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Herein, we report a solvent-free and sustainable methodology for the electrophilic C—H thiocyanation of
indoles and imidazol[1,2-alpyridines in a mixer-mill. A combination of commercially available and cheaper
precursors N-chlorosuccinimide and NaSCN was used under milling conditions for the in situ generation
of N-thiocyanatosuccinimide (NTS) which facilitates the C-3 selective thiocyanation reaction on indoles
and imidazol[l,2-alpyridines. A series of thiocyanated products containing electron-rich and electron-
deficient rings were synthesized in silica gel as the solid reaction media and good to excellent yields were
obtained. The scalability of the reaction was validated with selected substrates at the gram scale.
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H activation, leading to easy access to C-2 aryl and C-3 thiocyanato compounds from unsubstituted
indoles. In addition, mechanochemical conversion of the —SCN precursors into —SCFz and 5-substituted

rsc.li/greenchem sulfenyl tetrazole was also demonstrated in the current methodology.
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taining heterocycles with ~SCN or other sulfur functionalities
are known to show anti-cancer, anti-HIV, and anti-fungal
activities, etc. (Fig. 1B).'°"® Interestingly, indoles'®'” and
imidazo[1,2-a]pyridines'®"® are important N-containing
heterocyclic compounds and are ubiquitous among many
natural products, pharmaceuticals, and biologically active
molecules. In the past, the synthesis of organic thiocyanates
has relied on thiocyanate metal salts,*>*! and a number of
thiocyanation reactions primarily involved nucleophilic*** or
radical pathways.>>>® Nevertheless, there have been significant
interest and fast progress in electrophilic thiocyanation
reagents in recent years due to their higher reactivity.**"
Emerging as an attractive and alternative category of reagents,
electrophilic  thiocyanating agents like N-thiocyanato-
succinimide (NTS),*®>  N-thiocyanatophthalimide (NTP),*
N-thiocyanatosaccharin (NTSc),*" and N-thiocyanatodibenzene-
sulfonimide (NTBS)** have significantly advanced the field of
direct thiocyanation reactions. The design of NTS drew inspi-
ration from commercially available reagents, and the method
was first performed by Still's research group.*® Later Chen’s
group successfully synthesized NTSc*' and NTBS*? which
emerged as versatile thiocyanating agents for several chemical
transformations. Notably, visible-light mediated green proto-
cols for thiocyanation are available.>>® On the other hand, a
number of metal-catalyzed thiocyanation reactions have also
been reported.>*® For example, Wu and co-workers reported
Cu-catalyzed oxidative thiocyanation reactions on aromatics
and heterocycles.*® Palladium-catalyzed synthesis of 3-thiocya-
natoindoles assisted by NBS was reported by Hu et al.*®

The concept of metal-free C-H functionalization stands at
the forefront of organic chemistry, introducing a paradigm
shift in the manipulation and derivatization of organic mole-
cules.’” This approach facilitates the direct activation and
modification of carbon-hydrogen (C-H) bonds, without
relying on the traditional use of transition metal catalysts,
which have long been the primary driving force behind C-H
activation. The advent of metal-free C-H functionalization has
ushered in a new era in synthetic chemistry, presenting
environment-friendly, sustainable, and economically feasible
routes for crafting intricate organic compounds.’® The
functionalization of the C-H bond introduces a sulfur atom
into the heterocyclic framework, opening up new avenues for
organic reactions and enhancing their potential applications.
However, only limited literature is available on the metal-free
thiocyanation of indoles and imidazo[1,2-a]pyridines
(Scheme 1).2°2%31

The demand for cleaner, safer, and cost-effective chemical
transformations in the pharmaceutical and industrial sectors
is what primarily motivated the rediscovery of mechano-
chemistry.>*™*! Without the necessity for the use of bulk sol-
vents, mechanochemistry achieves chemical changes through
shear frictional force via milling or grinding.'”*' These
include organic transformations,>  inorganic
materials,”® pharmaceutical chemistry,** synthesis of dyes and
fluorophores,*® etc. Solid-state mechanochemistry offers a
scope for tandem reactions.*® With our interest in mechano-
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Scheme 1 Available synthetic routes to thiocynation of indoles and
imidazol1,2-a]pyridines.

chemical organosynthesis,’®™*® herein, we report an efficient
mechanochemical method for the thiocyanation of indoles
and imidazo[1,2-a]pyridines via metal-free C-H functionali-
zation through the in situ generation of NTS from NaSCN and
N-chlorosuccinimide (NCS). Furthermore, tandem C-2 aryla-
tion and C-3 thiocyanation reactions on indoles were carried
out under mechanochemical conditions.

