
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

11
:4

6:
49

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Carbon–carbon
aKey Laboratory of Catalysis and Energy Mat

Hubei Key Laboratory of Catalysis and Mate

Nationalities, Wuhan 430074, China. E-mai
bCollege of Chemistry, Nanchang University

† Electronic supplementary informa
10.1039/d1sc04487g

‡ These authors contributed equally.

Cite this: Chem. Sci., 2021, 12, 15104

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 15th August 2021
Accepted 26th October 2021

DOI: 10.1039/d1sc04487g

rsc.li/chemical-science

15104 | Chem. Sci., 2021, 12, 15104–15
bond activation by B(OMe)3/
B2pin2-mediated fragmentation borylation†

Li Wang,‡ab Qi Zhong,‡ab Youliang Zou,b Youzhi Yin,b Aizhen Wu,b Quan Chen,b

Ke Zhang,b Jiachen Jiang,b Mengzhen Zhaob and Hua Zhang *ab

Selective carbon–carbon bond activation is important in chemical industry and fundamental organic

synthesis, but remains challenging. In this study, non-polar unstrained Csp2–Csp3 and Csp2–Csp2 bond

activation was achieved by B(OMe)3/B2pin2-mediated fragmentation borylation. Various indole

derivatives underwent C2-regioselective C–C bond activation to afford two C–B bonds under transition-

metal-free conditions. Preliminary mechanistic investigations suggested that C–B bond formation and

C–C bond cleavage probably occurred in a concerted process. This new reaction mode will stimulate

the development of reactions based on inert C–C bond activation.
Introduction

Carbon–carbon bond activation, which enables the direct
production of valuable functionalized products from widely
available and inexpensive raw materials obtained from natural
resources, is the foundation of many important industrial
processes and has wide-ranging applications in complex mole-
cule synthesis.1–14 Owing to the ubiquity of carbon–carbon
bonds in organic molecules, the study of transformations based
on selective carbon–carbon bond activation will greatly help
realize free molecular editing, thus stimulating growing interest
in the synthetic community. In recent decades, the rapid
development of synthetic methods based on strained C–C bond
cleavage via strain release,15–23 polar C–C bond cleavage24–36 via
transition-metal-catalysed oxidative addition and b-carbon
elimination, and oxidation induced C–C cleavage of alkylar-
enes,37–39 among others, has been witnessed (Scheme 1a). Owing
to a high bond dissociation energy and competitive C–H bond
activation, the selective activation of non-polar unstrained C–C
bonds is challenging, with reports remaining rare. Reported
successes mainly rely on the directed transition-metal-catalysed
reductive hydrogenolysis of substrates bearing two directing
groups (Scheme 1b). In this context, Milstein and co-workers
contributed the pioneering work, wherein the hydrogenolysis
of non-polar unstrained Csp2–Csp3 bonds in pincer-type
substrates with bidentate phosphine as the directing group
was achieved via Rh catalysis (Scheme 1b).40–43 Recently, Dong
Scheme 1 (a) Strained and polar C–C bond cleavage; oxidation
induced C(aryl)–C(alkyl) bond cleavage. (b) Non-polar unstrained C–C
bond activation via transition-metal-catalysed hydrogenolysis. (c) This
work: non-polar unstrained C–C bond activation via B(OMe)3/B2pin2-
mediated fragmentation borylation.
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Table 1 Effects of varying reaction parameters on the B(OMe)3/
B2pin2-mediated fragmentation borylation of 1aa

Entry Deviation from standard reaction conditionsa Yieldb (%)

1 None 83(75)c

2 No B(OMe)3 0
3 B(OiPr)3, instead of B(OMe)3 70
4 BPh3, instead of B(OMe)3 59
5 PhB(OH)2, instead of B(OMe)3 66
6d BF3$Et2O, instead of B(OMe)3 Trace
7d,e BF3$Et2O, instead of B(OMe)3 62
8 BBr3, instead of B(OMe)3 0
9f B(C6F5)3, instead of B(OMe)3 Trace
10g Metal Lewis acids, instead of B(OMe)3 0
11 No Et3N 59
12 nBu3N, instead of Et3N 78
13 n-Hexane, instead of n-octane 68
14 16 h, instead of 48 h Trace
15 180 �C, 16 h instead of 160 �C, 48 h 67
16 140 �C, instead of 160 �C Trace

a Standard reaction conditions: 1aa (0.20 mmol), B2pin2 (0.50 mmol),
B(OMe)3 (0.06 mmol), Et3N (0.06 mmol), n-octane (1.0 mL), 160 �C, and
48 h; HCl (1.0 mL, 6.0 M) and 0.5 h. b Yields determined by GC using
naphthalene as the internal standard. c Isolated yield in parentheses.
d THF (0.1 mL) was added. e No Et3N.

f 10 mol%. g Metal Lewis acids:
Zn(OTf)2, ZnCl2, Sc(OTf)3, AlCl3, InCl3, FeCl3, CuCl2, and NiCl2.

