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Free three-dimensional carborane carbanions

Carbon atom functionalization via generation of carbanions
is one of the cornerstones of organic chemistry. Carboranes
are inorganic clusters that exhibit 3D aromaticity and
behave as organomimetic molecules. Here, the authors
demonstrated how carboranes can be deprotonated, and the
carbon-coordinated potassium cations can be subsequently
encapsulated into crown ethers generating the first examples
of structurally characterized “naked” carboranyl carbanions.
These reactive species are key intermediates in carbon vertex
chemistry of carborane clusters and they serve as inorganic
analogs of the yet elusive deprotonated phenyl anion.
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of Chemistry Carbon atom functionalization via generation of carbanions is the cornerstone of carborane chemistry. In

this work, we report the synthesis and structural characterization of free ortho-carboranyl [CoBioH11]l™,
a three-dimensional inorganic analog of the elusive phenyl anion that features a "naked” carbanion
center. The first example of a stable, discrete C(H)-deprotonated carborane anion was isolated as
a completely separated ion pair with a crown ether-encapsulated potassium cation. An analogous
approach led to the isolation and structural characterization of a doubly deprotonated 1,1’'-bis(o-
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Introduction

Alkali-metalated carbanions are reactive synthetic blocks, which
exist as complex mixtures of aggregates and solvates."* Orga-
nolithium reagents, which play an important role in organic
synthesis, dominate the chemistry of these strong carbon-based
nucleophiles, while sodium and potassium congeners remain
relatively less studied.>® Group 1 organometallic compounds
exhibit a variety of coordination modes, spanning from contact
molecules with bridging non-classical covalent bonding to
completely dissociated pairs of ions. These separated ion pairs,
which display increased nucleophilicity due to an essentially
uncompensated negative charge on the deprotonated carbon
atom, have attracted significant attention from synthetic
organometallic chemists. One successful strategy for the
synthesis of carbanion-containing separated ion pairs,
involving the use of crown ethers to capture metal cations, was
pioneered by Power and co-workers for the synthesis of diary-
Imethyl and triarylmethyl anions.”® Subsequently, several free,
discrete, “naked” carbanion centers have been isolated and
structurally characterized, with the majority being based on sp*-
hybridized carbon atoms and often being stabilized by the
presence of silyl or aromatic substituents (Scheme 1).°**
Importantly, separated ion pairs based on sp>-hybridized
carbon atoms of aromatic arenes have not been yet isolated
while the related free phenylide-like carbanions based on
heterocyclic carbenes have been reported.”
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, which is the first example of a discrete molecular dicarbanion. These
reactive carbanions are key intermediates in carbon vertex chemistry of carborane clusters.

In addition to organic reactions involving carbanions, some
inorganic transformations rely upon negatively charged carbon
nucleophiles. Icosahedral carboranes are chemically robust
three-dimensional clusters built of carbon and boron atoms
connected by delocalized intracluster bonds."®

The high degree of electron delocalization leads to the
remarkable stability of carboranes and can be described as 3D
aromaticity.”** The unusual steric and electronic properties of
boron cluster derivatives have been utilized in coordination
chemistry, catalysis, luminescent materials, metal-organic
frameworks, polymers, medicine, and energy storage.>*** The
most commonly studied icosahedral anionic [CB;;H;,]” and
neutral C,B;oH;, clusters contain relatively acidic C-H bonds
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Scheme 1 Examples of discrete carbanions isolated and structurally
characterized in solid state from literature and in this work. Unlabeled
cluster vertices represent BH units.

Chem. Sci., 2021, 12, 10441-10447 | 10441


http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc02252k&domain=pdf&date_stamp=2021-08-07
http://orcid.org/0000-0001-8645-9303
http://orcid.org/0000-0003-4304-3927
http://orcid.org/0000-0002-5653-9502
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc02252k
https://rsc.66557.net/en/journals/journal/SC
https://rsc.66557.net/en/journals/journal/SC?issueid=SC012031

Open Access Article. Published on 30 2021. Downloaded on 19.07.2025 19:22:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

(for example, pK, of ortho-dicarbaborane is ca. 23)."* The major
route for carbon vertex derivatization of these molecules relies
on deprotonation of the carbon atom with strong bases (e.g. n-
BuLi, i-PrMgCl, or KHMDS). Metalated carborane clusters
synthesized in this manner are most of the time not isolated but
utilized in situ in subsequent reactions with organic or inor-
ganic electrophiles.*** Recently, Duttwyler and co-workers re-
ported the synthesis and structural characterization of
a lithiated anionic cluster Li{CB;,Hy,]  containing a lithium-
carbon bond, which shed light on the structure of these
nucleophilic intermediates and can be considered as a 3D
analog of phenyllithium.*

