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Palladium-catalyzed dehydrogenative B–H/C–H cross coupling of monocarborane anions with alkenes is

reported, allowing for the first time the isolation of selectively penta-alkenylated boron clusters. The

reaction cascade is regioselective for the cage positions, leading directly to B2–6 functionalization.

Under mild and convenient conditions, styrenes, benzylic alkenes and aliphatic alkenes are demonstrated

to be viable coupling partners with exclusive vinyl-type B–C bond formation. Multiple subsequent

transformations provide access to directing group-free products, chiral derivatives and penta-alkylated

cages. The five-fold coupling, combined with the latter reactions, represents a powerful methodology

for the straightforward synthesis of new classes of boron clusters.

Introduction

Icosahedral monocarboranes based on the [CB11H12]
� anion and

dicarbaboranes with the parent skeleton C2B10H12 are polyhedral

12-vertex boranes with one or two BH vertices replaced by CH. They

possess unique steric and electronic properties that set them apart

from traditional organic or inorganic building blocks.1,2 Their

sphere-like distribution of electron density gives rise to remarkable

chemical and thermal stability, including low toxicity. Mono-

carboranes are well known as weakly coordinating anions,3 and

various applications of monocarboranes and dicarbaboranes have

been reported in areas such as coordination,4 supramolecular5 and

medicinal chemistry,6 as well as luminescence7 and materials

science.8 In order to exploit the potential of carboranes in these

elds, improved methodologies which enable the coupling of

cluster vertices to organic substituents are essential.

C–C bond forming reactions are at the heart of classical

organic synthesis. Likewise, when it comes to the preparation of

inorganic–organic hybrid molecules, the construction of E–C

bonds (E ¼ main group element other than C) is equally

important. For icosahedral carboranes, the modication of

boron vertices traditionally relies on direct electrophilic

substitution or electrophilic halogenation followed by trans-

formation to a B–X (X ¼ C, N, O, S, P) bond.9,10 Drawbacks of

these approaches are harsh conditions, limited control over

selectivity of the substituted positions and moderate overall

yields. The functionalization of boron vertices by directing

group-mediated, metal-catalyzed B–H activation is a highly

attractive alternative strategy. Over the past years, the utility of

this concept to provide access to selectively modied carborane

derivatives has been demonstrated impressively.11,12 Among

others, the groups of Xie, Yan, Bregadze, Spokoyny and Per-

yshkov have established effective methodologies involving

neutral dicarbaboranes.13,14 Our group, on the other hand, has

focused on catalytic B–H activation of mono- and dianionic

boron clusters. These procedures have made use of amide or

ureido directing groups for Rh- and Ir-catalyzed reactions with

acrylates, styrenes, sulfones, alkynes, azides and N-chlor-

osuccinimide.15 These transformations allow mono- to tetra-

substitution of boron vertices. Reactions with acrylates or

styrenes resulted either in one- or two-fold oxidative (vinyl-type)

coupling or higher mixed oxidative/reductive coupling.15b,d,f

Recently, we have also achieved penta-arylation of the

monocarborane-1-carboxylic acid with aryl halides under Pd

catalysis (Fig. 1a).15e Herein, we report the rst Pd-catalyzed

penta-functionalization of [CB11H12]
�-based anions by selec-

tive B–H/C–H cross coupling with a wide range of alkenes at

room temperature under air (Fig. 1b). The substitution is highly

regioselective with respect to the cage at the B2–6 positions, and

the coupling to the alkene occurs regio- and stereoselectively

with regard to the alkene, giving vinyl-type (E) products exclu-

sively. This mild and ligand-free catalytic protocol using

a removable directing group represents a powerful method for

the construction of highly substituted monocarborane clusters.

