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The special C-C bond in the icosahedral closo-dicarbadodecaboranes and its high plasticity have been highlighted several

times, which is reflected in the ease of tuning the C-C bond distance with different substituents. Apart from this special case,

the other bonds within the carborane clusters have not been investigated yet. DFT calculations demonstrated that the

elongation of C-B and B-B bonds is ruled by the same effects as the well investigated C-C bond; however, stretching of B-B

generally requires more energy. These results indicate that the bonds of the carborane clusters do not differ significantly; in

fact they possess similar properties. The computational results encouraged us to synthetize the most promising derivatives.

The distinct tuning was achieved by the variation of m-donor substituents. In the case of the 9,10-m-carboranyl-disulfanide
derivatives, the B9-B10 bond distance is elongated up to 1.92(2) A.

Introduction

The three-dimensional carborane clusters? exhibit exceptional
thermal and chemical stability,?2 tailorability, ambiphilic
character, organomimic properties, and unusually low toxicity,
which make them more suitable for different applications than
traditional materials.3> Since their first synthesis in 1962,
carboranes have been the focus of many synthetic and
theoretical works due to their unique bonding situations and 3D
aromaticity.1912 The most widely studied systems are the
icosahedral closo-dicarbadodecaboranes (C;BioHi2 or their
widely used trivial name carboranes), which show outstanding
stability.13-15 According to the position of the carbon atoms,
ortho (1,2-C;BioH12), meta (1,7-C;BioH12) and para (1,12-
C,B1oH12) isomers exist (Figure 1). Since the electronegativity of
boron is less than that of carbon, the latter acts as strong
electron-withdrawing unit.’* Meanwhile, BH vertices with
different electronic environments can be distinguished within
the cluster framework,1%17 which rules the reactivity of each
boron vertex as well. Accordingly, in the case of ortho and meta
structures, four different boron atoms can be distinguished
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Figure 1 Top: The location of the carbon atoms and the
chemically different boron atoms in the three different isomers
of closo-dicarbadodecaboranes. The labelling of atoms in the
clusters applied in this figure is used throughout the
manuscript. Bottom: The C-C bond lengths in the case of the
parent o-carborane (1.630(6) and 1.629(6) A, in the crystal
lattice two crystallographically independent but similar
carborane units are present?®) and the representative examples
for C-C bond elongation induced by negative hyperconjugation
and by steric bulks.
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depending on the distance from the carbon atoms, while in the
case of para structures, all boron atoms are chemically identical
(Figure 1).128 The C1-C2 bond in the parent o-carborane is longer
(1.629-1.630 A)!® than a typical simple C-C bond (~1.52 A),
moreover, it can be easily modulated with different
substituents (Figure 1). The term of plasticity was used to
characterize this special bond, since its length varies between
1.38-2.16 A in the case of 1,2-R»-1,2-C,B10H10.1922 As it was
demonstrated, the variability of the C1-C2 bond could have
steric as well as electronic origins. While in the first case the
steric repulsion forces the separation of the two carbon atoms,
the electronic effect is more complex and usually arises from
the negative hyperconjugation between the mn-system of
substituents and the o* orbitals of C1-C2 bond. Indeed, it is
most effective in the case of good nm-donor substituents as was
demonstrated theoretically by Schleyer and Teixidor,23 and was
also supported experimentally.2122 According to this concept,
Xiao and Miiller have demonstrated that the length of the C1-
C2 bond can increase up to 1.990(4) A by applying amino groups
to the system (I, Figure 1).22

Based on the DFT calculations of Teixidor and Schleyer, the
distance between the carbon atoms could be elongated even
more in the case of anionic systems. In the case of -CH;-
substitutions on the cluster carbon atoms (C1 and C2), the C1-
CH; and C2-CHj; distances shrink to the range of a double bond,
while the C1-C2 distance in the o-carborane becomes so long
(2.638 A) that no bond critical points could be located between
the two carbon atoms.2® |Interestingly, in the case of
metallacarboranes, the significant elongation can lead to the
formation of the so-called pseudocloso structures in which
there is no chemical bond between the cluster carbon atoms.?4-
27 The electronic modulation of the C1-C2 bond is indeed very
efficient, however, it should highlighted the longest C1-C2
distances in neutral carborane systems (2.156 A) can be
achieved with bulky substituents (Il, Figure 1).28

