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ABSTRACT: Off-cycle processes in a catalytic reaction can dramatically influence the outcome of the chemical transformation
and affect its yield, selectivity, rate, and product distribution. While the generation of off-cycle intermediates can complicate
reaction coordinate analyses or hamper catalytic efficiency, the generation of such species may also open new routes to unique
chemical products. We recently reported the Pd-mediated functionalization of carboranes with a range of O-, N-, and C-based
nucleophiles. By utilizing a Pd-based catalytic system supported by a biarylphosphine ligand developed by Buchwald and co-
workers, we discovered an off-cycle isomerization process (“cage-walking”) that generates four regioisomeric products from a
single halogenated boron cluster isomer. Here we describe how several off-cycle processes affect the regioisomer yield and
distribution during Pd-catalyzed tandem cage-walking/cross-coupling. In particular, tuning the transmetalation step in the
catalytic cycle allowed us to incorporate the cage-walking process into Pd-catalyzed cross-coupling of sterically unencumbered
substrates, including cyanide. This work demonstrates the feasibility of using tandem cage-walking/cross-coupling as a unique
low-temperature method for producing regioisomers of monosubstituted carboranes.

KEYWORDS: off-cycle, catalysis, carboranes, cage-walking, deboronation

■ INTRODUCTION

Since the discovery of metal-catalyzed cross-coupling,
researchers have observed off-cycle processes in the manipu-
lation of hydrocarbon-based molecules (e.g., metal-mediated β-
hydride elimination and chain-walking).1−3 While off-cycle
processes may lead to catalytically inactive byproducts that
hamper the efficiency of catalytic cycles,4,5 understanding these
off-cycle processes is critical for improving the reaction
selectivity and suppressing detrimental reaction pathways.
Off-cycle processes in metal-catalyzed reactions can have utility
as alternate reaction pathways that enable new or nonintuitive
reactivity in synthesis.6−12

An appealing aspect of off-cycle processes is the isomer-
ization of a substrate molecule into regioisomers that cannot
be easily synthesized.13 Such isomerization reactions are
particularly useful when studying structure−activity relation-
ships among isomers because these reactions can help identify
lead compounds from a single reactant.14

We and others have recently been expanding the application
of Pd-based cross-coupling methodology to three-dimensional
(3D) icosahedral carborane substrates.15−27 These compounds
possess several unique spectroscopic features such as NMR-
active 11B and 10B nuclei, IR- and Raman-active B−H bond
stretching modes, and distinct 11B/10B isotopic patterns in
mass spectrometry, enabling detection of icosahedral boranes
by a variety of analytical methods.28−31 In particular, the three
isomers (ortho, meta, and para) of dicarba-closo-dodecabor-
anes (o/m/p-C2B10H12) are of interest because of their
commercial availability and their utility as 3D scaffolds in

molecular design. The o- and m-C2B10H12 isomers both have
pronounced dipole moments, four sets of chemically
inequivalent B−H vertices, and one set of chemically
equivalent C−H vertices. The variety of substituted
regioisomers available to carboranes allows them to act as
electronically distinct, isosteric functional groups (Figure 1).
The electronic diversity among carborane regioisomers has
enabled tuning of their hydrophobicity, pharmacological
properties, photoluminescence, and surface chemistry.32

Among the presently available boron vertex functionalization
methods, metal-catalyzed transformations enable the installa-
tion of the broadest class of chemical groups. These metal-
catalyzed methods can be loosely grouped into (1) directed
B−H activation and (2) cross-coupling at B−X bonds (X = Br,
I).33−35 While B−H activation methods often target the
electron-deficient B−H vertices (those closest to the carbon
vertices),36,37 cross-coupling at B−X bonds can occur at
electron-rich and electron-poor boron vertices.38 Thus, direct
and selective synthesis of halocarborane regioisomers is the
main challenge for synthesizing the corresponding regioiso-
meric carborane products via metal-catalyzed cross-coupling.
The two strategies are reminiscent of methods used for the
functionalization of aromatic and heteroaromatic hydrocarbon
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congeners and are complementary in their nature. However,
despite the prevalence of metal-catalyzed isomerization
chemistry for hydrocarbon molecules, the methodology for
accessing all four boron-substituted regioisomers for icosahe-
dral carboranes is still fundamentally underexplored.
In the case of m-carborane (mCB), facile electrophilic