In this work, we report the synthesis, structural, and spec-
troscopic characterization of deprotonated discrete carboranyl
anions, including [C,B;0H14]~, which, containing the “naked”
carbanionic center, are the key intermediates in C-vertex func-
tionalization of carboranes (Scheme 1, bottom). These reactive
species have been considered elusive for a number of years, yet
the careful utilization of crown ethers yielded stable dissociated
salts of three-dimensional carbanions. The isolated discrete
carboranyls can be considered as organomimetic inorganic
three-dimensional analogs of the free phenyl anion.

Results and discussion

ortho-Carborane (C,B;0H;,) contains two adjacent and weakly
acidic C-H bonds (pK, ca. 23). The use of strong bases, such as
alkyllithiums, has been reported to cause deprotonation of one
or both carbon atoms of the carborane depending on the
reaction stoichiometry.®* In our experiments, the addition of
either one or two equivalents of potassium hexamethyldisila-
zide (KHMDS) to carborane in THF at room temperature
resulted in the formation of the same single product according
to *C and ''B NMR spectroscopy. The >C NMR spectrum of the
product in THF exhibited signals from the carbon atoms of the
cluster at 62.2 ppm corresponding to the protonated carbon
atom and at 100.1 ppm corresponding to the metalated carbon
atom. For comparison, lithiation of aryls leads to strong
downfield shifts in "*C NMR spectra for metalated carbons.*
The signal from the remaining protonated carbon atom of the
cluster in the ">C NMR spectrum correlates to the signal in the
'H NMR spectrum at 2.83 ppm. The ''B{"H} NMR spectrum of
the product exhibited six signals, which is consistent with the C
symmetry of the molecule. These observations suggest that the
reaction of carborane and potassium hexamethyldisilazide
leads to deprotonation of only one carbon atom and formation
of KC,B;0H1; (1) (Scheme 2).

Crown ethers have been demonstrated to assist in efficient
ion-pair separation for a number of metal alkyls.® The addition
of two equivalents of 12-crown-4 to a solution of freshly
prepared KC,B;oH;; in THF led to a color change from pale-
yellow to orange. The new band appeared at 442 nm in the
absorption spectrum of 1 in THF upon the addition of 12-crown-
4 (Fig. S-24 in ESIf). The "*C NMR spectrum of the reaction
mixture at room temperature contained no signals attributable
to the carborane carbon atoms, indicating the occurrence of an
exchange process. Lowering the temperature of the sample to
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Scheme 2 Deprotonation of ortho-C,;BigHi, with potassium hex-
amethyldisilazide (KHMDS) and subsequent sequestration of the
potassium cation by the crown ether. Chemical shifts from the signals
in 13C NMR spectra from the carbon atoms of the parent and depro-
tonated clusters are listed. Unlabeled cluster vertices represent BH
units.

—15 °C led to the gradual appearance of two broadened signals
at 62.0 ppm and 104.3 ppm (¢f: 62.2 ppm and 100.1 ppm signals
prior to the addition of the crown ether). The observed exchange
process may occur due to coordination/dissociation of the
potassium ion to the carborane, as well as proton exchange
between deprotonated and protonated carbon atoms of the
cluster when the potassium cation is complexed with crown
ether. Notably, the proton exchange equilibrium between the
singly deprotonated, doubly deprotonated, and fully protonated
forms of ortho-carborane in ethereal solvents has been previ-
ously observed.*®

The reaction between 18-crown-6, which exhibits a strong
affinity to potassium cations, and KC,B,,H;; with subsequent
crystallization from the THF/toluene solvent mixture at —30 °C
resulted in the formation of extremely air-sensitive orange
single crystals. X-ray diffraction study revealed the structure of
[K(18-crown-6)][C,B10H14] (2) (Fig. 1). Potassium cations are
enclosed within the crown ether cavity by coordination to its six
oxygen atoms. The deprotonated carborane anion and ligated
potassium cations form alternating chains. In this rhombohe-
dral crystal structure, the icosahedral carborane anion has
crystallographic C;, point symmetry and contains only four
non-hydrogen cluster atoms in the asymmetric unit. Therefore,
two carbon atoms and one boron atom of the cluster were
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Fig.1 Displacement ellipsoid plot (50% probability) of [K(18-crown-6)]
[CoBioH11] (2). Hydrogen atoms have been omitted for clarity.
Deprotonated carborane cluster is disordered by the crystal symmetry
along its Cs axis. The closest potassium-cluster contact K1---C1/B1 is
3.586(1) A.
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disordered by the crystal symmetry among three positions.
Nevertheless, the closest potassium-cluster contact was found
to be 3.586(1) A, which significantly exceeds the range for K-C
bonds reported in the literature (2.75(3) to 3.247(3) A).** The
determination of this structure along with "*C NMR spectros-
copy data led us to believe that the complete ion separation is
possible for the metalated carborane cluster, and that the
discrete deprotonated carborane anion can be isolated and
properly characterized if its symmetry were lowered to prevent
crystallographic disorder. Thus, we utilized 9-iodo-ortho-car-
borane that contains one iodine atom attached to a boron atom
of the cluster on the side that is opposite to carbon atoms.*