Finally, it is important to emphasize that o-carborane-based
luminogens, where the mt-system of the fluorophore is directly
connected to the carborane cage via its carbon atoms, also
exhibit elongated C—C bonds in the excited state (S1 or T1) due
to charge transfer processes from the m-system of the
fluorophore to the C-C antibonding orbital.?®

Contrary to the deeply investigated carbon-carbon bond of o-
carboranes, the possible modulation of the boron-boron and
carbon-boron bonds has scarcely been investigated yet,3° the
slight B-B bond elongation in the case of 8,9,10,12-tetraphenyl-
o-carboranes was attributed to negative hyperconjugation.3?
The question arises whether the same rules are in effect in the
case of these bonds? Can the B-B bond be more elongated with
strong m-donor substituents? To the best of our knowledge,
there is no comprehensive study on the boron moiety of the
carborane system despite its unique reactivity, while the carbon
moiety is deeply investigated both theoretically and
experimentally.

2| J. Name., 2012, 00, 1-3

Computational details

For this study, B3LYP was chosen since related studies used this
functional as well, therefore the results can be comparable with
those pioneer works.?332 Since B3LYP have been criticized
during the last years, other DFT functionals were tested and the
results were validated by LNO-CCSD(T) method33 as well, these
data are presented in the ESI (Table $1-S6). All calculations have
been carried out with Gaussian 09 program package34, expect
these local-CC calculations, which were performed with the
MRCC program33,

Full geometry optimization was performed for all molecules at
the B3LYP/aug-cc-pVTZ level of theory (unless otherwise
stated). Relaxed potential energy surface scans (hereinafter
mentioned as “scan” throughout this study) were performed, in
which one selected bond of the cluster was substantially
increased by 0.1 A, while the positions of the other atoms were
not restricted. Since the number of the species does not change
during this process, the effect of the entropy can be considered
less significant, therefore electronic energies can be safely
applied to estimate the flexibility of the chemically different
bonds. Harmonic vibrational frequencies were calculated at
that level which was used for the optimization, to establish the
nature of the stationary points obtained, as characterized by
zero negative eigenvalues of the Hessian for minima.
Calculations on the electron density of the bond critical points
and on the Wiberg bond indices3>:3¢ were performed with the
Multiwfn program3’. For the visualization of the molecular
structures and the molecular orbitals, the MOLDEN3#¢ and
IQmol3? programs were used.

Results and discussion
Relaxed energy surface scans on the carborane systems

To investigate the flexibility of the bonds of the carborane
cluster, “scans” were performed on all of the C-C, C-B and B-B
bonds (in the main text, we focus on the elongation of the
bonds, the effects of the bond shrinking can be found in Figure
S1 in the ESI). In ortho and meta systems, seven chemically
different bonds can be distinguished (Figure S2), which is
decreased to three in the case of para-carborane systems due
to the higher Ds, symmetry compared to D, (Figure 2 red lines).
The effects in the case of all chemically different bonds are
detailed in the ESI.

The carborane cluster can be considered as a rigid system,
however, minor changes on the equilibrium bond lengths are
easily compensated with small changes of other bonds, the
energy is only 1.0-1.2 kcal/mol higher while increasing any bond
length by 0.1 A. (In the case of ethane, the increase of the
energy is 2.4 kcal/mol at the same level of theory). The energy
and the deviation of the energy increases gradually by further
elongation of the bonds: the differences are between 12.7-22.0
kcal/mol, if the extension of the bond increases to 0.5 A.

