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–H sulfenylation of N-sulfonyl
protected 7-azaindoles promoted by TBAI: a rapid
synthesis of 3-thio-7-azaindoles†
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Gaolei Xi,b Erbin Wang,b Juanjuan Wangb and Zhiyong Wu *a

This paper describes the regioselective C-3 sulfenylation ofN-sulfonyl protected 7-azaindoles with sulfonyl

chlorides. In this transformation, dual roles of TBAI serving as both promoter and desulfonylation reagent

have been demonstrated. The reaction proceeded smoothly under simple conditions to afford 3-thio-7-

azaindoles in moderate to good yields with broad substrate scopes. This protocol refrains from using

transition-metal catalysts, strong oxidants or bases, and shows its practical synthetic value in organic

synthesis.
Fig. 1 Biological activity and material applications of 7-azaindole
derivatives.
Introduction

Indole core structures are the most important nitrogen-
containing aromatic heterocycles, which are widely distrib-
uted in organic synthesis,1 medicinal chemistry,2 natural
products,3 pharmaceutical agents,4 and others.5 Among them, 7-
azaindoles and their synthetic analogues which possess the
same [4.3]-bicyclic indene architecture as indoles (Fig. 1), have
become one of the most widely studied organic templates, in
part probably because of their prevalence in many bio-active
structures6 and functional molecules7 (Fig. 1a–c).

Due to the signicance of such sub-structures in various
elds, chemists are showing an increased interest in developing
effective methods to form 7-azaindole derivatives.8 Tradition-
ally, 7-azaindole derivatives are synthesized starting from ami-
nopyridines through the construction of pyrrole ring.8a,b,9

However, these methodologies suffer from some drawbacks
such as toxic and foul-smelling reagents, prolonged reaction
steps and low atom efficiency, which limit their wide applica-
tions. With the aim to functionalize the 7-azaindoles in a mild
and atom-economical manner, transition-metal catalyzed C–H
bonds activation has been described as an attractive strategy
(Scheme 1a).10 For example, Sames,11 Fagnou,12 DeBoef,13 Das,14

Cao,15 and Laha16 reported independently the palladium-
catalyzed C-2 arylation of 7-azaindole by using aryl iodide or
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benzene as coupling partners under different conditions. In
addition, the N-oxide-assisted palladium-catalyzed C6–H aryla-
tion of 7-azaindoles has also been achieved by Fagnou and co-
workers.12 Das's group17 realized the oxidative C3–H alkenyla-
tion of 7-azaindoles under palladium catalysis. However, the
use of transition-metals may cause potential contamination of
the products, which is particularly signicant in the pharma-
ceutical industry and advanced functional materials. Among
others, the C–H bonds activation reaction under transition-
metal-free conditions has emerged as promising protocols
Scheme 1 Regioseletive C–H functionalization of 7-azaindoles.
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because of their environmental friendliness. For instance, Liu18

and co-workers developed a regioselective deoxygenative C–H
thiolation of 7-azaindole N-oxides with I2/PEG as the efficient
and reusable catalytic system (Scheme 1b). Some other specic
examples on C-3 sulfenylation of free 7-azaindole have also been
achieved by Zhang,19 Wang,20 Liu21 and Sinha.22 Despite this
progress, direct C-3 sulfenylation of N-sulfonyl protected 7-
azaindoles using TBAI (tetrabutylammonium iodide) both as
the promoter and as the desulfonylation reagent has not yet
been documented. Based on our ongoing interest in the
formation of C–S bond,23 herein, we want to disclose the
regioselective C–H bond sulfenylation of N-sulfonyl protected 7-
azaindoles promoted by TBAI (Scheme 1c).
Table 2 Substrate scope of protecting groups and sulfonyl chlorides
for the sulfenylation reactionsa,b,c
Results and discussion

At the outset of this investigation, we commenced our study on
the model reaction of N-Ts protected 7-azaindole (1a) with tosyl
chloride (2a) to optimize various reaction parameters. The
results were summarized in Table 1. Initially, C-3 sulfenylation
took place in the presence of TBAI (3 equiv.) in DMF under air,
affording product 3a in 35% yield (entry 1, Table 1). The
molecular structure of 3a was conrmed by NMR and HRMS
spectra. Inspired by this result, various additives such as NaI,
KI, I2 and TBAB were screened (entries 2–5, Table 1), however,
no better results were observed with these experiments. The
effect of solvent was also examined, and the results showed that
DMAc gave lower yield of 3a (entry 6 vs. entry 1, Table 1) while no
Table 1 Optimization of the reaction conditionsa