The reaction of 9-iodo-ortho-carborane and KHMDS in
toluene, analogously to the unsubstituted ortho-carborane,
resulted in the formation of monometalated species. Intro-
duction of one iodine substituent lowers the symmetry of the
cluster and renders two carbon atoms inequivalent, thus we
observed the signals from two isomers of monodeprotonated
clusters in ca. 2 : 1 ratio in NMR spectra. The ">C NMR spectrum
of K[C,B;oH;0I] in THF contained two sets of pairs of signals
from the carbon atoms of the cage: one, corresponding to the
protonated C(H), at 58.4/61.4 ppm (major/minor isomer), and
another, corresponding to the deprotonated C(K), at 100.8/
86.6 ppm (major/minor isomer). The assignment of signals
from metalated C(K) and protonated C(H) carbon atoms was
corroborated by the DEPT-135 spectrum. Note that the inequi-
valent protonated carbon atoms of the parent 9-iodo-ortho-car-
borane exhibit signals at 50.2 ppm and 54.6 ppm in the *C
NMR spectrum.

Addition of 18-crown-6 to the solution of K[C,B;oHjol] in
THF and subsequent crystallization from the THF/toluene
mixture at —30 °C resulted in the formation of single crystals.
The structure of the metalated 9-I-ortho-carborane was eluci-
dated with the use of single crystal X-ray crystallography (Fig. 2).
The crystal structure revealed that, as expected, 9-I-ortho-car-
borane is metalated with one potassium atom with the carbon-
metal bond distance of 2.978(1) A, which is on the longer end of
the range of known C-K bond distances. The potassium atom is
also bound to the crown ether and the THF ligand. The intra-
cluster C1-C2 bond length in the monoanion is 1.682(1) A,
which is slightly longer than that in the protonated C,B;oH;41

Fig. 2 Displacement ellipsoid plot (50% probability) of [K(18-crown-
6)(THR)IIC,B1gH10l] (3). Hydrogen atoms except H2 have been omitted
for clarity. Selected bond distances (A): K1-C1 = 2.978(1), C1-C2 =
1.682(1).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(1.636(8) A).* The remaining protonated carbon atom of the
cluster is located in the para-position opposite to the iodinated
boron atom B9.

In order to enforce the complete ion separation, we tested
the hypothesis that the coordination of two smaller crown ether
ligands will preclude potassium from additional bonding to
anionic carbon atoms of carborane. The addition of two
equivalents of 12-crown-4 to a solution of K[C,B;,H1,I] in THF
at room temperature led to an immediate color change from
yellow to intense orange. The "*C NMR spectrum of the reaction
mixture at —15 °C contained a pair of signals corresponding to
protonated carbon atoms at 58.6/61.4 ppm (major/minor
isomer) and another pair corresponding to deprotonated
carbon atoms at 105.4/90.7 ppm (major/minor isomer). Notably,
the signals from the anionic carbon atom shifted further
downfield upon the addition of crown ether.

Single crystals of the product were grown at —30 °C from
a THF/toluene solvent mixture. X-ray diffraction study revealed
the complete separation of the cation and anion in [K(12-crown-
4),][C2B10H;01] (4) (Fig. 3). The closest K---C contacts in the
structure are 5.962(5) A and 6.019(3) A, which are out of range
for any significant bonding. Gratifyingly, the potassium cation
is coordinated to eight oxygen atoms of two crown ether ligands
and does not have any additional interatomic interactions. No
disorder was observed in this structure due to the lower
symmetry of the iodinated carborane cluster. The high quality
of the diffraction data along with the presence of the iodine
substituent opposite to one of the carbon atoms of the cage
allowed us to unambiguously assign carbon and boron atoms of
the free cluster anion. Furthermore, the hydrogen atom of the
remaining C-H bond was clearly located in difference Fourier
maps, while there was no electron density observed in the
vicinity of the deprotonated carbon atom. The intracluster C1-
C2 bond length in the free discrete [C,BioH;0l]” anion is
1.677(6) A, which is similar to that for its metalated form K
[C,B1oH;0I] (Fig. 2). Notably, the presence of the carbanion
alters interatomic distances within the cluster, with the carbon-
boron bonds for the deprotonated carbon atom being

