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Herein, we report on the synthesis and stereochemistry of mono-
and isomeric dinitrile derivatives of [(1,2-C;BgH11)>-3,3'-Co]™ ions.
The shape and electronic properties of CN groups can apparently
surmount the strain associated with the substitution of two vicinal
carbon positions. Owing to electron donation to the cage, this
results in a substituent-induced rearrangement of one of the
carbon atoms to the upper pentagonal ring. The molecular struc-
ture of this isomer was confirmed using sc-XRD and DFT chemical
computations.

A Dbis-icosahedral cobalt bis(1,2-dicarbollide)(1-) anion,'”
[(1,2-C3BoH14)2-3,3"-Co]™ (17), is characterized by fully occupied
orbitals of the metal with 18 e~, aromaticity,® very robust
chemical, thermal and radiation stability, low-nucleophilic
properties,” and its behaviour like stealth amphiphile® or
superchaotrope’ in aqueous solutions. It has attracted con-
siderable attention as an anionic scaffold for various emerging
applications.

Considering medicinal chemistry® on which we currently
focus, the parent ion has been proven to have relatively low tox-
icity and can easily penetrate cells.”*® The ion forms supramo-
lecular assemblies and'" vesicles,'” interacts strongly with pro-
teins,'® can serve as a delivery agent for BNCT,'*"'> transport
cationic peptides through cell membranes,” enhance the anti-
biotic action of some drugs'® and can specifically inhibit the
HIV-Protease enzyme with an ICjs, value of 1 umol.’
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The anion 1~ can be readily modified on the B(8) vertex
through electrophile-induced nucleophilic substitution (EINS)
pathways.®'” With this advantage, the nucleophile is a cyclic
ether that produces species containing an oxonium atom.'”
Such rings can be easily cleaved with a broad range of nucleo-
philic reagents.’® This method has shown high potential in
the medicinal chemistry of ion 1~ and for the development of
polymers,"® dendrimers*>*' and materials,®* although at the
expense of limited possibilities of modifying the length of the
linker and stereochemistry.

Considering the experimental difficulties in the initial
stages of development, functionalization of the ion 17 on
carbon atoms has only recently emerged as a versatile method
for creating anionic building blocks applicable in the rational
design of biologically active boron-cluster compounds for
various therapeutic targets, such as enzyme inhibitors, anti-
bacterials, and cytotoxic species, or in the construction of
advanced molecular architectures and materials.>® The use of
the latter approach allows for the introduction of different
dipole moments and possibilities of fine-tuning the proton
affinity of protoble groups (OH, NH3;, COOH, etc.) as well as the
distance between the functional group and the cage by a one
atom increment. These may be the critical factors in attaining
optimal interactions with the active site of enzymes such as
carbonic anhydrase IX.** Considering disubstitutions, carbon
functionalization offers, in principle, three isomers with
different space orientations of groups, denoted previously as
chiral racemic-, and symmetric meso- and vicinal-forms.
Racemic isomers, which are characterized by the largest separ-
ation between substituents, are usually the most abundant
species resulting from reactions of the lithiated anion 1~ with
electrophiles. In contrast, vicinal isomers have not been iso-
lated from direct reactions yet, although their presence in low
ratios has been observed through HPLC in several reaction
mixtures.’