Entry Additive Solvent Yieldb (%)

1 TBAI DMF 35
2 NaI DMF 17
3 KI DMF 14
4 I2 DMF N.R.
5 TBAB DMF N.R.
6 TBAI DMAc 23
7 TBAI 1,4-Dioxane N.R.
8 TBAI Acetonitrile N.R.
9 TBAI Toluene N.R.
10 TBAI DCE N.R.
11c TBAI DMF 72
12d TBAI DMF 79
13e TBAI DMF 82
14d,f TBAI DMF 84
15d,g TBAI DMF 86
16d,h TBAI DMF 80
17d,g,i TBAI DMF 83

a Reaction conditions: 1a (0.15 mmol), 2a (0.45 mmol), additive (3.0
equiv.) and solvent (1 mL), 80 �C, 18 h. b Isolated yields. c Run at 100
�C. d Run at 120 �C. e Run at 140 �C. f Run for 12 h. g Run for 6 h.
h Run for 3 h. i Run under N2 atmosphere. N.R. ¼ no reaction.

31820 | RSC Adv., 2020, 10, 31819–31823
desired product was observed with 1,4-dioxane, acetonitrile,
toluene and DCE (entries 7–10, Table 1). Gratifyingly, increasing
the reaction temperature resulted in a signicant improving of
the product yield (entries 11–13, Table 1) and the highest yield
(79%) product 3a was observed when the reaction was con-
ducted at 120 �C for 18 h. The reaction time was also examined
(entries 14 and 15, Table 1), and 6 h was found to be the best
choice. The nitrogen protected reaction was also carried out,
and a similar result was obtained in this reaction compared
with the reaction in air (entry 17 vs. entry 15, 83% vs. 86%, Table
1). Based on the detailed investigations, we conrmed that the
optimal conditions: TBAI (3.0 equiv.) as the additive in DMF at
120 �C under air atmosphere for 6 h (entry 15, Table 1).

Based on the optimized conditions presented above, we
subsequently focused on examining the generality and limita-
tions of this protocol (Tables 2 and 3). Firstly, various protecting
groups were surveyed for this transformation, and the results
were summarized in Table 2. Both aryl sulfonyl and alkyl sulfonyl
protected 7-azaindole underwent the reaction smoothly to
provide the corresponding products in moderate to good yields
(3a – 1–6, 54–86%, Table 2). Generally, different type of protecting
groups have some appreciable inuence on the outcome of the
reaction, and tosyl group was conrmed as the best one. Next,
a wide range of substituted aryl sulfonyl chlorides was subjected
to the reaction with N-Ts protected 7-azaindole (1a) to produce
a Reaction conditions: 1 (0.15 mmol), 2 (0.45 mmol), TBAI (3 equiv.),
DMF 1 mL, 120 �C, 6 h, under air. b Isolated yields. c R1 ¼ p-tolyl for
products 3b–3r.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Substrate scope of N-Ts protected 7-azaindoles for the sul-
fenylation reactionsa,b

a Reaction conditions: 1 (0.15 mmol), 2a (0.45 mmol), TBAI (3 equiv.),
DMF 1 mL, 120 �C, 6 h, under air. b Isolated yields.

Scheme 2 Plausible reaction mechanism.
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the corresponding product 3b–3n inmoderate to good yields (65–
96%). Notably, benzenesulfonyl chloride and the mono-
substituted (Me, OMe, t-Bu) benzenesulfonyl chlorides have
proven to be suitable substrates for the reaction to provide the
corresponding products (3b–c, 3g and 3j) in synthetic acceptable
yields (73–91%). Substrates bearing electron-withdrawing
substituents also resulted in good yields. Halides such as F, Cl,
and Br afforded the desired products in 80–96% yields (3d–e, 3h–
i, 3k–l), even strong electron-withdrawing groups (CF3) gave quite
good yield of 3f (93%). Aryl sulfonyl chlorides containing a steri-
cally hindered groups, bicyclic moiety naphthalene and
substituted pyridine ring showed good compatibility (3m–p, 62–
87%). Ethanesulfonyl chloride and cyclopropanesulfonyl chlo-
ride reacted as well to give the desired products 3q and 3r with
yields of 52% and 46%, respectively. These results greatly
expanded the substrate scope of this reaction.