Scheme 2 Scope of Csp2–Csp3 bond fragmentation borylation. Reaction
Et3N (0.06 mmol), n-octane (1.0 mL), 160 �C, and 48 h; HCl (1.0 mL, 6.0 M
and 180 �C. b B(OMe)3 (0.20 mmol), B2pin2 (0.80 mmol), Et3N (0.06 mm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and co-workers made a signicant advancement, achieving the
activation of Csp2–Csp2 bonds in a wide range of biaryl
compounds bearing two ortho-directing groups using Rh and
Ru catalysis (Scheme 1b).44–46 Although these studies proved
that the selective cleavage of non-polar unstrained C–C bonds is
feasible, the development of new systems to advance this eld is
needed. Herein, we describe the development of a B(OMe)3/
bis(pinacolato)diborane(B2pin2)-mediated non-polar
unstrained C–C bond activation reaction (Scheme 1c). In this
reaction, both Csp2–Csp3 and Csp2–Csp2 bond activation
occurred regioselectively at the C2-position in various
substituted indoles, affording two C–B bond products under
transition-metal-free conditions. This study not only provides
a new approach to highly challenging selective carbon–carbon
bond cleavage, but also provides new opportunities for further
applications.
Results and discussion

As an extension of our previous study towards the Lewis acid-
promoted C–H borylation of indoles,47 we envisaged that
installing substituents on the pyrrole core of indoles would
provide opportunities for C–H borylation of the benzenoid
moiety of indoles.48,49 This concept was initially investigated
using the reaction of 1,2-dimethyl indole (1aa) and B2pin2.
Surprisingly, no desired benzenoid C–H borylation products
were obtained in the reaction, but C–C bond activation product
2a was observed. Owing to the importance of C–C bond
conditions: 1 (0.20 mmol), B2pin2 (0.50 mmol), B(OMe)3 (0.06 mmol),
) and 0.5 h. Isolated yields. a B(OMe)3 (0.20 mmol), B2pin2 (0.80 mmol),
ol), n-octane (1.0 mL), 160 �C, and 48 h.
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activation, we continued to optimize this Csp2–Csp3 bond
activation reaction. Extensive screening showed that the best
result was obtained when the reaction was conducted in the
presence of B(OMe)3 (30 mol%) and Et3N (30 mol%) in n-octane
at 160 �C for 48 h, affording 1-methyl-2-indolyl boronic pinacol
ester (2a) in 75% isolated yield (Table 1, entry 1).50 The results of
varying the standard conditions are shown in Table 1.
Compound 2a was not detected in the absence of B(OMe)3,
indicating that B(OMe)3 catalysed this reaction (Table 1, entry
2). Using other boron Lewis acids, such as B(OiPr)3, BPh3,
PhB(OH)2, and BF3$Et2O, as catalysts gave lower yields (entries
3–7). Furthermore, BBr3 and B(C6F5)3 were ineffective (entries 8
and 9). No. 2a was obtained using other metal Lewis acids as
catalysts (entry 10). Lower yields of 2a were obtained in the
absence of Et3N or in the presence of nBu3N (entries 11 and 12).
Non-polar n-hexane was also a suitable solvent for this reaction
(entry 13). Decreasing the reaction time resulted in only trace
product, unless accompanied by an increased reaction
temperature, which resulted in a moderate yield of 2a (entries
14 and 15). Lowering the reaction temperature to 140 �C led to
trace product formation (entry 16).