@1
Fig. 3 Displacement ellipsoid plot (50% probability) of [K(12-crown-
4),][C2B1oH10l] (4). Note the lack of C---K contact and the complete ion
separation. Only a half of the asymmetric unit is shown. Hydrogen
atoms on the boron atoms of the cluster and carbon atoms of the
crown ether ligand have been omitted for clarity. Selected interatomic
distances (A): K1---C1 = 6.019(3), C1-C2 = 1.677(6), C1-B1 = 1.717(7),
C2-B1 = 1.671(8). The analogous distances for another ion pair in the
asymmetric unit are K2---C11 = 5.962(5), C11-C12 = 1.674(6), C11-B11
=1.709(7), C12-B11 = 1.678(7).
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significantly longer than those for the protonated one. For
example, boron atom B1 which is connected to both C1 and
C2(H1) exhibits a longer bond length (B1-C1 = 1.717(7) A) than
that for the bond to the protonated C2 atom (B1-C2 = 1.671(8)
A).

The structure of [K(12-crown-4),][C,B;oH;oI] is the first
example of an unambiguously spectroscopically and structur-
ally characterized free, discrete deprotonated carborane anion
with the “naked” carbanion center. Prior to this work, the free
carboranyl anion [C,B;oH;;]” was regarded as elusive and
“unlikely to be isolated”.*” Deprotonated carboranyls have been
inferred to exist when paired with organic cations, however, in
some cases these compounds were found to instead contain
[C4ByoH,3] ", which is the product of the nucleophilic attack of
the mono deprotonated carborane cluster on its neutral parent
cage.”** The boron-perhalogenated H,C,Bq0lio, which
possesses significantly acidic C-H bonds (reported pK, is
between 2.9 and 4.7), was deprotonated and paired with the
[N(PPh;),]" cation; however, the putative PPN salt has been
characterized only by mass-spectrometry.* In this work, we
demonstrated that “naked” deprotonated carboranyl anions
can be isolated with the use of crown ethers. Given the high
degree of electron delocalization in carboranes, the discrete
organomimetic anions reported herein are also related to the
still elusive aromatic free carbanions. Attempts of their
synthesis and isolation have been reported, including unsuc-
cessful utilization of crown ethers with lithiated aryls.**

The density functional theory calculations of the electronic
structure of 4 utilizing ADF*® with the hybrid PBEO functional
and the ATZP basis set® confirmed the strongly nucleophilic
character of the isolated discrete carbanion. The HOMO of the
[C2B10H;0I] ™ anion is largely located at the deprotonated carbon
atom with some delocalization throughout the cluster (Fig. 4).
The next lower energy occupied orbital HOMO-1 is localized at
the iodine substituent. The Natural Bonding Orbital (NBO)
analysis®* of the localized lone pair orbital on C1 shows that is
composed from s (33%) and p (67%) atomic orbitals (the
composition of this carbon-based hybrid orbital is sp). The
Natural Localized Molecular Orbital (NLMO) analysis demon-
strated that the lone pair orbital on the deprotonated carbon
atom is by 92% composed of the corresponding parent lone pair
NBO on C1 (Fig. 4).

Next, we moved our attention to the study of 1,1’-bis(o-car-
borane) (C,B;0H11),, which is an analog of biphenyl, being

C1

HOMO C1 NLMO

Fig.4 Plots of the HOMO and the C1 carbon atom lone pair NLMO for
the [C,B1oH10ll™ anion at the isosurface value of 0.035.
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composed of two carborane clusters bound together through
a single C-C bond, thus leaving two C-H bonds amenable to
deprotonation.**** Analogously to carboranes, metalation of
biscarboranes is the main route for their carbon vertex func-
tionalization.***” We found that the addition of two equivalents
of KHMDS to the solution of biscarborane leads to its complete
deprotonation as evidenced by the appearance of two new
signals in the ">C NMR spectrum in THF at 83.2 ppm, corre-
sponding to the intercluster C-C bond, and 115.5 ppm, corre-
sponding to the metalated carbon atoms (¢f. 65.2 ppm for C(H)
and 73.5 ppm for C(C) carbon atoms for the parent neutral
biscarborane) (Scheme 3). The addition of four equivalents of
12-crown-4 to this solution led to a slight shift of the signal from
the C(C) carbon atom to 83.3 ppm and a larger shift for the
signal from the deprotonated anionic carbon to 117.0 ppm.
Notably, both resonances were sharp at room temperature,
indicating the absence of proton exchange equilibria in this
system as the doubly deprotonated form lacks reasonably acidic
hydrogen atoms.

