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(3,4)–H arylation of o-carboranes
by weak amide coordination at room temperature†

Yu-Feng Liang,‡ Long Yang, ‡ Becky Bongsuiru Jei, Rositha Kuniyil
and Lutz Ackermann *

Palladium-catalyzed regioselective di- or mono-arylation of o-carboranes was achieved using weakly

coordinating amides at room temperature. Therefore, a series of B(3,4)-diarylated and B(3)-

monoarylated o-carboranes anchored with valuable functional groups were accessed for the first time.

This strategy provided an efficient approach for the selective activation of B(3,4)–H bonds for

regioselective functionalizations of o-carboranes.
o-Carboranes, icosahedral carboranes – three-dimensional
arene analogues – represent an important class of carbon–
boron molecular clusters.1 The regioselective functionalization
of o-carboranes has attracted growing interest due to its
potential applications in supramolecular design,2 medicine,3

optoelectronics,4 nanomaterials,5 boron neutron capture
therapy agents6 and organometallic/coordination chemistry.7 In
recent years, transition metal-catalyzed cage B–H activation for
the regioselective boron functionalization of o-carboranes has
emerged as a powerful tool for molecular syntheses. However,
the 10 B–H bonds of o-carboranes are not equal, and the unique
structural motif renders their selective functionalization diffi-
cult, since the charge differences are very small and the elec-
trophilic reactivity in unfunctionalized o-carboranes reduces in
the following order: B(9,12) > B(8,10) > B(4,5,7,11) > B(3,6).8

Therefore, efficient and selective boron substitution of o-car-
boranes continues to be a major challenge.

Recently, transition metal-catalyzed carboxylic acid or
formyl-directed B(4,5)–H functionalization of o-carboranes has
drawn increasing interest, since it provides an efficient
approach for direct regioselective boron–carbon and boron–
heteroatom bond formations (Scheme 1a),9 with major contri-
butions by the groups of Xie,10 and Yan,11 among others.12

Likewise, pyridyl-directed B(3,6)–H acyloxylations (Scheme
1b),13 and amide-assisted B(4,7,8)–H arylations14 (Scheme 1c)
have been enabled by rhodium or palladium catalysis, respec-
tively.15,16 Despite indisputable progress, efficient approaches
for complementary site-selective functionalizations of o-car-
boranes are hence in high demand.17 Hence, metal-catalyzed
lare Chemie, Georg-August-Universität
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10769
position-selective B(3,4)–H functionalizations of o-carboranes
have thus far not been reported.

Arylated compounds represent key structural motifs in inter
alia functional materials, biologically active compounds, and
natural products.18 In recent years, transition metal-catalyzed
chelation-assisted arylations have received signicant atten-
tion as environmentally benign and economically superior
Scheme 1 Chelation-assisted transition metal-catalyzed cage B–H
activation of o-carboranes.

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Cage B(3,4)–H di-arylation of o-carboranes.
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alternatives to traditional cross-coupling reactions.19Within our
program on sustainable C–H activation,20 we have now devised
a protocol for unprecedented cage B–H arylations of o-carbor-
anes with weak amide assistance, on which we report herein.
Notable features of our ndings include (a) transition metal-
catalyzed room temperature B–H functionalization, (b) high
levels of positional control, delivering B(3,4)-diarylated and
B(3)-monoarylated o-carboranes, and (c) mechanistic insights
from DFT computation providing strong support for selective
B–H arylation (Scheme 1d).