Having established optimal reaction conditions, the
substrate scope of this C–C bond fragmentation borylation
reaction was investigated. As shown in Scheme 2, the site-
selectivity of this reaction was rst studied. Exclusive C2-
Scheme 3 Scope of Csp2–Csp2 bond fragmentation borylation. Rea
morpholine (0.10 mmol), n-octane (1.0 mL), 160 �C, and 48 h; HCl (1.0

15106 | Chem. Sci., 2021, 12, 15104–15109
regioselectivity was observed, with the reactions of C4-, C5-,
C6-, and C7-substituted 1,2-dimethyl indoles uniformly
producing C2-borylated products (2b–2e) in good yields.
Furthermore, C3-substituted 1,2-dimethyl indole afforded C2-
borylated product 2f, albeit in a lower yield under more harsh
conditions. Next, the functional group tolerance of the indolyl
fragment was examined. 1,2-Dimethyl indoles bearing tert-
butyl, methoxy, piperidyl, and triuoromethyl groups reacted
well with B2pin2, giving the corresponding borylation products
(2g–2j) in good yields. Halogen substituents, such as F, Cl, Br,
and I (2k–2n), were all tolerated in this C–C bond fragmentation
borylation reaction, making further functionalization feasible.
Transformable trimethylsilyl (2o) and (pinacolato)boryl (2p)
groups, and a phenyl group (2q), were also well tolerated.
Generally, both electron-donating and electron-withdrawing
substituents on the indole ring did not affect the reaction effi-
ciency. Different N-substituted indoles were also tested. Both N-
butyl and N-benzyl indoles reacted well, giving the corre-
sponding products (2r and 2s) in good yields. However,
electron-withdrawing protecting groups, such as acetyl and tert-
butoxycarbonyl, resulted in no desired product formation. 2-
Methyl-1-phenyl indole, 1-benzyl-2,5-dimethyl pyrrole, and 2-
methyl benzothiophene gave trace or no desired products. The
borylation of 5-methoxy-1-methyl indoles bearing alkyl C2-
substituents other than a methyl group was performed to
ction conditions: B2pin2 (0.80 mmol), B(OMe)3 (0.20 mmol), ethyl-
mL, 6.0 M) and 0.5 h. Isolated yields. a 1H NMR spectroscopic yield.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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examine the scope of the alkyl fragment (Scheme 2). 5-Methoxy-
1-methyl indoles bearing primary alkyl C2-substituents, such as
hexyl and benzyl groups, were suitable substrates, affording the
corresponding indolyl boronic pinacol ester 2h and alkyl
boronic pinacol esters 3b and 3c in moderate yields under
modied conditions. 5-Methoxy-1-methyl indole bearing
a secondary alkyl C2-substituent (cyclohexyl) gave lower yields
(2h and 3d), while no desired products (2h and 3e) were ob-
tained when 5-methoxy-1-methyl indole bearing a tertiary alkyl
C2-substituent (tert-butyl) was used as the substrate.

Encouraged by the above results, we investigated whether
this protocol could be extended to Csp2–Csp2 bonds. To our
delight, this transition-metal-free system also promoted Csp2–
Csp2 bond cleavage. The reaction conditions were slightly
optimized to ensure a satisfactory yield (for details, see Table
S1†). The substrate scope was also carefully examined, with the
results shown in Scheme 3. Various C2-aryl-substituted 5-
methoxy-1-methyl indoles were subjected to this borylation
reaction to examine the aryl fragment scope. Aryl moieties
Scheme 4 Control experiments and proposedmechanism. (a) Gram-sca
(c) Radical clock and trapping experiments. (d) Carbocation probing exp
Competition experiment probing the stereo effect. (g) C(indolyl)–Ph v
a Conditions A: B2pin2 (0.80 mmol), B(OMe)3 (0.20 mmol), n-octane (1.0
(0.80 mmol), B(OMe)3 (0.20 mmol), ethylmorpholine (0.10 mmol), n-oc

