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Metal-Free Borylative Dearomatization of Indoles: Exploring the 

Divergent Reactivity of Aminoborane C-H Borylation Catalysts  
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a
 Luis C. Misal Castro,

a
  Vincent Desrosiers

a
 and Frédéric-Georges 

Fontaine*
a
 

While the dearomatization of indoles by carbon–boron bond 

forming reactions are new and quite promising, they are so far 

mainly metal-catalyzed. We here establish the use of metal-free 

catalysts in promoting such reactions in an atom-efficient way. 

The in-situ generated ambiphilic aminoborane catalyst (1-Pip-2-

BH2-C6H4)2 (Pip = piperidyl) promotes borylative dearomatization 

of various 1-arylsulfonyl indoles with pinacolborane in a syn 

addition fashion, with H and Bpin groups added respectively to 

the 2 and 3 positions of indoles. Catalysis proceeds with good to 

excellent conversion and essentially with complete regio- and 

diastereoselectivity. From mechanistic insights and DFT 

computations, we realized and established that prototypical 

boranes can also catalyze this borylative dearomatization. 

Dearomative functionalization of indoles is of high interest for 

synthetic chemists and chemical industries to generate the 

structural motifs of numerous pharmaceuticals, natural 

products, and materials (Figure 1).
1
 While this approach 

appears more reasonable in terms of the number of synthetic 

steps, achieving it is usually hard due to the strong aromatic 

resonance delocalization in heteroarenes,
2
 which disfavours 

the kinetics and thermodynamics of dearomatization.
2-3

 

Despite this hurdle, many methods have been developed in 

the recent years to operate these transformations.
4
 

Dearomatization with the introduction of a boron-containing 

moiety is attractive since organoboron products with a C(sp3)–B 

bond can readily serve as coupling partners in a variety of 

metal-catalyzed cross coupling reactions
5
 and in the emerging 

metal-free coupling reactions.
6
 Some examples of 

stoichiometric and catalytic borylative dearomatization of 

heteroarenes, mostly pyridine derivatives, have been 

reported.
7
 Notably, Rh(I),

7f
 Mg(II)

7a
 and La(III)

7c
 complexes 

(Scheme 1a) and boron-based species have been used as 

catalysts.
7e

 In all these stoichiometric and catalytic reactions, 

dearomatization occurs as a result of the 1,2-addition of H and 

Bpin groups with boron typically adding to the nitrogen atom 

of pyridines. In 2015, Ito and co-workers reported the 

borylative dearomatization of N-protected indoles with 

bis(pinacolato)diboron using Cu(I) catalysts,
8
 which forms C–B 

bonds and affords regio-, diastereo- and enantioselective 3-

borylated indolines with the H and Bpin groups added 

respectively at 2 and 3 positions in an anti-fashion (Scheme 

1a).  
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Figure 1. Representative highly valuable compounds with indoline core. 

The same year, we described a novel metal-free approach 
for the borylation of unactivated electron-rich heteroarenes, 
using pinacolborane (HBpin) as reagent and ambiphilic 
aminoborane (1-TMP-2-BH2-C6H4)2 (1, TMP = 2,2,6,6-
tetramethylpiperidine, Scheme 1b) as catalyst.9 The primary 
mechanistic step of this approach is the concerted C–H 
activation of heteroarenes by the ambiphilic aminoborane 
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catalyst using the concept of frustrated Lewis pair (FLP) 
chemistry.

10
 

 

Scheme 1. Catalytic borylation and borylative dearomatization reactions of 

heteroarenes: a) previous works on catalytic borylative dearomatizatization 
of heteroarenes, b) our previous work on B/N FLP catalyzed C-H borylation 
reaction, and c) this work on B/N FLP catalyzed borylative 

dearomatizatization of indoles. EDG = electron donating group; Cp* = 
pentamethylcyclopentadienyl; Cbz = benzyloxycarbonyl. 

Whereas the transition metal-free borylation of heteroarenes 
using electrophilic boron reagents was already known,11 
additional metal-free systems for the borylation reaction 
appeared in the literature after our report.4e, 12 We 
subsequently showed that the bench-stable fluoroborate salt 
of 1, 1-TMP(H)-2-BF3-C6H4 (1F), can be used as a precatalyst for 
this reaction.

13
 Recently, we have expanded this new 

borylation methodology by designing more active ambiphilic 
aminoborane catalysts (2-4, Scheme 1b).

