
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 4
:1

7:
26

 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
An efficient trans
School of Basic Sciences, Indian Institute of

752050, India. E-mail: spal@iitbbs.ac.in

Cite this: RSC Adv., 2025, 15, 44548

Received 15th October 2025
Accepted 10th November 2025

DOI: 10.1039/d5ra07899g

rsc.li/rsc-advances

44548 | RSC Adv., 2025, 15, 44548–
ition metal-free indolylation on 6-
chloropurine ribonucleosides and photophysical
studies of conjugated nucleosides

Samir K. Mondal, Sakshi Singh and Shantanu Pal *

Herein, we report an efficient transition-metal-free approach for C–C bond formation on modified

nucleosides via two complementary pathways: (i) a Lewis acid-mediated protocol employing AlCl3, and

(ii) a Brønsted acid-mediated approach using trifluoroacetic acid (TFA). Among these, the TFA-HFIP

system emerged as the optimal condition for regioselective C6-heteroaryl functionalization of 6-

chloropurine nucleosides through direct coupling with diverse indole derivatives. To demonstrate the

synthetic versatility of this methodology, a benzenesulfonamide-conjugated 1,2,3-triazole hybrid

nucleoside was synthesized and subsequently explored Suzuki coupling and N-arylation to afford

purine-fused polycyclic nucleosides. Photophysical studies revealed that the hybrid nucleoside 14

exhibits significantly enhanced fluorescence relative to the parent compound 11n, while the highly

conjugated derivatives 15 and 17 show pronounced photophysical properties.
Introduction

Biogenic purine nucleosides, as fundamental building blocks of
DNA and RNA, play a crucial role in various biological
processes.1 In medicinal chemistry, numerous drugs incorpo-
rating unnatural nucleosides or their analogues have been
developed for the treatment of a wide range of diseases,
including viral infections and cancers.2 Among these, purine
nucleoside derivatives featuring various substituents (such as
C, N, O, and S) at the C6 position have attracted signicant
attention due to their diverse biological activities, particularly
their antitumor and cytotoxic effects.3 Consequently, the
development of an efficient synthetic route to access novel C6-
heteroaryl purine nucleosides is of great signicance in both
organic and medicinal chemistry. To date, the synthesis of aryl-
substituted purine nucleosides has predominantly relied on
conventional methods involving transition metal-catalyzed
cross-coupling reactions between aryl organometallic reagents
(Ar-M) and 6-chloropurine nucleosides. For the synthesis of 6-
arylpurine nucleosides, various transition metal-catalyzed
cross-coupling reactions, such as Suzuki–Miyaura,4 Stille,5

Negishi,6 and Kumada7 couplings have been extensively
employed. While these methodologies have garnered consid-
erable attention, they are oen associated with several limita-
tions: (a) the requirement for expensive transition metal
catalysts such as palladium or nickel, oen in combination with
complex ligands to complete the catalytic cycle; (b) the need to
prepare sensitive organometallic reagents under stringent
Technology Bhubaneswar, Argul, Odisha,

44554
conditions, including inert atmospheres; (c) generally low to
moderate product yields; and (d) the use of hazardous or envi-
ronmentally unfriendly solvents, etc. (Scheme 1). In this respect,
the development of a transition metal-free approach represents
a signicant advancement, offering a more economical,
sustainable, and operationally simple route for C–C bond
formation on nucleosides.8

In 2010, the Guo group reported a method for the synthesis
of aryl purines, utilizing a threefold aluminum chloride (AlCl3)
to directly arylate 6-chloropurines with electron-rich arenes.9
Scheme 1 (A) Previously reported method and (B) present method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of intermediate nucleoside.