Results and discussion

In order to establish conditions for this intermolecular coupling,

we studied the model reaction between 1a and 4-uorostyrene
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(2a, 5.4 equivalents) to give functionalized product 3a with

potential multiple substitution (Table 1). No reaction occurred

in the presence of only catalyst Pd(OAc)2 or AgOAc in acetonitrile

(entries 1 and 2). On the other hand, a combination of Pd(II)

(10 mol%) and Ag(I) (10 equivalents) cleanly afforded 3a in 86%

isolated yield, as evidenced by reaction monitoring using ESI-

mass spectrometry and NMR spectroscopy of the puried

product (entry 3). The penta-substitution occurred at 25 �C

within 24 hours; increasing the temperature to 60 �C was asso-

ciated with a faster completion (ca. 12 hours) and slightly

reduced yield (entry 4). The use of other solvents, such as

tetrahydrofuran, 1,2-dichloroethane or dimethylacetamide, led

to reduced yields (entries 5 and 7). Oxidants such as Cu(OAc)2 or

1,4-benzoquinone were ineffective (entries 8 and 9); interest-

ingly, for Cu(OAc)2 the reaction stopped at the mono- and di-

substitution stage (inseparable mixture), and no higher degree

of substitution was observed. We also tested the use of smaller

amounts of Pd(II) and Ag(I); lowering the catalyst or oxidant

loading afforded the desired 3a, but as a mixture with di-, tri-

and tetra-substituted products even aer 48 hours. All of the

above screening reactions were set up in a fumehood under air

atmosphere. Applying the conditions from entry 3 under

nitrogen in a glovebox gave 3a in 84% yield, indicating that the

presence of oxygen does not play a signicant role in this

transformation.

Subsequently, we studied the substrate scope of the penta-

alkenylation under the aforementioned conditions of Table 1,

entry 3. All reactions were conveniently set up and run under

air. The ortho B–H alkenylation of acid carborane 1with an array

of terminal alkenes proceeded smoothly to give the desired

products in moderate to high yields (Table 2). Coupling with

electron-neutral and electron-decient styrenes bearing 4-u-

oro, 4-hydrogen, 4-triuoromethyl, and 4-cyano groups gave the

desired products 3a–e in yields of 53–86%. 4-Methoxystyrene

and 4-methylstyrene as an electron-rich alkene were also tested;

however, these substrates afforded only small amounts of

product, and attempted chromatographic separation of the

reaction mixtures showed that compounds with a lower degree

of substitution were also present. Benzylic alkenes with CH2-

phenyl and CH2-pentauorophenyl substituents gave 3f and 3g

in yields of 72% and 59%. The reaction was equally successful

with aliphatic substrates of different steric requirements, such

as hex-1-ene, 4-methylpent-1-ene, 4-methyl-hex-1-ene, 4,4-

dimethylpent-1-ene and 4-phenylbut-1-ene, with consistently

good yields of 79–84% (3h–3l). Notably, functionalized oxygen-

containing alkenes were found to be compatible applying this

protocol to give ester 3m and ether 3n in yields of 66% and 74%,

respectively. Even though for alkenes 2 with R ¼ benzyl or alkyl,

isomeric allyl-type products could form, only vinyl-type

coupling was observed (vide infra, discussion of the mecha-

nism). We then chose styrene and 4-uorostyrene as coupling

Fig. 1 (a) Previously reported metal-catalyzed functionalization of

{CB11} cages and (b) regioselective dehydrogenative penta-alkenyla-

tion by direct B–H/C–H cross coupling.

Table 1 Optimization of reaction conditions

Entrya Catalyst Oxidant Solv.b
T

[�C] Resultc

1 Pd(OAc)2 None ACN 25 N.R.
2 None AgOAc ACN 25 N.R.
3 Pd(OAc)2 AgOAc ACN 25 86%

4 Pd(OAc)2 AgOAc ACN 60 83%
5 Pd(OAc)2 AgOAc THF 25 32%
6 Pd(OAc)2 AgOAc DCE 25 10%
7 Pd(OAc)2 AgOAc DMA 25 72%
8 Pd(OAc)2 Cu(OAc)2 ACN 25 0
9 Pd(OAc)2 BQ ACN 25 30%

a 1a (0.15mmol), Pd(OAc)2 (0.015 mmol), oxidant (1.5 mmol), in 4 mL of
solvent. b ACN ¼ acetonitrile, DMA ¼ dimethylacetamide, DCE ¼ 1,2-
dichloroethane, THF ¼ tetrahydrofuran. c Isolated yields aer
purication by silica gel chromatography.
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partners to explore the penta-alkenylation of multiple acid

carboranes 1 bearing different substituents at the B12 position.

The ve-fold selective ortho B–H alkenylation occurred with

B12–R (R ¼ Cl, Br, Me, Ph, CN) in yields of 62–82% (3o–t).