The compatibility of 7-azaindole derivatives was subse-
quently evaluated in this transformation (Table 3). Not
surprisingly, the reaction of substrate 2a with several
substituted N-Ts protected 7-azaindoles furnished the corre-
sponding products (4a–d) in moderate yields. It is noteworthy
that although relatively low yields were obtained when the
halogenated 7-azaindoles were subjected to the reaction, it may
provide a signicant opportunity for their further trans-
formation by transition-metal-catalyzed coupling reactions,
especially in pharmacological demand.

Considering the experimental results and previously
reports,24 a plausible mechanism was proposed and illustrated
in Scheme 2. We envisioned that the formation of sulfonyl
iodide A by anion exchange of sulfonyl chloride and TBAI would
be the initial step of this transformation. Then, sulfonyl iodide
A is continuously reduced into the intermediates B,21,25 which
undergoes homolytic cleavage to produce the active sulfur
radical C.24a Subsequently, the addition of sulfur radical to 7-
azaindole occurs chemoselectively and generates a key inter-
mediate D, which captured by the iodine radical from inter-
mediates B affording intermediate E. Next, HI elimination takes
place to provide 3-thio-7-azaindole F, which readily undergoes
N-desulfonylation16a,26 to provide the desired products 3.
This journal is © The Royal Society of Chemistry 2020
Conclusions

In summary, we have described an efficient approach for the
production of 3-thio-7-azaindoles via C–H bond activation
under transition-metal-free conditions. In this protocol, dual
roles of TBAI serving as both promoter and desulfonylation
reagent have been demonstrated, and a series of 3-thio-7-
azaindoles were obtained in moderate to good yields with
high regioselectivity and good functional group tolerance.
Further studies on extending the substrate scope and the
application of the obtained products are underway, and the
results will be forthcoming soon.
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E. M. Garcıá-Frutos, Simple donor–acceptor luminogen
based on an azaindole derivative as solid-state emitter for
organic light-emitting devices, ACS Energy Lett., 2017, 2,
2653–2658.

8 (a) J. J. Song, J. T. Reeves, F. Gallou, Z. Tan, N. K. Yee and
C. H. Senanayake, Organometallic methods for the
synthesis and functionalization of azaindoles, Chem. Soc.
Rev., 2007, 36, 1120–1132; (b) A. Soa Santos,
A. C. Mortinho and M. M. B. Marques, Metal-catalyzed
cross-coupling reactions on azaindole synthesis and
functionalization, metal-catalyzed cross-coupling reactions
on azaindole synthesis and functionalization, Molecules,
2018, 23, 2673; (c) W.-H. Zhong, Y. Zhong, H. Mao and
X. Chao, Recent progress on the synthesis of (aza)indoles
through oxidative alkyne annulation reactions, Synlett,
2017, 15, 1867–1872.

9 (a) M. J. D. Pires, D. L. Poeira and M. M. B. Marques, Metal-
catalyzed cross-coupling reactions of aminopyridines, Eur. J.
Org. Chem., 2015, 2015, 7197–7234; (b) J. Merour, S. Routier,
F. Suzenet and B. Joseph, Recent advances in the synthesis
and properties of 4-, 5-, 6-or 7-azaindoles, Tetrahedron,
2013, 69, 4767–4834.

10 (a) J. M. Lopchuk, Five-Membered Ring Systems: Pyrroles
and Benzo Analogs, in Progress in Heterocyclic Chemistry,
ed. G. Gribble and J. J. Joule, Elsevier, Oxford, 2017, vol.
29, pp. 183–238; (b) L. Ouyang and W. Wu, Recent
advancements in palladium-catalyzed reactions involving
molecular oxygen, Curr. Opin. Green Sustain. Chem., 2017,
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06635d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
6:

06
:2

4 
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
7, 46–55; (c) M. Petrini, Regioselective direct C-alkenylation
of indoles, Chem.–Eur. J., 2017, 64, 16115–16151.

11 (a) B. S. Lane and D. Sames, Direct C�H bond arylation:
selective palladium-catalyzed c2-arylation of N-substituted
indoles, Org. Lett., 2004, 6, 2897–2900; (b) B. S. Lane,
M. A. Brown and D. Sames, Direct palladium-catalyzed C-2
and C-3 arylation of indoles: a mechanistic rationale for
regioselectivity, J. Am. Chem. Soc., 2005, 127, 8050–8057.

12 M. P. Huestis and K. Fagnou, Site-selective azaindole
arylation at the azine and azole rings via n-oxide
activation, Org. Lett., 2009, 11, 1357–1360.