Crystallization from a THF/toluene solvent mixture of the
deprotonated biscarborane with and without added crown ether
resulted in the formation of single crystals suitable for X-ray
diffraction study. With no crown ether present, the structure
of [K(THF),]»(C,B19H10)2 (5) was determined (see ESIt page S-29
for the figure and details). Potassium cations in 5 are coordi-
nated to the carbon atoms of biscarborane. One of the cations is
strongly bound to both deprotonated carbons of two cages with
the bond distances of K2-C1 2.997(1) A and K2-C4 2.843(1) A.
Another potassium cation is only weakly bound to one of the
cluster carbons with the K1-C1 bond length of 3.175(1) A. The
metalated carbon atoms of the two clusters are in a cis-orien-
tation relative to each other.

In the case of crown ether addition, orange single crystals of
[K(12-crown-4),],(C,B10H10), - 4(THF) (6) were obtained (Fig. 5).
As we envisaged, potassium ions are entirely enclosed by pairs
of crown ether ligands with no metal-carbon bonds (the
shortest C1---K1 distance is 6.283(1) A; the shortest distance
between the cation and the cluster is at 4.664(2) A between the
potassium and one of the boron atoms). The 1,1'-bis(o-carbor-
anyl) dianion, featuring two “naked” carbanionic centers in

2 C~K(THF),

12-crown-4
Ee—

6
13C NMR: 5=1155ppm  &=117.0 ppm
d =65.2 ppm 9 =83.2 ppm 0 =283.3 ppm
d=73.5 ppm

Scheme 3 Double deprotonation of 1,1'-bis(o-carborane) (C5B1oH14)»
with potassium hexamethyldisilazide (KHMDS) and subsequent
sequestration of potassium cations by the crown ether. Chemical shifts
of the signals in the 13C NMR spectra from carbon atoms of the parent
and deprotonated clusters are listed. Unlabeled cluster vertices
represent BH units.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Displacement ellipsoid plot (50% probability) of [K(12-crown-
4),]2(CB1oH10)2-4(THF) (6). Note the lack of C---K contact and the
complete ion separation. Only a half of the asymmetric unit is shown.
Hydrogen atoms on boron atoms of the cluster and carbon atoms of
the crown ether ligand have been omitted for clarity. Crystallization
solvent molecules (THF) are not shown. Selected interatomic
distances (A): K1---C1 = 6.283(1), C1-C2 = 1.712(1), C1-B1 = 1.724(2),
C2-B1 = 1.698(2), C2-C2A = 1.532(2) A.

a trans-orientation relative to each other, exhibits the elongated
intracluster C1-C2 distance of 1.712(1) A and the intercluster
C2-C2A bond length of 1.532(2) A. The distance between boron
atom B1 of the cluster and the deprotonated anionic carbon
atom B1-C1 is 1.724(2) A, while its bond length to the carbon
atom connecting to the second cage B1-C2 is significantly
shorter at 1.698(2) A. The completely dissociated ion pair [K(12-
crown-4),],(C,B19H10), is the first example of a molecular
doubly deprotonated free carbanion with a dinegative charge.
DFT calculations indicate that HOMO and HOMO-1 of the free
biscarboranyl dianion are localized on the deprotonated carbon
atoms (see Fig. S-23 in ESIt for details).

The formation of a “naked” carbanion within the completely
separated ion pair in the presence of crown ether ligands is
expected to lead to an increase in its nucleophilic character.
Addition of ortho-carborane to the solution of [K(12-crown-4),]
[C,B19H14] led to the immediate formation of a single product,
the previously characterized [C4B,0H,3;]” anion, at room
temperature according to ''B and *C NMR spectroscopy
(Scheme 4). This product is formed upon nucleophilic attack of
the discrete [C,B;0H;]” anion on neutral C,B,oHy,. Its forma-
tion has also been previously reported in the reactions of ortho-
carborane with sterically hindered N-heterocyclic carbenes.”
The gradual formation of [C4B,0H,3]  has also been observed in
solutions of the lithiated carborane Li[C,B;oH;;] in THF upon
prolonged standing (days) at room temperature or at reflux
overnight in the presence of alkali metal halides.*® The facile