halogenation occurs at the electron-rich B(9)−H vertex to
produce 9-Br-m-carborane (Br-B(9)). However, synthesis of
the other regioisomers (5-Br-m-carborane, Br-B(5); 4-Br-m-
carborane, Br-B(4); and 2-Br-m-carborane, Br-B(2)) is more
challenging. For example, deboronation and halogenation
followed by boron vertex reinsertion enable the synthesis of
some non-B(9)-vertex halogenated regioisomers.39,40 Alter-
natively, thermal isomerization of Br-B(9) occurs at temper-
atures >300 °C and produces a statistical distribution of 9/5/
4/2-bromo-m-carborane (Br-mCB) isomers.41−44 The thermal
isomerization process is one of the few methods to synthesize
Br-B(5) and Br-B(4). The difficulty associated with synthesiz-
ing these mCB regioisomers is perceived as a significant

obstacle to the study of carborane-based molecules and their
regioisomers.
We recently reported the discovery of an off-cycle Br-mCB

isomerization process (“cage-walking”) that bypasses the need
to synthesize the B(9/5/4/2) Br-mCB regioisomers for
subsequent cross-coupling to form B(9/5/4/2)-functionalized
mCB regioisomers.45 The cage-walking process isomerizes the
Br-B(9) substrate into all four Br-mCB regioisomers (Figure
2). This tandem cage-walking/cross-coupling process allows
Br-B(9) to serve as a precursor to B(9/5/4/2)-substituted
mCB. The selectivity for cross-coupling at the B(5), B(4), and
B(2) vertices appears to be driven by the increased
electrophilicity of the Pd(II) center when the carborane is
bound through the more electron-poor (B(2) > B(4) > B(5))
boron vertices.45 However, to date the utility of the tandem
cage-walking/cross-coupling process has been limited to
sterically hindered nucleophiles. Thus, we set out to (1)
understand the reaction conditions necessary to access the
cage-walking process and (2) identify methods for controlling
the cross-coupling of sterically unencumbered nucleophiles.

■ RESULTS AND DISCUSSION

Cage-Walking Isomerization by [LPd]. In order to
integrate the cage-walking process into various Pd-catalyzed
cross-coupling reactions, we set out to identify the reaction
components that facilitate Pd-catalyzed Br-B(9) isomerization.
In our previous studies we used an [XPhos-Pd-G3] precatalyst
to generate the active [XPhosPd] catalytic species.45 This
method required the use of an exogenous base to deprotonate
the precatalyst, which produced [XPhosPd] by reductive
elimination of a carbazole molecule.46 To evaluate whether
cage-walking occurs in the absence of precatalyst byproducts,
we prepared the [XPhosPd] catalyst by using [Pd(cod)-
(CH2Si(CH3)3)2] (cod = 1,5-cyclooctadiene) as an alternative

Figure 1. Electrostatic potential maps of m-carborane and
adamantane and molecular volumes based on the Connolly solvent-
excluded volume using a 1.4 Å probe sphere (see the Supporting
Information for computational details).

Figure 2. Proposed tandem cage-walking/cross-coupling cycle. The red box encapsulates the cage-walking process, and the blue box encapsulates
the cross-coupling process. Deleterious off-cycle pathways are shown on the right side of the tandem cage-walking/cross-coupling, and the inset
shows the single-crystal X-ray diffraction crystal structure of [XPhosPd(nido-CB)]. Steps: (i) oxidative addition; (ii) cage-walking; (iii)
transmetalation; (iv) reductive elimination; (v) deboronation of Nu-B(2) by base; (vi) aggregation of palladium into palladium particles; (vii)
ligation of [XPhosPd] by nido-CB.
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Pd0 source in the presence of dialkylbiarylphosphine ligands.47