Results and discussion
Optimization of the reaction conditions

At the outset, we started our investigation of mechanochem-
ical thiocyanation using 1.5 equiv. N-thiocyanatosuccinimide
(NTS) and N-methyl indole (1a) as our model substrate, and
silica gel as the grinding matrix in a 5 mL stainless steel (SS)
jar with one 10 mm ball at a certain frequency in a RETSCH
mixer-mill MM400. The monitoring of the reaction after an
interval of 10 min through TLC showed the formation of 2a.
The complete conversion took 30 min at a frequency of 25 Hz
yielding 87% of 2a (entry 1, Table 1). Next, we tried to syn-
thesize NTS in situ by ball milling carrying out a reaction with
NaSCN and N-chlorosuccinimide (NCS) in the silica matrix at
25 Hz for 10 min. The product was obtained by extraction with
chloroform and characterized with NMR as NTS. The thiocya-
nation reaction progresses to completion in 30 min with the
in situ generation of NTS when the model substrate was
allowed to react (entry 2, Table 1). "*C NMR spectral data
showed a characteristic peak near § 110 ppm, and the dis-
appearance of the C-3 proton peak near § 6.5 ppm in "H NMR
confirmed the incorporation of the C-3 -SCN group to 1a. In
the absence of any milling auxiliary, the model reaction
formed a pasty mass and did not proceed much even after

This journal is © The Royal Society of Chemistry 2024
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Table 1 Optimization of mechanochemical C—H thiocyanation of indoles®
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-SCN source Milling Additive/oxidant Frequency Time Isolated 1a recovered
Entry (equiv.) auxiliary (equiv.) (Hz) (min) yield? (%) (%)
1. NTS (1.5) Silica gel — 25 30 87 —
2. NaSCN (2.0) Silica gel NCS (1.5) 25 30 72 .
3. NaSCN (2.0) Neat NCS (1.5) 25 120 5 85
4. NaSCN (1.5) Silica gel NCS (1.2) 25 30 78 —
5. NaSCN (1.2) Silica gel NCS (1.0) 25 30 83 —
6. NaSCN (1.1) Silica gel NCS (1.0) 25 30 89 —
7. NaSCN (1.1) Silica gel NCS (1.0) 30 15 95 —
8. NaSCN (1.1) Silica gel NBS (1.0) 30 15 91
9. NaSCN (1.1) Silica gel I, (1.0) 30 15 31
10. NaSCN (1.1) Silica gel — 30 30 n.r.
11. NH,SCN (1.1) Silica gel NCS (1.0) 30 15 84
12. KSCN (1.1) Silica gel NCS (1.0) 30 15 88 —
13 NaSCN (1.1) Alumina (neutral) NCS (1.0) 30 15 71
14 NaSCN (1.1) Alumina (basic) NCS (1.0) 30 15 26
15 NaSCN (1.1) Alumina (acidic) NCS (1.0) 30 15 31
16 NaSCN (1.1) PEG-400 NCS (1.0) 30 15 82

H

SCN source
\\ additive/oxidant N\
N milling auxiliary N

\
1a Mefrequency,

i \
time 2a Me

“The reactions were carried out in a RETSCH mixer-mill MM400 instrument with one 10 mm SS ball in a 5 mL SS jar containing 300 mg of silica
gel (60-120 mesh) as the milling auxiliary to optimize the reaction conditions. N-Methyl indole (1a) is considered as the model substrate. ? All

yields reported here are isolated yields. n.r.: no reaction.

120 min of milling indicating a suitable auxiliary is required
for smooth milling of the reaction mixture (entry 3, Table 1).
We then pursued our investigations to further optimize the
reaction conditions varying the stoichiometry of the -SCN
source, and the additive/oxidant used at a frequency of 25 Hz
for 30 min. By reducing the stoichiometry of NaSCN and NCS,
a gradual improvement in the overall yield was obtained
(entries 4-6, Table 1) and it is evident from entry 6 that the
reaction yields the maximum product (2a) when 1.1 equiv. of
NaSCN and 1 equiv. of NCS is used. When we altered the fre-
quency of the reaction to 30 Hz, the reaction was completed in
just 15 min, affording 2a in an excellent yield of 95% (entry 7,
Table 1). As an alternative to NCS, reagents like NBS and I,
were attempted (entries 8 and 9, Table 1). A similar yield of 2a
(91%) was observed for NBS (entry 8, Table 1), whereas, a low
conversion of 2a (31%) was observed in the case of I, with
56% recovery of the starting material 1a (entry 9, Table 1). In
the next attempt, 1a was allowed to react with NaSCN without
any oxidant keeping all other conditions the same (entry 10,
Table 1). No product formation was observed indicating that
nucleophilic thiocyanation does not prevail under these
mechanochemical conditions. Later, we used NH,SCN and
KSCN as SCN sources to check the feasibility of the model
reaction which offered relatively lower yields (entries 11 and
12, Table 1). Next, different milling auxiliaries such as neutral,
basic, and acidic alumina were screened (entries 13-15,
Table 1) and it was observed that with neutral alumina, the
reaction yields better as compared to acidic and basic alumina
and 2a was obtained in reasonably good yield (entry 13,
Table 1). In the end, a liquid grinding media in the form of

