 4.30. Found: C, 48.91; H, 8.56; N, 4.47.

4.2 4. [(d(CHyP(iPr);)abB)Rh(PMej3)] (3b)

In a nitrogen-filled glovebox, d(CH,P(iPr),)abB-Bpin (1) (41 mg, 82 umol, 1 equiv.)
and [Rh(PMej3);Cl] (30 mg, 82 pmol, 1 equiv.) were combined and dissolved in toluene
(10 mL). A solution of KOtBu (9 mg, 82 umol, 1 equiv.) in THF (2 mL) was added, and the
bright orange solution was stirred for 5 min at room temperature. The solvent was removed
in vacuo. The residue was extracted with n-pentane (2 x 3.5 mL) and filtered through a pad
of celite. The solvent was removed in vacuo. The orange residue was recrystallised from di-
ethyl ether (3 mL) at —40 °C to give bright orange crystals of [(d(CH,P(iPr);)abB)Rh(PMe3)]
(3b) (30 mg, 56 umol, 70%).

'H NMR (THF-dg, 400.4 MHz, rt) 6 6.72-6.67 (m, 2 H, HCa,), 6.67-6.62 (m, 2 H, HCp,),
3.64 (app. t,] =2,2 Hz, 4 H, NCH,P), 2.18 (app. sept., ] =7, 6,1.5,1.5 Hz, 4 H, CH(CHs)y),
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1.39 (dd, %Jpp = 4.3, *Jprn = 0.6 Hz, 9 H, P(CH3)3), 1.19 (app. q, ] = 7.0, 7.4, 7.4 Hz, 12 H,
CH(CHj3),), 1.09 (app. q, ] = 6.0, 6.3, 6.3 Hz, 12 H, CH(CH3),). ¥*C{'H} NMR (THF-ds,
101.7 MHz, rt) 6 140.7 (app. td, Jc.p = 9 Hz, Jo.ry = 1.5 Hz, 1-Ca;), 117.3 (s, HCx,), 104.9
(s, HCay), 43.9 (m, CHy), 28.6 (app. t, Jc.p = 8.5 Hz, CH(CH3)(C'Hz)), 23.0 (app. dtd,
]C-P =13,3 Hz, 2]C—Rh =1Hz, P(CH3)3), 20.8 (app t, ]C-P =5Hz, CH(CH3)(C’H3)), 20.8 (bI‘ S,
CH(CH3)(C'Hz)). "B{'H} NMR (THF-dg, 128.5 MHz, rt) § 52.4 (s, Aw; =400 Hz). 31p(iy}

NMR (THF-dg, 162.1 MHz, rt) § 84.1 (dd, !Jp.r, = 173 Hz, ?Jp.p = 17 Hz, CH,P(iPr),),
—27.1 (br. d, 1Jp.gj, = 111 Hz, Aw, =90 Hz, P(CHz)3). S1p{IH} NMR (THF-dg, 162.1 MHz,

—102°C) § 83.8 (dd, Jp.g, = 171 Hz, 2Jp.p = 17 Hz, CH,P(iPr),), —25.4 (dt, Jp.g, = 113 Hz,
2]p_p =17 HZ, P(CH3)3) Anal. Calcd. for C23H45BN2P3Rh (3b): C, 4966, H, 815, N, 5.04.
Found: C, 49.43; H, 8.11; N, 5.38. m.p.: 199200 °C.

4.2.5. [(d(CH,P(iPr),)abB)Ir(PMes), ] (2¢))

In a nitrogen-filled glovebox, 3¢ (30 mg, 46 umol, 1 equiv.) was dissolved in THF (5 mL),
and PMej (23.6 uL, 17.7 mg, 0.23 mmol, 5 equiv.) was added. The solvent was removed
under in vacuo conditions. The light yellow residue was recrystallised from diethyl ether
(2mL) at —40 °C to give light yellow crystals of [(d(CH,P(iPr);)abB)Ir(PMe3),] (2¢) (7 mg,
9.7 umol, 21%).

TH NMR (PhMe-dg, 400.4 MHz, rt) 6 6.95-6.89 (m, 2 H, 3-HC,,), 6.83-6.77 (m, 2 H,
2-HCpy), 3.53-3.39 (m, 4 H, CH;), 1.96 (app. br. sept., | =7 Hz, 2 H, CH(CH3);), 1.63
(br. s, 2 H, Aw, = 25 Hz, C’H(CHa)y), 151 (d, ?Jup = 5.9 Hz, 9 H, P(CH,)3), 1.24 (d,

2Jp = 6.3 Hz, 9 H, P'(CH3)3), 1.20-1.08 (m, 12 H, CH(CH3),), 0.89 (app. q, ] = 6.9 Hz, 6 H,
C'H(CH3)(C’'Hzy)), 0.64 (app. q, ] = 7.1 Hz, 6 H, C’H(CHj3)(C'H3)). "' B{*H} NMR (PhMe-ds,
128.5 MHz, rt) 6 55.2 (s, Aw% = 475 Hz). 3'P{'H} NMR (PhMe-ds, 162.1 MHz, —35 °C)

§50.7 (dd, ?Jp.p = 27, 111 Hz, CH,P(iPr),), —65.7 (td, ’Jp.p = 27, 111 Hz, P’(CH3)3), —69.9
(app br. q, ?Jp.p = 27, 27 Hz, P(CH3)3). 3'P{'H} NMR (PhMe-dg, 162.1 MHz, rt) § 50.7
(dd, 2Jp.p = 27, 112 Hz, CH,P(iPr),), —65.6 (td, 2Jp_p = 27, 112 Hz, P'(CH3)3), —69.9 (br.
s, Aw, =95 Hz, P(CHa)s). 31p{1H} NMR (THF-dg, 121.5 MHz, rt) 6 50.6 (dd, ?Jp.p = 28,

111 Hz, CHP(iPr)2), —66.4 (td, ¥Jp.p = 27, 111 Hz, P'(CHa)3), —70.0 (br. s, Aw; =100 Hz,

P(CH3)3). BC{*H} NMR (PhMe-dsg, 100.7 MHz, 1t) § = 141.2 (app. t, Jc.p = 5 Hz, 1-Ca,),
117.3 (s, 3-HCay), 107.5 (s, 2-HCa;), 47.7 (app. td, app. t, Jc.p = 19, 10 Hz, CHj), 30.3
(overlapping m, C'H(CHs), and P(CH3)3), 28.9 (app. t, Jc.p = 11 Hz, CH(CH3),), 27.9 (br. d,
Jc.p =19 Hz, P’(CH3)3), 21.2 (s, CH(CH3);), 19.8 (s, CH(CH3s)»), 19.7 (s, C’H(CH3)(C'Hj)),
18.8 (s, C’H(CH3)(C'H3)). Anal. Calcd. for CpeHs4 BN PylIr (2¢): C, 43.27; H, 7.54; N, 3.88.
Found: C,42.79; H, 7.27; N, 4.02.

4.2.6. [(d(CH,P(iPr),)abB)Ir(PMes)] (3¢)

In a Schlenk-flask, 5¢ (50 mg, 68 umol, 1 equiv.) was dissolved in THF (5 mL).
Trimethylphosphine (34.7 puL, 26 mg, 0.342 mmol, 5 equiv.) was added, and the solu-
tion was stirred for 5 min at room temperature. The solvent was removed in vacuo. The
colourless residue was dissolved in THF (5 mL), and a solution of KOtBu (7.6 mg, 68 umol,
1 equiv.) in THF (1 mL) was added. The resulting red—green solution was stirred for 2 h at
room temperature. The solvent was removed in vacuo, and the residue was extracted with
n-pentane (2 x 5 mL). The extract was filtered through a pad of celite and stored at —40 °C.
After 24 h, dark red crystals with a greenish hue had separated. The supernatant solution
was decanted, and the residue was washed with cold n-pentane (2 x 1 mL) and dried in
vacuo (22 mg, 34 pmol, 50%).

'H NMR (PhMe-ds, 400.4 MHz, rt) § 7.08-7.03 (m, 2 H, 3-HCy,;), 6.99-6.93 (m, 2 H,
2-HCpy), 3.63 (app. t, Ju.p = 2.1, 2.1 Hz, 4 H, CH)), 2.04 (app. sept. t, 3]H—H =7.0,7.0 Hz,
Jup=22,22 Hz, 4 H, CH(CH3)), 142 (d, ?Jy.p = 5.7 Hz, 9 H, PMe3;), 1.05 (app. q,
3ty =7.0Hz, Jip = 7.9, 7.9 Hz, 12 H, CH(CH3)(C’'Hz)), 0.97 (app. q, *Jy.n = 7.0 Hz,
Jup = 6.1, 6.1 Hz, 12 H, CH(CH3)(C’H3)). 'H NMR (THF-dg, 300.1 MHz, tt) § 6.73-6.66
(m, 2 H, HCp,), 6.66-6.58 (m, 2 H, HCy,), 3.74 (app. t, Jy.p = 2.0, 2.0 Hz, 4 H, CH,), 2.32
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(app. sept. t, 3]y = 7.0, 7.0 Hz, Ji.p = 2.2, 2.2 Hz, 4 H, CH(CH3),), 1.57 (d, ?Jg.p = 5.7 Hz,
9 H, PMe3), 1.17 (app. q, *Ju.g = 7.0 Hz, Jyp = 7.9, 7.9 Hz, 12 H, CH(CH3)(C’'Hz)), 1.11
(app- q, ’Jiy = 7.0 Hz, Jy.p = 6.1, 6.1 Hz, 12 H, CH(CH;3)(C’H3)). 3*C{'H} NMR (PhMe-ds,
100.7 MHz, rt) § 140.1 (app. t, Jc.p =8 Hz, Cay), 117.7 (s, 3-HC4;), 108.6 (s, 2-HCa;), 44.4 (app.
td, Jo.p = 21, 12 Hz, NCH;,P), 28.6 (app. t, Jc.p = 12 Hz, CH(CH3)y), 24.8 (app. dt, Jc.p = 24,
2 Hz, PMej3), 20.2 (app. dt, Jc.p = 4 Hz, CH(CH3)(C'Hs)), 19.3 (br. s, CH(CHj3)(C'H3)).
TIB{TH} NMR (PhMe-dg, 128.5 MHz, rt) § 57.5 (s, Aw% =430 Hz). "B{'H} NMR (THF-dg,

