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Thiol-Ene “Click” Reaction Triggered by Neutral Ionic Liquid: The
“Ambiphilic” Character of [hmim]Br in the Regioselective

Nucleophilic Hydrothiolation™*

Rajesh Kumar, Saima, Amit Shard, Nitin H. Andhare, Richa, and Arun K. Sinha*

Abstract: Thiol-ene “click” chemistry has emerged as a power-
ful strategy to construct carbon—heteroatom (C—S) bonds,
which generally results in the formation of two regioisomers.
To this end, the neutral ionic liquid [hmim]Br has been
explored as a solvent cum catalyst for the synthesis of linear
thioethers from activated and inactivated styrene derivatives or
secondary benzyl alcohols and thiols without the requirement
of using a metal complex, base, or free radical initiator.
Furthermore, detailed mechanistic investigations using
'H NMR spectroscopy and quadrupole time-of-flight electro-
spray ionization mass spectrometry (Q-TOF ESI-MS)
revealed that the “ambiphilic” character of the ionic liquid
promotes the nucleophilic addition of thiol to styrene through
an anti-Markovnikov pathway. The catalyst recyclability and
the extension of the methodology for thiol-yne click chemistry
are additional benefits. A competitive study among thiophenol,
styrene, and phenyl acetylene revealed that the rate of reaction
is in the order of thiol-yne > thiol-ene > dimerization of thiol
in [hmim]Br.

The overwhelming success of “click” chemistry!! coined by
Sharpless in 2001 has encouraged researchers to develop
a variety of chemical transformations. Among various click
procedures,?! the thiol-ene/yne reactions” have also come to
the fore as click reaction because of their many inherent
benefits like high atom economy, simple synthetic procedures,
and minimum waste generation, besides their applications™!
in the fields of nanoengineering, polymer science, and
medicine (Figure 1).
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Thiol-ene coupling (TEC) between an olefin and thiol,
better known as hydrothiolation may proceed through an
electrophilicV/free radical® or nucleophilic pathway!”! lead-
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Figure 1. Biologically active scaffolds containing a C=S bond.

ing to the branched Markovnikov®! or linear anti-Markovni-
kovl®" product, respectively. Among both products, the less
studied anti-Markovnikov addition is generally performed in
the presence of transition metal/nonmetal complexes®™" and
base.l”) Recently, Tyson and co-workers®! reported the use of
a ruthenium catalyst (Ru(bpz);)*" in a radical thiol-ene
reaction for anti-Markovnikov hydrothiolation. Beside this,
some metal-free approaches®’ have gained importance in
linear hydrothiolation reactions. However, many of the
existing strategies are still limited due to the expensive
nature and tedious synthesis of the catalysts, cumbersome
product isolation procedures, formation of two regioisomers,
acidic reaction conditions, usage of unstable styrene, and lack
of catalyst recyclability. Hence, the challenge for improving
sustainability is to develop more general and viable routes,
which would be of great relevance to synthetic chemists.

In this context, ionic liquids (ILs) constitute an attractive
alternative for a number of organic transformations® due to
catalyst recycling,® improved selectivity, and ease in product
isolation. So far acidic ILs"” in conjunction with a free radical
initiator® have been utilized for the synthesis of linear
thioethers from thiol and styrene; however, the acidic nature
of the IL may lead to the polymerization of styrene.” Thus,
realization of the hydrothiolation reaction by in situ forma-
tion of styrene from innocuous and inexpensive raw materials
(i.e., secondary benzyl alcohol)!""! and subsequent addition to
thiol would be practically useful. In this context, there are
a few reports available utilizing secondary benzyl alcohols for
the synthesis of only branched thioethers!"!! rather than linear
ones.

In continuation of ongoing interest in using neutral
[hmim|]Br for various chemical transformations,*? including
the dehydrative Heck reaction!'®! and the oxidative coupling
of thiophenols to form disulfides,™® we herein present
a tunable role of [hmim]Br for an exclusive synthesis of
linear thioethers from styrenes or secondary benzyl alcohols

Angew. Chem. Int. Ed. 2015, 54, 828 -832


http://dx.doi.org/10.1002/anie.201408721

Ref. [111 OH

2 =

branched thloelher
ii
) i XX Ref.(6a.] Ph SH
Ph-SH
R!
||near thioether secondary alcohol

Y
Existing gaps: i) use of metal complexes or base/acid or radical initiator, ii) no detailed
mechanistic insight, iii) no direct access from secondary alcohol to linear thioether

i) Ref.
Y I5b, 21a]
| J + PhsH

This work: OH
S.
X Ph-SH B Ph PhsH 7 O
‘/ P [hmim]Br 1/ = “ [hmim]B; XR’
R' HO0 R

i) direct access from secondary alcohol to linear thioether, ii) metal and base free process,
iii) ionic liquid as ambiphile, iv) detailed mechanistic insight using 'H NMR and Q-TOF ESI-MS

Scheme 1. Thiol-ene reaction in neutral [hmim]Br.