This journal is © The Royal Society of Chemistry 2024

PEG-400 was attempted, and a good yield of 82% was obtained
(entry 16, Table 1). Subsequently, optimization of the milling
parameters was carried out by taking the model substrate, 1a
(1.0 equiv.), NCS (1.0 equiv.), NaSCN (1.1 equiv.) and silica gel
(60-120 mesh, 300 mg) in 5 mL jars and the material of
milling jars, milling frequency, and the size of the milling
balls were varied (Table S1, ESIt). It was observed that the
milling jar material hardly affected the course of the reaction
(entries 2-4, Tables S1, ESIt), however, the SS jar was identi-
fied for further studies considering less cost of the material.
Notably, a ball size of 10 mm diameter and a frequency of 30
Hz is ideal for faster reaction and higher yields (Table S1,
ESIt). The optimization studies allowed to achieve the best
thiocyanation conditions and subsequent reactions were
carried out using a combination of NCS (1.0 equiv.) and
NaSCN (1.1 equiv.) in silica matrix (300 mg per mmol of 1) at
30 Hz frequency. To gain further insight into the mechano-
chemical thiocyanation reaction, solid-state time-scale IR spec-
troscopy was conducted on the model substrate (1a). IR data
of NaSCN, NCS, and the reaction mixture were plotted (Fig. S1,
ESIt). The samples from the reaction mixture were collected
after an interval of 5 min of milling, ranging from 0 to 15 min
(shown in different colours). The study showed the formation
of a new peak at 2148 cm™" and the disappearance of the peak
of NaSCN at 2063 cm™" just after 5 min of milling (Fig. Sia,
ESI}). Thus, the conversion of NCS and NaSCN to NTS occurs
in first few minutes of the reaction. As the reaction progressed,
the peak of -SCN at 2148 cm™" from product 2a gradually
became stronger. Thus, the time-scale IR spectroscopy indi-
cates the formation of 2a in solid-state by mixer-milling.

Green Chem., 2024, 26, 5879-5889 | 5881
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Substrate scope for the mechanochemical C-H thiocyanation
reaction on indoles (1)

With the optimized conditions in hand, a series of N-protected
indoles such as N-Me, N-Bn, and N-Boc indoles and unpro-
tected indoles (N-H) with different substituents in the aro-
matic carbocycle were studied to explore the scope of the
mechanochemical thiocyanation reaction (Table 2). The reac-
tions were carried out in a 5 mL stainless steel (SS) jar with
1 mmol 1, 1.1 mmol NaSCN, 1 mmol NCS, and 300 mg of
silica gel at a frequency of 30 Hz. The progress of the reaction
was monitored by TLC, and it was found that the reactions
were completed in a very short period of time (15 min) in each
case indicating effortless thiocyanation in the indole ring. As
shown in Fig. S2 of the ESIf with the model substrate 1a, the
reaction mixture in the silica matrix forms a powdery slurry
after milling for a few minutes and the reaction proceeded
smoothly in the solid media. After completion of the reaction,
the solid slurry was directly charged to the column for purifi-
cation, and isolated yields were reported (Table 2). All the syn-

View Article Online

Green Chemistry

thesized compounds were characterized by 'H, *C, HRMS,
and IR analysis which were in good agreement with the
reported C-3 thiocyanoindoles.>®*?! Therefore, non-directed,
exclusive C-3 thiocyanation occurred under mechanochemical
conditions as well.>® Notably, no significant electronic effect
was observed in terms of yields of 2 by varying the protecting
groups at the N-atom of indole as substrates having electron-
donating (such as N-Me and N-Bn) and electron-withdrawing
(such as N-Boc) groups afforded the -SCN derivatives in excel-
lent yields (entries 2a, 2e, 2f and 21, Table 2).