Furthermore, the method is also reproducible on a gram scale;

starting from 1.0 g of 1a, product 3a was obtained in 80% iso-

lated yield (2.3 g). Clusters 3 were fully characterized by 1H, 1H

{11B}, 13C{1H}, 11B and 11B{1H} NMR spectroscopy as well as

high-resolution mass spectrometry. Upon substitution of the

B2–6 positions, a characteristic change in the 11B NMR spectra

was observed. Comparing the starting material 1a and 3a as

a representative product, the B2–6 resonances appeared at

�14.1 and �6.1 ppm, while almost no change was observed for

positions B7–11 (�13.3/–12.9 ppm) and B12 (�6.5/�6.1 ppm).

Deshielding of the substituted positions by ca. 8 ppm occurred

in all cases, while the chemical shi differences for the other

vertices were very small. For 3b, the molecular structures was in

addition elucidated by X-ray crystallography; Fig. 2a shows an

ORTEP representation of this product.16

The carboxylic acid moiety at the C1 cluster position is

a highly versatile directing group. On the one hand, it can be

transformed to the acid chloride, which in turn is a very useful

functional group handle for the preparation of, e.g., esters and

amides.17 Product 3c was chosen as a representative example,

and details about its clean conversion to the acid chloride 3c–Cl

are provided in the ESI (p. S12).† Moreover, we recently

demonstrated that penta-arylated monocarborane C1-

carboxylic acids can be decarboxylated in dimethylformamide

at 100 �C to give the C1–H product.15e For products 3, these

conditions did not lead to complete directing group removal

even aer prolonged periods of heating. However, we found that

decarboxylation takes place cleanly under microwave irradia-

tion under slightly basic conditions. Specically, at 150 �C in

dimethylacetamide solvent and with the addition of 10 equiv-

alents of NaOAc, formation of the C1–H products 4 occurred

within 8 hours (Table 3). This transformation was applied to 3a,

3b, 3q, 3r, and 3t, affording 4a, 4b, 4q, 4r and 4t in isolated

yields of 76–86% aer purication by silica gel chromatography.

This method is particularly attractive because it is transition

metal-free and can be set up and run under air. Notably, under

these microwave conditions, starting material 1a remains

mostly unchanged (ca. 10% decarboxylation), which indicated

that substitution at the B2–6 positions facilitates the process,

likely by stabilizing the intermediate formal C1 exo-carba-

nion.15e The molecular structure of 4b was determined by X-ray

crystallography, and an ORTEP representation is displayed in

Fig. 2b.

The ve groups at B2–6 are oriented in the direction of the

B12–C1 axis and thus dene a large C5-symmetrical cone. If ve

chiral substituents with identical absolute stereochemistry are

attached, a chiral “unidirectional” cone results (Fig. 1). Such

compounds have the potential to serve as ligands for enantio-

discriminative analysis, the build-up of chiral supramolecular

structures and enantioselective transformations within the

chiral space. To demonstrate the feasibility of the formation of

optically active products, an optically pure chiral ether was

chosen as the coupling partner, namely, the benzyl ether of

pent-4-en-2-ol (Scheme 1). The enantiopure ethers 2u and 2v

were prepared starting from commercially available (R)- and (S)-

pent-4-en-2-ol. By applying our methodology for penta-

alkenylation, desired products 3u and 3v were obtained in

Table 2 Dehydrogenative penta-alkenylation of 1a,b

Carborane Alkene Product

1a X ¼ H R ¼ aryl R ¼ C6H4-4-F 3a 86%
X ¼ H R ¼ C6H5 3b 75%
X ¼ H R ¼ C6H4-4-CF3 3c 70%
X ¼ H R ¼ C6H4-4-CN 3d 63%
X ¼ H R ¼ C6F5 3e 53%
X ¼ H R ¼ benzyl R ¼ CH2-C6H5 3f 72%
X ¼ H R ¼ CH2-C6F5 3g 59%
X ¼ H R ¼ alkyl 3h 81%

X ¼ H 3i 84%

X ¼ H 3j 82%

X ¼ H 3k 79%

X ¼ H 3l 76%

X ¼ H 3m 66%

X ¼ H 3n 74%

1b X ¼ Cl R ¼ aryl R ¼ C6H5 3o 71%
1c X ¼ Br R ¼ C6H4-4-F 3p 78%
1d X ¼ Me R ¼ C6H4-4-F 3q 82%
1e X ¼ Ph R ¼ C6H5 3r 62%
1e X ¼ Ph R ¼ C6H4-4-F 3s 69%
1f X ¼ CN R ¼ C6H4-4-F 3t 72%

a 1 (0.15 mmol), 2 (0.81 mmol), Pd(OAc)2 (0.015 mmol), AgOAc (1.5
mmol), in acetonitrile (4 mL); for further details, see the ESI. b Yields
¼ isolated yields aer purication by silica gel chromatography.

