
A

t
e
n
o
a
r
r
i
©

K
a

1

t
t
b
p
(
i
a
a

t
t
p
(
u
t
�

1
d

Journal of Molecular Catalysis A: Chemical 263 (2007) 143–148

Short communication

A novel environmentally friendly process for carbon–sulfur bond
formation catalyzed by montmorillonite clays

Gaurav Sharma, Raj Kumar, Asit K. Chakraborti ∗
Department of Medicinal Chemistry, National Institute of Pharmaceutical Education and Research (NIPER), Sector 67, S.A.S. Nagar, Punjab 160062, India

Received 5 July 2006; received in revised form 5 August 2006; accepted 8 August 2006
Available online 15 August 2006

bstract

Montmorillonite clays are reported as efficient, inexpensive, and reusable catalysts for carbon–sulfur bond formation by conjugate addition of
hiols to �,�-unsaturated ketones/ester/nitrile. The reaction of aryl and aryl alkyl thiols with cyclic/acyclic �,�-unsaturated ketones/ester afforded
xcellent yields after 5 min to 20 h. The reaction rate was found to be influenced by the (i) size of the ring in case of cyclic enone, (ii) electronic
ature of the thiol, and (iii) presence of aryl/alkyl substituent at the � position of the acyclic �,�-unsaturated ketone/nitrile. The conjugate addition
f thiols took place at faster rates for five-membered and acyclic �,�-unsaturated ketones than the six-membered analogue. Aryl thiols reacted
t faster rates than aryl alkyl and alkane thiols and the differential reaction rates were attributed to the relative acidic strength of the thiols. The

eaction of �,�-unsaturated ketones having an aryl/alkyl group at the �-carbon took longer times and higher temperature. The difference in the
eactivity between six and five membered enones and various thiols was utilized to demonstrate selective thia-Michael addition reaction during
ntermolecular competition studies.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Carbon–sulfur bond formation by conjugate addition of thiols
o �,�-unsaturated carbonyl compounds, has versatile applica-
ions in chemistry and biology as it plays critical roles in the (i)
iosynthesis [1], (ii) synthesis of bioactive compounds [2], (iii)
rotection of the olefinic double bond of conjugated enones [3]
due to the ease of regeneration of the double bond by copper(I)-
nduced [4] and oxidative [3] elimination of the sulfur moiety),
nd (iv) generation of �-acylvinyl cation [5] and homoenolate
nion [6] equivalents.

These have generated interest to organic/medicinal chemists
o search for newer methodologies for thia-Michael addi-
ion reaction. Two strategies have been adopted for this pur-

ose: (i) nucleophilic activation and (ii) electrophilic activation
Scheme 1). Under nucleophilic activation strategy, a base is
sed that abstracts proton from the sulfhydryl group of the thiol
o generate thiolate anion which reacts at the �-carbon of the
,�-unsaturated carbonyl compound. In electrophilic activation
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aturated ketones; �,�-Unsaturated ester; �,�-Unsaturated nitrile; thia-Michael

trategy, a Lewis acid is used that coordinates with the oxygen
tom of the carbonyl group of the �,�-unsaturated carbonyl com-
ound rendering it more susceptible to nucleophilic attack at the
-carbon by the sulfur atom of the thiol. Various organic [7] and

norganic [8] bases have been used for nucleophilic activation
f the thiol for the desired transformation. The methodolo-
ies developed for synthesis of �-sulfido carbonyl compounds
ollowing electrophilic activation strategy includes the use of
arious Lewis acid catalysts [9]. Other methods involve the use
f ionic liquids [10] and �-cyclodextrine [11]. The reported
ethodologies have various disadvantages such as long reaction

imes, use of halogenated solvents, difficulty in recovery of high
oiling solvents, high temperatures, special efforts required for
reparation of catalysts, use of costly catalysts, moderate yields,
se of toxic chemical, etc. These necessitate the development of
better method and encouraged us to develop new methodolo-
ies for thia-Michael addition [12–14].
. Results and discussion

While designing a new methodology under the present inves-
igation, we kept in mind the tight legislation on maintenance of
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Table 1
Montmorillonite K 10 and KSF catalyzed carbon–sulfur bond formation by
conjugate addition of thiols to various �,�-unsaturated carbonyl compoundsa,b

Entry �,�-Unsaturated
carbonyl compound

Thiol Time
(min)

Yield
(%)c,d

1 15 (30) 80 (90)

2 30 (30) 82 (80)

3 10 (15) 85 (89)

4 40 (60) 91e (85)e

5 180 85e

6 6 h (6 h) 65f (60)f

7 5 (5) 90 (92)g

8 5 85

9 5 (10) 85 (82)

10 15 (25) 80 (85)

11 15 82

12 10 (15) 92 (88)
cheme 1. Nucleophilic and electrophilic activation during thia-Michael addi-
ion reaction.