96.3 MHz, 1t) § 55.3 (s, Aw; = 380 Hz). S1p{1H} NMR (PhMe-dg, 162.1 MHz, rt) 6 81.5 (d,

Jp_p = 5 Hz, CH,P(iPr),), —18.6 (br s, P(CH3)3). 31P{'H} NMR (THF-dg, 121.5 MHz, rt)
6 80.0 (d, ]p_p =5 HZ, CHzp(iPr)2), —20.1 (br S, P(CH3)3). Anal. Calcd. for C23H45BII‘N2P3
(3c): C,42.79; H, 7.03; N, 4.34. Found: C, 43.22; H, 7.25; N, 4.59. m.p.: 204-206 °C.

4.2.7. [(d(CH,P(iPr);)abB)IrCl(Bpin)] (5¢)

In a Schlenk-flask, 1 (100 mg, 0.198 mmol, 1 equiv.) and [Ir(cod)Cl], (66.5 mg, 99 umol,
1 equiv. Ir) were combined in n-pentane (50 mL). The yellow suspension was stirred at
room temperature overnight before all volatiles were removed in vacuo. The bright yellow
residue was recrystallised from n-pentane (20 mL) at —40 °C to give 5c as bright yellow
crystals (107 mg, 0.146 mmol, 74%).

'H NMR (THF-dg, 400.4 MHz, rt) 6 6.77-6.71 (m, 2 H, 2-HCj,), 6.69-6.64 (m, 2 H,
3-HCp,), 3.87 (app. dt, 2Jy.y = 11.6 Hz, Jyp = 2.0, 2.0 Hz, 2 H, CHH’), 3.77 (app. dt,
Jyy = 11.3 Hz, Jyp =3.0,3.0 Hz, 2 H, CHH’), 3.02 (m, *Jy.y = 7.2, 7.1 Hz, Jy p = 34,22 Hz,
2 H, CH(CH3)2), 2.99 (m, 3]H—H = 7.6, 7.3 HZ, ]H—P = 48, 5.8 HZ, 2 H, C’H(CHg)z), 1.47
(m, 3]y = 7.6 Hz, Jip = 7.9, 9.0 Hz, 6 H, C’'H(CH;3)(C'Hy)), 1.45 (app. q, 3]y = 7.2 Hz,
Jup =74,74Hz, 6 H, CH(CH3)(C'Hz)), 1.39 (app. q, *Ju.y =73 Hz, Jyp = 6.5,6.5Hz, 6 H,
C'H(CH3)(C'H3)), 1.14 (app. q, *Jg.n = 7.1 Hz, Jy.p = 7.0, 7.0 Hz, 6 H, CH(CH3)(C'H3)), 0.81
(s, 12 H, OC(CHj3),). 3C{'H} NMR (THF-dg, 100.7 MHz, rt) 6 140.8 (app. t, Jc.p =7 Hz,
Car), 118.3 (s, 3-HCq;), 108.2 (s, 2-HCay), 83.2 (s, OC(CH3),), 45.7 (app. t, Jc.p = 22 Hz,
NCH,P), 29.8 (app. t, Jc-p = 12 Hz, CH(CH3),), 28.9 (app. t, Jc.p = 12 Hz, C’"H(CH3;),), 24.8
(s, OC(CH3)2), 20.4 (app. t, Jc.p = 3 Hz, C’H(CH3)(C'Ha)), 19.7 (s, CH(CH3)(C'Hs)), 18.7(s,
CH(CH3)(C’H3)), 18.2 (s, C’'H(CH3)(C'H3)). "B{'H} NMR (THF-dsg, 128.5 MHz, rt) 6 39.7
(s, Aw; =340 Hz), 19.9 (s, Aw; =330 Hz). 31p{TH} NMR (THF-dg, 162.1 MHz, rt) § 66.4 (s).
Anal. Calcd. for C26HasB2N2O,P2IrCl (5¢): C, 42.67; H, 6.61; N, 3.83. Found: C, 42.48; H,
6.41; N, 4.06. m.p.: 232-234 °C.

4.2.8. [(d(CH,P(iPr),)abB)IrCl(Bpin)(PMes)] (6¢)

In a nitrogen-filled glovebox, 5¢ (15 mg, 20 umol, 1 equiv.) was dissolved in n-pentane
(5 mL), and trimethylphosphine (10.4 puL, 7.8 mg, 0.102 mmol, 5 equiv.) was added. The
solvent was removed after 5 min at room temperature to give 6c¢ as a colourless solid. Single
crystalline 6¢ was obtained from the above mixture upon crystallisation at —40 °C (6 mg,
7 umol, 37%).

1H NMR (THF-dg, 400.4 MHz, 1t) § 6.74-6.69 (m, 2 H, 2-HCy,,), 6.67—6.62 (m, 2 H,
3-HCap,), 3.88 (app. dt, ’Jyy = 11.0 Hz, Jyp = 2.2, 2.2 Hz, 2 H, CHH’), 3.64 (app. dt,
’Jyy=11.0Hz, Jyp = 2.2, 22Hz, 2 H, CHH’), 3.06 (m, 3]y = 7.1, 7.1 Hz, Jyp = 35,
3.5 Hz, 2 H, CH(CH3),), 2.61 (m, 3]y = 7.2, 7.2 Hz, Jy.p = 3.7, 3.7 Hz, 2 H, C’H(CHj3)»),
1.68 (d, Jpp = 7.2 Hz, 9 H, PMe3), 1.42 (app. q, *Jpp = 7.1 Hz, Jp = 7.0, 7.0 Hz, 6 H,
CH(CH3)(C'Hz)), 1.41 (app. q, }Ju.g = 7.1 Hz, Jyp = 7.0, 7.0 Hz, 6 H, CH(CH3)(C'Hj)), 1.38
(app. q,*Jy.n =72 Hz, Jyp =7.0,7.0 Hz, 6 H, C’'H(CH3)(C’'H3)), 1.31 (app. q, °Jy.n = 7.2 Hz,
Jup =7.1,7.1 Hz, 6 H, C’'H(CH3)(C'Hs)), 0.66 (s, 12 H, OC(CH3),). 3 C{'H} NMR (THF-dg,
100.7 MHz, rt) 6 142.4 (app. td, Jc.p = 8,2 Hz, Ca;), 117.9 (s, 3-HCx,), 108.5 (s, 2-HCg,), 81.7
(s, OC(CH3),), 46.3 (app. td, Jc.p = 20, 7 Hz, NCH,P), 31.1 (app. t, Jc.p = 14 Hz, CH(CH3),),
27.6 (app. td, Jcp = 11, 2 Hz, C'H(CHj3)y), 25.7 (s, OC(CH3)y), 20.5 (d, 2Jc.p = 24 Hz,
PMe3), 21.1 (s, C’H(CH3)(C'Hj3)), 20.0 (s, C’'H(CH3)(C'Hs)), 19.6 (s, CH(CH3)(C'Hs)), 19.0 (s,
CH(CH3)(C’H3)). "B{'H} NMR (THF-dg, 128.5 MHz, rt) 6 48.8 (s, Aw, =460 Hz), 26.6 (s,
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Awy =450 Hz). S1p{1H} NMR (THF-dg, 162.1 MHz, rt) § 41.4 (d, Jp_p = 12 Hz, CH,P(iPr),),
—51.9 (br. s, Aw% =70 Hz, PMe3). Anal. Calcd. for Co9Hs7B2N,O,P31rCl (6¢): C, 43.11; H,
7.11; N, 3.47. Found: C, 42.83; H, 7.03; N, 3.58. m.p.: 182-184 °C (decomp).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28176191/s1, additional spectroscopic and experimental details,
crystallographic and computational details [44-49]. Crystallographic data (including structure factors)
for the structures reported in this paper have been deposited with the Cambridge Crystallographic
Data Centre. CCDC 2269774-2269781 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures (accessed on 28 June 2023).
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Abstract: The coordination chemistry of scorpionate ligands based on borates containing the 7-azaindole
heterocycle is relatively unexplored. Thus, there is a requirement to further understand their coor-
dination chemistry. This article outlines the synthesis and characterization of a family of complexes
containing anionic flexible scorpionate ligands of the type [(R)(bis-7-azaindolyl)borohydride] ~ ([RBai] ),
where R = Me, Ph or naphthyl. The three ligands were coordinated to a series of copper(I) complexes
containing a phosphine co-ligand to form the complexes, [Cu(™eBai)(PPh3)] (1), [Cu(*MBai)(PPhs)] (2),
[Cu(NaPhthBaj)(PPhy)] (3), [Cu(MeBai)(PCy3)] (4), [Cu(PMBai)(PCys)] (5) and [Cu(N2PMhBai)(PCys3)] (6).
Additional copper(II) complexes, namely, [CuM®Bai),] (7) and [Cu(*MBai),] (8), were obtained during
attempts to obtain single crystals from complexes 4 and 2, respectively. Complexes 7 and 8 were also
prepared independently from CuCl, and two equivalents of the corresponding Li[®Bai] salt alongside
an additional complex, namely, [Cu(NaphthBaj),] (9). The copper(l) and copper(Il) complexes were
characterized using spectroscopic and analytical methods. Furthermore, a crystal structure was obtained
for eight of the nine complexes. In all cases, the boron-based ligand was found to bind to the metal
centers via a k3-N,N,H coordination mode.