Fig. 2 X-ray crystal structures of (a) 3b and (b) 4b (cations, solvent

molecules and styryl H atoms omitted for clarity, 30% displacement

ellipsoids).

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 4177–4184 | 4179

Edge Article Chemical Science

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

4
 M

ar
ch

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 9

:0
1
:1

9
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sc00078j


yields of 73% and 71%. Subsequent removal of the directing

group afforded decarboxylated 4u and 4v in 84% and 80% iso-

lated yields. The two enantiomers 3u and 3v were characterized

by circular dichroism (CD) spectroscopy. The mirror-imaged CD

spectra featured maxima at 215 nm, and no strong bands were

observed above 225 nm. Given the negative charge of 3 and 4

and the ability for hydrogen bonding of the carboxylic acid unit

of 3, these novel chiral clusters are promising candidates for the

above-mentioned applications, especially for enantioselective

recognition and reactions involving cationic guests.

The efficient and selective introduction of C(sp3) substitu-

ents to {CB11} clusters has been an long-standing synthetic

challenge.9 To further demonstrate the synthetic utility of our

B–H functionalization methodology, we examined the hydro-

genation of alkenylated products. Treatment of 3a and 3k under

hydrogen atmosphere with Pd/C as the catalyst afforded the

corresponding products 5a and 5k, which were conveniently

puried by column chromatography and isolated in 90% and

87% yields. Remarkably, complete reduction of all ve double

bonds occured within two hours at room temperature without

the need for high pressure (hydrogen balloon). On the one

hand, access to carboranes bearing multiple fully reduced

substituents is important from a fundamental perspective

because it rounds off the synthetic palette; on the other hand, it

becomes relevant in the context of modulating physical prop-

erties, such as solubility in solvents of low polarity, redox

behavior and melting point as well as applications associated

with them (Scheme 2).

In a stoichiometric experiment between 1c and Pd(OAc)2 in

acetonitrile, cyclometaled complex 1c–Pd formed cleanly and

was isolated in 82% yield (see the ESI for details†). Its 11B NMR

spectrum contained diagnostic signals at �21.9 and �3.5 ppm

for the B2–Pd and B12–Br positions, respectively (Fig. 2a).4h,15e,18

All other boron vertices overlapped and resonated in the range

of�10.5 to�17.5 ppm. Furthermore, the solid-state structure of

1c–Pd was elucidated by X-ray crystallography (Fig. 3b). The Pd–

B and Pd–O distances are 2.010(14) and 2.059(8) Å, and the

structural features are comparable to those of recently reported

monocarborane–palladium complexes.4h,15e,18 Treatment of 1c–

Pd with 6.0 equivalents of 4-uorostyrene and 10 equivalents of

AgOAc in acetonitrile cleanly afforded penta-substituted 3p.

Furthermore, a control experiment without the addition of

AgOAc was carried out. The reaction of 1c–Pd with 6.0 equiva-

lents of 4-uorostyrene in acetonitrile-d3 cleanly affordedmono-

substituted product 3p-mono within 1 hour at 25 �C, as evi-

denced by NMR spectroscopy and mass spectrometry (see the

ESI for details†). The spectra remained unchanged aer 3, 5 and

12 hours of total reaction time, i.e., no products with higher

degree of substitution were formed. These results suggest that

the palladium complex 1c–Pd is an intermediate relevant to the

catalytic cycle and that AgOAc is necessary for catalytic turnover.