Compounds substituted with a nitrile group belong to the
most valuable reagents and building blocks in organic chem-
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istry because of their smooth interconversions to carboxylates,
amines, and heterocycles via cycloaddition and other reac-
tions. Considering synthesis, it is known that the direct intro-
duction of functional groups on the C-atoms of ion 1~ (with
no linker) may present certain difficulties connected with
shielding of the reaction sites due to the steric and electronic
effects of the bulky anionic cage. Also, the physicochemical
properties of the resulting compounds can be significantly
altered, as was recently exemplified by the substitution with
-NH, and -N; groups.>* Thus, although nitriles attached via
an alkane linker could be easily prepared starting from the
respective alkyl methylsulfonyl esters, synthesis of the first
member of the series was unsuccessful. Indeed, our previous
attempts to prepare the target nitriles using cyanogen bromide
or trimethylsilyl cyanide resulted in high-yield bromination®
or silylation of the cage carbon(s) instead, due to the ambigu-
ous behaviour of the bromine or silylium ion under the
applied reaction conditions. However, we show here that low-
temperature reaction of the lithiated cage with toluene sulfonyl
cyanide (TsCN) led to the smooth formation of the respective
nitriles with the general formulae [(1-CN-1,2-C,BoH;,)(1',2'
C,BgH;4)-3,3"-Co(m)]” (27) and [(CN-C,BgH;¢),-Co(mr)]™ (37). As
evidenced by HPLC analyses and mass spectroscopy of the
reaction mixtures, the reaction did not go to full completion
and produced equilibrium mixtures of the parent anion with
the corresponding nitriles, even when high ratios of ion 1~ to
the base and TsCN of 1:3.0 were used. Starting from a ratio of
1:1.50, also several isomeric trisubstituted products were
formed in low quantities; however, these could not be isolated
in sufficient purity due to their limited hydrolytic stability
during RP chromatography in an aqueous mobile phase,
which was essential for separation of the mixture of anionic
products.

The main products were isolated using extraction into
diethyl ether followed by separation with flash chromato-
graphy on C18 RP Biichi columns. The monosubstituted com-
pound 2~ was isolated as the main product from the reactions
carried out in ratios up to 1:1.75 and was fully characterized
by a combination of HPLC, HRMS, and NMR techniques (see
in ESIt). Concerning the disubstituted compounds 37, the
presence of several isomers was observed in the reaction
mixture. However, only two main products, stable towards air
and moisture, could be isolated. The first one, characterized
using spectral methods and XRD corresponded to the red rac-
isomer with the formula [(1,1'-CN-1,2-C;BoH;,),-3,3'-Co(ur)]”
(3a7) (see Fig. 1 and Scheme 1), which was apparently the
most thermodynamically stable species out of the three “con-
ventional” isomers. This formed as the main product when the
cooling and stirring of the reaction mixture to —82 °C was con-
tinued for at least for 3 h. This compound was separated and
characterized using analytical HPLC, HRMS, NMR, and sc-
XRD (see Fig. 1 and the ESIt). The ratio of the second species
increased upon faster warming up the reaction mixture and
prevailed when the cooling bath was completely removed after
30 min after the addition of TsCN. However, the patterns
observed in the B NMR spectrum of this isomer did not
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Fig. 1 Crystal structure of the anion rac-3a~; the Me4sN* cation is
omitted for clarity (ORTEP view, ellipsoids are drawn with 40% prob-
ability). The structural parameters and selected interatomic distances
and angles are presented and discussed in the Crystallographic part in
the ESI.
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Scheme 1 Synthesis of nitriles; conditions: i. BuLi, DME, —82 °C, then
TsCN in DME at —82 °C, ratios of 17:reagents, from 1:1.5t01:3.0, 12 h
stirring from 30 min to 3 h, —82 °C to 20 °C during 12 h, extraction, RP
chromatography. #Assumed intermediate isomer.

match with the expected meso-isomer. Instead, the *'B NMR
spectrum contained 13 distinguishable boron signals, of
which one part corresponding to the unsubstituted dicarbol-
lide ligand matched closely with the pattern for the parent ion
17, showing boron signals with intensities of 1:1:2:2:2:1.
The pattern of the second ligand was completely asymmetric,
corresponding to 9 signals of intensity 1, among which,
however, five peaks overlapped by coincidence. Two dis-
tinguishable CH signals could be seen in the "H NMR spec-
trum; however, only one signal could be observed for the CH
and Ccage carbons in the '*C NMR analysis and two signals for
CN groups (see the ESIT).