Keywords: scorpionate; copper; borohydride; ligand; nitrogen; coordination

1. Introduction

Research involving “scorpionate ligands” has been in substantial development since
the late 1960s [1-5]. The original Trofimenko-type scorpionate ligands were based around
polypyrazolylborate ligands; however, a plethora of derivative ligands have been devel-
oped over the years. The polypyrazolylborates generally bind to metal centers via the
available nitrogen donors and sometimes the B-H units, where a range of coordination
modes, such as k3-N,N,N, k3-N,N,H and «2-N,N, are common. Over the years, polypyra-
zolylborates gained a reputation as being robust ligands that form polycyclic chelates
(dependent on the specific coordination mode). For example, the k*>-N,N,N coordination
mode, which is found in the vast majority of systems, results in three six-membered rings
within the resulting complex (Figure 1, right). Traditionally, they are considered inert specta-
tor ligands that do not typically become involved within transformations at the metal center.
This perspective changed following the emergence of a new set of ligand systems where the
pyrazolyl heterocycle was exchanged with a heterocycle that contains an additional atom
between the site of attachment to the central boron atom and the donor atom that binds to
the metal center. This led to a considerable change in the landscape of the research field
involving scorpionate ligands. In 2008, we suggested that this new set of ligands be termed
“flexible scorpionates” [6,7] since the consequences of this extra atom in each of the hetero-
cycles change their properties and potential reactivity quite significantly [8-10]. A range of
heterocycles has now been utilized to generate flexible scorpionate ligands based on sul-
fur [9-16], nitrogen [17-21], phosphine [22,23], oxygen [24,25] and other donors [26,27]. To
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the best of our knowledge, there are only a small number of complexes reported containing
nitrogen-based flexible scorpionate ligands. These are primarily based on the 7-azaindole
heterocycle, as outlined herein. The tris(7-azaindolyl)borate (Tai) was the first to be re-
ported by Wang in 2005 (Figure 1) [17]. This ligand was found to bind to metal centers
with a range of coordination modes, including k3-N,N,N [17], k3-N,N,H [6,17,28-32] and
k2-N,H [33]. With the Tai ligand, by far the most common coordination mode was found to
be k3-N,N,H rather than «3-N,N,N (Figure 1, left and middle). This is the opposite scenario
from the Trofimenko-type trispyrazolylborates, where k3-N,N,N is more common (Figure 1,
right). The reason for this is down to the ring sizes formed upon chelation. For Tai, the
k3-N,N,H coordination mode provides two six-membered rings and one eight-membered
ring rather than the formation of three eight-membered rings in the k3-N,N,N mode.
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K3-N,N,H KS-N,N,N K-N,N,N

Figure 1. The k3-N,N,H coordination of tris(7-azaindolyl)borate to a metal center, highlighting
two six-membered rings and one eight-membered ring formed upon chelation (left); the k3-N,N,N
coordination of tris(7-azaindolyl)borate to a metal center, highlighting three eight-membered rings
formed upon chelation (middle); and the k3-N,N,N coordination of trispyrazolylborate to a metal
centre, highlighting the three six-membered rings formed upon chelation (right).

Building on the early investigations on the Tai ligand [17,33], our research group
has carried out subsequent research highlighting some interesting transformations. For
example, we were able to demonstrate reactivity involving the borohydride unit, revealing
that the Tai ligand is able to form metallaboratrane-type complexes [34], where the hydride
is removed from the ligand and the resulting borane ligand binds with either k*-N,N,B,N
or k3-N,N,B coordination modes (Figure 2) [29,31,35,36]. We additionally prepared several
complexes containing straightforward coordination of the Tai ligand [6,28-32]. Further-
more, we also prepared four derivative ligands in which one of the 7-azaindolyl substituents
was replaced by an alkyl or aryl substituent and further investigated their coordination
properties (Figure 3) [29,37,38]. The four ligands, namely, M®Bai, P"Bai, N2PhthBaj and
MesBai, contain a central borohydride unit containing two 7-azaindolyl substituents and
one additional R group (i.e., either methyl, phenyl, naphthyl or mesityl). In all cases, these
ligands adopt the archetypical k3-N,N,H coordination mode (unless there is an activation
of the B-H bond), where the R group points away from the transition metal center and
the B-H---M interactions appear to be strong [28,32,38]. Despite this, even though the R
group is positioned away from the metal centers upon coordination, it was found that
the group influences the properties and subsequent reactivity of the resulting complexes
quite significantly. For example, in a family of complexes of the type [RuH({RBai}(PPhs),]
containing ligands with aromatic R groups, it was found that the naphthyl ring in NaPhthBaj
demonstrated hindered rotation about the B-C bond of the ligand [30]. Across several
examples, we observed different product selectivities depending on the identity of the
third “arm” of the ligand [29,36,37]. With limited knowledge about these ligands, there is
a requirement to further explore the coordination properties of these derivative ligands.
Therefore, we initiated an investigation to prepare a range of copper(I) phosphine and
copper(I) complexes containing the M¢Bai, P'Bai and NaPhthBai ligands. This knowledge,
particularly a deeper understanding of the nature of the interaction of the BH unit with the
metal centers, will be invaluable in tuning the potential reactivity and exploring future ap-
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plications. Herein, we outline the synthesis, characterization and structural characterization
of a series of nine copper complexes containing these ligands.

«*-N,N,B,N «3-N,N,B

Figure 2. The k%-N,N,B,N and «3-N,N,B coordination modes formed by the removal of the hydride
from the Tai ligand. In these examples, the hydride becomes incorporated into the organic co-ligand.
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Figure 3. Derivative ligands, Meg,i Phg,ai, Naphthpai and MesBai.

2. Results and Discussion
2.1. Synthesis and Characterisation of Copper(I) Phosphine Complexes

The synthesis of copper(I) phosphine complexes containing scorpionate ligands
is well known. They are readily synthesized via standard literature protocols [14,39].
Despite this, there is only one example of a copper complex containing a 7-azaindolyl-
borate-based ligand known [17]. Therefore a set of copper complexes with the general
formula [Cu(®Bai)(PR’3)] (where R = Me, Ph or Naphth and R” = Ph or Cy) were pre-
pared. These were synthesized via a direct reaction of stoichiometric quantities of
copper(I) chloride and the corresponding ligand precursor Li[®Bai] in the presence of
one equivalent of either triphenylphosphine or tricyclohexylphosphine (Scheme 1). The
reactions were performed in methanol solvent from which the products precipitated
out as white/off-white solids. These solids were washed further with acetonitrile and
subsequently dried to provide the products, namely, complexes 1-6, in yields ranging
between 72% and 92% (see the Materials and Experimental Methods section for details;
the 1H, 13C{'H]}, 3'P{'H} and 'B{*H} NMR spectra and mass spectrometry data for these
complexes are provided in the Supplementary Materials).

Li H,R

CuCLPRs N/B\*.' \ y
1

/ \ , .
MeOH, - LiCl N, —Cl
f \

= PR3

R/R' = Me/Ph (1); = Ph/Ph (2); = Naphth/Ph (3);
= Me/Cy (4); = Ph/Cy (5); = Naphth/Cy (6)

Scheme 1. Synthesis of [Cu{k3-N,N,H-RBai}(PR3)] complexes 1-6.

The solid products were found to be air and moisture stable. They demonstrated
solubility in chlorinated solvents and partial solubility in aromatic solvents, acetonitrile
and diethyl ether. It should be noted that they were found to decompose in tetrahydrofuran
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solutions. They were characterized by multinuclear NMR spectroscopy, IR spectroscopy
and mass spectrometry. Selected characterization data for complexes 1-6 are presented in
Table 1, along with data for the corresponding lithium ligand salt precursors for comparison.
First, the 3'P{!H} NMR spectra for complexes 1-6 in C4Dg revealed one single resonance
with a moderate downfield shift with respect to their respective ligand precursors, namely,
PPh3 (—5.26 ppm) and PCy3 (9.86 ppm). The phosphorus signals in the spectra for com-
plexes 1, 2 and 3 were located at 1.41 ppm, 1.17 ppm and 1.64 ppm, respectively, whilst
the corresponding signals in 4, 5 and 6 were found at 17.74 ppm, 18.08 ppm and 18.63
ppm, respectively. These values are in agreement with similar related scorpionate copper(I)
phosphine complexes [14,17,39]. The !B NMR spectra for complexes 1-6 also revealed
a single broad resonance (with half-height widths ranging between 180 Hz and 213 Hz),
with chemical shifts in the region between —6.23 ppm and —7.65 ppm. The !B NMR
signals would be expected to present as doublet signals due to the presence of the BH unit
in the ligand (i.e., [Jpy coupling). The peak widths, however, were too large to directly
observe any coupling. Nevertheless, tentative evidence for the coupling was obtained in
the corresponding 'B{'H} NMR spectra, where the half-height widths of the signals were
reduced to between 129 Hz and 121 Hz. It should be noted that these chemical shifts were
only slightly shifted (ca. 1 ppm downfield) with respect to their corresponding ligand salt
precursors. In particular, the 1B NMR shifts for the Cu(N2PhthBaj)(PR’5) complexes were
almost the same as the shifts for Li[N*PhthBaj]. These rather small downfield shifts upon
coordination to copper centers are typical for copper complexes of this type, and thus, are
expected [14,17,39]. Whilst this would seem to indicate that either there is no interaction or
only a weak interaction between the BH units and the copper centers, the corresponding
'H NMR and IR spectroscopic evidence and structural data outlined below are contrary to
this (vida infra).

