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ABSTRACT: Over the past several years, a number of strategies for the functionalization of dicarba-closo-dodecaboranes (car-
boranes) have emerged. Despite these developments, B — N bond formation on the carborane scaffold remains a challenge due to the
propensity of strong nucleophiles to partially deboronate the parent closo-carborane cluster into the corresponding nido form. Here
we show that azide, sulfonamide, cyanate, and phosphoramidate nucleophiles can be straightforwardly cross-coupled onto the B(9)
vertices of the o- and m-carborane core from readily accessible precursors without significant deboronation by-products, laying the
groundwork for further study into the utility and properties of these new B-aminated carborane species. We further showcase select
reactivity of the installed functional groups highlighting some unique features stemming from the combination of the electron-donat-
ing B(9) position and the large steric profile of the B-connected carborane substituent.

INTRODUCTION

Icosahedral carboranes are a unique class of molecules charac-
terized by their multi-center, two-electron delocalized bonding,
which ultimately gives rise to kinetic stability and reactivity not
observed for more typically encountered tri-coordinate bo-
ranes.' In particular, these 12-vertex boron clusters — which ex-
ist as ortho-, meta-, or para- isomers, depending on the relative
carbon vertex arrangement — have been applied in a variety of
research areas ranging from ligand design to the development
of luminescent materials and pharmacophores.” Generally,
these molecular building blocks have been leveraged for their
steric bulk (nearly isosteric with adamantane and ~ 40% larger
by volume than benzene)?® as well as for their vertex-dependent
electronic influence.’®* The continued advancement of these
molecules is predicated on the ability to forge B—R and C-R
bonds for further elaboration.® Since the C — H vertices of car-
boranes are known to be relatively acidic and are easily depro-
tonated, the chemistry at these vertices was first explored and
has been extensively developed.® In contrast, only until recently
have a breadth of methods emerged for selective B-H vertex
functionalization, many of which are transition metal-cata-
lyzed.

Our group has been interested in the development of metal-cat-
alyzed cross-coupling methodology for polyhedral boron clus-
ters. Though a number of methods now exist for the (metal-cat-
alyzed) construction of C — N bonds from aryl halides (Figure
1A), a persistent challenge in the context of carborane function-
alization is the introduction of nitrogen-based substituents onto
the boron cluster cage, given the known propensity of, in par-
ticular, o-carborane to deboronate in the presence of strongly
nucleophilic reactants (Figure 1B);® the resulting deboronated
cage is known to bind the Pd center, effectively shutting down
cross-coupling catalysis.” Furthermore, the propensity for de-
boronation with substituted o-carboranes can be so high that
some of these species undergo deboronation even under highly
acidic conditions.'
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Figure 1. Standard conditions for C — N bond formation under
transition metal (TM)-catalyzed amination conditions (A) are
often incompatible with carboranes due to deboronation (B) un-
der strongly basic conditions. This problem can be circum-
vented with masked N-nucleophile coupling partners (C).

Consequently, translating nucleophiles used in the amination of
organic molecules has lagged behind for carborane-based elec-
trophiles under transition metal catalysis. Some early cross-
coupling strategies for B — N bond formation were inde-
pendently developed by Hawthorne and Beletskaya using B-io-
docarboranes and were primarily focused on the use of para-
and meta-based substrates due to their improved stability to-
wards deboronation.!! While Hawthorne reported a successful
synthesis of several 9-amido-o-carborane substrates via this
route, the authors were unable to successfully convert it to the
corresponding amine via hydrolysis under acidic or basic con-
ditions. Besides cross-coupling strategies, several other notable
methods using activated B-centered electrophiles have also
been developed. These methods, however, employ relatively
unstable precursors and multistep processes are required for
their synthesis.'? In 2016, our group discovered B-bromocar-
boranes — previously assumed to be unreactive cross-coupling
substrates — can act as competent electrophiles in Pd-catalyzed
cross-coupling chemistry, leading to successful substitutions at
various B-based vertices from the corresponding brominated
carboranes."? Capitalizing on this discovery, we recently syn-



thesized 9-azido-ortho-carborane from the corresponding bro-
minated precursor;'* notably, while this chemistry aligns with
the apparent generality of other cross-coupling reactions in-
volving B-bromocarborane electrophiles,’ to our knowledge an
analogous Pd-catalyzed cross-coupling strategy to synthesize
aryl azides from aryl (pseudo)halide electrophiles has not been
disclosed. Importantly, this product could ultimately be reduced
to the free amine under acidic conditions, constituting the first
synthesis of primary amine derivative at B(9) of o-carborane.
Here, we showcase an expanded reactivity scope for B—N bond
formation via cross-coupling chemistry of both o- and m-car-
borane B-brominated electrophiles with cyanate, sulfonamide,
and phosphoramidate nucleophiles (Figure 1C), with a particu-
lar eye on subsequent reactivity of these coupled B-functional-
ized products. This contribution expands known metal-cata-
lyzed cross-coupling chemistry by introducing new functional
groups available for attachment directly to boron vertices in car-
boranes.