Scheme 3 Indolylation on 6-Cl purine nucleoside.
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More recently, in 2019, Takenaga's group introduced an alter-
native approach for aryl purine synthesis, employing a combi-
nation of triic acid and uoro-alcohol to facilitate the direct
arylation of 6-chloropurines, achieving the reaction in 24
hours.10 But the development of metal-free strategy for C–C
bond formation on modied nucleosides remains a consider-
able challenge and, to the best of our knowledge, has not been
previously reported. In this study, we report two transition-
metal-free approaches for C–C bond formation on purine
nucleosides: (a) direct heteroarylation of 6-chloropurine with
heteroarenes, catalyzed by anhydrous AlCl3 as a Lewis acid, and
(b) an alternative method employing triuoroacetic acid. The
comparative study highlights the distinct reactivity proles of
Lewis and Brønsted acids in activating the purine nucleoside
scaffolds toward nucleophilic heteroarylation. To achieve effi-
cient C-6 heteroarylation on modied nucleosides, we opti-
mized the reaction conditions using the more affordable,
commercially available TFA in HFIP as the solvent under heat-
ing condition for 12 hours. Further, we have demonstrated the
synthetic utility of C6-heteroarylated nucleosides by success-
fully constructing a triazole-based hybrid nucleoside, thereby
providing access to biologically relevant molecular frameworks.
Due to this respect we attached benzenesulfonamide moiety to
the C6-heteroarylated nucleoside via click chemistry which is
a part of Prontosil drug used for antibiotic medicine.11 Addi-
tionally, compound 11q was subjected to Suzuki coupling
reactions and N-arylated compound delivered the purine fused
polycyclic nucleoside. Furthermore, the photophysical proper-
ties of the conjugated nucleosides were systematically investi-
gated in a range of solvents to assess their solvatochromic
behaviour and uorescence characteristics.

Results and discussion
Chemistry

In light of our ongoing research on nucleoside chemistry12 the
development of new methods for synthesizing C-6 hetero-
arylated nucleoside analogues, we hypothesized that 6-chloro-
purine nucleoside could directly form a C–C bond with an
electron-rich heteroaryl derivative without using any transition
metal catalysts. In order to synthesize C-6 heteroarylation on
modied nucleoside, D-ribose used as starting material.
Initially, the 2,3-diol of D-ribose 1 was protected using acetone
in the presence of a catalytic amount of sulfuric acid.13 Subse-
quently, the primary hydroxyl group of the diol-compound 2was
protected with a benzoyl group.14 This was followed by the
tosylation of the remaining secondary hydroxyl group under
basic conditions in DCM, affording the fully protected inter-
mediate 4.15 The tosylated compound 4 then underwent
a nucleophilic substitution reaction with 6-chloropurine in the
presence of sodium hydride in dry DMF,16 yielding the desired
nucleoside compound 5 (Scheme 2). To optimize the reaction
conditions for the metal-free synthesis of C6-heteroaryl-
substituted purine nucleosides, compound 5 was initially sub-
jected to a variety of reaction parameters. Based on previous
literature report,9 compound 5 was reacted with three equiva-
lents of AlCl3 and an indole derivative in 1,2-dichloroethane
© 2025 The Author(s). Published by the Royal Society of Chemistry
(DCE) at 80 °C for 8 hours (Scheme 3). This reaction yielded
a complex mixture of products, compounds 9, 10, and 7, along
with unreacted starting material, as observed by TLC analysis.
To drive the reaction to completion, the amount of AlCl3 was
increased to 3.5 equivalents while maintaining the same
temperature.

Under this modied condition, the reaction was completed
within 3–4 hours. However, the yield of the desired product
remained low, possibly due to degradation of the sugar moiety
in the presence of excess Lewis acid. Notably, the same set of
three products (9, 10, and 7) were formed under this condition
as well. All these products were isolated and characterized by
NMR spectroscopy. To improve the yield of the desired
compound 10, various reaction conditions were explored by
modifying both the amount of Lewis acid (AlCl3) and the reac-
tion temperature. Therefore, the AlCl3 equivalence was reduced
from 3.0 to 2.5 equivalents while maintaining the temperature
at 80 °C. However, under these conditions, the reaction
remained incomplete even aer 24 hours and afforded only
a minimal amount of desired product 10, as summarized the
details studies in SI.