14
 We wish to report 

here that while covering a wide variety of heteroarenes, some 
heterocycles undergo borylative dearomatization rather than 
borylation through C-H activation. Indeed, the syn addition and 
borylative dearomatization of indoles is catalyzed by in-situ 
generated metal-free ambiphilic aminoborane catalysts 
(Scheme 1c). From the mechanistic insights rationalizing the 
preference of the FLP catalysts for either activation modes, we 
demonstrate that prototypical boranes of the form BH3•base 

can also catalyze the same borylative dearomatization 
reaction. Our metal-free approach towards this transformation 
is atom-efficient and essentially provides regio- and 
diastereoselective products in good to excellent yields. 

 Whereas compounds 1-4 catalyze exclusively the C-H 

borylation of 1-methyl indole in presence of HBpin, we 

observed that the substrate 1-tosyl indole rather undergoes a 

divergent route by performing borylative dearomatization, 

installing the H and Bpin moieties respectively at the 2- and 3-

positions (Scheme 2). Although all four in-situ generated 

ambiphilic aminoboranes catalyze the borylative 

dearomatization of 1-tosyl indole, we chose to use the 

piperidine-based precatalyst 2F for further exploration, as its 

preparation is more convenient. As shown in Table 1, 

treatment of 1-tosyl indole with 1.3 equiv of HBpin and 5 mol% 

of 2F in CDCl3 at 100 °C resulted in the formation of borylative 

dearomatized product 6a with 67% conversion after 16 h 

(entry 2). As expected, this reaction does not operate in the 

absence of a precatalyst (entry 1). Increasing precatalyst and 

HBpin loadings to 10 mol% and 1.5 equiv, respectively, and 

decreasing the reaction time to 6 h provided again a moderate 

conversion (entry 3). However, extending the reaction time to 

16 h gave a conversion of 99% (entry 4). Although most 

experiments were carried out in CDCl3, it is possible to change 

the solvent to THF and 2-Me-THF (entries 5 and 6). 

 

Scheme 2. Borylative dearomatization of 1-tosyl indole catalyzed by in-situ 
generated ambiphilic aminoboranes. Ts = SO2(C6H4CH3). 

Table 1. Initial results and reaction optimization. 

entry 2F (mol%) HBpin 
(equiv) 

conditionsa Convb 
(%) 

1 0 1.1 CDCl3, 100 °C, 24 h 0 

2 5 1.3 CDCl3, 100 °C, 16 h 67 

3 10 1.5 CDCl3, 100 °C, 6 h 62 

4 10 1.5 CDCl3, 100 °C, 16 h 99 

5 10 1.5 THF, 100 °C, 16 h 96 

6 10 1.5 2-MeTHF, 100 °C, 16 h 95 

7 10 1.5 neat, 100 °C, 12 h 99 

a Reaction temperature used is 100 °C. b Percent conversions are 1H NMR 

conversions determined with an aliquot vs hexamethylbenzene as internal 

standard. 

Interestingly, this reaction comes to completion under neat 

conditions in less than 12 hours (entry 7). While the conversion  

is still taking place, albeit in significantly lower yields, in 

presence of benzoic acid, dimethylaniline, and benzonitrile as 

additives, no product was observed in presence of phenol, 

acetophenone and ethyl benzoate additives (see ESI). 

 Next, the scope of this catalytic C–B bond forming 

borylative dearomatization reaction using different 1-
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arylsulfonyl indoles was examined (Scheme 3). The 1-tosyl 

indoles with either electron-donating or electron-withdrawing 

functionalities at the 4- or 5-position undergo the borylative 

dearomatization reaction across the C2-C3 aromatic double 

bond with a high  
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Scheme 3. Scope of 1-arylsulfonyl indoles. Reaction conditions: 1-
arylsulfonyl indoles (0.5 – 1.0 mmol), precatalyst 2F (10 -20 mol%), 
HBpin (1.5 – 2.6 equiv), 100 °C, CDCl3/neat, 16 – 24 h. The numbers 
in parenthesis are the isolated yield. 

a
 indicates the isolated yield 

after oxidation. 