RESULTS AND DISCUSSION

We initiated our studies with the coupling of NaN; with 9-Br-
m-CsBioHi; (1) under a variety of conditions using Pd-based
precatalysts containing biaryl phosphine ligands.”*'> While re-
actions conducted in either 1,4-dioxane or toluene resulted in
only partial conversion (see SI), we found that the use of 1,2-
dimethoxyethane as solvent furnished the desired product with
complete conversion to the desired 9-N3-m-C;BoH i product
(1a) without deboronation, as judged by gas chromatography-
mass spectrometry (GC-MS) and ''B NMR spectroscopy. Em-
ploying the optimized conditions, 1a was isolated in 81% yield
following silica gel chromatography. Infrared (IR) spectro-
scopic analysis revealed a diagnostic resonance at 2124 cm’,
corresponding to the asymmetric stretching frequency of the N3
group (see SI). It should be noted that that Grushin previously
synthesized 1a but through the intermediacy of sensitive B-car-
boranyliodinium precursors.'® Furthermore, we successfully
characterized 1a through single crystal X-ray diffraction on
crystals grown from a concentrated pentane solution (Figure 2);
we also synthesized the o-carborane analogue of 1a (2a) and
crystallographically characterized this product (see SI). Com-
pounds 1a and 2a show comparable bond lengths and angles,
the full summary of which may be found in the Supporting In-
formation. Notably, compared with reported crystal structure of
carboranyl azide with the azide group on the carbon vertex of
o-carborane,!” the B-N bond of 2a (B — N1 = 1.503(4) A) is
longer than the C — N bond (C — N1=1.4282(13) A) and the N1
— N2 bond length of 2a (1.215(3) A) is shorter than the corre-
sponding N — N bond length in the C-bound derivative (1.2594
(13) A); the N2 — N3 bond lengths of these linkage isomers are
almost identical (for 2a, N2 — N3 =1.138(3) A; for the C-bound
derivative, 1.1219(14) A). The asymmetric stretching fre-
quency of the azide group in 1a (2124 cm™) compares well with
that reported for 2a (2121 cm™).!* Xie and co-workers previ-
ously reported a stretching frequency of 2149 cm™ for the syn-
thesized 3-N3-o-carborane.'” This appreciable difference in az-
ide stretches based on vertex-attachment stands in contrast to
analogous aryl systems in which it has been noted that the elec-
tronic landscape of the aryl ring has little measurable effect on
the azide IR stretching and bending frequencies.'® This obser-
vation is furthermore consistent with previous work indicating
that carborane-based substituents can exert a dramatically dif-
ferent inductive effect depending on their vertex positional at-
tachment & 23
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Figure 2. Using standard carborane coupling conditions, azide
undergoes Pd-catalyzed cross-coupling with B-bromocar-
boranes on 5 mmol scale without deboronation. Both o- and m-
carborane derivatives have been crystallographically character-
ized (see SI for details).