To overcome these challenges encountered under Lewis acid
conditions, we turned our attention to Brønsted acid. In an
effort to enhance both conversion and selectivity, we investi-
gated uorinated alcohols as solvents. Specically, 1,1,1,3,3,3-
hexauoro-2-propanol (HFIP) and 2,2,2-triuoroethanol (TFE)
were selected due to their unique physicochemical properties,
including high polarity, moderate nucleophilicity, and strong
hydrogen-bond donating ability characteristics that distinguish
RSC Adv., 2025, 15, 44548–44554 | 44549
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them from non-uorinated alcohols. Consequently, interme-
diate compound 5 was reacted with the indole derivative in
HFIP using TFA as the Brønsted acid. This reaction led to the
formation of the isopropyl-deprotected desired product 11d,
along with the isopropyl-deprotected starting material 6.
However, the overall yield of product 11d remained low, likely
due to incomplete conversion and concurrent deprotection of
the isopropylidene group during the reaction.

To improve efficiency and selectivity, we next employed the
isopropyl-deprotected intermediate 6 directly in the trans-
formation, likely due to the benzoyl protecting group in
compound 6 effectively enhanced the stability of the sugar
framework and promoted efficient C–C bond formation under
Lewis acidic (TFA) conditions. When compound 6 was treated
with the indole derivative in HFIP in the presence of 2 equiva-
lents of TFA at room temperature, the desired C6- hetero-
arylated product 11d was obtained in 20% yield aer 24 hours.
Increasing the TFA three equivalents and raising the tempera-
ture to 50 °C under an inert atmosphere led to improve
conversion, affording compound 11d in 50% yield aer 24
hours.

Further increasing the TFA concentration to 3.5 equivalents
and the temperature to 70 °C resulted in complete conversion
within 12 hours, delivering product 11d in 75% yield (Table 1).
However, when the TFA amount was increased to 4 equivalents
under otherwise identical conditions, decomposition of the
sugar moiety was observed, and the yield of compound 11d
Table 1 Optimization of the reaction conditiona

Entry Solvent Additive

1 TFA —
2 TFA : H2O —
3 Pivalic acid —
4 Pivalic acid TFA (1 eq.)
5 CH3COOH —
6 HFIP TFA (2 eq.)
7 HFIP TFA (3 eq.)
8 HFIP TFA (3.5 eq.)
9 HFIP TFA (4 eq.)
10 HFIP + DCE (1 : 1) TFA (3 eq.)
11 HFIP + H2O (1 : 1) TFA (3 eq.)
12 HFIP CH3COOH
13 2,2,2-TFE TFA (3 eq.)
14 DCE TFA (3 eq.)
15 Isopropanol TFA (3 eq.)

a Reaction conditions: 6 (1 mmol), Indole derivative (1.5 mmol), TFA (3.5

44550 | RSC Adv., 2025, 15, 44548–44554
decreased to 50% (Table 1). To further improve the reaction
outcome, mixed solvent systems such as HFIP/DCE and HFIP/
H2O were explored in the presence of three equivalents of TFA at
70 °C. In both cases, only trace amounts of the desired product
were detected. The use of acetic acid as an alternative Brønsted
acid in HFIP at 70 °C also failed to promote the reaction.
Subsequently, we evaluated 2,2,2-triuoroethanol (TFE) as an
alternative uorinated solvent under otherwise identical
conditions. However, the reaction in TFE provided a lower yield
(<30%) and was accompanied by the formation of colored
impurities. Additional attempts using other solvents, including
DCE and isopropanol, also failed to improve the yield. These
results clearly indicate that both triuoroacetic acid and the
uorinated alcohol solvent HFIP are essential for achieving
efficient conversion in this C6-heteroarylation reaction. To gain
further insight into the reaction mechanism and evaluate the
generality of the transformation, the substrate scope was
examined under the optimized reaction conditions (entry 8,
Table 1). The direct C6-heteroarylation of 6-chloropurine-
modied nucleoside with various non-N-protected indoles
afforded the corresponding products (11a, 11b, 11e, 11f, and
11g) in moderate yields. Notably, indoles bearing electron-
donating substituents reacted more efficiently, delivering the
desired C6-arylated products (11b, 11c, 11d, 11e, 11f and 11h) in
moderate to good yields.