13 S. Potavathri, K. C. Preira, S. I. Gorelsky, A. Pike, A. P. Lebris
and B. DeBoef, Regioselective oxidative arylation of indoles
bearing n-alkyl protecting groups: dual c�h
functionalization via a concerted
metalation�deprotonation mechanism, J. Am. Chem. Soc.,
2010, 132, 14676–14681.

14 P. Kannaboina, K. Anilkumar, S. Aravinda,
R. A. Vishwakarma and P. Das, Direct C-2 arylation of 7-
azaindoles: chemoselective access to multiarylated
derivatives, Org. Lett., 2013, 15, 5718–5721.

15 (a) Y. Huang, Z. Lin and R. Cao, Palladium nanoparticles
encapsulated in a metal–organic framework as efficient
heterogeneous catalysts for direct c2 arylation of indoles,
Chem.–Eur. J., 2011, 17, 12706–12712; (b) Y. Huang, T. Ma,
P. Huang, D. Wu, Z. Lin and R. Cao, Direct C-H bond
arylation of indoles with aryl boronic acids catalyzed by
palladium nanoparticles encapsulated in mesoporous
metal–organic framework, ChemCatChem, 2013, 5, 1877–
1883.

16 (a) J. K. Laha, R. A. Bhimpuria, D. Prajapati, N. Dayal and
S. Sharma, Palladium-catalyzed regioselective c-2 arylation
of 7-azaindoles, indoles, and pyrroles with arenes, Chem.
Commun., 2016, 52, 4329–4332; (b) J. K. Laha,
R. A. Bhimpuria and M. K. Hunjan, Intramolecular
oxidative arylations in 7-azaindoles and pyrroles:
revamping the synthesis of fused N-heterocycle tethered
uorenes, Chem.–Eur. J., 2017, 23, 2044–2050.

17 P. Kannaboina, K. A. Kumar and P. Das, Site-selective
intermolecular oxidative c-3 alkenylation of 7-azaindoles at
room temperature, Org. Lett., 2016, 18, 900.

18 S. Liu, H. Yang, L. Jiao, J. Zhang, C. Zhao, Y. Ma and X. Yang,
Regioselective Deoxygenative Chalcogenation of 7-Azaindole
N-Oxides Promoted by I2/PEG-200, Org. Biomol. Chem., 2019,
17, 10073.

19 P. Sang, Z. Chen, J. Zou and Y. Zhang, K2CO3 Promoted
Direct Sulfenylation of Indoles: a Facile Approach towards
3-Sulfenylindoles, Green Chem., 2013, 15, 2096–2100.

20 H. Zhang, X. Bao, Y. Song, J. Qu and B. Wang, Iodine-
catalysed versatile sulfenylation of indoles with
thiophenols: controllable synthesis of mono- and bis-
arylthioindoles, Tetrahedron, 2015, 71, 8885–8891.

21 L. Chen, Y. Wei, Z. Yang, P. Liu, J. Zhang and B. Dai, NH4I/
1,10-Phenanthroline catalyzed direct sulfenylation of N-
heteroarenes with ethyl arylsulnates, Tetrahedron, 2015,
71, 8885–8891.
This journal is © The Royal Society of Chemistry 2020
22 D. Equbal, R. Singh, Saima, A. G. Lavekar and A. K. Sinha,
Synergistic dual role of [hmim]Br-ArSO2Cl in cascade
sulfenylation�halogenation of indole: mechanistic insight
into regioselective C�S and C�S/C�X (X ¼ Cl and Br) bond
formation in one pot, J. Org. Chem., 2019, 84, 2660–2675.