Table 1. Selected NMR (ppm; Hz) and IR (cm ™) spectroscopic data for [RBai] ligand salt precursors
and their corresponding copper complexes. The solvent used for the NMR studies was CgDg.

Ligand/Complex S1p('H} NMR H1B{IH} NMR n‘;‘,‘l‘f;{i‘;l} IH{H; }HNMR Poﬁ‘;e'l'ﬂ’lm
Li[MeBai] - —8.14 - 4.66 2396, 2272
Li[PhBai] - —6.80 - 5.47 2394, 2264

Li[Naphthgaj] - —6.87 - 6.05 2429, 2272
[Cu(MeBai)(PPhs)] (1) 1.41 —7.27 186/129 5.63 2143, 2089
[Cu(PMBai)(PPh3)] (2) 1.17 —6.24 184/121 6.58 2120, 2062

[Cu(NaPhthBaj)(PPhs3)] (3) 1.64 —6.23 180/133 6.97 2125, 2082
[Cu(MeBai)(PCys3)] (4) 17.74 ~7.65 181/123 5.49 2141, 2087
[Cu(PMBai)(PCy3)] (5) 18.08 —6.37 175/129 6.36 2169, 2076
[Cu(NapPhthBai)(PCy3)] (6) 18.63 —6.96 213/123 6.72 2189, 2090

For our initial analysis, we performed the NMR spectroscopic experiments in CDCl3.
However, the resulting spectra, particularly the 'H and 'H{!'B} NMR spectra, were poorly
resolved. We found that the spectra were moderately improved and better resolved in C¢Ds.
In all cases, the chemical shift patterns in both the 'H and >C{'H} spectra, and integrations
within the 'H NMR spectra, of the complexes were consistent with the presence of two
7-azaindolyl units, one phosphine ligand and one R group. This confirmed that all products
were of the formula [Cu(®Bai)(PR’3)]. The 'H{!'B} NMR spectra were utilized to obtain
the chemical shift of hydrogen nuclei within the B-H---Cu unit. This is also included in
Table 1. An examination of the aromatic region of the 'H NMR spectra for complexes 1-6
demonstrated that the two azaindolyl rings within the ligand were chemically equivalent
on the NMR timescale. For the bulkier naphthyl unit in the NaPhthBaj complexes, hindered
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rotation might have been present, as was observed in a previous example [30]. This was
found not to be the case in the copper complexes 3 and 6. The BH resonances within these
complexes are also of interest. These were located in the 6 5.49-6.97 region ppm for all
complexes. These appeared as extremely broad signals in the standard 'H NMR spectra.
They did appear as broadened singlets in the corresponding 'H{!'B} NMR spectra for
complexes 2, 3, 5 and 6. In the cases of 1 and 4, quartet signals were expected. These signals
within the spectra did show some apparent coupling; however, this was not resolved.
In comparison with the ligand salt precursors, these signals were shifted downfield by
approximately 1 ppm in each case upon coordination with the copper centers. Finally, the
proton signals corresponding to the BCH3 unit were observed within the 'H NMR spectra
for 1 and 4. These appeared as more resolved doublets in the corresponding 'H{!!B} NMR
spectra at 1.15 ppm Clam =42 Hz) and 1.17 ppm CJup =44 Hz), respectively.

The B-H---Cu units in the six complexes were also explored using IR spectroscopy
(see Table 1). In each case, powder film samples gave two characteristic bands between
2062 cm~! and 2090 cm ! for the first band and 2120 cm~! and 2189 cm ™! for the second
band. A large reduction in the stretching frequencies with respect to the lithium salt
precursors confirmed a significant interaction of the B-H units with the copper centers, and
thus, suggested the k3-N,N,H coordination mode for the ®Bai ligands. The compounds
were also analyzed using mass spectrometry. The molecular ion peaks were found in most
cases with two exceptions, where expected fragmentation had occurred under the mass
spectrometry conditions. Interestingly, complex 4 exhibited luminescence under UV light
in the solid state at room temperature. This is the only complex within this investigation to
exhibit this behaviour.

2.2. Structural Characterization of Copper(I) Phosphine Complexes

Single crystals of all six complexes were obtained, allowing for a detailed comparison
across the three different scorpionate ligands. The first three structures analyzed were those
containing the triphenylphosphine co-ligand. Single crystals of 1 were obtained via the
slow evaporation of a methanolic solution, whilst single crystals of 2 and 3 were grown via
the slow evaporation of acetonitrile from their saturated solutions. Complex 1 crystallized
as colorless prism-shaped crystals, 2 as colorless rod-shaped crystals and 3 as colorless
needle-shaped crystals. The structure for 3 contained a molecule of acetonitrile solvent of
crystallization within the asymmetric unit. The molecular structures of these complexes are
shown in Figure 4. Selected bond distances and angles for these complexes are shown in
Table 2. Details on data collection and crystallographic parameters for all structures are
provided in the Supplementary Materials.

@) (b)

Figure 4. Molecular structures of [Cu{K3-N,N,H-R(H)B(7—azaindolyl)2}(PPh3)] (R=Me, 1 (a); Ph, 2 (b);
naphthyl, 3 (c)). Ball and stick representations. Hydrogen atoms, with the exception of those attached
to the boron centers, are omitted for clarity.
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Table 2. Selected distances (A) and angles (°) for 1-3 along with a comparison with [Cu(Tai)(PPh3)].

Distance (A)/Angle (°) 1 2 3 ¢ (MeCN) Cu(Tai)(PPh;) ?
Cu(1)-N(2)/Cu(1)-N(4) 2.0228(5)/2.0174(5) 2.0259(5)/2.0206(6) 2.0350(8)/2.0477(9) 2.008(3)/2.009(3)
B(1)-N(1)/B(1)-N(3) 1.5507(9)/1.5652(9) 1.5522(9)/1.5598(10) 1.5561(14)/1.5567(14)  1.558(5)/1.547(4)/1.550(4) ©
B(1)-C(15) 1.6106(9) 1.6127(11) 1.6181(16) -
Cu(1)-P(1) 2.18341(17) 2.1825(2) 2.1899(3) 2.1844(12)
Cu(1)--B(1) 2.7757(7) 2.7741(8) 2.7860(14) 2.808(3)
B(1)-H(1) 1.230(8) 1.268(9) 1.282(12) 1.20(3)
Cu(1)---H(1) 1.847(8) 1.813(9) 1.803(11) 1.81(3)
N(2)-Cu(1)-P(1) 125.192(16) 118.485(15) 118.79(3) 125.31(8)
N(4)-Cu(1)-P(1) 123.969(17) 121.888(19) 124.43(3) 126.73(9)
N(4)-Cu(1)-N(2) 107.73(2) 108.70(2) 107.27(3) 105.87(12)
H(1)-Cu(1)-P(1) 104.7(2) 119.5(3) 118.3(3) 107(1)
H(1)-Cu(1)-N(2) 90.7(2) 88.9(2) 88.1(3) 88(1)
H(1)-Cu(1)-N(4) 90.6(2) 92.0(3) 91.1(3) 86(1)

L Osfjg‘sgéfz:itz‘;ﬁxiﬁgen 356.89(3) 349.07(3) 350.49(5) 357.91(17)
N(1)-B(1)-N(3) 109.77(5) 109.42(6) 106.89(8) 111.73)
C(15)-B(1)-N(1) 110.77(5) 114.67(6) 114.94(9) 113.7(2) ¢
C(15)-B(1)-N(3) 112.35(5) 110.53(5) 111.63(9) 111.8(3) b

L Ofszgftlf;‘e’i :‘s";'gz;i;‘l’gen 332.89(9) 334.62(9) 333.46(15) 337.2(5)

B-H.---Cu(1) 127.7(5) 127.6(6) 128.3(7) 136(2)
Cu(1)-N-N-B(1) 4 —0.75(4)/ —2.07(4) —4.72(4)/ ~1.55(4) 7.07(6)/12.13(6) ~5.7(2)/~7.8(2)
Position of the Ar group at B © - 64.48(8) 57.66(14) 178.6(2) b ¢

2 The corresponding values for this structure were obtained from the published article or by measurements
obtained from the published cif file using Mercury software; ® the values in italics are those that corresponded to
the uncoordinated 7-azaindolyl “arm” in the Tai ligand; © the values corresponded to a nitrogen atom in the third
7-azaindolyl unit in Tai rather than the corresponding carbon atoms in RBai; ¢ the two torsion angles involving
the relative positions of the copper and boron atoms about the two nitrogen atoms of the coordinated 7-azaindolyl
rings; ¢ defined by the modulus of the smallest torsion angle M--B—Cipso—Cortno for RBai or M--B-N--N for Tai.