Scheme 4 Reaction of the strongly nucleophilic deprotonated free
carboranyl anion with the parent protonated carborane cluster and the
formation of the two-cage anion [C4B,oH»z]". Unlabeled cluster
vertices represent BH units.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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formation of this product from the reaction of [C,B;oH;4]” and
C,B;0H;, at room temperature demonstrates the dramatic
enhancement of nucleophilicity of the carboranyl anion upon
complete separation of the potassium cation from the anionic
carbon. Notably, this rapid formation of the dimeric
[C4ByoH,3]” cluster was not observed in the THF solution of
[K(12-crown-4),][C,B10H1;] upon standing, as it apparently
requires the presence of the neutral C,B;oH;, cluster, or, in
other words, nucleophilic bimolecular decomposition of
discrete [C,B;oH;4]  anions is presumably precluded by their
negative charges.

Conclusions

The utilization of crown ether ligands facilitated the isolation
and structural characterization of “naked” carborane cluster
carbanions. This strategy also resulted in the synthesis of the
first dianionic deprotonated biscarborane cluster, containing
two carbanionic centers. The obtained completely separated ion
pairs feature non-planar carbanions stabilized by the three-
dimensional boron cluster framework. These electron-rich
inorganic nucleophiles have been regarded as elusive species
prior to this work, and they are related to yet unknown discrete
aromatic phenyl anions. The synthesis of reactive free anionic
carboranyl fragments provides an insight into the structure of
intermediates in carbon vertex derivatization and opens a way
for broadening the scope of functionalized molecular boron
clusters.

Data availability

CCDC 2078641-2078646 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, U.K.; fax: +44 1223 336033.

Author contributions

H.D. A. C.]J. and M. M. R. designed experiments and carried out
spectroscopic and synthetic work; P. J. P. and H. D. A. C. ]J.
designed and carried out NMR spectroscopy experiments; M. D.
S. carried out crystal structure determination and analysis; D. V.
P. conceived the project, provided guidance, and carried out
theoretical calculations. All authors contributed to the writing
and editing of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This material is based in part upon work supported by the
National Science Foundation under Award CHE-1654301. We
are grateful to the Advanced Support for Innovative Research

Chem. Sci., 2021, 12, 10441-10447 | 10445


mailto:data_request@ccdc.cam.ac.uk
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc02252k

Open Access Article. Published on 30 2021. Downloaded on 19.07.2025 19:22:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Excellence program of the Office of the Vice President for
Research at the University of South Carolina.

Notes and references

1 H. J. Reich, Chem. Rev., 2013, 113, 7130-7178.

2 U. Wietelmann and J. Klett, Z. Anorg. Allg. Chem., 2018, 644,
194-204.

3 D. Seyferth, Organometallics, 2006, 25, 2-24.

4 D. Seyferth, Organometallics, 2009, 28, 2-33.

5 M. Schlosser, Angew. Chem., Int. Ed. Engl., 1964, 3, 287-306.

6 H.J. Reich, J. Org. Chem., 2012, 77, 5471-5491.

7 M. M. Olmstead and P. P. Power, J. Am. Chem. Soc., 1985, 107,
2174-2175.

8 P. P. Power, Acc. Chem. Res., 1988, 21, 147-153.

9 A. Torvisco and K. Ruhlandt-Senge, Inorg. Chem., 2011, 50,
12223-12240.

10 M. S. Hill and P. B. Hitchcock, Organometallics, 2002, 21,
220-225.

11 A. I. Almansour, C. Eaborn, S. A. Hawkes, P. B. Hitchcock
and J. D. Smith, Organometallics, 1997, 16, 6035-6037.

12 F. Breher, J. Grunenberg, S. C. Lawrence, P. Mountford and
H. Riegger, Angew. Chem., Int. Ed., 2004, 43, 2521-2524.

13 ]J. C. Peters, A. L. Odom and C. C. Cummins, Chem. Commun.,
1997, 1995-1996.