Figure 2 clearly shows that slightly less energy is required to
stretch the C-C bond in o-carborane (green line) than C-B bonds
(blue lines) in all isomers of the carboranes. The B-B bonds (red
lines in Figure 2) need the most energy to elongate, and the
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Figure 2 The difference in the energy compared to the
optimized structure depending on the amount of elongation in
different bonds of o-, m- and p-carboranes. Tabulated data are
shown in Table S8-S10 and the extension for bond shrinking can
be found in Figure S1 in the ESI.

various B-B bonds behave very similar, there is no significant
difference between them. Furthermore, Bader analysis was
performed on the restricted systems to check whether a bond
critical point between the fixed two atoms still exists after the
elongation of the bond (see Table S7 in the ESI). It turned out
that increasing the bond length results in the disappearance of
the bond critical point, while a ring critical point appears
between the two atoms as the density becomes lower than 0.1
a.u. It shows that the electronic interaction is still notable
between the atoms of the stretched bonds, becoming more
delocalized with the torsion of the system.

B2-B3 bond in the m-carborane system is the most difficult to
elongate (it needs 22.0 kcal/mol to be extended by 0.5 A at the
B3LYP/cc-pVTZ level of theory). An explanation of this
phenomenon can be that both of the two carbon neighbour
atoms have an electron donating effect to the B2-B3 o* orbital

via 3c-2e interactions, thus more energy is required to increase
the electron density of this orbital even further. As a verification
of this theory, the farthest bonds from the carbon atoms (B9-
B10 for m-carborane, and B9-B12 for o-carborane) requires the
least energy to be stretched from all B-B bonds (it needs 19.2
kcal/mol to be extended by 0.5 A), while also in the case of C-B
bonds, the bond closest to the other carbon atom needs the
most amount of energy to be elongated (17.0 kcal/mol to be
extended by 0.5 A).

In summary, it can be established that the B-B and B-C bonds do
not behave significantly different to the C-C bonds, however
they exhibit somewhat more rigid character, as more energy is
required to elongate them. As was highlighted in the case of the
C-C bond in the case of o-carboranes, the energy requires for
the stretching can be counteracted by the m-donation of the
substituents (via negative hyperconjugation).23 In order to get
more insight into the possible modulation of the B-B and B-C
bonds, various substituents possessing different electronic
properties were selected. Moreover, tBu- and adamantyl
groups were also used as a comparison to steric effects, which
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were shown to be a more beneficial factor to form longer C-C
bonds.

In order to get comparable values, calculations of Teixidor and
Schleyer on C-substituted o-carboranes?® were repeated at
higher level of theory. It is worth to mention that the formerly
applied lower level of theory (B3LYP/6-31G*) gives very similar
results to our B3LYP/aug-cc-pVTZ calculations, with the sole
exception of anionic systems, where significant differences
have observed in the optimized geometry. The reason of this
discrepancy is probably the lack of diffuse functions in the 6-
31G* basis set, which is usually required for the description of
anionic systems.

As was demonstrated earlier and shown by our “scan”
calculations, the C1-C2 bond in o-carborane requires the least
energy to be elongated. Accordingly, in the case of C1-
substitution with a highly donating group, the C1-C2 bond
becomes much longer compared to the parent carborane (by
0.02-0.06 A), while resulting in slightly shorter bonds around the
other carbon atom.

The effect of the substitution on any of the boron atoms exhibits
similar results regardless of carborane isomers (see in Table
$11-S19 for detailed information). If there is a carbon atom in
the vicinity of the substituted boron atom, it attracts a stronger
electron donation, resulting in a more significant stretch of the
C-B bonds. In the case of the B-B bonds connected to the
substituted atom, a smaller expansion can be observed
compared to the C1-C2 bond elongation in the case of C-
substitution, and the C1-C2 bond is also much less affected (less
than 0.02 A). In the case of anionic substituents on the carbon
atom, the length of the C1-C2 bond in case of o-carborane
becomes much longer (by up to 0.67 A, see Table $20-522 in the
ESI) than in neutral clusters due to the greatly increased -
donating effect. Bader analysis shows the delocalization of the
bond, as a ring critical point —also observed in the case of “scan”
calculations — which can be located between the carbon
compared to neutral systems (see more data in Table S$7).
Surprisingly, the boron substitution with an anionic group
adjacent to a carbon atom results in exceptionally long C-B
distance (even above 0.7 A, the cage was opened). Moreover,
B-B bonds can also be expanded by up to 0.28 A resulting in
great changes, even if the substitution does not happen in the
proximity of the carbon atoms (more data in Table S11-S19).
According to the level of the elongation the selected
substituents can be distinguished into three classes. The
greatest elongations occur in the case of strongly nm-donating
anionic substituents such as -O- and -S;, medium elongation
happens in the case of neutral strong m-donor substituents (-
OH, -NH3, -SH), and very minor elongation can be observed in
the case of substituents with low or no m-donor character (-PH,,
-Cl, -Me, -SiH3).