The wealth of chemistry known with the azide functional group
appended onto carbon-based skeletons of organic molecules'
prompted a brief exploration of its reactivity as a carborane sub-
stituent. For corresponding carborane-based azides, a scattering
of reports detail their reactivity, which appears largely to be B-
vertex-dependent, consistent with the electronic non-uniformity
of the carborane cage and the resulting electronic influence on
bound substituents.*®* For example, while both Sousa-Ped-
rares” and Kennedy®' have reported attempted Staudinger re-
ductions of carboranyl azides (B(3)- and C(1)-bound, respec-
tively, the former is found to proceed in THF under slightly less
forcing conditions whereas the latter can be trapped at the phos-
phazide stage, and ultimate formation of the corresponding
iminophosphorane requires more forcing conditions. In addi-
tion, Xie reported the reaction of 3-N3-0-C,BoH;; with dieth-
ylacetylene dicarboxylate and the subsequent formation of a
substituted triazole.”? Here, we find that 1a and 2a both react
with diethylacetylene dicarboxylate under reflux conditions to
form the substituted triazole products (3 and 4, respectively,
Figure 3A,B). In addition, 2a also reacts with trimethylsilyla-
cetylene under similar conditions to afford the expected triazole
product 5 in > 20:1 regioisomeric excess (Figure 3B). The ex-
ceptional stability of 1a and 2a which has enabled the cycload-
dition reactions under heating conditions is consistent with
Grushin’s observation,' and in stark contrast with report on the
rapid decomposition of 1-azido-o-carborane even at low tem-
peratures reported by Jones.”® Relatively harsh conditions re-
quired for these transformations to proceed are consistent with
the early observations by Jones and co-workers who made a
note on the exceptional stability of 2a in the context of 1,3-di-
polar reactions with olefins.??
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Figure 3. Thermal azide-alkyne cycloadditions of functional-
ized alkynes Wlth 9-N3-m-C2B10H11 (A) and 9-N3-O-C2B10H11
(B). (C) "B{'H} NMR spectra of substrate 1a and cycloaddi-
tion product 3a.



Beyond azide, we wondered whether other nucleophiles such as
sulfonamide, cyanate, and phosphoramidate, all of which bear
nitrogen atoms as part of one or more resonance forms, were
also amenable to the discovered cross-coupling method. Using
analogous conditions developed for azide coupling, we find that
both sulfonamide- and phosphoramidate-based nucleophiles
can be successfully attached to 1 and 2. In all cases, full conver-
sion is reached when conducting the reaction in DME at 80°C
with 1.2 equivalents of the corresponding nucleophile; the re-
sulting m- and o-carborane products 1b/2b and 1¢/2¢ were iso-
lated in good yield (Figure 4). In addition, 1b and 1¢ were crys-
tallographically characterized and display the expected connec-
tivity (see SI). For 1b, the B — N bond is slightly longer than a
carborane structure with B(4) vertex substituted by phenyl sul-
fonamide (B — N = 1.482(5) A compared to B—N =1.476(3) A
in the literature report).** For 1¢, the B—N bond (B —N=1.4779
(19) A) is slightly shorter than 1b.
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Figure 4. Phosporamidate and sulfonamide nucleophiles un-
dergo a successful Pd-catalyzed cross-coupling with B-bromo-
carboranes under the standard conditions. *2b was inseparable
from free sulfonamide and could not be isolated in pure form.

For full crystallographic details, see SI.

Given the isoelectronic relationship of cyanate with azide, and
the potential for elaboration of cyanate substituents with incip-
ient nucleophiles, we sought to develop conditions for synthe-
sizing cyanate-containing carboranes. Though uncommon, cy-
anate cross-coupling with aryl electrophiles has been previously
disclosed by Buchwald and co-workers;?> and while strategies
for incorporating the isocyanate group onto (car)borane clusters
have been reported,?® all involve multi-step protocols rather
than direct isocyanate installation. Our direct cross-coupling
method, however, ultimately proved successful. While the con-
ditions reported by Buchwald were unsuccessful for our boron
cluster substrates, we find that conditions similar to those em-
ployed above resulted in efficient cyanate coupling. Heating 1
or 2 with an excess of sodium cyanate in DME at 110°C for 24
hours under Pd catalysis resulted in conversion to the desired
NCO-substituted carboranes 1d and 2d, respectively (Figure 5).
Subsequent optimization revealed that an excess of cyanate is
necessary in order to drive the reaction to completeness. Addi-
tives employed to reduce the loading of NaNCO in DME by
increasing solubility, such as NEt; or NBuyBr, were detrimental
to the reaction outcome. The B — N connectivity of the isocya-
nate-containing products was confirmed crystallographically
(see SI for full crystallographic details). In 2d, the B — N bond
length is 1.459(5) A and does not deviate significantly from that
in 1b and 1c. The N1 — C3 bond is shorter than a sterically hin-
dered aryl isocyanate® (2,6-Dipp-CsHs-NCO; Dipp = 2,6-iPr-
C¢H,) reported by Figueroa, but the C3 — O1 bond lengths are
almost identical (C3 —N1=1.157(5)A,C3-01=1.187(4) A;
for literature report, C —N=1.191 (2) A,C-0=1.183 (2) A).
However, it should be highlighted that the C — N bond of the
terphenyl derivative was found to be 1.409(2) A whereas the