14 L.-A. Bischoff, C. Miiller, V. Huch, M. Zimmer and A. Schifer,
Eur. J. Inorg. Chem., 2019, 2019, 1941-1944.

15 K. E. Krahulic, H. M. Tuononen, M. Parvez and R. Roesler, /.
Am. Chem. Soc., 2009, 131, 5858-5865.

16 R. N. Grimes, Carboranes, Academic Press, Amsterdam,
Boston, 3rd edn, 2016.

17 J. Poater, M. Sola, C. Vifias and F. Teixidor, Angew. Chem., Int.
Ed., 2014, 126, 12387-12391.

18 J. Poater, M. Sola, C. Vinas and F. Teixidor, Chem.-Eur. J.,
2016, 22, 7437-7443.

19 J. Poater, C. Vinas, I. Bennour, S. Escayola, M. Sola and
F. Teixidor, J. Am. Chem. Soc., 2020, 142, 9396-9407.

20 R. Frank, V. Ahrens, S. Boehnke, S. Hofmann, M. Kellert,
S. Saretz, S. Pandey, M. Sarosi, A. Bartok, A. G. Beck-
Sickinger and E. Hey-Hawkins, Pure Appl. Chem., 2015, 87,
163-171.

21 Z.]. Lesnikowski, J. Med. Chem., 2016, 59, 7738-7758.

22 A. M. Spokoyny, Pure Appl. Chem., 2013, 85, 903-919.

23 M. Gozzi, B. Schwarze and E. Hey-Hawkins, ChemMedChem,
2021, 16, 1533-1565.

24 A. B. Buades, V. Sanchez Arderiu, D. Olid-Britos, C. Vinas,
R. Sillanpda, M. Haukka, X. Fontrodona, M. Paradinas,
C. Ocal and F. Teixidor, J. Am. Chem. Soc., 2018, 140, 2957—
2970.

25 S. P. Fisher, A. W. Tomich, J. Guo and V. Lavallo, Chem.
Commun., 2019, 55, 1684-1701.

26 I. Guerrero, Z. Kelemen, C. Vinas, I. Romero and F. Teixidor,
Chem.—Eur. J., 2020, 26, 5027-5036.

27 S. P. Fisher, A. W. Tomich, S. O. Lovera, J. F. Kleinsasser,
J. Guo, M. J. Asay, H. M. Nelson and V. Lavallo, Chem. Rev.,
2019, 119, 8262-8290.

10446 | Chem. Sci, 2021, 12, 10441-10447

View Article Online

Edge Article

28 B. J. Eleazer and D. V. Peryshkov, Comments Inorg. Chem.,
2018, 38, 79-109.

29 D. Jung, L. M. A. Saleh, Z. J. Berkson, M. F. El-Kady,
J. Y. Hwang, N. Mohamed, A. I. Wixtrom, E. Titarenko,
Y. Shao, K. McCarthy, J. Guo, I. B. Martini, S. Kraemer,
E. C. Wegener, P. Saint-Cricq, B. Ruehle, R. R. Langeslay,
M. Delferro, J. L. Brosmer, C. H. Hendon, M. Gallagher-
Jones, J. Rodriguez, K. W. Chapman, J. T. Miller, X. Duan,
R. B. Kaner, J. I. Zink, B. F. Chmelka and A. M. Spokoyny,
Nat. Mater., 2018, 17, 341-348.

30 J. C. Axtell, K. O. Kirlikovali, P. I. Djurovich, D. Jung,
V. T. Nguyen, B. Munekiyo, A. T. Royappa, A. L. Rheingold
and A. M. Spokoyny, J. Am. Chem. Soc., 2016, 138, 15758-
15765.

31 A. R. Popescu, F. Teixidor and C. Vinas, Coord. Chem. Rev.,
2014, 269, 54-84.

32 M. Scholz and E. Hey-Hawkins, Chem. Rev., 2011, 111, 7035-
7062.

33 P. Farras, E. ]J. Juarez-Pérez, M. Lepsik, R. Luque, R. Nuiiez
and F. Teixidor, Chem. Soc. Rev., 2012, 41, 3445-3463.

34 K. P. Anderson, H. A. Mills, C. Mao, K. O. Kirlikovali,
J. C. Axtell, A. L. Rheingold and A. M. Spokoyny,
Tetrahedron, 2019, 75, 187-191.

35 C. Tang and Z. Xie, Angew. Chem., Int. Ed., 2015, 54, 7662—
7665.

36 J. Cabrera-Gonzalez, C. Vifias, M. Haukka, S. Bhattacharyya,
J. Gierschner and R. Nunez, Chem.-Eur. J., 2016, 22, 13588-
13598.

37 J.-Y. Lu, H. Wan, ]J. Zhang, Z. Wang, Y. Li, Y. Du, C. Li,
Z.-T. Liu, Z.-W. Liu and J. Lu, Chem.-Eur. J., 2016, 22,
17542-17546.