The structures of 1-3 confirmed the coordination of one triphenylphosphine ligand
and one [®Bai]~ ligand to the copper centers. In all three complexes, the scorpionate
ligand was coordinated via the two pyridyl nitrogen donors on the azaindolyl rings and
the borohydride unit, thus adopting a k3-N,N,H coordination motif. The Cu(1)---H(1)
distances for the three complexes were found to be 1.847(8) A (for 1), 1.813(9) A (for 2)
and 1.803(11) A (for 3). These are typical for complexes of this type (c.f. the sum of the
covalent radii of Cu and H = 1.63 A [40]). The Cu---H interaction decreased on changing
from Me to Ph to Naphth. The corresponding B(1)-H(1) distances for 1-3 were 1.230(8) A,
1.268(9) A and 1.282(12) A, respectively. The Cu(1)---H(1)-B(1) interaction impacted the
overall geometry of the copper centers. The geometry at the metal centers was somewhat
distorted between tetrahedral and trigonal pyramidal. The sums of the angles defining
the trigonal plane, involving a copper atom, two nitrogen atoms and phosphine, were
356.89(3)° for 1, 349.07(3)° for 2 and 350.49(9)° for 3. The idealized bond ang]les for trigonal
pyramidal are 120° and 90°, whilst for trigonal pyramidal, it is 109.5°. Ignoring those
involving the hydrogen atom (which would sit on the axial site of the former geometry),
complexes 1, 2 and 3 had angles ranging between 107.73(2) and 125.192(16), 108.70(2)
and 121.888(19) and 107.27(3) and 124.43(3), respectively. The N(2)-Cu-N(4) angles that
arose from the chelation of the ®Bai ligand provided the smallest of the aforementioned
angles. The only other known copper complex containing a 7-azaindolyl-based scorpionate
ligand is [Cu(Tai)(PPh3)] [17]. This adopts the same coordination mode (i.e., k3-N,N,H) as
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found in the copper complexes reported herein despite the fact that the Tai ligand contains
three 7-azaindolyl “arms”. In [Cu(Tai)(PPhs)], the pyridyl unit of the uncoordinated 7-
azaindolyl points directly away in the opposite direction from the Cu---H-B vector, where
the Cu--B-N---N torsion angle is 178.6(2)". In the case of complexes 2 and 3, the aryl
groups were orientated at quite different positions with respect to the Cu---H-B vector. In
the case of 2, the smallest M--B~Cipso—Corino torsion angle was 64.48(8)°, whilst in 3, the
corresponding angle was 57.66(14)°. These showed that the aryl groups in the P"Bai and
NaphthBaj complexes had twisted orientations relative to the Cu---H-B unit, where the aryl
group avoided steric clashes with the C-H bonds of the azaindolyl rings. Interestingly, the
packing within the structure for 1 showed 7-7t stacking involving one of two azaindolyl
“arms” of the ligand on one complex with the same on the adjacent complex. The interaction
involved the pyridyl ring units, where the distance between the two centroids defined by
the six atoms within each of the pyridyl rings was 3.62841(3) A. There were no apparent
-7t stacking interactions in the other two complexes containing the P"Bai and NaPhthBaj
ligands. The reason behind this was most likely due to the smaller volume of space the
methyl group occupied, allowing for the azaindolyl units to become closer to each other.

For the most part, the bonding features involving the “Cu{BH(7-azaindolyl),(PPhgz)]”
core, which is common to all of the aforementioned complexes, were similar to each
other. Notable exceptions were the N-B-N bond angles involving the two coordinated
7-azaindolyl units, which were 109.77(5)° (for 1), 109.42(6)° (for 2), 106.89(8)° (for 3) and
111.7(3)° (for [Cu(Tai)(PPhs)]). This suggested some influence of the third “arm” of the
ligand on the coordination of the ligand within the complexes.

The crystal structures of three complexes containing the tricyclohexylphosphine co-
ligand were analyzed next (Figure 5). Single crystals of [Cu(MeBai)(PCyg)] (4) were obtained
via concentration of a saturated methanol solution, whilst crystals of [Cu(PhBai)(PCy3)] (5)
and [Cu(NaPhthBai)(PCy3)] (6) were grown via slow evaporation from saturated acetonitrile
solutions. All three complexes crystallized as colorless block-shaped crystals. The calculated
structure for 6 was found to contain one molecule of acetonitrile solvent within the asymmetric
unit. Selected bond distances and angles for these complexes are shown in Table 3.

(b) (c)

Figure 5. Molecular structures of [Cu{K3-N,N,H-R(H)B(7—azaindoly1)2}(PCy3)] (R = Me, 4 (a); Ph,
5 (b); naphthyl, 6 (c)). Ball and stick representations. Hydrogen atoms, with the exception of the one
attached to each of the boron centers, are omitted for clarity.

Complexes 4, 5 and 6 share many similarities with the corresponding triphenylphos-
phine complexes discussed above. Most bonding parameters were analogous to those
of complexes 1-3. In particular, the crystal structures also confirmed the k>-N,N,H
coordination modes of the ®Bai ligands within these complexes. As a general trend,

252



Molecules 2023, 28, 4825

the Cu(1)-P(1) distances in these three complexes were slightly longer than the corre-
sponding triphenylphosphine complexes. This was due to the greater steric bulk of
the tricyclohexylphosphine co-ligand. The positioning of the aryl rings with respect
to the Cu---H-B vector in 5 and 6 was larger than those found in 2 and 3, where minor
differences can be attributed to slightly increased N(1)-B(1)-N(3) angles within these
PCys complexes. The smallest M--B-Ci,5o—Corino torsion angles in 5 and 6 were 87.5(4)°
and 70.00(6)°. As with the M®Bai complex 1, there was also 7t-7 stacking in complex 4.
This again involved one of two azaindolyl “arms” on one complex with the same on
the adjacent complex. In this case, however, the interaction involved the indolyl units
where the distance between the two centroids defined by the five atoms within each of
the indolyl rings was 3.72074(12) A. As with 2 and 3, there were no apparent 7t-7 stacking
interactions in the structures for 5 and 6.

Table 3. Selected distances (A) and angles (°) for 4-6.

Distance (A)/Angle (°) 4 52 6 o (MeCN)
Cu(1)-N(2)/Cu(1)-N(4) 2.0740(16)/1.9955(16) 2.034(3)/2.032(3) 2.0384(4)/2.0515(4)
B(1)-N(1)/B(1)-N(3) 1.560(3)/1.565(3) 1.555(5)/1.552(5) 1.5646(7)/1.5545(7)
B(1)-C(15) 1.603(3) 1.620(6) 1.6161(7)
Cu(1)-P(1) 2.1802(5) [2.205(3)]/[2.208(3)] @ 2.19484(15)
Cu(1)---B(1) 2.763(2) 2.776(4) 2.7995(7)
B(1)-H(1) 1.23(2) 1.05(6) 1.243(7)
Cu(1)---H(1)B(1) 1.85(2) 1.92(6) 1.847(6)
N(2)-Cu(1)-P(1) 118.87(5) [118.17(11)]/[129.61(11)] 2 126.875(13)
N(4)-Cu(1)-P(1) 137.38(5) [129.65(11)]/[118.19(11)] ® 123.195(13)
N(4)-Cu(1)-N(2) 99.77(6) 109.95(12) 104.488(17)
H(1)-Cu(1)-P(1) 105.1(7) [109.1(18)]/[109.1(18)] 2 112.0(2)
H(1)-Cu(1)-N(2) 93.4(6) 86.9(17) 88.0(2)
H(1)-Cu(1)-N(4) 88.7(7) 86.7(17) 90.1(2)

L Oijﬁ‘s%fseorftg?t":ggre"rgen 356.02(9) [357.7(2)]/[357.7(2)] @ 354.56(3)
N(1)-B(1)-N(3) 110.42(16) 110.6(3) 107.81(4)
C(15)-B(1)-N(1) 111.14(15) 112.0(3) 113.59(4)
C(15)-B(1)-N(3) 111.19(17) 112.1(3) 112.34(4)

L Ofs flgftlftizfl :‘;’;‘L‘Zﬁ;ﬁgen 332.8(3) 334.7(5) 333.74(7)

B-H.---Cu(1) 127.0(16) 136(5) 128.8(5)
Cu(1)-N-N-B(1) ® 12.24(11)/20.97(11) 1.7(2)/—1.7(2) —7.41(3)/—8.30(3)
Position of the Ar group at B © - 87.5(4) 70.00(6)

2 The structure for complex 5 showed disorder with the PCyj ligand over two positions (ca. 50:50), and thus, there
are two values for all measurements involving P(1); ® the two torsion angles that involved the relative positions of
the copper and boron atoms about the two nitrogen atoms of the coordinated 7-azaindolyl rings; ¢ defined by the
modulus of the smallest torsion angle M--B~Cipso=Cortho-

2.3. Synthesis and Crystallization of Copper(Il) Complexes

During our investigations and attempts to obtain crystal structures for complexes 2
and 4 above, we also isolated single crystals, which were solved as [Cu(RBai),] (Where
R = Me (7) and Ph (8)). The analysis of their structures is outlined below. These two complexes,
along with the additional complex [Cu(N*PhthBai), ] (9), were prepared independently via
a reaction of copper(Il) chloride with two equivalents of the corresponding Li[®Bai] ligand
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Li

2 equivalents
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/ \ _ CuCh izal g y
MeOH, - 2 LiCI ; N ,,c'u\
PR

precursor in methanol at room temperature (Scheme 2). The three complexes were obtained
in high yields between 75 and 91%. The IR spectra for the three paramagnetic compounds
each showed single bands at 2226 em™! (for 7), 2269 cm ™! (for 8) and 2221 cm™! (for 9).
These corresponded to the coordinated B-H stretching frequency, confirming the x3-N,N,H
coordination mode of the two ligands in each complex. In these cases, the reduction of the
stretching frequencies within these bis-ligand complexes compared with the ligand precursors
was less pronounced, suggesting that the Cu---H-B interactions were weaker. This may be
related to the increased coordination number of the copper centers in 7-9 in comparison with
the tetracoordinated copper centers in complexes 1-6. Mass spectrometry (ES*) confirmed the
molecular composition of the complexes with the following molecular ion peaks: 586 a.m.u.
for [Cu(™eBai),]*, 710 a.m.u. for [Cu(P"Bai),]* and 809 a.m.u. for [Cu(N2PhthBaj), ]+,

(2)or (4)

[R = Me (7); = Ph (8); Naphth (S)J

Scheme 2. Synthesis of [Cu{k3-N,N,H-RBai},] complexes 7-9, either directly from CuCl, and
two equivalents of pro-ligand or obtained via recrystallized attempts from 2 and 4.