A plausible mechanistic cycle involving ve sequential B–H

bond activation/B–C coupling events is displayed in Scheme

S1.† Carborane acid 1 can bind to Pd(II) via its carboxylate

group, affording the initial intermediate IM-a. Cyclometalation–

deprotonation then gives palladacycle 1–Pd with a direct B–Pd

bond. Alkene coordination/insertion (intermediates IM-b/IM-c)

Table 3 Decarboxylation of 3a,b

3a X ¼ H R ¼ C6H4-4-F 4a 86%
3b X ¼ H R ¼ C6H5 4b 79%
3q X ¼ Me R ¼ C6H4-4-F 4q 87%
3r X ¼ Ph R ¼ C6H5 4r 76%
3t X ¼ CN R ¼ C6H4-4-F 4t 80%

a 3 (0.1 mmol), NaOAc (1 mmol), in dimethylacetamide (4 mL) in
a sealed microwave vial; for further details, see the ESI. b Yields ¼

isolated yields aer purication by silica gel chromatography.

Scheme 1 Synthesis of chiral 3u/v and 4u/v; curved arrows around R*

indicate identical sense of absolute configuration.

Scheme 2 Reduction of the double bond.

4180 | Chem. Sci., 2019, 10, 4177–4184 This journal is © The Royal Society of Chemistry 2019
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is followed by b-hydride elimination, furnishing Pd–H complex

IM-d. Subsequent reaction with AgOAc leads to IM-a0, which

contains one alkenyl substituent. From this point on, further

B–H activation/alkenylation steps occur in a similar manner

until the nal product 3 and Pd(II) are liberated. The use of

benzyl and alkyl substrates 2 in principle allows for the occur-

rence of isomeric products with a B–CH2–CH]CH bonding

pattern (Scheme 3). It is remarkable that there is no indication

of the formation of such isomers (analysis of crude NMR

spectra). The regioselective b-hydride elimination may be

explained by stabilization of IM-d via palkene / Pd coordina-

tion, which we believe would be weaker in the case of the

alternative pathway.

Conclusions

In conclusion, we have developed a mild and versatile meth-

odology for the regioselective B2–6 cage alkenylation of mono-

carborane anions through a palladium-catalyzed B–H/C–H

cross coupling cascade. Styrenes and benzylic as well as

aliphatic alkenes serve as efficient coupling partners, providing

access to a variety of penta-substituted products in moderate to

high yields. The carboxylic acid directing group can be readily

removed without the need for transition metals. Furthermore,

the introduction of homochiral substituents and the possibility

to reduce the double bond allows for the preparation of novel

chiral and selectively alkylated monocarboranes. Therefore, we

believe this methodology can be of broad utility for the

construction of new classes of carborane-based compounds,

which will be benecial for synthetic chemists and also

researchers in multiple areas of applications.
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C. Viñas, Dalton Trans., 2018, 47, 14785–14798.

5 (a) Y.-F. Han and G.-X. Jin, Acc. Chem. Res., 2014, 47, 3571–

3579; (b) C. E. Housecro, J. Organomet. Chem., 2015, 798,

218–228; (c) J. Estrada, S. E. Lee, S. G. McArthur, A. El-

Hellani, F. S. Tham and V. Lavallo, J. Organomet. Chem.,

2015, 798, 214–217; (d) D. J. Clingerman, W. Morris,

J. E. Mondloch, R. D. Kennedy, A. A. Sarjeant, C. Stern,

J. T. Hupp, O. K. Farhaab and C. A. Mirkin, Chem.

Commun., 2015, 51, 6521–6523; (e) V. Ďordovič, Z. Tošner,
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Z. J. Leśnikowski, J. Med. Chem., 2016, 59, 7738–7758; (h)

J. Wang, L. Chen, J. Ye, Z. Li, H. Jiang, H. Yan,

M. Y. Stogniy, I. B. Sivaev, V. I. Bregadze and X. Wang,

Biomacromolecules, 2017, 18, 1466–1472; (i) G. Calabrese,

A. Daou, E. Barbu and J. Tsibouklis, Drug Discovery Today,

2017, 23, 63–75.