Since m-donor substituents could have synergetic effect on the
elongation of the C-C bond,?3 similar effect can be expected in
the case of B-B bonds. Therefore, calculations were performed
where systems substituted with two groups on adjacent cluster
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Figure 3 The effect of the different substituents on the B-B and
C-C bonds of the carboranes

atoms. For this purpose, we compared the bond elongations in
case of the substitution of the synthetically more available B9-
B12 atoms in the o-carborane, and B9-B10 atoms in the m-
carborane to the C1-C2 substituted compounds (Figure 3,
tabulated data in Table $23-S25). In neutral clusters, the effect
of double substitution on the bond lengths was more than
additive (synergetic effect) in the case of carbon substitution
(up to 0.27 A of elongation could be observed), while the boron
substitution led to a slight stretch in all adjacent bonds instead
of focusing on a single one. In anionic systems, the elongation
spreads around both the C-, and the B-substituted systems.
However, the effect is so strong that it results a 0.19 Aincrease
in the B9-B10 bond of 9,10-O- (0.20 A for B9-B12 bond in the
ortho analogue) and 0.19 Aincrease in the B9-B10 bond of 9,10-
S substituted compounds (0.16 A for B9-B12 bond in the ortho
analogue). Finally, it is worth to mention that sterically crowded
systems were investigated as well, since the longest C-C
carborane bond was achieved by steric repulsion. The effect of
bulky groups (tBu and adamantyl) has also been investigated by
applying double substitution on both C1 and C2 atoms, and on
the B9 and B12 atoms (at B3LYP/6-31G*). The elongation of the
disubstituted bond is higher than in case of strong n-donating
substituents in neutral systems (by up to 0.52 A in C1-C2, and
0.10 A in B9-B12 substitution, see Table $26 in the ESI),
however, it is definitely less impactful than applying anionic -
donor substituents. Therefore, substitution with anionic groups
(or even good neutral m-donor groups) can be promising to push
the upper limit of the B-B bond lengths.

Encouraged by the DFT calculations the most promising
candidates were synthetized in order to prove the hypothesis
concerning the possible B-B bond modulation. As our
calculations established that the antipodal B-B bonds (B9-B12
bond in o-carborane B9-B10 in m-carboranes) are the most
plastic B-B bonds we planned to introduce the proper
substituents into these positions, which are known to be
electrophilic The
corresponding SH substituted 9,12-dithiol-o-carborane (1) and

suitable for substitutions as well.

4| J. Name., 2012, 00, 1-3
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9,10-dithiol-m-carborane (2) compounds were already known
before,?0 but no crystal structures have been published yet. We
have prepared both of them in slightly modified reaction
procedures (with 82% yield for 1 and 76% yield for 2) , and we
were able to grow suitable crystals using vapour diffusion
technique (acetone/hexane). The experimentally obtained B-B
bond length is 1.790(4) A in case of o-carborane and 1.815(4) A
in case of m-carborane derivative (Figure 4), longer than that in
the parent o-carborane (1.776 A). These values are in excellent
agreement with our computationally predicted bond lengths,
thus providing more support to our chosen DFT method. Amino
groups were also shown to be effective in the elongation of B-B
bonds, therefore the corresponding diamino-substituted
derivatives were planned to be synthetized as well. The
introduction of amino groups into the carborane cluster is a
highly challenging approach. However, following the cross-
coupling reaction method developed by Hawthorne,*! we were
able to synthetize the corresponding double substituted 9,10-
diamino-m-carboranes (3, Scheme 1) from the corresponding
amide derivative (isolated yield is 86%). Our attempt to get the
corresponding o-carborane derivative failed, probably due to
the more sensitive character of the o-carborane compounds
towards the applied basic conditions.
Investigating 1B NMR chemical

information about the electronic environment of the different

shifts provides valuable

vertices of the cluster. The downfield resonance in the 1B NMR
spectra of compounds 2 and 3 at-1.8 and 2.9 ppm, respectively,
does not split into a doublet in the 11B NMR spectra, indicating
that these resonances correspond to the boron atoms at the 9
and 10 vertices. The somewhat more downfield chemical shift
observed in compound 3 is consistent with the enhanced donor
ability of the amino groups, resulting in increased electron