These observations highlight the pronounced inuence of
electronic effects on the reactivity of heteroaryl nucleophiles in
Temperature (oC) Time (hour) 11d yieldb (%)

Rt 12 Trace
Rt 12 <10
70 24 —
70 24 —
70 24 —
Rt 24 20
50 24 50
70 12 75
70 12 50
70 12 Trace
70 12 Trace
70 12 —
70 24 30
70 24 —
70 24 —

mmol), HFIP, 70 °C, 12 h b Isolated yield.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Substrate scope of the reaction. Reaction Conditions: For
11a–i: compound 60 (1 mmol), Indole derivative (1.5 mmol), TFA (3.5
mmol), HFIP, 70 °C, 12h; 11j–t: compound 60 (1 mmol), indole deriv-
ative (1.5 mmol), TFA (3 mmol), HFIP, 50 °C, 16 h.

Scheme 5 Proposed mechanism via TFA-HFIP pathway.
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this transformation. In the case of 4-bromoindole, the strong
electron-withdrawing effect of the bromine substituent signi-
cantly reduced the reactivity of the indole core, resulting in only
trace amounts of the desired compound 11i, as conrmed by
mass spectroscopy. Subsequently, we turned our attention to
unprotected nucleosides. When the C-6 heteroarylation reac-
tion was carried out under standard condition (entry 8, Table 1),
these substrates underwent undesired b-glycosidic bond
cleavage. To circumvent this issue, the reaction conditions were
modied by reducing the amount of triuoroacetic acid from
3.5 to 3 equivalents and lowering the temperature to 50 °C.
Under this modied condition, the C6-heteroarylated products
were obtained in slightly reduced yields compared to those
obtained with benzoyl-protected nucleosides. The substrate
scope was further explored using a variety of indole derivatives,
including neutral, 5-OMe, 6-Br, 2-Ph, 2-Me, 5-Me, N-methyl-
indole, etc. with a moderate yield of the corresponding products
(Scheme 4). Indoles bearing electron-withdrawing groups, such
as 5-nitroindole signicantly reduced the reactivity of the indole
core, failed to furnish the desired products under optimised
condition. Additionally, the reaction with 6-bromoindole
provided the desired product in lower yield, possibly due to
electronic effects.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Moreover, reactions using oxazole and thiazole as heteroaryl
substrates were attempted; however, no reaction occurred. This
lack of reactivity is likely due to the lower nucleophilicity of
oxazole and thiazole compared to indole. We hypothesize that
HFIP may enhance the acidity of TFA, which could increase the
reactivity of the purine nitrogen atoms through hydrogen
bonding with the uoroalcohol. Furthermore, through
hydrogen bonding and solvation, HFIP likely enhances the
ability of the chloride atom to dissociate from the purine
substrate, thereby promoting the formation of an activated
intermediate. This intermediate could then undergo the
aromatic substitution reactions. Based on the experimental
observations and previous literature reports,10 proposed mech-
anisms for the reaction under TFA conditions are outlined in
Scheme 5. In the TFA-HFIP reaction medium, HFIP initially
protonates the N1 position of purine A, affording the activated
intermediate B. The resonance-stabilized negative charge at the
C3 position of the indole subsequently attacks the C6 position
of the purine ring, forming intermediate C. The elimination of
chloride is facilitated through hydrogen-bonding interactions
involving TFA and the HFIP anion, which also assist in the
removal of a hydrogen atom to generate intermediate D. Finally,
aromatization of the purine ring is promoted by the TFA anion,
leading to the formation of the desired product 11j.