The formation of the mononuclear bis-ligand complexes [Cu(M®Bai),] (7) and [Cu(PBai),]
(8) was confirmed via X-ray crystallography (Figure 6). Selected bond distances and angles for
these two complexes are shown in Table 4. Single crystals of 7 were obtained via concentra-
tion of a methanol solution containing complex 4. Crystals of 8 were obtained by layering a
concentrated dichloromethane solution of complex 2 with hexane. Complex 7 crystallized as
brown prisms, containing one complex within the asymmetric unit, whilst complex 8 crystal-
lized as light brown blocks, with two independent complexes and a disordered molecule of
dichloromethane solvent within the unit cell. In the cases of both 7 and 8, the asymmetric unit
consisted of half of each complex (i.e., [Cu(®Bai)].

Figure 6. Molecular structures of [Cu{K3—N,N,H-R(H)B(7—azaindoly1)2}2] (R = Me, 7 (a); Ph, 8 (b)).
Ball and stick representations. Hydrogen atoms, with the exception of those attached to the boron
centers, are omitted for clarity.

254



Molecules 2023, 28, 4825

Table 4.

Selected distances (A) and angles (°) for 7 and 8.

Distance (A)/Angle (°) 7 8 ¢ (CH,Cl,) @
Cu(1)-N(2)/Cu(1)-N(4) 2.0161(19)/2.0316(16) [2.0455(13)/2.0235(12)]/[2.0358(12)/2.0159(12)]
B(1)-N(1)/B(1)-N(3) 1.560(3)/1.553(3) [1.547(2)/1.554(2)]/[1.5478(19)/1.554(2)]
B(1)-C(15) 1.606(3) [1.599(2)]/[1.603(2)]
Cu(1)---B(1) 2.944(2) [2.9384(16)]/[2.9281(15)]
B(1)-H(1) 1.18(2) [1.16(2)]/[1.14(2)]
Cu(1)---H(1)B(1) 2.08(2) [2.00(2)]/[2.03(2)]
N(2)-Cu(1)-N(4) 89.77(6) [92.94(5)]/[91.10(5)]
N(2)—Cu(1)-N(4) 90.23(6) [87.06(5)]/[88.90(5)]1
H(1)-Cu(1)-N(2) 87.6(6) [85.0(6)]/[85.1(6)]
H(1)-Cu(1)-N(4) 88.1(6) [85.3(6)]1/[86.3(6)]
N(1)-B(1)-N(3) 107.99(16) [108.88(12)]/[108.58(11)]
C(15)-B(1)-N(1) 111.40(17) [112.15(12)]/[114.06(11)]
C(15)-B(1)-N(3) 111.98(16) [115.15(12)]/[112.51(11)]
Y of angles of non-hydrogen substituents at boron 331.4(3) [336.2(2)]/[335.15(19)]
B-H---Cu(1) 126.5(16) [135.2(15)]/[133.7(15)]

Cu(1)-N-N-B(1) b

0.31(11)/—16.58(12)

[5.73(9)/ —7.65(9)]/[—9.25(8) /6.28(8)]

Position of the Ar group at B ©

[77.96(15)]/[78.03(15)]

2 There were two independent complexes of equal occupancy within this structure, and thus, two sets of values
are provided in the table. The values for each complex are separated by square parenthesis. ® The two torsion
angles that involved the relative positions of the copper and boron atoms about the two nitrogen atoms of the
coordinated 7-azaindolyl rings. ¢ Defined by the modulus of the smallest torsion angle M--B~Cijso=Cortho-

The crystal structures confirmed the coordination of two ®Bai ligands, both with
k3-N,N,H coordination modes, as expected. This resulted in octahedral copper(ll) centers,
where the BH units were positioned trans to each other and all four pyridyl nitrogen
donors of the two scorpionate ligands lay on a crystallographic plane. The N(2)-Cu-N(4)
angles that arose from the chelation of the ®Bai ligands were significantly smaller in these
complexes compared with the copper(I) phosphine complexes outlined above. This was to
accommodate the change in geometry at the copper centers. Interestingly, the intra-ligand
N-Cu-N angle in 7 was smaller than the inter-ligand N-Cu-N angle, c.f. 89.77(6)° with
90.23(6)°. The opposite was found in the case of 8, which had angles of 92.94(5)° and
91.10(5)° for the intra-ligand angles and 87.06(5)° and 88.90(5)° for the inter-ligand angles.
There appeared to be great flexibility in the k3-N,N,H coordination and chelation of the
RBai ligands. The N-Cu-N angle may have had an impact on the positioning of the BH
units within the complexes, reducing their interaction with the copper centers. This is
of interest since the copper centers in 7 and 8 are in a higher oxidation state [c.f. Cu(Il)
vs. Cu(l)] and higher coordination number (c.f. six-coordinate vs. four-coordinate). The
Cu(1)---B(1) distances in complexes 1 — 6 above ranged between 2.763(2) A and 2.7995(7)
A. The boron centers were further away in the bis-ligand complexes. In these cases, the
Cu(1)---B(1) distances ranged between 2.9281(15) A and 2.944(2) A. The corresponding
Cu(1)---H(1) distances in 7 and 8 ranged between 2.00(2) A and 2.08(2) A. Finally, as with
the two structures containing the M®Bai above, there was 7-7t stacking in complex 7. This
involved one pyridyl component within one complex with an indolyl component in an
adjacent complex. The distance between the two respective centroids was 3.82028(11) A.
The 7-7 stacking appeared to be specifically related to the steric properties of this ligand
in particular.
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3. Materials and Experimental Methods

The syntheses of the complexes were carried out using standard Schlenk techniques.
Solvents were sourced as extra dry from “Acros Organics” and were stored over either 4 A or
3 A molecular sieves. The NMR solvents, CDCls and C4Dg were stored in a Young’s ampule
over 4 A molecular sieves under a N, atmosphere and were degassed through freeze—thaw
cycles prior to use. Reagents were used as purchased from commercial sources. The
ligand salts Li[RBai] (where R = Me, Ph or Naphth) [29,37,38] were synthesized according
to standard literature procedures. NMR spectroscopy experiments were conducted on a
Bruker 400 MHz AscendTM 400 spectrometer. All spectra were referenced internally to the
residual protic solvent (*H) or the signals of the solvent (13C). Proton (*H) and carbon (1*C)
assignments were further supported using HSQC, HMBC and COSY NMR experiments. In
these cases, the apparent coupling constant is provided. Infrared spectra were recorded on
a PerkinElmer Spectrum Two ATR FT-IR spectrometer as powder films. Elemental analysis
was performed at London Metropolitan University using their elemental analysis service.
Mass spectra were recorded at Cardiff University analytical services. Crystallographic
details on data collection and parameters are outlined in the Supplementary Materials.

3.1. Synthesis of [Cu{x3-N,N,H-M¢Bai}(PPh3)] (1)

A clean dry Schlenk flask was charged with CuCl (50 mg, 0.51 mmol), ligand precursor
[Li(MeBai)] (133 mg, 0.51 mmol) and PPhz (262 mg, 1 mmol). Methanol (20 mL) was
subsequently added, and the reaction mixture was stirred for 2 h at room temperature. The
solvent was then removed via filtration to isolate the precipitate [Cu(MeBai)(PPh3)] as a
white solid, which was washed with acetonitrile and dried (247 mg, 0.42 mmol, 83%). NMR
§ ppm: 'H (CgDg, 400 MHz), 7.94 (d, 3Jgn = 5.02 Hz, 2H, A22CH), 7.85 (d, 3Juy = 3.2 Hz,
2H, A*2CH), 7.53-7.59 (overlapping m, 8H, P(C¢Hs) + AzaCH), 6.92-7.00 (m, 9H, P(C¢Hs)),
6.51 (dd, 3Juy = 5.95 Hz, 2H, A%2CH), 6.43 (d, 3Juy = 3.24 Hz, 2H, A%2CH), 5.63 (d, *Juu
= 2.74 Hz, H, BH), 1.15 (broad doublet, 3H, BCH3, apparent Jyy = 3.77 Hz, this signal
became more resolved in the corresponding IH{11B} experiment, 3y = 4.24 Hz), B3C{1H})
(CgDg, 100 MHz), 151.3 (A72C), 140.8 (A*2CH), 134.4 (d, 'Jcp = 31.1 Hz, P'P°(C¢Hs)), 134.3
(d, Jcp = 15.4 Hz, Prtho(CoHs)), 132.1 (A%2CH), 130.2 (d, *Jcp = 1.4 Hz, PP23(C¢Hs)), 129.2
(d, 3Jcp = 9.5 Hz, P™e(C4Hs)), 128.9 (A22CH), 124.8 (A%2C), 114.0 (A#2CH), 100.6 (**2CH),
1.5 (BCH3). 3'P{*H} NMR (5, C¢Dg): 1.41. 1B NMR (5, C4Dg): —7.27 (s, h.h.w. = 186 Hz).
HB{TH} NMR (8, C¢Dg): —7.27 (s, h.h.w. = 129 Hz). IR (cm~!, powder film): 2089, 2143. MS
ES+ (m/z): 587 [Cu(MeBai)PPh;]".