Furthermore, several entries with 5-substituted indoles
having both electron-withdrawing and electron-donating
groups in the fused benzene ring revealed a negligible substi-
tuent effect in terms of reaction kinetics and yields, as in
several cases high to excellent yields were obtained within
15 min (entries 2b-d and 2g-2j, Table 2). However, the yield of
the thiocyanated product marginally dropped in the case of a
strong EWG (-NO,) in the ring (entry 2k, Table 2). In our next
attempt, we tried a series of reactions with 2-aryl indoles
having variable substituents at different positions of the aro-

Table 2 Substrate scope for the mechanochemical thiocyanation reactions of indoles®?

R1<>’ N\_ H  NascN (1.1 equiv) R1 \
Y= \ NCS (1.0 equiv) _ 0 equiv)
ll\l R, silica gel Il\l
R MM400, 30 Hz R
1 15 min 2
R =H, Me, Bn, Boc
R4 =H, Me, OMe, Br, CN, NO,
R, = H, Me, Ph, COOH, etc.
Y=CH,N
2a,R; = H, 95% 2f, Ry =H, 91%
R1m 2b, Ry = OMe, 97% ©j§ \CES 2g, Ry = OMe, 95%R1\©j\g 2l,R;=H, 85%
- - | > 2m, R, =8r, 72%
. 2c, Ry = Br, 94% N 2h, Ry = Me, 94% | Ry =Br,
2i, R, = Br, 89% \

2d, Ry = CN, 91% Bn 2e, 97%

2n,R'=H, 84%

20, R' = Me, 88%
O 2p, R'= OMe, 91%
2q, R'=Br, 82%
2r,R'=CN, 80%
2s, R'=CF3, 78%

N 2y, R, =Me, 94%

\
H 2z,R,=Ph, 81%
2aa, R, = COOH, 76%

2ag 71% H 2ah, 93%

Me Me
2t, 83%

2ab 91%

2j, Ry = CN, 86% Boc

2k, Ry = NO,, 80%

Q O

2v,R'=H, 86%
2w, R' = Me, 89%
2x, R' = Br, 82%

oo b

]
Me ™ af 88%

2u, 81%

Br, 84%
COOMe, 81%

2ac 88%  2ad, R1

2ae, Ry =

“In each case, 1 mmol of 1, 1.1 mmol NaSCN, 1 mmol NCS, and 300 mg of sﬂlca gel were milled together in a 5 mL SS jar with one 10 mm SS

ball in a RETSCH mlxer-mlll MM400 instrument at 30 Hz frequency for 15 min. ? All yields reported here are isolated yields of products 2

column chromatography.
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matic ring (entries 2n-2x, Table 2). It was observed that
N-methyl and N-benzyl indoles with bulky aryl substituents at
the C-2 position, neither affected the reaction kinetics nor the
yield under identical mechanochemical conditions, and high
to excellent yields ranging from 80-91% were obtained (entries
2n-2x, Table 2); once again hardly any substituent effect was
observed from the para-position of the C2-aryl group (entries
2n-2s and 2v-2x, Table 2). A couple of entries with a represen-
tative methyl substituent at ortho- and meta-positions success-
fully afforded the desired thiocyanated products in over 80%
yields suggesting that the variation of position of the substitu-
ents in the ring hardly affects the course of the reactions
(entries 2t and 2u, Table 2). In one attempt, we tried the thio-
cyanation reaction on an indole substrate having the electron-
withdrawing -COOH group at the C-2 position (entry 2aa,
Table 2). A good yield of the corresponding product (76%)
indicated the versatility of the mechanochemical protocol
(entry 2aa, Table 2). The methodology worked even when the
C-3 position of indole is blocked and in that case, the C-2 thio-
cyanated product was obtained in an excellent yield (entry 2ab,
Table 2). In the next few attempts, the positions of substitution
at the fused benzene ring of indole were varied with groups
such as 4-CN, 6-Br, 6-COOMe, and 7-Me and the reactions
afforded high yields of products again indicating a nominal
substituent effect on the C-3 thiocyanation of indoles (entries
2ac-2af, Table 2). Interestingly, a couple of attempts of thiocya-
nation on other heterocycles such as unsubstituted 1H-pyrrolo
[2,3-b]pyridine or carbazole seamlessly afforded the desired
products in high yields indicating the versatility of the method
(entries 2ag and 2ah, Table 2). Thus, a broad substrate scope
was observed for the present protocol.