regioselectivity and good-to-excellent conversions (6c,6e-

6h,6m,6o). Likewise, the 1-tosyl indoles possessing the methyl 

(6d), phenyl (6e), fluoro (6j), chloro (6k), or bromo (6l) 

substituents at C6-position were well tolerated. In contrast, 

the electron-withdrawing nitro substituent at C6-position of 

the 1-tosyl indole did not allow borylative dearomatization 

(6p). While it is possible to catalytically hydroborate the 5-

nitro-1-tosyl indole (6o) with a moderate conversion, the 

absence of reaction with 6-nitro-1-tosyl indole suggests that 

the strong withdrawing effect, combined with the negative 

inductive effect (–I) and negative mesomeric effect (–M), 

exerted by the nitro group on the para-positioned C3 carbon, 

is shutting down this process. Some of the formed 

hydroborated products are unstable under the routine workup 

procedure or in the presence of silica gel, and thus were 

subsequently oxidized to the corresponding alcohols using the 

commercially available household bleach comprised of 6% 

NaOCl, which is known to oxidize organoboranes 

stereoretentively.
15

 In some cases, the oxidized products were 

further functionalized with silyl protecting groups. The highly 

regioselective borylative dearomatization of different 1-

arylsulfonyl indoles achieved using an ambiphilic aminoborane 

catalyst tempted us to disclose the diasteroselectivity of this 

metal-free approach. This was probed using the 5-fluoro-2-

methyl-1-phenylsulfonyl indole and 2-methyl-1-phenylsulfonyl 

indole substrates. Catalysis under optimal conditions afforded 

the syn addition products 6r and 6s, respectively, having the 

Bpin and methyl substituents positioned trans to each other. A 

strong support of the syn addition of H and Bpin groups comes 

from the X-ray crystallographic characterization of product 6r 

(Figure 2, left). In the case of 2-methyl-1-phenylsulfonyl indole, 

the product 6s is less stable; therefore, it was derivatized to 2-

methyl 3-siloxy 1-phenylsulfonyl indoline 6s” using the 

stereoretentive oxidant NaOCl (household bleach) and 

silylating reagent TBDMSCl. The X-ray crystallographic 

characterization of product 6s”, as depicted in Figure 2 (right), 

clearly indicates the formation of a syn addition product (6s).  

 
Figure 2. ORTEP diagrams showing the molecular structure of 6r (left) and 
6s” (right). Thermal ellipsoids are shown at the 50% level, and less 

informative hydrogens have been omitted for clarity. 

 Notably, in the framework of transition metal catalysis and 

organocatalysis, this is the first catalytic method for borylative 

dearomatization of indoles which ensues addition in a syn 

fashion. Moreover, this metal-free methodology can be 

considered complementary to the existing group 10 metal-

catalyzed borylative dearomatization of 1-Cbz indoles (Cbz = 

benzyloxycarbonyl) in which the H and Bpin groups are added 

in an anti-fashion.
8
 Our observation and generalization of 

borylative dearomatization of 1-arylsulfonyl indoles using the 

same catalyst that can catalyze C-H borylation of electron-rich 

heteroarenes demonstrates the divergent ability of our 

catalytic system. The divergent ability of our catalysts also 

includes the recent report on S-H borylation of thiols.
16

 

Because the synthesis of precatalyst 2F is expedient and the 

catalytic conversions are quantitative in most cases, we have 
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demonstrated that this metal-free catalysis can be applied for 

gram-scale synthesis, via preparing 6a in 2 grams from 5a 

under a neat condition. 

 A plausible mechanism for the borylative dearomatization 

reaction is shown in Scheme 4.
17

 The initial step of this 

catalytic cycle involves cleavage of the dimeric catalyst. The 

active monomeric catalyst then undergoes hydroboration with 

the substrate, which leads to the formation of the 3-borylated 

intermediate (A1), a possible resting state in the catalytic 

cycle. The σ-bond metathesis between the C(sp3)–B bond of A1 

and H–B bond of HBpin, as observed in the catalyzed C(sp2)-H 

borylation of heteroarenes, is unlikely since our computational 

attempts to optimize the corresponding transition state using 

catalyst 4 led to dissociation of HBpin from A1. Thus, we 

propose that the redistribution of the backbone leads to the 

product and regenerate our catalyst. Several precedents of 

redistribution reactions between RBH2 and R’B(OR’’)2 have 

been reported (vide infra).18 
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Scheme 4. Plausible mechanism for the ambiphilic aminoboranes catalyzed 
borylative dearomatization. 