Similar to the [XPhos-Pd-G3] precatalyst system, we observed
cage-walking when Br-B(9) was treated with a solution of
[XPhosPd] at 80 °C (Figure 3), suggesting that the cage-

walking process is independent of the presence of the base and
likely proceeds via unimolecular isomerization. Since there is
no oxidant in the reaction mixture strong enough to facilitate a
Pd(II)/Pd(IV) cycle, we believe that the cage-walking process
likely does not involve a Pd(IV) intermediate (see Figure S12
for proposed cage-walking mechanisms). Examination of other
dialkylbiarylphosphine ligands (RuPhos, L2; CyJohnPhos, L3)
revealed that the cage-walking process is not exclusive to the
XPhos ligand. However, the total isomer yield is highest when
XPhos (L1) is used. Notably, we did not observe cage-walking
isomerization of 9-I-m-carborane in the presence of 5 mol %
[XPhos-Pd-G3] precatalyst with K3PO4 in 1,4-dioxane at 80
°C.
Next, we examined whether certain additives could affect the

amounts of Br-mCB isomers formed during cage-walking
(Figure 3). We found that presence of Lewis bases or excess
bromide reduces the relative ratios of cage-walked Br-mCB
isomers. For example, addition of 4-dimethylaminopyridine
(DMAP) or (nBu4N)Br reduced the yield of B(2/4/5) Br-
mCB isomers from 21% to 10% and 1%, respectively. These
observations would be consistent with a catalytically relevant
([XPhosPd(mCB)]+) intermediate for the cage-walking
process in which the formally cationic Pd center bears a
vacant coordination site (Figures 2 and S12). In order to probe
this mechanistic hypothesis further, we focused on additives
that might promote Pd−Br bond cleavage in [XPhosPd-
(mCB)Br] to yield an [XPhosPd(mCB)]+ species with a
vacant coordination site that we suspect is responsible for the
activation of an adjacent B−H bond and subsequent cage-
walking. Importantly, the total yield of B(2/4/5) Br-mCB
isomers can be increased from 20% to 26% by addition of
Ca(OH)2 to the cage-walking reaction. This increase in the
yield of Br-mCB isomers is attributed to the ability of layered
hydroxides to intercalate anions and form OH···Br interactions
that may promote the formation of [XPhosPd(mCB)]+.48 We
also found that the identity of the base (including those soluble
in organic media, e.g., triethylamine) had little effect on Br-
B(9) isomerization, and only 1 equiv of base (relative to
[XPhos-Pd-G3] precatalyst) was needed to form the
[XPhosPd] complex. This set of experiments demonstrates
how certain additives or reaction byproducts can affect the

cage-walking process and the overall distribution of mCB
regioisomers.

Tandem Cage-Walking/Suzuki−Miyaura Coupling. In
our initial study of tandem cage-walking/cross-coupling with
phenols, we observed that the combination of a sterically
encumbered biarylphosphine ligand and a sterically encum-
bered substrate generate a higher percentage of B(2)
regioisomers than their less hindered counterparts.45 For
example, under otherwise identical conditions, tandem cage-
walking/cross-coupling of 3,5-dimethylphenol with Br-B(9)
gave a 30% yield of B(2)-substituted mCB, whereas the bulkier
but electronically comparable 2,6-trimethylphenol gave a 76%
yield of B(2)-substituted mCB.45 This pronounced selectivity
for cage-walking was attributed to the substrate control
engendered by the sterics of the phenol moiety that can
modulate the rate of transmetalation. We hypothesized that
such steric control may not be necessary in the case of other
substrates such as arylboronic acids, where the electronic
properties of the aryl substituent can dictate the rate of
transmetalation. For example, the tandem cage-walking/
Suzuki−Miyaura coupling of p-tolylboronic acid with Br-
B(9) produced the p-tolyl-B(2) isomer as the major product.45

This suggests that certain transmetalating agents can mitigate
the nucleophilicity of the cross-coupling partner and allow the
relative rates of cage-walking and transmetalation to be
competitive with each other.
We surveyed the steric and electronic effects of −F and

−OCH3 substituents on the efficacy of tandem cage-walking/
Suzuki−Miyaura cross-coupling. Generally, we found that
electron-rich arylboronic acids (p/m/o-methoxyphenylboronic
acid) produced more B-aryl-m-carborane (Aryl-mCB) than
electron-poor arylboronic acids (p/m/o-fluorophenylboronic
acid) (Figure 4). The presence of an ortho substituent appears

to have an inhibitory effect on the cross-coupling of o-
methoxyphenylboronic acid but has a beneficial effect for o-
fluorophenylboronic acid. Although both functional groups are
ortho-directing, the increased steric bulk of the −OCH3 group
near the nucleophilic site may inhibit transmetalation and lead
to less Aryl-mCB formation. Conversely, electron-poor
arylboronic acids resulted in lower Aryl-mCB yields and
more byproduct formation (vide infra). These differences in
Aryl-mCB yield may be due to the reduced nucleophilicity of
the arylboronic acid, which would make transmetalation of the
aryl moiety more difficult. Additionally, arylboronic acids
bearing Lewis basic groups such as 4-cyanophenylboronic acid

Figure 3. GC−MS yields of Br-mCB regioisomers produced by Pd-
catalyzed cage-walking starting with Br-B(9).