View Article Online
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Substrate scope for the mechanochemical C-H thiocyanation
reaction on imidazo[1,2-a]pyridines (3)

To further broaden the scope of this mechanochemical thio-
cyanation, we conducted thiocyanation reactions on several
2-aryl substituted imidazo[1,2-a]pyridines under identical
mechanochemical conditions. Thus, the reactions were carried
out in a 5 mL stainless steel jar with 0.5 mmol 3, 0.55 mmol
NaSCN, 0.5 mmol NCS, and 200 mg of silica gel at a frequency
of 30 Hz. The reactions were monitored by TLC and were
found to be completed within 30 min. To our delight, the reac-
tion afforded good to high yields of 3-thiocyanated imidazo
[1,2-a]pyridines, tolerating a large variety of functional groups
in the ring (Table 3). The spectral characterization of the thio-
cyanato imidazo[1,2-a]pyridine was conducted by 'H, *°C, IR,
and HRMS analysis. The "H and "*C spectra were in accord-
ance with the reported data.>*® Again, the "*C NMR spectrum
showed a peak near § 91-106 ppm confirming the incorpor-
ation of -SCN into the imidazo[1,2-a]pyridine scaffold. We
checked the scope of thiocyanation reactions on 2-substituted
phenyl derivatives having the EDG as well as the EWG attached
to the 4-position of the phenyl ring (entries 4a-4g, Table 3).
On changing the electronic character in the 2-substituted aryl
group, no prominent substituent effect was observed on the
yields of 4. Notably, in this case, even strong electron-with-
drawing substituents (such as CN and F) showed higher yields
ranging from 89-91% (entry 4e-4h, Table 3). Next, a meta-OMe
group on the 2-aryl ring afforded the product in a comparable
yield of 83% indicating that both electronic and steric crowd
play an insignificant role during mechanochemical thiocyana-
tion (entry 4h, Table 3). A few entries with substituent vari-

Table 3 Substrate scope on the mechanochemical thiocyanation reactions of imidazol1,2-alpyridines®?

Na (1.1 equiv) L 4
NCS (1.0 equw) /\r

R2 \/N / S|I|ca gel R g \/N \R
MM400, 30 Hz 1
30 min

R; =H, Me, OMe, Br,CN, F, CF;
R, =H, Me, CI, Br, Me

. 4a, Ry = H, 88%
X N\/)—@*Fh 4b, R = Me, 85%
4c, Ry =
4d, Ry = Br, 78%
4e,Ry=CN,91%
4f, Ry =F, 89%
49, R4 = CF3, 73%

Povawa SO C<0 GO

4k, R, = Me, 92%
4,R, = F, 91%

4m, 90%

=H, N\ =N N\ =N
= N\/e_Q RN N\€_©
0, 2
OMe, 87% OMe

4i, Ry = Me, 89%
4j, R, = Cl, 76%

4h, 83%

4n, X =S, 85%
40, X =0, 89%

4p, 87%

“In each case, 0.5 mmol 3, 0.55 mmol NaSCN, 0.5 mmol NCS, and 200 mg of sﬂlca gel were milled together in a 5 mL SS jar with one 10 mm SS
ball in a RETSCH mlxer-mlll MM400 instrument at 30 Hz frequency for 30 min. ? All yields reported here are isolated yields of products 4 after

column chromatography.
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ation in the fused pyridine-ring of imidazo[1,2-a]pyridine were
carried out and in each case high to excellent yields of thiocya-
nated products were obtained (entries 4i-4m, Table 3).
Notably, the substitution of the pyridine-ring with an EWG
and the 2-aryl ring by an EDG does not affect the yield of the
reaction and the reaction afforded an yield of 91% (entry 41,
Table 3). We also tried reactions with furan and thiophene at
the 2 position of imidazo[1,2-a]pyridine, and observed that
thiocyanation regioselectivity occurs in the vacant C-3 position
of the imidazole ring of imidazo[1,2-a]pyridine and no thiocya-
nation was observed in the other five-membered heterocycles
(entries 4n and 40, Table 3). Therefore, mechanochemical C-3
thiocynation of imidazo[1,2-a]pyridine has been validated as a
highly efficient protocol.

Mechanochemical tandem synthesis: C-2 arylation and C-3
thiocyanation of indoles via double C-H activation