To illustrate the diversity of substrates and chemoselectivity
of our reaction, we employed aniline and 4-methoxyaniline as
a model substrate under the optimized condition (entry 8, Table
1). The reaction between compound 6 and aniline derivatives
proceeded smoothly to afford the N-arylated products 12 and 13
in moderate yield, with no detectable formation of the C-
arylated isomers (such as 130) (Scheme 6), In contrast to
indoles, which readily undergo electrophilic substitution at the
C3-position due to their enhanced p-electron density, simple
aromatic amines preferentially involve through nucleophilic
attack of the nitrogen lone pair, thereby favouring N-arylation.
RSC Adv., 2025, 15, 44548–44554 | 44551
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Table 2 Photophysical properties of the compound 11n (5 ×
10−6 mol L−1)

Solvent lmax
abs

a(nm) lmax
em

b (nm) Log 3 Stocks shi (nm) FF
c

DCM 336 387 3.6 51 0.258
EtOH 338 408 4.5 70 0.14
MeOH 346 403 4.8 57 0.19
DMF 347 386 4.7 39 0.177
DMSO 340 386 4.5 46 0.19

a Absorption maxima. b Emission maxima. c Fluorescence quantum
yield determined by taking quinine sulfate in 0.5 M H2SO4 (FF =
0.546) as reference. Stokes shi = (lem − labs) nm.

Fig. 1 Emission spectra in various organic solvents for compound 11n.

Scheme 6 TFA-mediated divergent product formation.

Scheme 7 Synthetic applications.
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To further demonstrate the synthetic utility and broader
applicability of the developed methodology, we designed and
synthesized bioinspired hybrid nucleosides incorporating a tri-
azole-linked Prontosil-derived motif. Accordingly, 4-
azidobenzenesulfonamide, a structural analogue of the prodrug
Prontosil, was rst prepared and subsequently employed in the
coupling sequence to furnish the biologically relevant hybrid
nucleoside scaffold. Thus, compound 11n was subjected to
a copper(I)-catalyzed azide–alkyne cycloaddition with benzene-
sulfonamide azide in DMF, affording the triazole-linked hybrid
nucleoside 14 in 60% yield (Scheme 7b).17 Furthermore, the
bromo-substituted derivative compound 11q was employed to
explore Suzuki,18 coupling reaction successfully yielding the
corresponding product 15 (Scheme 7a). Additionally, the N-
arylated product 13 underwent a copper-catalyzed intra-
molecular amination, employing PhI(OAc)2 as a mild oxidant, to
afford the purine-fused polycyclic nucleoside 16.19 Subsequent
deprotection of the benzoyl group using K2CO3 in methanol
furnished the corresponding unprotected purine-fused poly-
cyclic nucleoside 17(Scheme 7c).
Fig. 2 Emission spectra in various organic solvents for compound 14.
Photophysical studies

The photophysical properties of the uorescent intermediate
nucleoside 11n and the hybrid nucleoside 14 were studied. UV-
visible absorption and uorescence emission spectra were
recorded for both compounds in various organic solvents,
including dichloromethane (DCM), ethanol (EtOH), methanol
(MeOH), dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO), at a concentration of 5 × 10−6 mol L−1 (Table 2).
44552 | RSC Adv., 2025, 15, 44548–44554
UV-visible absorption studies revealed that compounds 11n
and 14 exhibit absorption bands in the range of 310–360 nm.
These bands display two to three distinct peaks, which can be
attributed to p–p* and n–p* charge transfer transitions. The
uorescence emission spectra of compounds 11n and 14 in
various solvents are presented in Fig. 1, and 2 respectively. The
uorescence quantum yields of the 1,2,3-triazole-linked nucle-
oside hybrid product 14 in different solvents are signicantly
enhanced compared to the intermediate C6-heteroaryl nucleo-
side compound 11n (Table 3).

This enhancement is attributed to the increased conjugation
by introducing 1,2,3-triazole moiety and the benzenesulfo-
namide group, which extend the p-conjugation of the system.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07899g


Fig. 4 Emission spectra in various organic solvents for compound 17.

Table 5 Photophysical Properties of the compound 17 (5 ×
10−6 mol L−1)

Solvent lmax
abs

a (nm) lmax
em

b (nm) Log 3 Stocks shi (nm) FF
c

DCM 417 422 3.86 5 0.214
EtOH 390 433 4.45 43 0.60
MeOH 304 435 4.18 131 0.380
DMF 332 420 3.86 88 0.141
DMSO 291 420 4 129 0.339

a Absorption maxima. b Emission maxima. c Fluorescence quantum
yield determined by taking quinine sulfate in 0.5 M H2SO4 (FF =
0.546) as reference. Stokes shi = (lem − labs) nm.