The structure of this species was unambiguously confirmed
by X-ray diffraction analysis performed on crystals isolated
from two independent runs, for certainty (Fig. 2). Curiously,
the sc-XRD structure showed the migration of one of the sub-
stituted skeletal carbon atoms to the upper pentagon of the
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Fig. 2 Crystal structure of the anion 3c™; the cation is omitted for
clarity (ORTEP view, ellipsoids are drawn with 40% probability). The
structural parameters and selected interatomic distances and angles are
given and discussed in the Crystallographic part in the ESI.f

dicarbollide ion, which was non-adjacent to Co(ui). Only one
rearranged isomer corresponding to the formula [(1,8-CN,-1,2-
C,BoHy)(1',2"-C,BgH14)-2,3"-Co(m)]” (3¢™) could be seen; there-
fore the rearrangement was highly stereospecific. According to
HPLC analysis, the rearrangement proceeded during warming
up the reaction mixture from —82 °C up to room temperature.
Concerning the ionic full-sandwich metal bis(dicarbollides),
such a low-temperature pathway has no precedent. Only the
1,7-isomer of cobalt bis(dicarbollide) is known, in which both
carbons remain adjacent to the Co(m) atom. This is typically
prepared by cobalt insertion into the [7,9-C,BoH;,]” ion and
eventually is also accessible via thermal rearrangement in a
high-temperature interval starting at 346 °C.>*® The closely
related thermal isomerization of the mixed [3-CpCo-1,2-
C,BoH;,] sandwich was studied in more detail in the range
400-700 °C. Depending on the temperature, variable ratios of
several isomers were formed, inclusive of the 1,8-species.?”*
Therefore, the introduction of two linear-shaped and electron-
rich nitrile groups on one ligand of the cage had unexpectedly
important consequences. Our considerations, supported by
theoretical computations performed at the SMD(Et,O)/BP86/
AE1//BP86/AE1 level of theory, assume that the nucleophilic
reaction with CN as the electrophile occurs initially at two
adjacent carbon atoms, forming a kinetic transient vicinal-
isomer with the assumed formulation {(1,2-CN,-1,2-C,BoH,)
(1,2-C,BoH14)-3,3"-Co(m)}~ {3b7} (Scheme 1 and Fig. 3). The
spontaneous rearrangement proceeded relatively rapidly; there-
fore, the presence of the transient isomer could not be reliably
identified using HPLC or NMR methods. Although the CN
group is an electron-withdrawing substituent towards 2D aro-
matics, it acts in a different way with respect to the current
substitution on the CoC,B, “icosahedron”. Namely, the IBO
charge on carbons bearing the CN groups was computed to be
—0.22, a number which is not different from that detected in
the parent ion by the same computational approach. The IBO
HOMO/LUMO gap was computed to be only 0.11 eV, which
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Fig. 3 Schematic potential energy surface of the DSD-based rearrange-
ment with the relative Gibbs free energies (kcal mol™) as computed at
the SMD(Et,0)/BP86/AE1//BP86/AEL level of theory (for the method-
ology description and the Cartesian geometries of the stationary points,
see Computational Details in the ESIT). The C(1)-C(2) separation in {3b™}
is given in A.

indicates an extreme instability of the starting 1,2-isomer of
the dinitrile derivative, where the latter seemed to exist below
time scaling of the NMR approach. Note that such a carbon
charge in the case of its azido-substitution was 0.00, which
was ascribed to the electron-withdrawing abilities of the Nj
group.”® On that basis, transfer of electron density from the
CN groups to the boron cage is apparent and causes an
extreme elongation of the C(1)-C(2) nearest-neighbour separ-
ation from 1.68 A in Cs* salt of the parent ion®® to 2.27 A in
the BP86/AE1 space of {3b™}. Such an elongation of this dis-
tance beyond bonding limits is known from the chemistry of
mixed sandwich complexes of aryl-, alkyl-, and alkane-substi-
tuted dicarbollide ligands and fragments containing transition
metals of the second and third row, such as RuCp, RhCOD,
and IrCOD, where the metal central unit is electron-poor, con-
taining 16 valence electrons only, which is compensated with
semi-open structures called iso-closo-, hyper-closo-, or pseudo-
closo.>*7* Interestingly, exceptionally long C-C nearest-neigh-
bour separations were observed in C,C-disubstituted-o-carbor-
anes; the longest for NH, groups reached almost 2 A.3*73¢