3.2. Synthesis of [Cu{x3-N,N,H-""Bai}(PPhs)] (2)

A clean dry Schlenk flask was charged with CuClI (100 mg, 1.00 mmol), ligand precur-
sor [Li(P"Bai)] (330 mg, 1.00 mmol) and PPhj3 (262 mg, 1.00 mmol). Methanol (20 mL) was
subsequently added and the reaction mixture was stirred for 2 h at room temperature. The
solvent was then removed via filtration and the precipitate [Cu(PhBai)(PPh;3)] was washed
with acetonitrile (2 x 10 mL) to give the product as a white solid (598 mg, 0.92 mmol,
92%). NMR & ppm: 'H (C¢Dg, 400 MHz), 7.93 (d, Jun = 4.81 Hz, 2H, A%2CH), 7.84 (3H,
overlapping AzaCH + (C¢Hs)), 7.52 (m, 8H, P(C4Hs) + (C¢Hs)), 7.38 (t, *Jym = 7.52 Hz, 2H,
AZaCH), 7.30 (t, 3Ty = 7.89 Hz, 2H, (C¢Hs)), 6.88-6.96 (m, 9H, P(C¢Hs)), 6.58 (unresolved,
H, BH), 6.53 (dd, *Jyn = 2.5 Hz, 3]y = 5.17 Hz, 2H, A22CH), 6.42 (d, 3Jyy = 3.27 Hz, 2H,
AzacH). BC {1H]} (C¢Ds, 100 MHz), 151.6 (A%2C), 140.3 (A*2CH), 134.0 (A#2CH), 133.7 (d,
2Jcp = 15.4 Hz, PO'ho(C¢Hs)), 133.14 (A% CH), 129.6 (d, *Jcp = 1.2 Hz, PP(C¢Hs)), 128.6 (d,
3Jcp = 10.0 Hz, P™eta(CyHs)), 127.7 (d (overlapped with C¢Dg), Jcp = 23.9 Hz, PPS°(C¢Hs)),
127.0 (C¢Hs), 125.3 (C¢Hs), 124.3 (A72C), 113.8 (A*2CH), 100.4 (A*2CH), 1.04 (BCH). 3'P{'H}
NMR (5, C¢Dg): 1.17. 1B NMR (5, C¢Dg): —6.24 (s, h.h.w. = 184 Hz). 'B{'H} NMR (5,
CgDg): —6.24 (s, h.h.w. = 121 Hz). IR (cm !, powder film): 2120, 2062. MS ES* (1m/z): 649
[Cu(PhBai)PPh;]*.
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3.3. Synthesis of Synthesis of [Cu{x3-N,N,H-NP""hBai}(PPh3)] (3)

A clean dry Schlenk flask was charged with CuCl (44 mg, 0.45 mmol), ligand pre-
cursor [Li(NaPhthBai)] (200 mg, 0.45 mmol) and PPhz (112 mg, 0.45 mmol). Methanol
(10 mL) was subsequently added, and the reaction mixture was stirred for 2 h at room
temperature. The solvent was then removed via filtration. The precipitate was washed
with MeCN (2 x 5mL) and dried to give [Cu(N2PMhBai)(PPhs3)] as an off-white solid
(243 mg, 0.34 mmol, 79%). NMR & ppm: 'H (C¢Ds, 400 MHz), 8.20 (d, *Jy = 6.49 Hz, 1H,
NaphthCH) 8,10 (d, 3]y = 8.34 Hz, 1H, NaPhthCH) 7,97 (d, 3]y = 4.63 Hz, 2H, A22CH), 7.81
(d, 3Ty = 8.34 Hz, 2H, A% CH), 7.67 (s, 2H, A”2CH), 7.51-7.58 (m, 8H, P(C¢Hs) + NaPhthCH),
7.49 (t, 3y = 7.32 Hz, 1H, NaphthCH), 7.22 (t, 3y = 7.42 Hz, 1H, NephthCH), 7.15 (s,
1H, NaphthCH), 6.97 (unresolved, H, BH), 6.81-6.97 (m, 9H, P(C¢Hs) + NaPhthCH) 6.54
(dd, 3Tgy = 2.55 Hz, 3Jyy = 5.1 Hz, 2H, A22CH), 6.35 (s, 2H, A22CH). 13C {H} (C¢Ds,
100 MHz), 151.6 (A%2C), 143.1 (NaphthC) 140.4 (A72CH), 137.7 (NaPhthC) 1344 (A22C), 133.6 (d,
2Jcp = 15.4 Hz, PO'tho(C¢Hs)), 133.6 (d, Jcp = 27.5 Hz, P'Ps°(C4Hs)), 132.0 (NaPhthCH), 129.6
(NaphthCH) 128.7 (d, ZJcp = 10.6 Hz, P™eta(CHs)), 128.2 (NaPhthCH), 128.6 (d, 2Jcp = 5.7 Hz,
PPara(CyHs)), 127.0 (NaPhthCH), 125.3 (A22CH), 124.4 (NaPhthC) 124 4 (NaphthC) 113.9 (A7aCH),
100.5 (A22CH), 1.08 (BCH). 3'P{'H} NMR (5, C¢Dg): 1.64. ''B NMR (5, C¢Dg): —6.23 (s,
h.h.w. = 180 Hz). "'B{!H} NMR (5, C¢Dg): —6.23 (s, hh.w. = 133 Hz). IR (cm~!, pow-
der film): 2125, 2082. MS ES* (m/z): 699 [Cu(NaPhthBai)PPh;]*, 687 [Cu(Naphth)(7-
azaindolyl), PPhg3)].

3.4. Synthesis of [Cu{x3-N,N,H-M®Bai}(PCy;)] (4)

A clean dry Schlenk flask was charged with CuCl (100 mg, 1.00 mmol), ligand pre-
cursor [Li(M®Bai)] (271 mg, 1.00 mmol) and PCy; (283 mg, 1.00 mmol). Methanol (20 mL)
was subsequently added, and the reaction mixture was stirred for 2 h at room temperature.
The solvent was then removed via filtration to give the precipitate [Cu(MeBai)(PCyg,)] asa
white solid, which was washed with acetonitrile and dried (436 mg, 0.72 mmol, 72%). NMR
§ ppm: 'H (C4Dg, 400 MHz), 8.27 (dd, 3Juy = 3.61 Hz, 3]y = 1.40 Hz, 2H, 42CH), 7.83 (dd,
3Tunu = 6.12 Hz, 3Ty = 1.53 Hz, 2H, A%2CH), 7.59 (d, 3Jun = 3.25 Hz, 2H, A2CH), 6.69 (dd,
3Ttm = 2.60 Hz, 3]y = 5.04 Hz, 2H, A22CH), 6.41 (d, 3y = 3.16 Hz, 2H, A22CH), 5.49 (unre-
solved, H, BH), 1.19-1.92 (m, 30H, P(C¢H11)), 1.17 (broad doublet, 3H, BCH3s, apparent Jyy
= 4.31 Hz, this signal became more resolved in the corresponding 'H{!'!B} experiment, *Jyyy
= 4.41 Hz), 13C {*H} (CDCl3, 100 MHz), 150.3 (A*2CH), 140.2 (A?2CH), 131.1 (A#2CH), 127.9
(A%2CH), 123.7 (A22CH), 113.4 (A%2CH), 99.0 (**2CH), 32.7 (d, ®Jcp = 15.37 Hz, P(C¢Hy1)),
31.06 (d, 3Jcp = 2.3 Hz, P(C¢H11)), 30.36 (d, 3Jcp = 3.98 Hz, P(C¢Hy1)), 27.6 (d, 3Jcp = 10.70
Hz, P(C¢Hi1)), 26.3 (BCH3). 3'P{*H} NMR (5, C¢Dg): 17.74. 1B NMR (5, C¢Dg): —7.65 (s,
h.h.w. = 181 Hz). "'B{!*H} NMR (5, C4Dg): —7.65 (s, h.h.w. = 123 Hz). IR (cm~!, powder
film): 2141, 2087. MS ES* (m/z): the main peak here was 623.4, which corresponded to
[Cu(PCy3),]*.