The scope of mechanochemistry is mostly confined to single-
step transformations and tandem processes are being scarcely
exemplified.*>*® We envisaged that the tandem mechano-
chemical C-2 arylation*® and C-3 thiocyanation by double C-H
activation in a single-pot is possible on indole derivatives (1).
The first step of the mechanochemical tandem reaction was
the synthesis of 2-aryl indoles using Pd(u) as the catalyst via
our reported procedure,’® followed by thiocyanation on the
intermediate as shown in Table 4. At first, N-methylindole (1a)
(1 mmol), iodobenzene (1.1 mmol), Pd(OAc), (5 mol%), AgOAc
(1.2 mmol), AcOH (0.5 mmol), and 300 mg of silica gel were
allowed to react at a frequency of 30 Hz for 1.5 h. Assessing the
complete conversion to 1n through TLC monitoring, NaSCN
(1.1 mmol), and NCS (1 mmol) were further added to the reac-
tion mixture for the thiocyanation step of 2-aryl indole for
another 20 min for complete C-3 thiocyanation to afford 2n in
74% isolated yield. Notably, the reported yield of N-methyl-2-
phenyl-1H-indole (1n) is 91% and considering thiocyanation of
1n to 2n afforded 84% yield, the expected overall yield is 76%
which is very similar to the isolated yield (74%) of the tandem
process (entry 1, Table 4). All the tandem reactions were
carried out under similar conditions. The time requirement
for the C-2 arylation step was several hours and varied as per
the electronic character of the starting indole*® but the second
thiocyanation step was faster and completed within 20 min for
each case (Table 4). The reaction mixture was then directly
charged to the column for purification avoiding the work-up
steps. Like the previous case, the thiocyanation step was
hardly affected by the presence of both the EDG and EWG at
the para-position of the C-2 aryl group of indoles. The yields
are generally in the range of 70-80%, which matches closely
with the expected overall yields.*® Therefore, the mechano-
chemical tandem C-2 and C-3 functionalization by double C-H
activation of indole derivatives seems a very efficient and cost-
effective protocol.

Gram scale synthesis

To validate the potential of the mechanochemical method
from the laboratory scale to the pilot scale, the scalability of
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Table 4 Tandem mechanochemistry for double C-H activation of

indoles®?
Entry  Ar Product Yield (%)  Time (h)
1 Ph 74 2
N
Me
2n
2 4-Ph-Me 73 3
-0
N
Me
20
3 4-Ph-OMe 72 3
N oMe
Me
2p
4 4-Ph-Br 76 2
Cr—~Or=
N
Me
2q
5 4-Ph-CN 71 2
0o
N
Me
2r
6 4-Ph-CF; 73 3
N CF
:
Me
2s
7 Ph 79 2
N
n
2s
8 4-Ph-Me 80 3
Cri~
N
Bn
2t
9 4-Ph-Br 74 3
Cr-O-
N
10 Ph 63 5

Nom-
I’Z: /E £3

N
H

Ar-l (1.1 equiv)
Pd(OAc), (5 mol%)

H
@ . AgOAc (1.2 equiv @E\S_Ar NaSCN (1.1 equiv) @E%_Ar
N AcOH (0.5 equiv) N NCS (1.0 equiv) N

R Silica gel (300 mg) R R

1 MM400, 30 Hz 2

R = Me, Bn, H not isolated

“Indoles (1) (1 mmol), iodobenzene (1.1 mmol), Pd(OAc), (5 mol%),
AgOAc (1.2 mmol), AcOH (0.5 mmol), and 300 mg of silica gel were
allowed to react in a 5 mL SS jar with one SS ball at a frequency of 30
Hz in a RETSCH mixer-mill MM400 instrument. Subsequently, NaSCN
(1.1 mmol) and NCS (1 mmol) were added and the milling was contin-
ued. ?All yields reported here are isolated yields of the products (2)
after column chromatography.
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the reaction was investigated by performing gram scale reac-
tions taking 1a, 1f, and 3a as the representative substrates.
10 mmol each of the substrates was allowed to react in a
25 mL SS jar with one 15 mm ball of the same material. The
reagents and silica gel (3 g) were scaled up as well. The com-
plete conversion of the gram-scale reaction took a little extra
time than small-scale reactions, however, the reaction yields
were comparable to milligram-scale reactions (Table 5). This
indicates that the scaling up of the reaction with a choice of
adequate size of milling jars and balls is possible without
hampering the reaction yields giving a provision for bulk scale
thiocyanation.

trans-Functionalization of -SCN functionality

Thiocyanates are well-known synthetic precursors for trans-fuc-
tionalization to a diverse range of sulfur-containing com-
pounds and we envisaged to demonstrate mechanochemical
trans-fuctionalization of -SCN with representative examples.
Thus, further functionalization of a thiocyanato-indole (2a)
and thiocyanato-carbazole (2ad) to trifluoromethyl thioethers
and 5-substituted sulfenyl tetrazoles were attempted in a
mixer-mill (Scheme 2). We were pleased to observe the success-
ful conversion into corresponding trifluoromethyl thioethers
by milling at 30 Hz for 3 h affording 5a and 5c¢ in very high
yields (94% and 91%, respectively). Similarly, 5-substituted