This journal is © The Royal Society of Chemistry 20xx
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dpop1>=1.790(4) A dpo.p10=1.815(4) A dpg.pio= 1.844(2) A
dpop12=1.799 A (calc.) dgop10=1.814 A (calc.) dpopio=1.845 A (calc.)

dpo.p1o=1.788(4) A
dgo.pio=1.777 A (calc.)

Figure 4 Solid state structure of 1, 2, 3 and 42" and the
corresponding B9-B12 (in the case of 1) and B9-B10 (in the case
of 2, 3 and 4?*) bond lengths (both experimental and
calculated). Ellipsoids are shown at 30% probability. Disordered
hydrogen atoms are omitted for clarity.

density at the 9 and 10 vertices. Suitable crystals for SC-XRD
were grown from acetone and the B9-B10 bond length in the
crystal of compound 3 is 1.844(2) A, which is somewhat longer

ARTICLE

compared to the dithiol derivatives, supporting the better m-
donor ability of the amino group. which was conducted in
ethanol using a 1:2 stoichiometry CuCl, and 3 (isolated yield is

84%).
Structural characterization of 4 reveals a hexacoordinate
copper center in a square bipyramidal coordination

environment, in which two water molecule are in the axial
positions. As a consequence of the coordination of the lone pair,
negative hyperconjugation towards the cluster has been ceased
to operate, indeed the antipodal B-B bond became significantly
shorter (dss.s10=1.788(4) A) than the same bond in the free
ligand (3, dgo.s10=1.844(2) A). Despite the above discussed
promising results, the elongation of the B-B bond remains minor
(~0.05 A), even in the computational results suggested, much
stronger ni-donor substituents are required. On the other hand,
good ni-donor groups usually become good nucleophiles as well,
which may lead to the deboronation of the carborane cluster.
The deprotonation of the dithiol derivatives seemed to be a
reasonable compromise between nucleophilicity and good -
donor character. First, n-BulLi was applied as a base, but the
corresponding Li-salt was insoluble in aprotic solvents
(tetrahydrofuran, acetonitrile, dimethoxyethane), moreover

the crystallization remained unsuccessful even using

KO/Bu
2.2.2-Cryptand
—

Figure 5 Synthesis of 5 and 6 and the obtained crystal structures. Ellipsoids are shown at 30% probability and all hydrogen atoms
and solvent molecules are omitted for clarity. In case of 5 the individual crown ether is disordered, indeed some of the atomic
positions cannot be refined anisotropically. The atomic positions which cannot be refined anisotropically are represented by a
spherical model.
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complexing agents (TMEDA or 12-crown-4). As a next attempt,
we tried potassium-hydride for the. deprotonation and the
resulting white powder proved to be insoluble in aprotic
solvents, and any efforts at crystallization and proper
characterization were again unsuccessful. However, repeating
the reaction in the presence of 18-crown-6 the solubility of the
product increased significantly (isolated vyield is 58%).
Investigating the 1B{!H} NMR chemical shifts of the obtained
solution enables us to draw similar conclusions as those
observed after replacing the SH group with a better m-donor
NH, group. The resonance corresponding to the boron atoms at
the 9 and 10 vertices appears more downfield (4.1 ppm in
acetonitrile) compared to the same vertices in the starting
compound (-1.6 ppm in the same solvent), which foreshadows
the better donation towards the cluster. Small, but suitable
crystals for SC-X-ray measurements can be grown from THF-
hexane mixture. Investigating the obtained solid state structure
of 5 (Figure 5), it can be established that the asymmetric unit
contains two carborane moieties and four potassium cations:
both carborane units showed similar alignment in the structure,
as each —=S- units coordinates to a potassium cation. Among the
four potassium cations two have similar chemical environment,
besides they were complexed by one crown ether, two —S- units
of the carborane system coordinated to each of them, achieving
the coordination number of 8, characteristic for potassium. In
contrast, potassium cation complexed by both carborane units
has a coordination number 6, which was complemented by the
coordination of one of the oxygen atoms of the neighbouring
crown ether. The fourth potassium is complexed by the crown-
ether and two addition THF molecules and further three THF
molecules are in the crystal cell. The number of the THF in the
crystal lattice fits with the 'H NMR spectra recorded after the
dissolution of the obtained crystals in DMSO-d6.