In the case of our dinitrile motif, the rearrangement
process occurred in the Co-C(1)-C(2)-B(4) diamond (see
Fig. 3), and the resulting isomer had an IBO HOMO/LUMO
gap of 4.44 eV, which seemed to be a driving force for the
rearrangement. The DSD-like transition state was characterized
by a strong imaginary frequency at —541 cm™'. Consequently,
the B(5)-H vertex, as a part of a six-membered ring, moved to
the upper four-membered CB; girdle, which was facilitated by
the positive region dictated by cobalt. In other words, C(1) and
B(5) interchanged their positions after the rearrangement and
two pentagonal rings were present in the resulting 3¢~ struc-
ture. Note that this reaction profile corresponds to the classical
DSD 1,2-closo-C,B10H109 to 1,7-closo-C,B;0H; rearrangement
computed e.g. in ref. 37 Note that the reaction profiles in

This journal is © The Royal Society of Chemistry 2024
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boron-cluster chemistry can be very complex because there
exist relatively small energy differences between many inter-
mediate and transition states. Consequently, the boron-cluster
reaction may involve many competing pathways.*®

Another diverse mechanism consisting in 1e~ reductive
opening and oxidative closure of the cage, observed pre-
viously®® for the rearrangement of the mixed sandwich [3-
CpCo-1,2-C,BgH ;] to a mixture of isomers inclusive of the 1,8-
species apparently, does not apply in the current case, due to
fact that the isomerisation to 3c proceeded under an argon
atmosphere, without the presence of any oxidation agent and
in a stereospecific way.

Some analogy can be also seen with rearrangements
observed previously in the case of neutral mixed Mo, W, Ru,
Rh, and Ir complexes containing a dicarbollide ligand substi-
tuted with sterically demanding aryl/alkyl,’® MeS, or Me,S
groups®’ and COD or norbornadiene as the second ligand.
Typically, this interconversion occurs during or inherently
after metal fragment insertion into the substituted dicarbol-
lide ligand at temperatures between 20 °C and 60 °C. Such
complexes containing 2nd and 3rd-row transition metals with
more diffuse f and d orbitals are inherently less stable and
more prone to cage opening and isomerisation. In addition,
the crowding from sterically demanding substituents on
carbon atoms is an essential condition for elongating the
carbon-carbon bond that gives rise to this pathway. This is,
however, dissimilar to the case of the full cobalt(ur) sandwich
and rod-like CN groups as substituents described herein. In
addition, no example of rearrangement due to post-modifi-
cation of an icosahedral metallacarborane cage has yet been
described, even in the mixed sandwich series.

Conclusion

Synthetic ways to obtain carbon-substituted nitriles of the
cobalt bis(dicarbollide) ion were developed. Mono- and di-
substituted compounds are now available. This in turn may
lead to an expanding family of various new derivatives using
approaches adapted from organic chemistry, exoskeletal metal
complexes, polymers, etc. The main achievement, however,
consists in attaining a unique stereochemistry of the substi-
tution via direct modification of the cage. It has been shown
that the introduction of a particular class of substituents, in
our case nitrile groups, can enable low-temperature skeletal
rearrangement of carbon atoms in one dicarbollide ligand of
the cobalt bis(dicarbollide) ion to the C(8) position of the cage.
This was proven feasible even though the structure of ion 17 is
very robust and invulnerable towards rearrangement at temp-
eratures up to 300 °C or higher. Based on computational
support, the skeletal interconversion was determined to occur
as a consequence of the entry of electron-donating CN groups
sitting in vicinal carbon positions followed by a DSD mecha-
nism, in which the Co---C(1)---C(2)---B(4) belt represents the
“square” with individual next-nearest separations spanning
the interval 2.1-2.7 A (BP86/AE1). As opposed to 2D aromatics,
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the CN group behaves here as an electron donor. The
rearrangement proceeds in a regioselective way, and may thus
offer direct access to a broad selection of other groups on ion
17 in a geometrically unique arrangement. This may be useful
for fine-tuning the interactions of the cobalt bis(dicarbollide)
ion with biological targets, for the design of protein inhibitors,
anticancer, antimicrobial agents, etc.

Data availability
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The crystallographic data for the compounds Me,N3a and
Me,N3c¢ have been deposited with the Cambridge
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during submission.
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