Figure 4. GC−MS yields of carborane-containing species produced
during tandem cage-walking/Suzuki−Miyaura cross-coupling.
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and 3-pyridylboronic acid did not result in cross-coupling. The
presence of Lewis basic groups in 4-cyanophenylboronic acid
and 3-pyridylboronic acid can suppress the cage-walking
process, which may prevent the formation of the more
electrophilic B(2)-bound [XPhosPd(mCB)]+ catalyst spe-
cies.49

In addition to the formation of Aryl-mCB, we also observed
the formation of B-hydroxy-m-carborane regioisomers (OH-
mCB) and B-fluoro-m-carborane (F-mCB) as a byproduct of
the tandem cage-walking/cross-coupling (Figure 4). While the
formation of OH-mCB was observed previously by us and
others26,50 and is likely due to the presence of adventitious
moisture in the system, the formation of F-mCB by cross-
coupling of nucleophilic fluoride is rare.27 Neither of these
byproducts are surprising given the larger thermodynamic
driving force for the formation of B−O and B−F bonds relative
to C−O and C−F bonds.51 This contrasts with Suzuki−
Miyaura cross-coupling reactions, where off-cycle C−O and
C−F bond formation is rarely observed even under aqueous
reaction conditions. Notably, arylboronic acids with electron-
withdrawing groups resulted in more OH-mCB than electron-
rich arylboronic acids. The formation of OH-mCB may be due
to transmetalation of the hydroxyl group from the boronic acid
or from OH-containing byproducts resulting from its
decomposition.
During the isolation of the Aryl-mCB compounds, we

identified an air- and chromatographically stable ruby-colored
compound that formed as a byproduct of the Suzuki−Miyaura
cross-coupling reactions. Chromatographic isolation followed
by spectroscopic analysis (11B, 1H, and 31P NMR spectrosco-
py) suggested a species containing a metal-bound phosphine as
well as a boron-cluster-containing fragment. Single-crystal X-
ray crystallography of this material revealed a Pd-based
complex containing an XPhos ligand bound in a κ2-P,C
fashion. The coordination sphere of the Pd center is completed
by a dicarbollide ligand ([nido-7,9-C2B9H11]

2−, nido-CB)
bound in an η5 fashion. On the basis of the nature of the
phosphine and nido-CB ligands, the formal oxidation state of
the Pd center in [XPhosPd(nido-CB)] is +2. Deboronation of

carboranes is known to occur by nucleophilic attack at the
electron-poor boron vertices of carboranes (Figure 2, step
v).52−54 Small nucleophiles such as F− and OH− can cause
deboronation of R-mCB in situ to form the η5-[nido-7,9-
C2B9H12]

− ligand, which after deprotonation binds to the
[XPhosPd] complex (vide infra).52,53,55 To probe this pathway
further, an independent synthesis of the [XPhosPd(nido-CB)]
complex was accomplished by the reaction of (nBu4N)[nido-
7,9-C2B9H12] with the [XPhos-Pd-G3] precatalyst. We found
that [XPhosPd(nido-CB)] is not an active catalyst in carborane
cross-coupling reactions, likely because of the greater
coordinative saturation of the Pd center by the nido-CB ligand
and the inability to regenerate Pd0 from this species under the
reaction conditions.56−58