To investigate the proposed initial hydroboration step and to 

compare to the possible C-H activation, the activation barriers 

were computed, using the model chemistry ωB97XD/6-

311G+**/PCM(chloroform)//ωB97XD/6-31G**
19

 as implemented 

in Gaussian 09 package,
20

 with the dimethyl catalyst 4. 

Computations show a barrier of 25.9 kcal mol
-1

 for the 

hydroboration of 1-phenylsulfonyl indole while the C-H 

activation step is higher in energy at 27.8 kcal mol
-1

, suggesting 

that the former mechanism is favored by 1.9 kcal mol
-1 

(Figure 

3, top). In the case of more electron-rich 1-methyl indole, the 

C-H activation is preferred over hydroboration as the barrier 

for activation is lower by about 5.2 kcal mol
-1

 (Figure 3, 

bottom), which is in accordance with our experimental 

observations.
9
 Since the hydroborated intermediate A1 is 2.8 

kcal mol
-1

 higher in energy compared to the starting materials, 

this intermediate was not observed experimentally. Indeed, 
1
H 

NMR and ESI mass spectrometry of the CDCl3 solution of 

equimolar catalyst 2 and 1-tosyl- or 1-phenylsulfonyl indole 

showed only unreacted starting material and no detectable 

intermediate was seen when the solution was heated at 100 °C 

for 16 h. These results suggest that the catalytic hydroboration 

is a competing reaction for the catalytic borylation reaction. 

Hydroboration dominates when the aromatic π-delocalization 

in heteroarenes is significantly reduced, and the borylation, 

through C-H activation, dominates when the π-delocalization is 

intact or enhanced. This difference in the reactivity pattern 

explains how our ambiphilic aminoboranes show a divergent 

catalytic activity according to the nature of the 1-substitution 

on indoles.9, 14  

 
Figure 3. DFT computed free energy profiles for hydroboration vs C-H 
activation of 1-phenylsulfonyl indole (top) and 1-methyl indole (bottom) by 
the ambiphilic aminoborane catalyst 4. 

 

 As the computational evidence suggests that the amino 

group is not required for catalysis, we next proceeded with 

simple primary and secondary boranes not having an 

ambiphilic character. Catalysis did not occur when using only 

catecholborane (HBcat) or the simple phenylborane, 

generated in-situ from tetrabutylammonium 

trifluoro(phenyl)borate. Surprisingly, the prototypical boranes 

BH3•base, often reflected as a “trojan horse” in catalytic or 

stoichiometric hydroboration reactions,
18b, 21

 catalyzes the 

borylative dearomatization quantitatively with no change in 
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the regio- and diastereoselectivity (Scheme 5). Further 

optimization of this approach using many different BH3 

adducts revealed that the BH3•DMS (dimethyl sulfide) and 

BH3•THF (tetrahydrofuran) adducts are the more efficient 

catalysts (see Table S2 of ESI), as the reaction slowly proceeds 

even at room temperature. At 100 °C, the reaction comes to 

completion within 1 h, which is much faster than all other 

examined BH3 adducts and aminoborane catalysts. Next, the 

group of substrates that was successfully transformed using 

precatalyst 2F was examined with the BH3•DMS catalyst (Table 

S3 of ESI). The same selectivity observed using precatalyst 2F 

was observed with the exception that BH3 catalyzes the 

reaction at lower temperature (60 °C) and faster. To 

demonstrate the viability of this process, product 6q was 

prepared in a two gram-scale using BH3•DMS as catalyst. A 

main advantage of using BH3•base as catalysts is that the 

purification of the products is much easier as it involves only 

evaporation of the catalysts and excess reagents in vacuo. 

N

SO2Ar

5

BH3••••base (10 mol%)

HBpin (1.1 equiv)

CDCl3, 60 °C, 16 h N

SO2Ar

Bpin

6

R1

R2 R2

R1

quantitative

(base = DMS or THF)

 
Scheme 5. Borylative dearomatization of indoles catalyzed by prototypical 

boranes. 

The mechanism proposed for the BH3•base catalyzed 
transformation is shown in Figure 4 and is identical to the one 
depicted in Scheme 4 for the aminoborane catalysts. 
Computations show the initial hydroboration step is exergonic, 

leading to the formation of hydroborated BH2 dimer, B2 (-8.9 
kcal mol

-1
), which is in equilibrium with the monomeric 

dimethyl sulfide adduct B2’ (-5.6 kcal mol
-1

). The unprotected 
monomeric form B2’’ is much higher in energy (8.1 kcal mol

-1
). 

