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B(III)-Catalyzed C2-selective C–H Borylation of Heteroarenes 
Qi Zhong+, Shengxiang Qin+, Youzhi Yin, Jiajun Hu and Hua Zhang* 

Dedicated to Professor Xiyan Lu on the occasion of his 90th birthday 

Abstract: A BF3•Et2O catalyzed C2-selective C–H borylation of 
indoles with bis(pinacolato)diboron was developed to afford indole-2-
boronic acid pinacol esters. A variety of functional groups were 
tolerated, and other heteroarenes like pyrrole and benzo[b]thiophene 
were also suitable substrates. An electrophilic substitution 
mechanism was proposed based on the preliminary mechanistic 
studies. This novel transformation utilizes simple and cheap 
BF3•Et2O as catalyst and exhibits unusual C2 regioselectivity, 
providing an significant implement to non-transition-metal catalyzed 
C–H borylation and an efficient method towards the synthesis of C2 
functionalized heteroarenes. 

Due to the synthetic versatility of organoboron compounds in 
organic synthesis,[1] C–H borylation has become one of the most 
important C–H functionalization transformations and attracted 
considerable attentions in the past decade.[2] Noble transition-
metal-catalysis dominated C–H borylation, in which Iridium 
proved to be the most effective.[3] Recently, several non-noble 
transition-metal catalysts have been reported to catalyze C–H 
borylation.[4] Although these transition-metal-catalyzed 
processes exhibit high efficiency, non-transition-metal catalyzed 
C–H borylation is attractive for good reasons. 

 
Scheme 1. Non-transition-metal-catalyzed C–H borylation of indoles. 

Electrophilic C–H borylation has emerged to be a promising 
strategy in non-transition-metal-catalyzed C–H borylation.[5] Early 
reports utilized BX3 and BX2H as boron electrophiles under 
harsh reaction conditions.[6] Significant advance made by 
Vedejs,[7] Ingleson,[8] and others[9] enabled the use of 
stoichiometric cationic boron electrophiles in C–H borylation. 
Later on, catalytic C–H borylation employing catalytic initiators to 
generate boron electrophile was developed.[10] Recently, 
Fontaine,[11] Repo,[12] Oestreich,[13] Erker,[14] Uchiyama[15] and 
Zhang[16] achieved the electrophilic C3–H borylation of indoles 
with either HBpin or HBcat with the aid of catalytic FLPs and 
Lewis acid activators. On the other hand, Ingleson reported an 
I2-catalyzed electrophilic C2–H borylation of indole with N-
heterocyclic carbene boranes (NHC•BH3).[17] The key to 
accessing C2-regioisomer products arises to the presence of a 
competent Brønsted acid. Although these reports well 
demonstrated the non-transition-metal-catalyzed electrophilic C–
H borylation of indoles, an efficient and practical protocol for C2–
H borylation is highly desirable. Herein, we communicate the 
simple and cheap BF3•Et2O catalyzed C2-selective C–H 
borylation of indoles and other heteroarenes with stable 
bis(pinacolato)diboron. Remarkably, the mechanism of this 
novel C–H borylation was briefly investigated indicating a SEAr 
process. 
 
Table 1. BF3•Et2O catalyzed C2–H borylation of 1a with B2pin2: effects of 
reaction parameters. 

 
Entry Variation from “standard conditions”[a] Yield [%][b] 

1 none 88(81)[c] 

2 no BF3•Et2O 0 

3[d] BCl3 instead of BF3•Et2O 68 

4 BPh3 instead of BF3•Et2O 68 

5 B(C6F5)3 instead of BF3•Et2O 4 

6 no THF 45 

7 HBpin instead of B2pin2 10 

8 1,4-dioxane instead of noctane 0 

9 toluene instead of noctane trace 

10 120 oC instead of 140 oC 0 

[a] Standard reaction conditions: 1a (0.2 mmol), B2pin2 (0.4 mmol), BF3•Et2O 
(0.04 mmol), noctane (1.5 mL), THF (0.1 mL), 140 oC, 16 h. [b] The yield was 
determined by GC, and calibrated using naphthalene as internal standard. [c] 
Isolated yield in parenthesis. [d] BCl3 in nhexane (1.0 M). 