© 2021 The Author(s). Published by the Royal Society of Chemistry
bearing electronically diverse substituents all underwent C–C
bond fragmentation borylation smoothly, affording the corre-
sponding indolyl (2h) and aryl (3f–3m) boronic pinacol esters in
moderate yields. Notably, the substrate with a (1,10-biphenyl)-4-
yl substituent (1hn) underwent C2-selective C–C bond activa-
tion, with the biphenyl moiety remaining intact (3m). Similarly,
a C(indolyl)–C(2-naphthalenyl) bond (1oh) was also cleaved to
give the corresponding boronic pinacol esters. Next, the indolyl
fragment scope was investigated. 1-Methyl-2-(3,4,5-
trimethoxyphenyl) indole (1ap) reacted well, affording the cor-
responding products 2a and 3p in moderate yields. The reac-
tions of C4-, C5-, C6-, and C7-substituted indoles all produced
the corresponding indolyl (2b–2e) and 3,4,5-trimethoxyphenyl
(3p) boronic acid pinacol esters in moderate yields. The desired
products were obtained in low yields fromC3-substituted indole
1fp, probably due to steric hindrance. Electron-donating (1hp)
and electron-withdrawing (1jp and 1kp) substituents on the
indole ring were compatible with this C–C bond activation
reaction. Transformable chloride (1lp) and trimethylsilyl (1op)
le experiments. (b) Fragmentation borylation with other boron sources.
eriments. (e) Competition experiment probing the electronic effect. (f)
s. C(indolyl)–Me fragmentation borylation. (h) Proposed mechanism.
mL), 180 �C, 24 h; HCl (1.0 mL, 6.0 M), and 0.5 h. b Conditions B: B2pin2
tane (1.0 mL), 160 �C, and 48 h; HCl (1.0 mL, 6.0 M) and 0.5 h.

Chem. Sci., 2021, 12, 15104–15109 | 15107
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groups were also tolerated. 1-Methyl-5-phenyl-2-(3,4,5-
trimethoxyphenyl) indole (1qp) also reacted well with B2pin2,
affording the corresponding products 2q and 3p in moderate
yields. Trace desired products were obtained using 1,2-diphenyl
indole, 1-benzyl-2,5-diphenyl pyrrole, and 2-phenyl benzothio-
phene as the substrate.

The scalability and practicability of this C–C bond frag-
mentation borylation reaction were also studied. Good yields
were obtained from gram-scale experiments under both stan-
dard and non-anhydrous conditions (Scheme 4a). Furthermore,
C–C bond fragmentation borylation was performed with bis(-
neopentyl glycolato)diboron (B2neop2) and bis(hexylene glyco-
lato)diboron (B2hg2) as the boron source (Scheme 4b).

To obtain mechanistic insight into this B(OMe)3/B2pin2-
mediated C–C bond activation reaction, a series of control
experiments were designed and performed. When radical clock
substrate 1aq was used, only indolyl (2a) and cyclopropylmethyl
(3q) boronic pinacol esters were obtained (Scheme 4c). The
reaction of 1hf with B2pin2 in the presence of a stoichiometric
amount of radical scavenger 9,10-dihydroanthracene (6) affor-
ded 2h and 3f in 64% and 67% yields, respectively (Scheme 4c).
These results ruled out the possibility of this transformation
involving a radical pathway. When 1ar or 1as was subjected to
this C–C bond activation reaction, only trace amounts of iso-
propyl (3r0) or tert-butyl (3e) boronic pinacol esters were detec-
ted (Scheme 4d). These results further ruled out the possibility
of the mechanism involving a carbocation intermediate.

The competitive experiment of 1at and 1tu indicated that the
electronic effect of the C2 substituent had no obvious inuence
on the C–C bond fragmentation borylation (Scheme 4e).
However, the competitive experiment of 1av and 1tw indicated
that the steric effect of the C2 substituent clearly inuenced the
C–C bond fragmentation borylation (Scheme 4f). The competi-
tive experiment of 1af and 1ta indicated that C(indolyl)–Me
bond activation was more favoured than C(indolyl)–Ph bond
activation under the same conditions (Scheme 4g). Based on the
above results and previous reports,51 we proposed the following
mechanism for this B(OMe)3/B2pin2-mediated C–C bond acti-
vation reaction. B(OMe)3 initially attacks the C3-position of 1,
affording intermediate 7, which further reacts with B2pin2 to
give products 2 and 3 via intermediate 8. The cleavage of the
C–C and B–B bonds and C–B bond formation probably occurred
in a concerted process (Scheme 4h).

Conclusions

In conclusion, B(OMe)3/B2pin2-mediated C–C bond fragmenta-
tion borylation has been developed as a new transition-metal-
free protocol for non-polar unstrained C–C bond activation. In
this system, C2-regioselective C–C bond cleavage of indole
derivatives was achieved, producing the corresponding boronic
pinacol esters in moderate to good yields. Preliminary mecha-
nistic studies suggested that C–C bond cleavage and C–B bond
formation probably occurred in a concerted process. These
results will help stimulate further interest in the exploration of
C–C bond activation using transition-metal-free techniques.
Efforts to gain further mechanistic insights and expand the
15108 | Chem. Sci., 2021, 12, 15104–15109
reaction mode to other C–C bonds are ongoing in our
laboratories.
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