Table 5 Gram scale synthesis

Substrate Product Time® (min) Yield™” (%)
1a (R = Me) 2a 20 (15) 93 (95)
1f (R=H) 2f 20 (15) 90 (91)
3a 4a 45 (30) 87 (88)
H
| \\ Na (11 mmol) | AN
N NCS (10 mmol) N
R stainless steel jar (25 mL) R
1a,f silica gel (3 g) 2af
or H MM400, 30 Hz or
3a 4a

(10 mmol each)

“Within parenthesis, the corresponding time requlred for the com-
pletion of the reaction and yield on a 1 mmol scale is mentioned. ? All
yields reported here are isolated yields.

~CF, _</N*Ir\‘1
N >
Me @Eg N
smoa T N b, 9%
1) TMSCF, 2 Me 1) NaNg
-CF;| 2) Cs,CO, OR 2) CeCl,.7H,0 Ney
30Hz, 3h 30Hz, 2h =
O MM400 O MM400 O NN
o N O N O N
M '

5¢, 91% 2ad 5d, 92%

Scheme 2 trans-Functionalization reactions of —SCN precursors.
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sulfenyl tetrazole (5b and 5d) were obtained in over 90% yields
from the —-SCN precursors (2a and 2ad) this time by milling at
30 Hz for 2 h (Scheme 2). Although limited substrates were
attempted, the study indicates the potential of mechanochem-
ical milling for trans-fuctionalization of -SCN to other sulfur-
containing functionalities.

Plausible mechanism

A plausible mechanism is proposed based on the experimental
studies (Scheme 3). Firstly, the in situ formation of NTS from
NCS and NaSCN during the milling process was established
from NMR and IR studies. However, there is still a possibility
of electrophilic, nucleophilic, or a radical pathway. A control
experiment only with NaSCN did not afford any thiocyanated
product (2a) ruling out the possibility of nucleophilic thiocya-
naion. Whereas, when the reaction was conducted with NCS,
NaSCN, and TEMPO (1 mmol) as the radical scavenger, the for-
mation of 2a in a similar proportion (yield, 78%) suggested no
involvement of a radical pathway indicating the expected elec-
trophilic substitution reaction. As C-3 is more susceptible to
electrophilic substitution, presumably, indole attacks the
polarized N-S bond of NTS through C-3 and a temporary inter-
mediate is formed, which quickly loses a proton to fall back to
the product (2). A similar pathway is expected for imidazo[1,2-
a]pyridines as well leading to the formation of 4.

Sustainability matrices

Finally, a comparative study of the present method was per-
formed with available conventional solution phase thiocyana-
tion protocols and other similar methods (Table S2 ESIf). The
sustainability of this mechanochemical thiocyanation protocol
was assessed from the calculations of key green metrics like
the E-factor and Ecoscale score with other available thiocyana-
tion protocols (Table S2, ESIt). For high-yielding reactions, for
example, in the formation of 2a, the Ecoscale score is 86 and
the E-factor is just 3 (entry 8, Table S2t). In contrast, most of
the available solution-phase protocols show an Ecoscale score

6 5"
N=CI 5|I|ca
m-s:tu formation

Na
O

unfavalirable N=H

~, 4 O
Ly

N
2a Me Me
\/Iectrophilic thiocyan-
ation at C-3

o

-H

Scheme 3 Plausible mechanism of mechanochemical thiocyanation.
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below 60 and the E-factors are several folds higher (up to 48)
than the present method (Table S2, ESIT). Moreover, metal cat-
alysts or additives are required for most cases, whereas, the
present method is metal-free, catalyst-free, and devoid of
workup steps which makes it a cost-effective and sustainable
process. A quick cost calculation revealed that the cost for the
manufacturing of 2a per gram in terms of the cost of raw
materials only is USD 4.75 for our method, whereas, it costed
USD 36.5 for Hu’s method®® as they used a costly and toxic pal-
ladium catalyst for the cross-coupling reactions (Table S2,
ESIt). From the comparative study, it may easily be stated that
the mechanochemical method is much superior to other
methods.