 
We began by investigating the C–H borylation of 1-methyl 

indole 1a with B2pin2 in the presence of various Lewis acid 
catalyst to prepare C2-borylated indole 2a. After extensive 
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screening, the best result was obtained when the reaction was 
conducted under the conditions consisting of BF3•Et2O (20 
mol%) in noctane/THF at 140 oC for 16 h affording the product 
2a in 88% GC yield and 81% isolated yield (Table 1). 

The effect of alteration to the “standard conditions” is listed 
in Table 1. In the absence of BF3•Et2O, essentially no reaction 
occurred. The use of boron catalysts like BCl3 and BPh3 both 
afforded 2a in 68% yield, while B(C6F5)3 as catalyst afforded 2a 
in 4% yield. The use of THF as co-solvent is essential as lower 
yield of 2a was obtained with low reaction reproducibility in the 
absence of THF. Unlike other electrophilic C–H borylations, only 
10% of 2a was obtained utilizing HBpin as boron source. 1,4-
Dioxane and toluene proved to be non-suitable solvents for this 
C–H borylation. Lowering the reaction temperature to 120 oC 
gave no product. 

 
Scheme 2. BF3•Et2O-catalyzed C2–H borylation of heteroarenes.[a][b] [a] 
Reaction conditions: 1 (0.2 mmol), B2pin2 (0.4 mmol), BF3•Et2O (0.04 mmol), 
noctane (1.5 mL), THF (0.1 mL), 140 oC, 16 h. [b] Isolated yield. [c] BF3•Et2O 
(0.08 mmol). [d] 160 oC. [f] BPh3 (0.02 mmol). 

With the optimized reaction conditions in hand, the C–H 
borylation of a variety of indoles 1 with B2pin2 was tested and the 

results are compiled in Scheme 2. Similar to 1-methyl indole, the 
C–H borylation of 1-nbutyl indole and 1-benzyl indole occurred 
smoothly affording the desired product in good yields. The 
reaction of C3 substituted indole produced the boronic ester 2d 
in 72% yield. To our delight, C4, C5, C6 and C7 substituted 
indoles worked well in the optimized system, and the 
corresponding reactions afforded moderate to good yields of C2 
borylated products. Generally, both electron-donating and 
electron-withdrawing substituents on indole ring were well 
tolerated in this C–H borylation conditions. The reaction of 
indoles containing phenyl, methoxy and triisopropylsilyl groups 
produced the corresponding products in good yields. Halo 
substituents, such as F, Cl and Br, were all well tolerated, which 
provided the possibility for further functionalization. The 
borylation product was achieved in low yield when electron-
deficient 7-azaindole was borylated. Remarkably, N–H indole 
was also suitable substrate, albeit in low yield. To our delight, N-
benzyl pyrrole also reacted to give the desired C2-borylated 
product in 23% yield. The borylation of benzo[b]thiophene also 
occurred at C2 position afforded 2s using BPh3 as catalyst. 
Other heteroarenes such as 3-bromothiophene and N-methyl 
carbazole gave only trace products under the present reaction 
conditions. 

 
Scheme 3. Synthetic versatility of 2-boryl indoles.  