A unique aspect of [XPhosPd(nido-CB)] is the lack of an
exohedral functional group on the nido-CB ligand despite the
use of functionalized carborane substrates. This suggests that
cage-walking to the B(2) vertex may also activate the
carborane toward deboronation and lead to deactivation of
the [XPhosPd] catalyst by the formation of [XPhosPd(nido-
CB)] (Figure 2, step vii). One possible decomposition route
may be cage-walking/cross-coupling of OH− or F− at the B(2)
vertex to generate a B(2)-X′-carborane (X′ = OH, F) that is
more easily deboronated than B(2)-R-carborane (R = H,
aryl).52−55,59−61 Previous studies of carborane deboronation
indicate that coordination of several nucleophiles to a B−H
vertex is necessary to remove a boron vertex from the
carborane cage.54,59,60 Thus, off-cycle coupling of a small
nucleophile such as OH− or F− at B(2) may activate the B(2)-
X′-carborane (X′ = OH, F) toward deboronation and
formation of nido-CB. This highlights the intricacies of using
carborane substrates in cross-coupling, particularly in the
presence of small nucleophiles, which can turn a substrate into
a catalyst poison. Importantly, this mode of decomposition is
distinctly different from the classical cross-coupling chemistry
of aryl-based species and necessitates high Pd catalyst loadings.

Tandem Cage-Walking/Cyanation. Our studies of Br-
mCB isomerization and tandem cage-walking/Suzuki−
Miyaura coupling have so far revealed that tandem cage-

Figure 5. (left) Optimization of the tandem cage-walking/cross-coupling cyanation reaction. The bar graph indicates GC−MS yields of the cyano-
m-carborane regioisomers for each reaction entry. (right) GC−MS reaction monitoring of cyano-m-carborane (CN-mCB) regioisomers produced
during tandem cage-walking/cross-coupling.
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walking/cross-coupling is possible with sterically unencum-
bered nucleophiles. With these observations in mind, we set
out to integrate the cage-walking cycle into Pd-catalyzed cross-
coupling of a small nucleophile (CN−). If successful, the
resulting cyano-m-carborane (CN-mCB) regioisomers can be
useful synthons in materials and medicinal chemistry.30,62,63

Cross-coupling of cyanide is a challenging transformation in
general because of the strong affinity of the CN− ligand to
Pd(II), which leads to the formation of catalytically inactive
species.64 Efforts to prevent catalyst poisoning have previously
focused on reducing and constantly maintaining a small
amount of CN− in the reaction mixture.65 For our trans-
formation, we chose Zn(CN)2 as a cyanide source and
transmetalation agent because of its strong CN− binding
affinity to Zn(II), which prevents the formation of free CN− at
high Zn(CN)2 concentrations. Additionally, the redox non-
activity and weak binding of phosphine ligands to Zn(II)
decreases the likelihood of [XPhosPd] oxidation or phosphine
sequestration.66

Although Zn(CN)2 is insoluble in most organic solvents
because of the bridging μ2 coordination of CN− across zinc
centers, forming Zn−CN−Zn-based coordination polymers in
the solid state,67 Zn(CN)2 can be solubilized in alkaline and
ammoniacal environments.68−73 However, alkaline conditions
may lead to undesirable OH-mCB formation or deboronation,
as observed with the Suzuki−Miyaura cross-coupling reactions
(vide supra). Alternatively, trialkylamines are suitable ligands
for Zn(CN)2 because they do not inhibit Br-mCB cage-
walking, do not readily participate in the cross-coupling
reaction, and can partially solubilize Zn(CN)2.

68,71 Initially we
used NEt3 as a base to activate the [XPhos-Pd-G3] precatalyst
and solubilize Zn(CN)2, which led to a modest yield (<30% by
GC−MS) of CN-mCB isomers (Figure 5, entry 1).
Importantly, despite the low yield of CN-mCB, the CN-
B(2) and CN-B(4) regioisomers were produced as the major
CN-mCB products, validating our original hypothesis that
under well-designed conditions small nucleophiles can be
competent substrates in the discovered cage-walking process.
We then explored whether bidentate alkylamine ligands