38 A.-R. Popescu, A. D. Musteti, A. Ferrer-Ugalde, C. Vifas,
R. Nufez and F. Teixidor, Chem.—Eur. J., 2012, 18, 3174-3184.

39 M. J. Islam, M. D. Smith and D. V. Peryshkov, J. Organomet.
Chem., 2018, 867, 208-213.

40 R. Dontha, T. Zhu, Y. Shen, M. Woérle, X. Hong and
S. Duttwyler, Angew. Chem., Int. Ed., 2019, 58, 19007-19013.

41 H. J. Reich, D. P. Green, M. A. Medina, W. S. Goldenberg,
B. 0. Gudmundsson, R. R. Dykstra and N. H. Phillips, J.
Am. Chem. Soc., 1998, 120, 7201-7210.

42 S. E. Johnson and C. B. Knobler, Organometallics, 1992, 11,
3684-3690.

43 H. Li, A. J. A. Aquino, D. B. Cordes, W. L. Hase and
C. Krempner, Chem. Sci., 2017, 8, 1316-1328.

44 W. Clegg, B. Conway, A. R. Kennedy, J. Klett, R. E. Mulvey
and L. Russo, Eur. J. Inorg. Chem., 2011, 2011, 721-726.

45 J. S. Andrews, J. Zayas and M. Jones, Inorg. Chem., 1985, 24,
3715-3716.

46 A. V. Puga, F. Teixidor, R. Sillanpii, R. Kivekis and C. Vifias,
Chem.-Eur. J., 2009, 15, 9764-9772.

47 C. E. Willans, C. A. Kilner and M. A. Fox, Chem.-Eur. J., 2010,
16, 10644-10648.

48 N. Matsumi, M. Miyamoto and K. Aoi, J. Organomet. Chem.,
2009, 694, 1612-1616.

49 F. Teixidor, G. Barbera, C. Vinas, R. Sillanp44 and R. Kivekés,
Inorg. Chem., 2006, 45, 3496-3498.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc02252k

Open Access Article. Published on 30 2021. Downloaded on 19.07.2025 19:22:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

50 G. te Velde, F. M. Bickelhaupt, E. J. Baerends, C. Fonseca
Guerra, S. J. A. van Gisbergen, J. G. Snijders and T. Ziegler,
J. Comput. Chem., 2001, 22, 931-967.

51 E. Van Lenthe and E. J. Baerends, J. Comput. Chem., 2003, 24,
1142-1156.

52 E. D. Glendening, J. K. Badenhoop, A. E. Reed,
J. E. Carpenter, J. A. Bohmann, C. M. Morales, C. R. Landis
and F. Weinhold, NBO 6.0, Theoretical Chemistry Institute,
University of Wisconsin, Madison, Wisconsin, USA, http://
nbo6.chem.wisc.edu.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

53 J. A. Dupont and M. F. Hawthorne, J. Am. Chem. Soc., 1964,
86, 1643.

54 S. Ren and Z. Xie, Organometallics, 2008, 27, 5167-5168.

55 S. L. Powley, L. Schaefer, W. Y. Man, D. Ellis, G. M. Rosair
and A. J. Welch, Dalton Trans., 2016, 45, 3635-3647.

56 Y. O. Wong, M. D. Smith and D. V. Peryshkov, Chem.-Eur. J.,
2016, 22, 6764-6767.

57 J. C. Axtell, K. O. Kirlikovali, R. M. Dziedzic, M. Gembicky,
A. L. Rheingold and A. M. Spokoyny, Eur. J. Inorg. Chem.,
2017, 2017, 4411-4416.

Chem. Sci, 2021, 12, 1044110447 | 10447


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc02252k

	Free three-dimensional carborane carbanionsElectronic supplementary information (ESI) available: Experimental details and spectroscopic...
	Free three-dimensional carborane carbanionsElectronic supplementary information (ESI) available: Experimental details and spectroscopic...
	Free three-dimensional carborane carbanionsElectronic supplementary information (ESI) available: Experimental details and spectroscopic...
	Free three-dimensional carborane carbanionsElectronic supplementary information (ESI) available: Experimental details and spectroscopic...
	Free three-dimensional carborane carbanionsElectronic supplementary information (ESI) available: Experimental details and spectroscopic...
	Free three-dimensional carborane carbanionsElectronic supplementary information (ESI) available: Experimental details and spectroscopic...
	Free three-dimensional carborane carbanionsElectronic supplementary information (ESI) available: Experimental details and spectroscopic...
	Free three-dimensional carborane carbanionsElectronic supplementary information (ESI) available: Experimental details and spectroscopic...