Experimental
General experimental details

The chemicals were obtained from Sigma-Aldrich, Alfa Aesar,
or TCI India and used directly without further purification.
Common reagents and solvents of AR grade were obtained
from local suppliers. The mechanochemical reactions at the
milligram scale were carried out in 5 mL jars made of stainless
steel with a single 10 mm ball of the same material in the
RETSCH mixer-mill MM400. The reactions were monitored by
thin layer chromatography (TLC) carried out on 0.25 mm silica
gel aluminum plates (60F-254) using UV light (254 or 365 nm)
for monitoring the progress of the reactions. '"H NMR, '°F
NMR, and "*C NMR spectra were recorded on a Bruker Avance
(500 MHz) NMR instrument with CDCl; (or DMSO-d¢) as the
solvent. Tetramethylsilane (TMS) was used as an internal stan-
dard for 'H and *C NMR spectroscopy while trifluoroacetic
acid (6 —76.80 ppm) was used as an internal standard for '°F
NMR. Isolation and purification of all the compounds were
conducted by conventional column chromatography (silica gel,
60-120 mesh) using variable proportions of ethyl acetate (EA)-
petroleum ether (PE) as the eluents. Chemical shifts are
reported in parts per million () units. Coupling constants are
reported in hertz (Hz), and standard abbreviations are used for
representing the multiplicity of NMR peaks such as s (singlet),
bs (broad singlet), d (doublet), dd (doublet of doublets), t
(triplet), q (quartet), and m (multiplet). IR affinity-1 FTIR
spectrophotometer (Shimadzu) was used to record IR spectra.
Mass spectra were recorded on a quadrupole time-of-flight
liquid crystal mass spectrometer (6545 Q-TOF LC-MS, Agilent)
using electrospray ionization (ESI) as an ion source.

Synthetic procedures

General procedure for mechanochemical thiocyanation of
indoles (1) and imidazo[1,2-a]pyridines (3). A mixture of 1
(1 mmol) or 3 (0.5 mmol), NaSCN (1.1 equiv.), NCS (1 equiv.),
and silica gel (60-120 mesh, 300 mg for 1 and 200 mg for 3)
was added to a 5 mL SS jar along with a 10 mm ball of the
same material. The reaction was set to a frequency of 30 Hz in
a RETSCH mixer-mill MM400 instrument and it was milled for
15 min (or 30 min for 3). The slurry after the completion of the
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reaction was immediately charged to a column for purification
and was eluted with ethyl acetate-petroleum ether to afford
the thiocyanated products 2 (or 4).

General procedure for tandem mechanochemical C-2, C-3
functionalization of indoles (1). A mixture of the indole sub-
strate (1 mmol), iodoarene (1.1 mmol), Pd(OAc), (0.05 mmol),
AgOAc (1.2 mmol), and CH3;COOH (0.5 mmol) was taken in a
5 mL stainless steel milling jar containing 300 mg of silica gel
and a ball of 10 mm diameter of the same material was used.
The jar was capped properly and the reaction mixture was sub-
jected to milling in a RETSCH MM400 instrument at a fre-
quency of 30 Hz. After completion of the C-2 arylation step as
suggested by TLC, the reaction mixture was further milled with
NaSCN (1.1 mmol) and NCS (1 mmol) for 20 min. The slurry
formed was charged to the column for purification to obtain
the C-2, C-3 functionalized indoles (2).

Conclusions

In summary, we developed a simple and cost-effective route
for solid-phase electrophilic C-H thiocyanation of indoles (1)
and imidazo[1,2-a]pyridines (3) using a mixer-mill. The
reaction was initiated by the in situ generation of
N-thiocyanatosuccinimide from commercially available
cheaper precursors, N-chlorosuccinimide and NaSCN, in silica
gel as the milling media. Subsequently, the C-3 selective thio-
cyanation reaction on indoles and imidazo[1,2-a]pyridines pro-
ceeded under catalyst-free and solvent-free conditions by
milling at 30 Hz to afford the products within 15-30 min in
high to excellent yields. The products were obtained by char-
ging the solid reaction slurry directly to the column chromato-
graphy system and thus, a work-up step could be avoided. A
diverse array of substrates with different electronic characters
both in indole and imidazo[1,2-a]pyridine scaffolds took part
in the reactions with similar ease, highlighting the versatility
and efficiency of this mechanochemical protocol. The gram
scale reactions afforded products in comparable yield and reac-
tivity, indicating the scalability of this method in terms of
potential industrial applications. Notably, mechanochemical
tandem C-C and C-S bond formation reactions on indoles by
double C-H activation were achieved in high overall yields,
leading to easy access to C-2 aryl and C-3 thiocyanato com-
pounds from unsubstituted indoles. Moreover, selected
examples demonstrated the feasibility of mechanochemical
trans-functionalization of the —-SCN precursors to -SCF; and
5-substituted sulfenyl tetrazole. In terms of sustainability
metrics, with a low E-factor of 3 and an eco-scale score above
80, the present method is several fold greener than other lit-
erature-known methods.
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