We initiated our studies by probing various reaction condi-
tions for the envisioned palladium-catalyzed B–H arylation of o-
carborane amide 1a with 1-iodo-4-methylbenzene (2a) at room
temperature (Tables 1 and S1†). We were delighted to observe
that the unexpected B(3,4)-di-arylated product 3aa was obtained
in 59% yield in the presence of 10 mol% Pd(OAc)2 and 2 equiv.
of AgTFA, when HFIP was employed as the solvent, which
proved to be the optimal choice (entries 1–5).21 Control experi-
ments conrmed the essential role of the palladium catalyst
and silver additive (entries 6–7). Further optimization revealed
that AgOAc, Ag2O, K2HPO4, and Na2CO3 failed to show any
benecial effect (entries 8–11). Increasing the reaction temper-
ature fell short in improving the performance (entries 12 and
13). The replacement of the amide group in substrate 1a with
a carboxylic acid, aldehyde, ketone, or ester group failed to
Table 1 Optimization of reaction conditionsa

Entry Additive Solvent Yield of 3aa/% Yield of 4aa/%

1 AgTFA PhMe 0 0
2 AgTFA DCE 0 0
3 AgTFA 1,4-Dioxane 0 0
4 AgTFA TFE 21 3
5 AgTFA HFIP 59 4
6 AgTFA HFIP 0 0b

7 — HFIP 0 0
8 AgOAc HFIP 5 <3
9 Ag2O HFIP <3 <3
10 K2HPO4 HFIP 0 0
11 Na2CO3 HFIP 0 0
12 AgTFA HFIP 53 4c

13 AgTFA HFIP 42 3d

14 AgTFA HFIP 71 <3e

15 Ag2CO3 HFIP 9 34f

16 Ag2CO3 HFIP 5 55f,g

a Reaction conditions: 1a (0.20 mmol), 2 (0.48 mmol), Pd(OAc)2 (10
mol%), additive (0.48 mmol), solvent (0.50 mL), 25 �C, 16 h, and
isolated yield. b Without Pd(OAc)2.

c At 40 �C. d At 60 �C. e TFA (0.2
mmol) was added. f 1a (0.20 mmol), 2a (0.24 mmol), Pd(OAc)2 (5.0
mol%), and Ag2CO3 (0.24 mmol). g 2a was added in three portions
every 4 h. DCE ¼ dichloroethane, TFE ¼ 2,2,2-triuoroethanol, HFIP
¼ hexauoroisopropanol, and TFA ¼ triuoroacetic acid.

This journal is © The Royal Society of Chemistry 2020
afford the desired arylation product (see the ESI†). We were
pleased to nd that the use of 1.0 equiv. of triuoroacetic acid
(TFA) as an additive improved the yield to 71% (entry 14). To our
delight, replacing the silver additive with Ag2CO3 resulted in the
Scheme 3 Effect of substituents on B–H diarylation. aAt 50 �C.

Chem. Sci., 2020, 11, 10764–10769 | 10765
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Scheme 4 Cage B(3)–H mono-arylation of o-carboranes.
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formation of B(3)–H mono-arylation product 4aa as the major
product (entries 15–16).

With the optimized reaction conditions in hand, we probed
the scope of the B–H di-arylation of o-carboranes 1a with
different aryl iodides 2 (Scheme 2). The versatility of the room
temperature B(3,4)–H di-arylation was reected by tolerating
valuable functional groups, including bromo, chloro, and eno-
lizable ketone substituents. The connectivity of the products
3aa and 3ab was unambiguously veried by X-ray single crystal
diffraction analysis.22

Next, we explored the effect exerted by the N-substituent at
the amide moiety (Scheme 3). Tertiary amides 1b–1f proved to
be suitable substrates with optimal results being accomplished
with substrate 1a. The effect of varying the cage carbon
Scheme 5 Control experiments.

10766 | Chem. Sci., 2020, 11, 10764–10769
substituents R1 on the reaction's outcome was also probed, and
both aryl and alkyl substituents gave the B–H arylation products
and the molecular structures of the products 3dd, 3ea and 3fa
were fully established by single-crystal X-ray diffraction.

The robustness of the palladium-catalyzed B–H functionali-
zation was subsequently investigated for the challenging cata-
lytic B–H monoarylation of o-carboranes (Scheme 4). The B(3)–
H monoarylation, as conrmed by single-crystal X-ray diffrac-
tion analysis of products 4aa and 4ai, proceeded smoothly with
valuable functional groups, featuring aldehyde and nitro
substituents, which should prove invaluable for further late-
stage manipulation.