This was demonstrated using NMR spectroscopy, when we 
observed that the stoichiometric reaction of BH3•DMS with 1-
phenylsulfonyl indole at 60 °C for 16 h led to a single 

hydroboration product in equilibrium between the borane-
dimethylsulfide adduct and the diborane dimer. As mentioned 
above, our inability to observe the similar intermediate from 
the reaction between 1-phenylsulfonylindole and ambiphilic 
aminoborane catalysts can be rationalized by the 
thermodynamics of this addition step. DFT results show that 
the addition is endergonic (2.8 kcal mol

-1 
for catalyst 4, Figure 

3) for the aminoborane catalyst, while it is exergonic in the 
case of BH3 catalysts. In the second step of the mechanism, 
scrambling of the backbone occurs between this newly formed 
BH2-intermediate (B2) and HBpin. The scrambling between 
hydrides and alkoxy groups between primary boranes and 
secondary boronic esters is well known.

18b, 22
 The first hydride 

switch leads to the ring-opened intermediate B3 and is 
endergonic by 12.9 kcal/mol, with a rate limiting barrier of 
23.7 kcal/mol. The final step involving the second hydride 
switch is exergonic by -16.9 kcal/mol with a barrier of 9.2 
kcal/mol. The direct formation of the final product B4 from B2 
via a direct σ-bond metathesis between the C–B bond of B2 
and the H–B bond of HBpin has a barrier of 34.4 kcal/mol (not 
shown, see ESI); thus, this pathway was considered kinetically 
uncompetitive in comparison to a backbone redistribution 
process. 
 It was recently demonstrated by Thomas and co-workers 
that a variety of alkenes could undergo hydroboration with 
HBpin as a reagent and BH3•base acting as catalysts.

23
 

However, the hydroboration of indoles to generate 3-
borylindolines is scarce in the scientific literature even if this 
transformation is synthetically useful for the construction of 
complex molecular structures for the pharmaceutical 
industry.

24
 While protection of sensitive functionalities is 

required to apply the borylated products in synthetic 
applications such as for cross-coupling reactions, many mild 
and efficient deprotection strategies were well documented 

for the deprotection of tosyl group after the execution of a 
desired transformation.

25
  We should also note that the 

borylative dearomatized products can also be readily obtained 
by the stoichiometric hydroboration of tosyl indoles by 
BH3•DMS followed by addition of pinacol, as exemplified here 
with the 1-tosyl indole substrate in Scheme 6. This route is 
cheaper relative to the other synthetic routes described 

Figure 4. DFT-computed free energies, in kcal/mol, for the BH3 catalyzed borylative dearomatization of 1-phenylsulfonyl indole. Species B2’ is the 

dimethyl sulfide adduct, and B2” is the monomeric form.  
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herein, but the ability to modify the framework of 
aminoborane catalysts could potentially lead to asymmetric 
induction, which prototypical boranes cannot do.  

Scheme 6. Stoichiometric borylative dearomatization reaction of 1-
tosylindole using BH3•DMS and pinacol. Species BH2-Int likely exists in 
equilibrium between its DMS adduct and the diborane dimer form. 

 In summary, we have established the catalytic use of a 

bench-stable precatalyst, 1-Pip(H)-2-BF3-C6H4 (2F), for the C–B 

bond forming borylative dearomatization of indoles. The in-

situ generated ambiphilic aminoborane catalyzes borylative 

dearomatization of various 1-arylsulfonyl indoles with HBpin 

and proceeded in a syn addition fashion with a high conversion 

and with complete regio- and diasteroselectivity. From the 

mechanistic insight, we recognized and demonstrated that 

prototypical boranes can also catalyze the same reactions with 

an improvement in the catalytic efficiency. The metal-free 

catalytic approach we demonstrate can be considered 

complementary to the existing transition metal-based catalytic 

system where an anti-addition of H and Bpin is followed 

exclusively. Eventhough prototypical boranes are being 

efficient to catalyze borylative dearomatization of N-

arylsulfonyl indoles, utilizing ambiphilic aminoboranes as 

catalysts is still advantageous as they can become as chiral 

catalysts when decorated with chiral substituents and may 

enable the enantioselective borylative dearomatization 

reactions. To achieve this, asymmetric ambiphilic borane 

catalytic systems are currently being developed in our 

laboratory. 
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