7 For selected publications, see: (a) 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;

(b) Z. Wang, P. Jiang, T. Wang, G. J. Moxey,

M. P. Cifuentes, C. Zhang and M. G. Humphrey, Phys.

Chem. Chem. Phys., 2016, 18, 15719–15726; (c) X. Li, H. Yan

and Q. Zhao, Chem.–Eur. J., 2016, 22, 1888–1898; (d)

S. Mukherjee and P. Thilagar, Chem. Commun., 2016, 52,

1070–1093; (e) M. Z. Shakov, A. F. Suleymanova,

R. Czerwieniec and H. Yersin, Inorg. Chem., 2017, 56,

13274–13285; (f) Y. Yin, X. Li, S. Yan, H. Yan and C. Lu,

Chem.–Asian J., 2017, 12, 2207–2210; (g) M. R. Son,

Y.-J. Cho, S.-Y. Kim, H.-J. Son, D. W. Cho and S. O. Kang,

Phys. Chem. Chem. Phys., 2017, 19, 24485–24492; (h) D. Tu,

P. Leong, S. Guo, H. Yan, C. Lu and Q. Zhao, Angew. Chem.,

Int. Ed., 2017, 56, 11370–11374; (i) H. Naito, K. Nishino,

Y. Morisaki, K. Tanaka and Y. Chujo, Angew. Chem., Int.

Ed., 2017, 56, 254–259; (j) X. Li, X. Tong, Y. Yin, H. Yan,

C. Lu, W. Huang and Q. Zhao, Chem. Sci., 2017, 8, 5930–

5940; (k) N. V. Nghia, J. Oh, J. Jung and M. H. Lee,

Organometallics, 2017, 36, 2573–2580; (l) N. Shin, S. Yu,

J. H. Lee, H. Hwang and K. M. Lee, Organometallics, 2017,

36, 1522–1529; (m) J. Cabrera-González, A. Ferrer-Ugalde,
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F. Teixidor and C. Viñas, Chem. Soc. Rev., 2016, 45, 5147–

5173; (c) R. Furue, T. Nishimoto, I. S. Park, J. Lee and

T. Yasuda, Angew. Chem., Int. Ed., 2016, 55, 7171–7175; (d)

S. G. McArthur, R. Jay, L. Geng, J. Guo and V. Lavallo,

Chem. Commun., 2017, 53, 4453–4456; (e) M. Y. Tsang,
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F. Teixidor, C. Viñas, D. Choquesillo-Lazarte, C. Verdugo-

Escamilla, M. Guerrero, J. Sort, J. Juanhuix, D. Maspoch

and J. G. Planas, Cryst. Growth Des., 2017, 17, 846–857; (f)

B. Dong, A. Oyelade and J. A. Kelber, Phys. Chem. Chem.

Phys., 2017, 19, 10986–10997; (g) Y. Zhu and

N. S. Hosmane, Eur. J. Inorg. Chem., 2017, 4369–4377; (h)

M. P. Grzelczak, S. P. Danks, R. C. Klipp, D. Belic,

A. Zaulet, C. Kunstmann-Olsen, D. F. Bradley, T. Tsukuda,
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G. Kociok-Köhn and A. S. Weller, Organometallics, 2007, 26,

2370–2382.

13 For selected publications, see: (a) Y. Quan and Z. Xie, J. Am.

Chem. Soc., 2014, 136, 15513–15516; (b) Y. Quan, Z. Qiu and

Z. Xie, J. Am. Chem. Soc., 2014, 136, 7599–7602; (c) H. Lyu,

Y. Quan and Z. Xie, Angew. Chem., Int. Ed., 2015, 54,

10623–10626; (d) K. Cao, Y. Huang, J. Yang and J. Wu,

Chem. Commun., 2015, 51, 7257–7260; (e) Y. Quan and

Z. Xie, J. Am. Chem. Soc., 2015, 137, 3502–3505; (f) Y. Quan

and Z. Xie, Angew. Chem., Int. Ed., 2016, 55, 1295–1298; (g)

Y. Quan, C. Tang and Z. Xie, Chem. Sci., 2016, 7, 5838–

5845; (h) H. Lyu, Y. Quan and Z. Xie, Angew. Chem., Int.

Ed., 2016, 55, 11840–11844; (i) H. Lyu, Y. Quan and Z. Xie,

J. Am. Chem. Soc., 2016, 138, 12727–12730; (j) H. Li, F. Bai,

H. Yan, C. Lu and V. I. Bregadze, Eur. J. Org. Chem., 2017,

1343–1352; (k) Y. Quan, H. Lyu and Z. Xie, Chem.