To elucidate the palladium catalysts' working mode, a series
of experiments was performed. The reactions in the presence of
TEMPO or 1,4-cyclohexadiene produced the desired product
3aa, which indicates that the present B–H arylation is less likely
to operate via radical intermediates (Scheme 5a). The palladium
catalysis carried out in the dark performed efficiently (Scheme
5b). Compound 4aa could be converted to di-arylation product
Fig. 1 Computed relative Gibbs free energies in kcal mol�1 and the
optimized geometries of the transition states involved in the B–H
activation at the PBE0-D3(BJ)/def2-TZVP+SMD(HFIP)//TPSS-D3(BJ)/
def2-SVP level of theory. (a) First B–H activation transition states at the
B3 and B4 positions. (b) Second B–H activation transition states at the
B4 and B6 positions. Irrelevant hydrogen atoms in the transition states
are omitted for clarity and the bond lengths are given in �A.

This journal is © The Royal Society of Chemistry 2020
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3aa with high efficiency, indicating that 4aa is an intermediate
for the formation of the diarylated cage 3aa (Scheme 5c).

To further understand the catalyst mode of action, we
studied the site-selectivity of the o-carborane B–H activation for
the rst B–H activation at the B3 versus B4 position and for the
second B–H activation at the B4 versus B6 position using density
functional theory (DFT) at the PBE0-D3(BJ)/def2-
TZVP+SMD(HFIP)//TPSS-D3(BJ)/def2-SVP level of theory (Fig. 1).
Our computational studies show that the B3 position is
5.8 kcal mol�1 more favorable than the B4 position for the rst
B–H activation, while the B4 position is 3.4 kcal mol�1 more
favorable than the B6 position for the second B–H activation. It
is noteworthy that here the interaction between AgTFA and
a cationic palladium(II) complex was the key to success, being in
good agreement with our experimental results (for more details,
see the ESI†).

A plausible reaction mechanism is proposed which
commences with an organometallic B(3)–H activation of 1a with
weak assistance of the amide group and assistance by AgTFA to
form the cationic intermediate I (Scheme 6). Oxidative addition
with the aryl iodide 2 affords the proposed cationic palladiu-
m(IV) intermediate II, followed by reductive elimination to give
the B(3)-mono-arylation product 4aa. Subsequent B(4)-arylation
occurs assisted by the weakly coordinating amide to generate
the B(3,4)-di-arylation product 3aa. Due to the innate higher
reactivity of the B(4)–H bond in intermediate 4aa – which is
inherently higher than that of the B(6)–H bond – the B(3,6)-di-
arylation product is not formed.

In summary, room temperature palladium-catalyzed direct
arylations at cage B(3,4) positions in o-carboranes have been
achieved with the aid of weakly coordinating, synthetically
useful amides. Thus, palladium-catalyzed B–H activations
enable the assembly of a wealth of arylated o-carboranes. This
method features high site-selectivity, high tolerance for
Scheme 6 Proposed reaction mechanism.

This journal is © The Royal Society of Chemistry 2020
functional groups, and mild reaction conditions, thereby
offering a platform for the design and synthesis of boron-
substituted o-carboranes. Our ndings offer a facile strategy
for selective activations of B(3,4)–H bonds, which will be
instrumental for future design of optoelectronics, nano-
materials, and boron neutron capture therapy agents.
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C. J. Villagómez, T. Sasaki, J. M. Tour and L. Grill, J. Am.
Chem. Soc., 2010, 132, 16848–16854.

6 (a) 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; (b) A. F. Armstrong and J. F. Valliant,
Dalton Trans., 2007, 4240–4251.

7 (a) S. P. Fisher, A. W. Tomich, J. Guo and V. Lavallo, Chem.
Commun., 2019, 55, 1684–1701; (b) Y.-P. Zhou,
S. Raoufmoghaddam, T. Szilvási and M. Driess, Angew.
Chem., Int. Ed., 2016, 55, 12868–12872; (c) M. Hailmann,
N. Wolf, R. Renner, T. C. Schäfer, B. Hupp, A. Steffen and
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