23 (a) Z. Wu, H. Song, X. Cui, C. Pi, W. Du and Y. Wu,
Sulfonylation of Quinoline N-Oxides with aryl sulfonyl
chlorides via copper-catalyzed C–H bonds activation, Org.
Lett., 2013, 15, 1270–1273; (b) M. Lai, K. Zhai, C. Cheng,
Z. Wu and M. Zhao, Direct thiolation of Aza-
Heteroaromatic N-oxides with disuldes via copper-
catalyzed regioselective C–H bond activation, Org. Chem.
Front., 2018, 5, 2986–2991; (c) Z. Wu, M. Lai, S. Zhang,
X. Zhong, H. Song and M. Zhao, An efficient synthesis of
benzyl dithiocarbamates by base-promoted cross-coupling
reactions of benzyl chlorides with tetraalkylthiuram
disuldes at room temperature, Eur. J. Org. Chem., 2018,
2018, 7033–7036; (d) M. Lai, Z. Wu, Y. Wang, Y. Zheng and
M. Zhao, Selective synthesis of aryl thioamides and aryl-a-
ketoamides from a-oxocarboxylic acids and
tetraalkylthiuram disuldes: an unexpected
chemoselectivity from aryl sulfonyl chlorides, Org. Chem.
Front., 2019, 6, 506–511; (e) C. Cheng, M. Zhao, M. Lai,
K. Zhai, B. Shi, S. Wang, R. Luo, L. Zhang and Z. Wu,
Synthesis of aza-heteroaromatic dithiocarbamates via
cross-coupling reactions of aza-heteroaromatic bromides
with tetraalkylthiuram disuldes, Eur. J. Org. Chem., 2019,
2019, 2941–2949.

24 (a) P. Katrun, C. Mueangkaew, M. Pohmakotr, V. Reutrakul,
T. Jaipetch, D. Soorukram and C. Kuhakarn, Regioselective
C2 sulfonylation of indoles mediated by molecular iodine,
J. Org. Chem., 2014, 79, 1778–1785; (b) W. Fu, K. Sun,
C. Qu, X. Chen, L. Qu, W. Bi and Y. Zhao, Iodine-mediated
sulfonylation of quinoline n-oxides: a mild and metal-free
on-pot synthesis of 2-sulfonyl quinolines, Asian J. Org.
Chem., 2017, 6, 492–495; (c) F. Xiao, H. Chen, H. Xie,
S. Chen, L. Yang and G. Deng, Iodine-catalyzed
regioselective 2-sulfonylation of indoles with sodium
sulnates, Org. Lett., 2014, 16, 50–53; (d) J. Zhang,
Z. Wang, L. Chen, Y. Liu, P. Liu and B. Dai, The fast and
efficient KI/H2O2 mediated 2-sulfonylation of indoles and
N-methylpyrrole in water, RSC Adv., 2018, 8, 41651–41656.

25 S. Oae and H. Togo, Reduction of organic sulfonic acids,
sodium sulfonates, and sulfonic esters to the corresponding
disuldes with polyphosphoric acid derivatives, potassium
iodide and the tetrabutylammonium iodids system, Bull.
Chem. Soc. Jpn., 1983, 56, 3813–3817.

26 (a) A. Yasuhara and T. Sakamoto, Deprotection of N-sulfonyl
nitrogen-heteroaromatics with tetrabutylammonium
uoride, Tetrahedron Lett., 1998, 39, 595–596; (b)
A. Yasuhara, M. Kameda and T. Sakamoto, Selective
monodesulfonylation of N, N-disulfonylarylamines with
tetrabutylammonium uoride, Chem. Pharm. Bull., 1999,
47, 809–812; (c) Y. Liu, L. Shen, M. Prashad, J. Tibbatts,
O. Repic and T. J. Blacklock, A green N-detosylation of
indoles and related heterocycles using phase transfer
catalysis, Org. Process Res. Dev., 2008, 12, 778–780.
RSC Adv., 2020, 10, 31819–31823 | 31823

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06635d

	Regioselective Ctnqh_x2013H sulfenylation of N-sulfonyl protected 7-azaindoles promoted by TBAI: a rapid synthesis of 3-thio-7-azaindolesElectronic...
	Regioselective Ctnqh_x2013H sulfenylation of N-sulfonyl protected 7-azaindoles promoted by TBAI: a rapid synthesis of 3-thio-7-azaindolesElectronic...
	Regioselective Ctnqh_x2013H sulfenylation of N-sulfonyl protected 7-azaindoles promoted by TBAI: a rapid synthesis of 3-thio-7-azaindolesElectronic...
	Regioselective Ctnqh_x2013H sulfenylation of N-sulfonyl protected 7-azaindoles promoted by TBAI: a rapid synthesis of 3-thio-7-azaindolesElectronic...
	Regioselective Ctnqh_x2013H sulfenylation of N-sulfonyl protected 7-azaindoles promoted by TBAI: a rapid synthesis of 3-thio-7-azaindolesElectronic...
	Regioselective Ctnqh_x2013H sulfenylation of N-sulfonyl protected 7-azaindoles promoted by TBAI: a rapid synthesis of 3-thio-7-azaindolesElectronic...