corresponding B — N distance is 1.459(6) A; furthermore, de-
spite the possibility of lone pair overlap with the aromatic sys-
tem in the case of Figueroa’s compound, the C — N — C angle
strongly deviates from linearity (140.53°) whereas the analo-
gous B—N—C angle in 1d is 155.78°, suggesting potential par-
ticipation of nitrogen-based electron density in the molecular
bonding framework. This formulation is borne out in the asym-
metric Vnco stretches: while common asymmetric aryl isocya-
nate frequencies resonate in the ~ 2265 — 2275 cm™! range,” 1d
and 2d show corresponding frequencies of ~2297 ¢cm™ and
~2314 cm’', respectively, and are consistent with a previous re-
port.?®®  Similar observations were made for 3-NCO-o-
carborane”®® which has a reported vxco in the range of 2310 —
2325 cm’!, consistent with more electron-poor nature of the
B(3) vertex of o-carborane, and with the trend observed for ver-
tex-differentiated carboranylazides (vide supra). Surprisingly,
1-NCO-o-carborane has a reported vxco of 2258 cm! 2%: based
on inductive effects, it would be expected that the stretching
frequency would be even higher than that of the B(3) derivative.
However, Teixidor has previously suggested®® that C-bound
substituents with available lone pairs can donate electron den-
sity back into the cage with concomitant C — C bond lengthen-
ing, which may in part explain the deviation in this trend. Un-
fortunately, at this point we are unable to compare this observa-
tion with the analogous azide system. Nevertheless, cage elec-
tronics clearly have an effect on the vnco, as analogous carbor-
anylisocyanates of the type 1-(OCN(CH,).)C:BioHii display
corresponding vnco 0f 2272 em™ (n=2) and 2284 cm™! (n = 3)*!
and are more typical for alkyl/aryl isocyanates.?’
NaOCN (2 equiv) H

Pd,dba;/tBuBrettPhos |
X 2 3
Et;N (25 mol%) @ Nsc. | PhNH, N\n,NHPh
O |l——>
PhMe, 120 °C 60 °C o

unstable

8

K_\T A\T NaOCN (4 equiv) K_\T
I VAWA W | I/ N/
Standard condaition
\q/ \i/ =BH \?/ stable \?/
Br Br

®=CH
1 2 9=8B(9) Cso

1d,84%  2d,53%
Figure 5. Sodium cyanate serves as a competent nucleophile
for Pd-catalyzed cross-coupling with B-bromocarboranes 1 and
2. In contrast to more reactive aryl analogues (top), the car-
borane products display stability under ambient conditions.
Product 2d has been crystallographically characterized (see SI
for details).

We find that 1d and 2d can be isolated by column chromatog-
raphy, which is remarkable given the characteristically high re-
activity of the isocyanate group. In fact, these products appear
stable to conditions under which isocyanates are typically reac-
tive: while the aryl analogues can be treated directly with alco-
hols or amines to furnish the corresponding carbamates and
ureas, we find that treating either 1d or 2d with an excess of
MeOH or aniline at room temperature results in no reaction.
This reactivity observed is consistent with that reported by Ka-
linin and coworkers (note that, 1d and 2d were obtained via a 5
step synthesis starting from o- and m-carborane precursors),”%*
who suggested that significant heating is required in order to
form the corresponding carbamate species. Isocyanates 1d and
2d also exhibit an apparent increased stability towards nucleo-
philes over B(3) and C-based congeners, although further side-
by-side reactivity assessment is necessary to estimate the mag-
nitude of these differences.?***¢ It should be noted that some

X =Cl, OTf

w*y%,.,

2d (X-ray)



bulky arylisocyanates have also been reported to be resistant to
nucleophilic attack,’? suggesting that the steric profile of the
carborane cage in the reactivity at the -NCO unit cannot be ig-
nored in these considerations. We are currently exploring the
consequences of this deviation in typical reactivity with respect
to generally more reactive aryl derivatives.

In summary, we have discovered that under Pd catalysis, both
o- and m-B-bromocarborane clusters can be successfully func-
tionalized with a new class of N-nucleophiles without any ap-
parent deboronation. The possibilities to subsequently function-
alize these substrates at nitrogen potentially provide promising
routes to further elaborated N-functionalized carborane-based
molecules and materials that would be difficult to access other-
wise.?
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