(through in situ dehydration) and thiophenols (Scheme 1) by
overcoming the dimerization of thiol in ILs (see the Support-
ing Information, SI). Furthermore, "H NMR and Q-TOF ESI-
MS-based mechanistic studies proved that the “ambiphilic”
character of the IL promotes the nucleophilic addition of thiol
to styrene through an anti-Markovnikov pathway.

Initially, a mixture of 1-(4-biphenyl)ethanoll®! (1b,
0.28 mmol) and thiophenol (2a, 1.0 mmol) in [hmim]Br
(0.5 mL; Scheme 2) was irradiated in a tandem manner with

LT oy
Ph [hmlm]Br N2 atm. Ph CHO
Ph :

b 3aR =H (54%)
/©/\ 3b R = CHj (57%)
Ph 1a

Scheme 2. Dehydrative thiol-ene reaction in [hmim]Br.

via

microwave (MW) irradiation (120 W, 150°C) for 15 min
under N, atmosphere (to ward off the formation of disulfide
from 2a in IL/O,).'”"! GC-MS analysis of the crude product
revealed the formation of the desired product 3a only in 10 %
yield along with unreacted biarylethene!™ intermediate,
diphenyldisulfide,'*! and biarylaldehyde (see SI). Thereafter,
varying amounts of thiophenol (1.1-1.3 mmol) and IL (0.75-
1.5mL) as well as different reaction times (10-30 min) and
temperatures (120-180°C) were taken into account. How-
ever, no significant improvement of the yield of 3a was
observed. Further, the dehydration of 1b (0.28 mmol) in
[hmim]Br (0.5 mL) under MW irradiation (120 W, 150°C) for
15 min, followed by addition of thiophenol (1.2 mmol) and
then stirring at 40°C" under an N, atmosphere for 40 min
favored the formation of 3a in 54 % yield (62 % measured by
GC-MS). However, disulfide and biarylaldehyde (Scheme 2)
side products were still detected, possibly due to oxidative
scission! of the biarylethene by in situ-generated water
during the dehydration of 1b (see SI). Similarly 3b was
obtained in 57 % yield from 2b and 1b (Scheme 2).

Based on the above-described encouraging results for the
synthesis of thioethers 3a-3b through dehydrative thiol-ene
reaction (Scheme 2), we next examined the concept of “click
chemistry”¥ to get a maximum yield of 3a from 1a and 2a
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(see SI, Table S1) with ease in recyclability™ in [hmim]Br,
which is considered as a neutral®? reaction medium.
Interestingly, a reaction between biarylethene (1a,
0.28 mmol) and thiophenol (2a, 1.2 equiv) at 40°C in
[hmim]Br (0.5 mL) for 40 min resulted in the formation of
3a in 89% yield (95% measured by GC-MS; Scheme 3)
under N, atmosphere or open air condition (see SI).

s
_hmimigr D/\/ \©
Ph

3a, 89%

Beals

Scheme 3. Click thiol-ene reaction in [hmim]Br for the synthesis of 3a.

40 °C, 40 min

To further increase the yield of 3a, different ILs including
basic and acidic ILs as well as [hmmim]Br (1-hexyl-2,3-
dimethylimidazolium bromide),'®*! a C-2 methylated IL were
screened but none of them led to an increase in the yield of 3a
(see SI, Table S1). Further, hydrothiolation between 1a and
2a in the presence of 10 mol% ascorbic acid (a free radical
quencher; Table S1, entry 10) or in the dark under N,
atmosphere (Table S1, entry 11) provided a still high yield
of 88-86% of 3a, thus ruling out the possibility of a free
radical pathway (see SI, Table S1).

Having established optimal reaction conditions, we exam-
ined the substrate scope for the thiol-ene coupling reaction
between biarylethene 1a and thiols 2a-2i with varying
electronic character, which afforded the corresponding prod-
ucts 3a-3h in moderate to good yields (Table 1). It was
noticed that starting materials with electron-withdrawing
substituents on the thiol (Table 1, 3f-3g) and benzylthiol
(Table 1, 3h) required longer reaction time due to their weak
nucleophilicity. However, an aliphatic thiol 3i (Table 1) did
not undergo hydrothiolation with 1a.

To further demonstrate the versatility of the above-
described TEC protocol, a diverse array of styrenes (Table 2,
1a’-1l') possessing electron-donating as well as electron-
withdrawing groups were coupled with thiophenol (2a),

Table 1: [hmim]Br-catalyzed anti-Markovnikov hydrothiolation between
biarylethene 1a and different thiols 2a-2i."