Commun., 2017, 53, 4818–4821; (l) X. Zhang, H. Zheng,

J. Li, F. Xu, J. Zhao and H. Yan, J. Am. Chem. Soc., 2017,

139, 14511–14517; (m) C.-X. Li, H.-Y. Zhang, T.-Y. Wong,

H.-J. Cao, H. Yan and C.-S. Lu, Org. Lett., 2017, 19, 5178–

5181; (n) R. Cheng, Z. Qiu and Z. Xie, Nat. Commun., 2017,

8, 14827–14833; (o) R. Cheng, B. Li, J. Wu, J. Zhang, Z. Qiu,

W. Tang, S. You, Y. Tang and Z. Xie, J. Am. Chem. Soc.,

2018, 140, 4508–4511; (p) X. Zhang and Y. Hong, Chem.

Sci., 2018, 9, 3964–3969; (q) T.-T. Xu, K. Cao, J. Wu,

C.-Y. Zhang and J. Yang, Inorg. Chem., 2018, 57, 2925–2932.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 4177–4184 | 4183

Edge Article Chemical Science

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

4
 M

ar
ch

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 9

:0
1
:1

9
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sc00078j


14 For recent reports on B–H activation in cage walking

processes, see: (a) R. M. Dziedzic, J. L. Martin, J. C. Axtell,

L. M. A. Saleh, T.-C. Ong, Y.-F. Yang, M. S. Messina,

A. L. Rheingold, K. N. Houk and A. M. Spokoyny, J. Am.

Chem. Soc., 2017, 139, 7729–7732; (b) B. J. Eleazer,

M. D. Smith, A. A. Popov and D. V. Peryshkov, Chem. Sci.,

2017, 8, 5399–5407.

15 (a) Y. Zhang, Y. Sun, F. Lin, J. Liu and S. Duttwyler, Angew.

Chem., Int. Ed., 2016, 55, 15609–15614; (b) Y. Shen, Y. Pan,

K. Zhang, X. Liang, J. Liu, B. Spingler and S. Duttwyler,

Dalton Trans., 2017, 46, 3135–3140; (c) F. Lin, Y. Shen,

Y. Zhang, Y. Sun, J. Liu and S. Duttwyler, Chem.–Eur. J.,

2018, 24, 551–555; (d) Y. Zhang, T. Wang, L. Wang, Y. Sun,

F. Lin, J. Liu and S. Duttwyler, Chem.–Eur. J., 2018, 24,

15812–15817; (e) F. Lin, J.-L. Yu, Y. Shen, S.-Q. Zhang,

B. Spingler and S. Duttwyler, J. Am. Chem. Soc., 2018, 140,

13798–13807; (f) X. Liang, Y. Shen, K. Zhang, J. Liu and

S. Duttwyler, Chem. Commun., 2018, 54, 12451–12454.

16 CCDC 1886699–1886701 contain the supplementary

crystallographic data for this paper.†

17 Y. Shen, K. Zheng, R. Dontha, Y. Pan, J. Liu and S. Duttwyler,

RSC Adv., 2018, 8, 22447–22451.

18 Y. Shen, J. Liu, T. Sattasatchuchana, K. K. Baldridge and

S. Duttwyler, Eur. J. Inorg. Chem., 2017, 4420.

4184 | Chem. Sci., 2019, 10, 4177–4184 This journal is © The Royal Society of Chemistry 2019

Chemical Science Edge Article

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

4
 M

ar
ch

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 9

:0
1
:1

9
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sc00078j

	Highly selective palladium-catalyzed one-pot, five-fold Btnqh_x2013H/Ctnqh_x2013H cross coupling of monocarboranes with alkenesElectronic...
	Highly selective palladium-catalyzed one-pot, five-fold Btnqh_x2013H/Ctnqh_x2013H cross coupling of monocarboranes with alkenesElectronic...
	Highly selective palladium-catalyzed one-pot, five-fold Btnqh_x2013H/Ctnqh_x2013H cross coupling of monocarboranes with alkenesElectronic...
	Highly selective palladium-catalyzed one-pot, five-fold Btnqh_x2013H/Ctnqh_x2013H cross coupling of monocarboranes with alkenesElectronic...
	Highly selective palladium-catalyzed one-pot, five-fold Btnqh_x2013H/Ctnqh_x2013H cross coupling of monocarboranes with alkenesElectronic...
	Highly selective palladium-catalyzed one-pot, five-fold Btnqh_x2013H/Ctnqh_x2013H cross coupling of monocarboranes with alkenesElectronic...