Table 3 Photophysical Properties of the compound 14 (5 ×
10−6 mol L−1)

Solvent lmax
abs

a(nm) lmax
em

b (nm) Log 3 Stocks shi (nm) FF
c

DCM 327 388 4.6 61 0.34
EtOH 348 406 4.4 58 0.39
MeOH 350 402 4.3 52 0.26
DMF 350 384 4.6 34 0.21
DMSO 351 387 3.7 36 0.213

a Absorption maxima. b Emission maxima. c Fluorescence quantum
yield determined by taking quinine sulfate in 0.5 M H2SO4 (FF =
0.546) as reference. Stokes shi = (lem − labs) nm.

Table 4 Photophysical properties of the compound 15 (5 ×

10−6 mol L−1)

Solvent lmax
abs

a (nm) lmax
em

b (nm) Log 3 Stocks shi (nm) FF
c

DCM 330 4tpgoto "01 4.3 71 0.416
EtOH 340 432 3.82 92 0.30
MeOH 340 412 3.9 72 0.65
DMF 342 432 4 90 0.62
DMSO 342 412 4.08 70 0.30

a Absorption maxima. b Emission maxima. c Fluorescence quantum
yield determined by taking quinine sulfate in 0.5 M H2SO4 (FF =
0.546) as reference. Stokes shi = (lem − labs) nm.
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Both compounds 11n and 14 exhibited blue uorescence
emission, with compound 11n showing a quantum yield of
0.258 in DCM and compound 14 displaying a higher quantum
yield of 0.390 in EtOH.

Further, the photophysical properties of compounds 15 and
17 were investigated in dichloromethane (DCM), ethanol
(EtOH), methanol (MeOH), dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO), at a concentration of 5 ×

10−6 mol L−1 (Table 4).
Due to high conjugation of compounds 15 and 17 show the

UV-visible absorption bands in the range of 250–450 nm and
emission range 350–550, featuring to p–p* and n–p* charge–
transfer transitions. The corresponding uorescence emission
Fig. 3 Emission spectra in various organic solvents for compound 15.

© 2025 The Author(s). Published by the Royal Society of Chemistry
spectra of compounds 15 and 17 in different solvents are
illustrated in Fig. 3 and 4, respectively (Table 5).

Compounds 15 and 17 displayed intense blue uorescence
in MeOH and ethanol with remarkable quantum yields of 0.65
and 0.60, respectively.
Conclusions

In summary, we have developed an efficient and practical metal-
free coupling strategy for the synthesis of C6-heteroaryl-
substituted purine nucleosides via TFA-HFIP mediated activa-
tion. In contrast to the poor yields and low selectivity obtained
with the Lewis acid AlCl3, the use of TFA in HFIP enabled amild,
selective, and high-yielding direct nucleophilic heteroarylation
of purine-modied nucleosides. Overall, the present method
provides a straightforward, and versatile approach for accessing
a wide range of structurally diverse nucleoside analogues, rep-
resenting a valuable contribution to sustainable nucleoside
synthesis. Furthermore, the synthetic versatility of this meth-
odology was demonstrated through the synthesis of a bi-
oinspired triazole-linked hybrid nucleoside employing
a benzenesulfonamide azide derived from the Prontosil drug
scaffold. Subsequent Suzuki coupling and N-arylation reactions
furnished a purine-fused polycyclic nucleoside, underscoring
the adaptability of this approach. The successful synthesis of
these biologically relevant scaffolds highlights the potential as
RSC Adv., 2025, 15, 44548–44554 | 44553
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a valuable tool in medicinal chemistry and nucleoside-based
drug discovery. Moreover, systematic photophysical studies in
a range of solvents revealed distinct solvatochromic and uo-
rescence behaviors, further underscoring the potential func-
tional versatility of the conjugated nucleosides.
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