S
&
stir, 40 °C Ph 3a-3i R

Za 2i R = CHj3, OCHj3, Br, etc.

3a, 89% (40 min) 3b, 90% (30 min) 3c, 88% (35 min)

LU0 OO0 O,

3d, 85% (35 min) 3e, 64% (40 min) 3f, 54% (120 min)

o o o

3g, 60% (90 min) 3h, 49% (120 min) 3i, n.d.[?! (120 min)

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Reaction conditions: 1a (0.28 mmol), thiol (1.2 equiv), [hmim]Br
(0.5 mL), stir at 40°C. [b] Yields of isolated products. [c] Not detected.
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Table 2: [hmim|Br-catalyzed anti-Markovnikov hydrothiolation between
thiophenol 2a and different styrene derivatives 1a'-11".12"

X [hmim]Br X S. Ph
. + PhSH ——

2 R 0.5-2h,40°C S F

1a'-1I' 2a 4a-41

QL OO 7
HyCO HaC HyCO

4a, 75% (0.5 h) 4b, 73% (0.5 h) 4c, 80% (0.5 h) 4d, 79% (0.5 h)

o ot o WS

Ph

OCH;
4e,81% (1 h) 4f, 81% (1 h) 49, 78% (1.5 h) 4h, 45% (2 h)
Ph

H3CO. Sepn s

s s H4CO.
HO “Ph “Ph

OCHs H5CO

4i,51% (2 h) 4j, 92% (0.5 h) 4k, 53% (0.5 h) 41, nd. (2 h)

[a] Reaction conditions: 1a (0.28 mmol), thiophenol (1.2 equiv),
[hmim]Br (0.5 mL), stir at 40°C for 0.5-2 h. [b] Yields of isolated
products. n.d.=not detected (see SI).

which provided the desired products 4a—4k in good yield.
Interestingly, also the coupling of hydroxy-substituted styr-
enes 1h'—1i' (Table 2), including commercially unavailable 4-
hydroxy-3,5-dimethoxy-styrene (1i'),['! with 2a provided the
desired products 4h-4i (Table 2) without the need for
a protection—deprotection strategy for the hydroxy group,
albeit only moderate yields were achieved. Similarly, o-
methyl styrene (1k’) undergoes hydrothiolation, giving 53 %
yield of the corresponding diarylalkane motif 4k (Table 2),
which is an integral part of a number of biologically active
compounds.['®)

Mechanistically, there are two plausible pathways for the
synthesis of thioether 4¢ (Figure 2) either through a free
radical® or base-mediated nucleophilic hydrothiolation.”
Our studies preclude the use of free radical initiator or
base, therefore, it was presumed that the ambiphilic!®!"]
“electrophilic and nucleophilic” character of [hmim|Br pro-
motes the nucleophilic addition of thiophenol (2a) to 4-
methyl styrene (1¢') through intermediate (B), in which the S
atom of thiophenol undergoes hydrogen bond (H—B) for-
mation!"” (nucleophilic activation) with the Br anion of the
IL due to its H-B acceptor ability. Likewise, the C-2 hydrogen
of the hmim cation interacts with 1¢/ through H-B!™
(electrophilic activation) formation due to its acidic nature.
Subsequently, nucleophilic attack of thiophenol on styrene
leads to the formation of the C—S bond (Figure 2).

s N
R rpes
Csles
[hmlm]Br + /©/\/ \© .—‘

Figure 2. Proposed mechanism of the [hmim|Br-catalyzed thiol-ene
addition.
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To prove this hypothetical interaction!’*'¥ between 1¢,
[hmim]Br, and 2a, the reaction was examined by 'H NMR
spectroscopy in CDCl; (Figure 3). When 1¢’ was mixed with
[hmim|Br, the proton at the C-2 position (peak c) of the
imidazolium moiety and the vinyl protons of 1¢' (peaks b)

oe 10 ° a 7 é b ;i 4 3 2
— | SN} b
® || I e~
e R i i
ppa a L] 7 6 s - 3 2

~d
o
od
a

w4
N

]
N

Figure 3. "H NMR spectra of a) thiophenol, b) 4-methyl styrene,

c) [hmim]Br, d) the interaction between 4-methyl styrene and [hmim]Br
after 5 min. e,f) The interaction between 4-methyl styrene, [hmim]Br,
and thiophenol in CDCl; after 15 min (e) and 30 min (f).

shifted from 6 10.24 to 10.29, from 0 5.72, 5.65 to 6 5.67, 5.58,
and from ¢ 5.20, 5.16 to 6 5.12, 5.08, respectively, after 5 min
of stirring at room temperature (see SI). These shifts could be
considered as evidence that the cation of the IL activates
styrene (1¢') through H—B formation and similarly that the Br
anion of IL activates thiophenol by accepting the hydrogen
bond as evident from the shifting of peak a from ¢ 3.36 to 3.82
(Figure 3a and e).