The synthetic versatility of 2-boryl indoles obtained by the 
present BF3•Et2O-catalyzed C2–H borylation was demonstrated 
(Scheme 3). A copper-mediated cyanation of 2a with TMSCN 3 
was conducted to give bioactive 2-cyanoindole 4 whose 
structure exists in many natural compounds and pharmaceutical 
agents.[18] 1,2-Bis(indol-2-yl)benzene 6 was also obtained in 95% 
yield via Suzuki coupling between 2-borylindole 2q and 1,2-
diiodobenzene 5, which serves as an effective skeleton in 
materials chemistry.[19] 

Furthermore, the mechanism of this C–H borylation was 
briefly investigated by performing various control experiments. 
To test the possibility of radical mechanism,[20] indole bearing 
cyclopropyl group at C3 position 7 was synthesized and 
subjected to the borylation reaction conditions (Scheme 4A). 
The C2-borylated product 8 was obtained in 25% yield without 
the detection of ring-opening product. On the other hand, the C–
H borylation of 1a with the addition of one equivalent of radical 
scavenger 9 was conducted affording the product 2a in 76% 
yield (Scheme 4A). These results ruled out the possibility of 
radical process. Notably, this protocol afforded C2-borylated 
indoles instead of C3 regioisomers normally obtained by SEAr 
C–H borylation. To figure out the reason for the unusual C2 
regioselectivity, several experiments were conducted to probe 
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the reversibility of the borylation reaction (Scheme 4B). 
Treatment of 2a’ under standard conditions resulted in complete 
protodeborylation to 1a while most 2a reserved with partial 
protodeborylation to 1a.[21] The treatment of 2a and 2a’ in same 
pot resulted in the formation of stoichiometric amount of 2a and 
1a. These results ruled out the possibility of mutual reversibility 
between 2a’ and 2a, and indicated that C2 isomers are more 
thermodynamically stable than C3 isomers under the present 
reaction conditions. Therefore, the dominant C2 regioselectivity 
was observed. The intermolecular competition experiment of 
[CD3]-1a and [D]-1a in the same pot was also performed 
(Scheme 4C). A reverse kinetic isotope effect was observed, 
indicating that C–H bond cleavage is not the rate-determining 
step. 

 
Scheme 4. Mechanistic studies.  

 
Scheme 5. Proposed mechanism.  

On the basis of the above results and previous reports,[22] we 
proposed a mechanism for the C2–H borylation of 1a (for the 
proposed mechanism for the C2–H borylation of 1r see 
Supporting Information file) (Scheme 5). An initial attack of BF3 

to C3 position of 1a affords intermediate I, which reacts with 
B2pin2 to generate intermediate II. Then intermediate II forms 
intermediate III and IV. The subsequent deprotonation of III by 
IV yields product 2a and HBpin,[23] and regenerates BF3. 

In summary, a novel BF3•Et2O-catalyzed C2-selective C–H 
borylation of indoles as well as other heteroarenes with 
bis(pinacolato)diboron was disclosed. A variety of functional 
groups were tolerated, and various indole-2-boronic acid pinacol 
esters were obtained in moderate to good yields. Preliminary 
mechanistic studies indicated a possible electrophilic 
substitution borylation mechanism. Additional exploration of the 
substrate scope and mechanistic studies are currently underway 
and will be reported in the due course. 

Experimental Section 

An oven-dried 25-mL Schlenk tube equipped with a magnetic stirring bar 
was charged with B2pin2 (0.4 mol, 101.6 mg) and flushed with nitrogen 
gas. Heteroarene (0.2 mmol), BF3•Et2O (0.04 mmol, 5.0 µL), THF (0.1 
mL) and noctane (1.5 mL) were added to the tube under nitrogen 
atmosphere. The sealed tube was heated at 140 °C for 16 h in a heating 
module or oil bath with stirring. After cooling the reaction mixture to room 
temperature, the mixture was concentrated and directly purified by flash 
column chromatography over silica gel eluting with petroleum/ethyl 
acetate to afford the product. 
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A BF3•Et2O catalyzed C2-selective C–H borylation of indoles as well as other 
heteroarenes with bis(pinacolato)diboron was developed. This novel transformation 
utilizes simple and cheap BF3•Et2O as catalyst and exhibits unusual C2 
regioselectivity, providing an significant implement to non-transition-metal catalyzed 
C–H borylation and an efficient method towards the synthesis of C2 functionalized 
Heteroarenes. 
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