Interestingly, the two carborane units have different B9-B10
bond lengths, they are 1.87(2) A and 1.92(2) A, thus more than
0.1 Aincrement can be achieved after deprotonation. Although
this bond length is remarkably long, it does not meet the
expectations from the calculations (1.972 A). This variance can
be explained by the strong coordination of the electron
acceptor potassium cations, which decreases the strength of
the electron donation from the —S- moieties towards the
clusters. Recrystallization of 5 from acetonitrile results in a
slightly different solid state structure with similar structural
motif (Figure S3 in ESI), but in this case the fourth potassium
was coordinated by one of the —S- moieties as well. The B9-B10
bond lengths are 1.870(5) A and 1.877(7) A, which are
somewhat shorter than the previous case.

In order to achieve a longer B9-B10 bond, the full complexation
of the counter ion is required to hinder its electron acceptor
properties. Therefore, the deprotonation reaction

repeated in the presence of 2.2.2-cryptand, which has a much

was

higher affinity for the potassium cation compared to the crown
ether. After one hour, a white solid precipitated, which was
washed with diethyl ether (yield 64%). The solid was
recrystallized several times. Finally, we were able to grow
suitable crystals from acetonitrile (see structure of 6 in Figure
5). The asymmetric unit of the obtained crystal contains two
carborane moieties and four potassium cations. However,
interestingly, only three cations were able to be complexed by
2.2.2-cryptand. The remaining one potassium was complexed
by the two anionic carborane units. Surprisingly, one water
molecule (probably as a trace from acetonitrile) coordinated to
this potassium as well (see Figure S4 in ESI). These results
highlighted an astonishing observation that the carborane units
exhibit comparable affinity to potassium than the 2.2.2-
cryptand. Accordingly, the elongation of the B9-B10 bond is
1.890(19) A and 1.89(2) A, which is very similar to 5 (1.87(2) A
and 1.92(2) A). Finally, it is worth mentioning that attempts
were made to replace the alkali cations with non-coordinating
tetraalkyl ammonium cations, but the low solubility of these
materials in organic solvents do not allow the proper
characterization of the products.

Conclusions

We have demonstrated by DFT calculations that substituting on
any side of the carborane can highly impact the structure of the
core of the icosahedral cluster. The negative hyperconjugation
described in the case of C-substituted o-carboranes operates for
the B-substituted systems as well, although with a diminished
effect thus much stronger n-donor substituents are required to
achieve significant bond elongation of B-B bonds. The effect of
the substituents has a synergetic effect, therefore systems with
two highly donating groups resulted in the longest B-B bonds
among the investigated molecules. In order to underline our
DFT proposed concept, we have synthetized new B-substituted
carboranes with the strong donor sulfanide groups. Indeed, the
solid state structure showed significant bond elongation, while
supporting the concept that B-B bonds in the carborane behave
similarly to their carbon containing counterparts, enabling the
fine-tuning of the electronic properties on all sides of the
cluster. As a matter of fact, electronic modification of the
cluster B-B bonds can influence the photophysical properties of
carborane-fluorophore conjugates, as previously shown with C-
C bonds in carbon-substituted o-carborane systems, expanding



the possibility of their application as luminescent solid state
materials. Additionally, as demonstrated in this study with a
copper complex, the newly synthesized double-substituted
carboranes can act as ligands for transition metal complexes,
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