could increase the yield of CN-mCB by increasing the
solubility of Zn(CN)2 and promoting transmetalation of the
CN− anion from Zn to Pd. Use of N,N,N′,N′-tetramethyle-
thylenediamine (TMEDA) as a ligand for Zn(CN)2 increased
the overall yield of CN-mCB regioisomers (65% by GC−MS),
but the improvement in the CN-mCB yield also increased the
amount of CN-B(9) relative to the B(2/4/5) CN-mCB
regioisomers (Figure 5, entry 3). Switching to a larger
bidentate alkylamine ligand, N,N,N′,N′-tetraethylethylenedi-
amine (TEEDA), significantly decreased the amount of CN-
B(9) relative to the B(2/4/5) CN-mCB regioisomers (Figure
5, entry 7), but it also decreased the overall CN-mCB yield
(<5% by GC−MS). This shows that increasing the steric bulk
of the transmetalating agent to promote tandem cage-walking/
cross-coupling can have deleterious effects on the overall cross-
coupling efficiency. In addition to using alkylamines, we also
examined whether a N-donor heterocycle could increase the
CN-mCB yield by increasing the solubility of Zn(CN)2. The
use of 4-(N,N-dimethylamino)pyridine (DMAP) as a ligand
for Zn(CN)2 significantly increased the yield of CN-mCB
(74% by GC−MS), but the isomer distribution was mostly
CN-B(9) (Figure 5, entry 2). We attribute this difference in
regioisomer distribution to suppression of the cage-walking
pathway through reversible coordination of DMAP to

[XPhosPd(mCB)]+ and the increased lability of CN− when
Zn(CN)2 is ligated by the stronger N-donor DMAP ligand.
Despite improvements in the overall yield of CN-mCB

regioisomers, we were unable to obtain complete conversion of
Br-B(9) into CN-mCB regioisomers. As the tandem cage-
walking/cross-coupling reaction proceeded, we observed
darkening of the reaction mixture until a black/gray slurry
formed within the first hour of the reaction. GC−MS analysis
of a model cage-walking/cyanation reaction showed a gradual
decay in the conversion of Br-mCB to CN-mCB until the
reaction progress plateaued after ∼3 h (Figure 5). This
suggests that the incomplete conversion of Br-mCB to CN-
mCB is partially due to Pd0 aggregation to form black Pd0

particles, which are not effective catalysts for carborane cross-
coupling (Figure 2, step vi).
Suspecting that accumulation of Br− may inhibit further

conversion of Br-mCB to CN-mCB, we examined whether
addition of alkali metal salts could improve the CN-mCB yield
by sequestering Br−. Addition of Cs2CO3 or Li(OTf) increased
the overall yield of CN-mCB regioisomers without inhibiting
the cage-walking process, whereas KOAc had an opposite
effect that predominantly produced CN-B(9) (Figure 5, entry
9). The differences in regioisomer yield with different alkali
metal salts and N-donor ligands may be due to the speciation
of Zn(CN)2 into mono-, di-, tri-, and tetracyanozincate
species.71,74−76 The formation of various zinc cyanide species
due to ligation by additives and reaction byproducts may alter
the rate of CN− transmetalation and account for the various
CN-mCB regioisomer distributions observed throughout this
study. Overall, through our optimization studies we developed
several conditions to selectively control the incorporation of
the cage-walking process into catalytic cross-coupling with
small nucleophiles. In particular, if deactivation of the cage-
walking process is desired, the addition of a Lewis base (e.g.,
DMAP; Figure 5, entry 2) effectively favors B(9) coupling.
Alternatively, if the cage-walking process is desired, care should
be taken to reduce the amount of Lewis basic species (e. g.,
Brønsted base or halide counterion) that can bind the
proposed [XPhosPd(mCB)]+ intermediate that leads to
isomerization of Br-mCB.

■ CONCLUSIONS

Off-cycle processes in carborane cross-coupling were examined
for their role in affecting tandem cage-walking/cross-coupling
and in suppressing catalyst activity. The cage-walking process
was studied in the absence and presence of a cross-coupling
partner to identify conditions leading to tandem cage-walking/
cross-coupling. We found that Pd-catalyzed cage-walking
occurs with several dialkylbiarylphosphine ligands and that
the cage-walking process can be enhanced or suppressed by the
presence of additives such as Ca(OH)2 or DMAP, respectively.
These insights allowed us to identify substrate transmetalation
strategies for tandem cage-walking/cross-coupling reactions
with sterically unencumbered nucleophiles such as arylboronic
acids and cyanide. The results reported here demonstrate the
feasibility of using sterically unencumbered substrates in
tandem cage-walking/cross-coupling to synthesize B-substi-
tuted carborane regioisomers. These studies further highlight
the importance of the bulky biaryl-based phosphine ligands
originally developed by Buchwald and co-workers in transition
metal catalysis by extending their application to organomimetic
clusters.
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