3.5. Synthesis of [Cu{x>-N,N,H-""Bai}(PCy;)] (5)

A clean dry Schlenk flask was charged with CuCl (100 mg, 1.00 mmol), ligand pre-
cursor [Li(PMBai)] (330 mg, 1.00 mmol) and PCy3 (280 mg, 1.00 mmol). Methanol (20 mL)
was subsequently added, and the reaction mixture was stirred for 2 h at room tempera-
ture. The solvent was then removed via filtration to give the precipitate [Cu(PhBai)(PCyg)]
as a white solid (603 mg, 0.90 mmol, 90%). NMR ¢ ppm: H (C¢Dy, 400 MHz), 8.28 (d,
3Jum = 5.08 Hz, 2H, A%22CH), 7.90 (d, 3Juy = 6.84 Hz, 2H, C¢Hs), 7.83 (d, 3Jum = 3.35 Hz,
2H, A%2CH), 7.58 (d, 3Juy = 7.71 Hz, 2H, C¢Hs), 7.45 (t, *Juy = 7.49 Hz, 2H, A22CH), 7.31
(t, 3Tym = 7.33 Hz, H, C¢Hs), 6.70 (dd, 3Ty = 5.30 Hz, 2H, A%2CH), 6.40 (d, °Jyy = 3.18 Hz,
2H, A22CH), 6.36 (unresolved, H, BH), 1.28-1.86 (m, 18H, P(C¢H11)), 0.91-1.12 (m, 12H,
P(C¢H11)), 13C {1H} (C¢Dg, 100 MHz), 150.7 (A72C), 139.1 (A22CH), 132.9 (C¢Hs), 132.3
(A%2CH), 127.6 (A*2CH), 126.9 (C¢Hs), 126.7 (C¢Hs), 126.5 (CeHs), 124.4 (CsHs), 123.6
(A%aCH), 112.8 (A22CH), 99.5 (A#2CH), 31.8 (d, ?Jcp = 15.1 Hz, P(C4H11)), 29.6 (s, P(CcHi1)),
29.4 (d, 4Jcp = 4.1 Hz, P(C¢H11)), 26.5 (d, 3Jcp = 10.7 Hz, P(C¢Hy1)), 0.21 (BCH). 3'P{1H}
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NMR (5, CgDg): 18.08. 1B NMR (8, C¢Dg): —6.37 (s, h.how. = 175 Hz). 11B{1H} NMR (5,
C¢Dg): —6.37 (s, h.how. = 129 Hz). IR (cm ™}, powder film): 2169, 2076. Elemental analysis
calc. for C3gHy9BCuN4PeMeOH (%): C 66.90, H 7.77, N 8.00; found: C 66.30, H 7.16, N 8.59.
MS ES* (m/z): 667 [Cu(PPMBai)PCys]*, 710.2 [Cu(*MBai),]*.

3.6. Synthesis of [Cu{x3-N,N,H-NPhthBai}(PCy3)] (6)

A clean dry Schlenk flask was charged with CuCl (44 mg, 0.45 mmol), ligand precursor
[Li(NaphthBaj)] (200 mg, 0.45 mmol) and PCy3 (120 mg, 0.45 mmol). Methanol (10 mL)
was subsequently added and the reaction mixture was stirred for 2 h at room temper-
ature. The solvent was then removed via filtration. The precipitate was washed with
MeCN (2 x 5 mL) to give [Cu(NaPhthBai)(PCy3)] as an off-white solid (243 mg, 0.34 mmol,
79%). NMR & ppm: 'H (C¢Dg, 400 MHz), 8.30 (d, 3Juy = 5.03 Hz, 2H, 422CH), 8.20
(d, 3Jgu = 6.82 Hz, 1H, Naphth-CH), 8.08 (d, 3Juy = 8.60 Hz, 1H, Naphth-CH), 7.82 (t,
3Tyu = 8.04 Hz, 2H, Naphth-CH), 7.65 (d, *Jyy = 3.20 Hz, 2H, A%22CH), two overlapping
peaks: 7.56 (d, *Jyy = 7.69 Hz, 2H, A22CH), 7.55 (t, *Jun = 7.79 Hz, 1H, Naphth-CH), 7.29
(t, 3 = 7.76 Hz, 1H, Naphth-CH), 6.72 (unresolved, 1H, BH), 6.70 (dd, 3Ty = 5.09 Hz,
2H, A72CH), 6.34 (d, *Jyn = 3.31 Hz, 2H, 42CH), 1.71-1.85 (m, 8H, P(C¢Hy1)), 1.27-1.44
(m, 14H, P(CgHjy1)), 0.81-0.98 (m, 8H, P(CgH;1)), remaining naphthalene proton peaks
lie under the solvent peak at 7.26 ppm. 3C{'H} (C4Dg, 100 MHz), 150.9 (A72C), 140.1
(AzaCH), 137.8 (NarhthC) 134 5 (NaphthCy 133 5 (AzaCH), 131.8 (NaPhthCH), 129.1 (NaphthCH),
128.6 (NaphthCH) 1285 (Az22CH), 128.1 (NePhthCH), 126.8 (NephthCH), 125.3 (NaphthCH),
124.3 (A7aC), 124.2 (NaphthCH), 124.1 (NaPhthCH), 113.7 (A22CH), 100.5 (A**CH), 32.5 (d,
3Tcp = 17.08 Hz, P(C4Hy1)), 30.3 (d, 3Jcp = 3.99 Hz, P(CgH11)), 29.7 (s, P(C¢Hi11)), 27.2 (d,
3Tcp = 10.62 Hz, P(C¢Hi1)), 1.1 (s, BCH3). 3'P{'H} NMR (5, C4Dg): 18.63. "B NMR (5,
CeDg): —6.96 (s, h.h.w. = 213 Hz). '1B{1H} NMR (5, C4Dg): —6.96 (s, h.h.w. = 123 Hz). IR
(cm 1, powder film): 2189, 2090. MS ES* (m/z): 717 [Cu(N*PPhBai)PCy;]*.

3.7. Synthesis of [Cu{x3-N,N,H-M¢Bai},] (7)

Copper(Il) chloride (19 mg, 0.14 mmol) and [Li(M®Bai)] (100 mg, 0.29 mmol) were
placed into a Schlenk flask, along with methanol (10 mL) under an inert atmosphere. The
suspension was stirred for 2 h at room temperature. Subsequently, the supernatant was
filtered off and the precipitate was washed with MeOH (10 mL) and MeCN (10 mL) to give
a dark yellow solid (91%, 73 mg, 0.13 mmol). IR (cm !, powder film): 2226. MS ES* (m/2):
586.2 [Cu(MeBai),]".

3.8. Synthesis of [Cu{x3-N,N,H-""Bai},] (8)

Copper(II) chloride (16 mg, 0.12 mmol) and [Li(P"Bai)] (100 mg, 0.24 mmol) were put
into a Schlenk flask, and methanol (10 mL) was added under an inert atmosphere. The
suspension was stirred for 2h at room temperature. Subsequently, the supernatant was
filtered off and the precipitate was washed with MeOH (10 mL) and MeCN (10 mL) to
give a dark yellow solid (80%, 68 mg, 0.1 mmol). IR (cm~!, powder film): 2269. Elemental
analysis calc. for C4OH32B2CuNgo% MeOH (%): C 67.01, H 4.72, N 15.44; found: C 66.80, H
4.37,N 15.13. MS ES* (m/z): 710.2 [Cu(*"Bai),]*, 772.2 [Cup(PMBai), — H]*.

3.9. Synthesis of [Cu{x3-N,N,H-NP"thBgaj}, [ (9)

Copper(II) chloride (15 mg, 0.11 mmol) and [Li(NaPhthBaj)] (100 mg, 0.22 mmol) were
put into a Schlenk flask, and methanol (10 mL) was added under an inert atmosphere. The
suspension was stirred for 2 h at room temperature. Subsequently, the supernatant was
filtered off and the precipitate was washed with MeOH (10 mL) and MeCN (10 mL) to give
a dark yellow solid (75 %, 67 mg, 0.08 mmol). IR (cm™1, powder film): 2221. Elemental
analysis calc. for C4gH36B,CulNgeMeOH (%): C 69.89, H 4.79, N 13.31; found: C 70.14, H
4.39, N 13.38. MS ES* (m/z): 809.2 [Cu(NaPhthBaj), ]+,
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4. Conclusions

The synthesis and characterization of a series of copper(I) and copper(ll) complexes
containing the novel [RBai]~ scorpionate ligands are reported herein. Eight of the nine
new complexes were structurally characterized via X-ray crystallography. In all cases, a
k3-N,N,H coordination mode, where both 7-azaindolyl “arms” were coordinated, along
with the BH unit, was observed. The crystal structures confirmed significant B-H---Cu
interactions. This was supported by solid-state infrared spectroscopy, where the structures
were maintained, to some degree, in solution, as evidenced by multinuclear spectroscopy
data. Furthermore, the structural characterization highlights a high degree of flexibility in
terms of the size of the N-M-N angles and the approach of the B-H unit within the ®Bai
ligands upon coordination.

These new copper(I) and copper(Il) complexes add to the family of complexes contain-
ing flexible 7-azaindole-based scorpionate ligands, which, despite being first reported in
2005, are still underdeveloped. This investigation consolidated the fact that the k*>-N,N,H
coordination mode is the preferred mode of binding. The crystal structures demonstrated
flexibility in the N-M-N chelating angles. This had an impact on the positioning of the
B-H--—-M interaction. The potential of the azaindolyl-based “flexible scorpionates” in terms
of reactivity and applications has yet to be fully realized. The reactivity of the BH unit with
the metal center is likely to be instrumental in defining this reactivity. These aspects are
currently under investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28124825/s1, which contains details on the crystallographic
information parameters (Tables S1-S3), as well as crystallographic collection and refinement details
and selected NMR spectra for complexes 1-6 (Figures S1.1-56.4).
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