For the direct proof of our perception, we planned to
identify and characterize the intermediate B (Figure 2) using
electrospray ionization mass spectrometry (ESI-MS),[41]
which can be used to efficiently generate ions of noncovalent
adducts in the gas phase. We performed (4 ve) Q-TOF ESI-
MS studies of samples taken after 10 min during the
[hmim|]Br-catalyzed reaction of 1¢’ with 2a (Figure 4). The
total ion chromatogram (TIC) revealed the presence of ions
at m/z 493.31 (m,), 413.42 (m,) (see SI), 379.31 (my), 347.21
(my), 257.10 (ms), 243.07 (mg), 227.09 (m;), 214.26 (mg), and
167.19 (m,) (see SI) corresponding to [B+H+NH;]",
[B+H+NH;—Br|*, [B—H—Br—CHj;]*, [B—H—NH;—thiol]",
[B+K—thiol—styrene—C,Hs]", [B+K—thiol—styrene—
GH,|", [B-IL—H]", [B+H-IL—CH;]", and
[B—thiol—Br—styrene]*, respectively (Figure 4), which are
diagnostic of intermediate B. Thus, the mechanistic study

Angew. Chem. Int. Ed. 2015, 54, 828 -832
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Figure 4. TIC of (+ve) ESI-MS spectra of sample taken after 10 min
from the reaction of 1¢’ and 2a catalyzed by [hmim]Br. See Sl for the
m,, m,, and mg peaks.

based on '"H NMR spectroscopy and Q-TOF ESI-MS proved
for the first time that the “ambiphilic” character of [hmim]|Br
promotes the nucleophilic addition of thiophenol to styrene
through intermediate B for the construction of a C—S bond
through an anti-Markovnikov pathway.

From an economical point of view, the recyclability of
[hmim]Br for the formation of 3a (Scheme 3) was tested. It
was found that the IL retained a high reactivity for up to five
cycles varying from 95-80% yield (see SI).

After the establishment of the mechanism, the recycla-
bility, and the substrate scope for the TEC (Tables 1 and 2),
we investigated the importance of the terminal hydrogen in
thiol-yne click (TYC)P! chemistry. To further ascertain the
role of terminal hydrogen, experiments with 4-ethynyltoluene
(0.25mmol) and thiols (1.0 equiv) were conducted in
[hmim]Br (0.5 mL) at 40°C for 30 min, which furnished the
target molecules 5a and 6a in high yield (Scheme 4), which
are key intermediates for the synthesis of bioactive mole-
cules.’ Moreover, the E/Z ratio in thiol-yne coupling
reactions is generally substrate-dependent.?!]

Poge

(0.25 mmol)

[hmim]Br
_(osmL)

stir, 40 C H C/©/_\1 :

30 min
R=0OMe 5a, 87%; (E/Z = 13:87)
(1. O equiv) R=H 6a, 83%,; (E/Z =93.7)

Scheme 4. [hmim|Br-catalyzed hydrothiolation of phenyl acetylene.

Under similar reaction condition, an equimolar mixture of
4-ethynyltoluene, styrene, and thiophenol in [hmim]Br
(0.5mL) was stirred at room temperature for 35 min to
determine the competing rate of reaction among thiol-yne,
thiol-ene, and thiol dimerization reaction (Scheme 5). We

Z NSt S.
=
/©/ N /@/\, Ph . ©/\/ Ph
+ )
HAC [hmim]Br  H;C 67% 21%

5 (0.5 mL)

[05mb)
(0.25 mmol) (025 mmol) g4 RT _S...Ph
+ Ph-SH (35 min) TS
(0.25 mmol) 0%

Scheme 5. Competitive reaction of thiophenol, 4-ethynytoluene, and
styrene.
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obtained a maximum amount of thiol-yne product (67 %),
followed by thiol-ene (21 %) and disulfide (0% ) product on
the basis of GC-MS analysis. The result revealed that the
reaction rates are in the order thiol-yne > thiol-ene > thiol
dimerization.

In conclusion, the neutral [hmim]|Br-mediated thiol-ene
“click” chemistry can be described by a single word:
simplicity that leads to ubiquitous implementation. The
developed reaction affords the linear thioether from activated
and inactivated alkenes with thiophenols in good to excellent
yields with high regioselectivity and recyclability of catalyst
under metal-, base-, and radical-free conditions. Moreover,
a mechanistic study based on 'H NMR spectroscopy and Q-
TOF ESI-MS proved that the “ambiphilic” character of
[hmim]Br promotes the nucleophilic addition of thiols to
styrene through an anti-Markovnikov pathway.
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