reenness in synthetic pathways and processes that demands to
revent waste, avoid use of auxiliary substances (e.g. solvents,
dditional reagents) and minimise energy requirement [15]. The
ole of catalysis in the design, development, and implementation
f green chemistry has been well recognized [16,17]. Therefore,
e focused our attention towards the electrophilic activation

trategy (Scheme 1) and were influenced by the awareness of
he use of solid acids as environmentally friendly catalysts in
rganic synthesis [18]. We noticed that only a few methodolo-
ies are reported for thia-Michael addition reaction using solid
cids (heterogeneous catalysts) [19]. However, these catalysts
re not available commercially and special efforts are required
or their preparation that need additional reagents and involve
edious process such as calcination at 700–1100 ◦C [19b–d],
reatment at 110 ◦C for 14 days [19a], etc. The natural abun-
ance of clay minerals, their high surface area, sorptive and
on-exchange properties have attracted attention for catalytic
pplications [20] and encouraged us to exploit the catalytic
ctivity of commercially available montmorillonite clays for the
pening of epoxide rings by amines [21] and formation of N-
ert-butyloxycarbonylation of amines [22]. Herein we report that
ontmorillonite clays (K 10 and KSF) are efficient and reusable

atalysts for carbon–sulfur bond formation by conjugate addi-
ion of thiols to �,�-unsaturated carbonyl compounds.

The reaction of cyclic (six and five membered) and acyclic
,�-unsaturated ketones and �,�-unsaturated ester with various
ryl and aryl alkyl thiols were carried out under the catalytic
nfluence of montmorillonite K 10 and KSF (Table 1). The
esired thia-Michael adducts were obtained in good to excellent
ields. The catalyst was recovered and reused after activation

ithout any significant detrimental effect on the catalytic activ-

ty. The reaction rate was found to be influenced by the (i) size
f the ring in case of cyclic enone, (ii) electronic nature of the
hiol, and (iii) presence of aryl/alkyl substituent at the � position
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Table 1 (Continued )

Entry �,�-Unsaturated
carbonyl compound

Thiol Time
(min)

Yield
(%)c,d

14 20 87

15 15 (10) 92 (82)

16 15 90

17 15 95

18 20 (35) 80 (72)

19 12 h (12 h) 70f (65)f

20 120 (180) 90h (83)h

21 12 h 75h

22 12 h 90h

23 20 h 65h

24 5 h (6 h) 80h (82)h

25 10 h 75h

26 8 h 90h

Table 1 (Continued )

Entry �,�-Unsaturated
carbonyl compound

Thiol Time
(min)

Yield
(%)c,d

27 12 h 80h

a The �,�-unsaturated carbonyl compound (2.5 mmol) was treated with the
thiol (1.1 equiv.) in presence of montmorillonite K 10/KSF (10%, w/w) at room
temperature (30–35 ◦C).

b The figures in parentheses are the corresponding data for montmorillonite
KSF catalyzed reactions.

c Isolated yield of the corresponding product.
d Products were characterized by IR and NMR.
e The reaction was carried out at 80 ◦C.
f The reaction was carried out at 50 ◦C.
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The thia-Michael adduct was formed in 5% yield when the reaction was
arried out for 1 h at room temperature in the absence of any catalyst.
h The reaction was carried out in methanol under reflux.

f the �,�-unsaturated ketone. The conjugate addition of thiols
ook place at faster rates for five-membered and acyclic �,�-
nsaturated ketones than the six-membered analogue (compare
ntries 1–5 with 7–11 and 12–14, Table 1). During the reaction
ith a particular �,�-unsaturated carbonyl compound, aryl thi-
ls reacted at faster rates compared to aryl alkyl thiols (compare
ntries 1–3 with 4 and 5, entries 7–9 with 10 and 11, entries 12
nd 13 with 14, entries 20 and 21 with 22 and 23, and entry 24
ith entries 26 and 27, Table 1). In case of aryl thiols, the rate of

eaction was influenced by the pKa of the SH proton rather than
he relative nucleophilicity of the corresponding sulfur atom.
hus, the reactions of thiophenol were faster than those of 4-
ethylthiophenol with a common Michael acceptor (compare

ntries 1 with 2, 20 with 21, and 24 with 25, Table 1). Similarly
eaction of 4-nitrothiophenol with cyclohexenone was faster
han the corresponding reaction involving 4-methylthiophenol
compare entries 2 and 3, Table 1). The presence of an aryl

r alkyl group at the �-position of the �,�-unsaturated ketones
educed the rate of thia-Michael addition significantly and for
uch substrates the reactions were carried out either on heating
t 50 ◦C under neat condition or under reflux in MeOH (compare

cheme 2. The role of the catalyst in the carbon–sulfur bond formation via
hia-Michael addition.
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Scheme 3. Selectivity in carbon–sulfur bond formation via thia-

ntry 1 with 6, entry 12 with 19, entries 12–14 with 20–22 and
4–26, Table 1).

These observations can be explained by the tentative mecha-
ism depicted in Scheme 2 that describes the role of the catalyst
n promoting the thia-Michael addition reaction. Coordination
f the metal cationic site of the catalyst with the carbonyl oxy-
en atom of the �,�-unsaturated carbonyl compound induces
lectrophilic activation and makes the �-carbon atom electron
eficient (TS I). Nucleophilic attack at the electron deficient
-carbon atom of the �,�-unsaturated carbonyl compound by

he sulfur atom of the thiol generates the TS II which on
ntramolecular proton transfer from the sulfonium moiety to
he oxyanionic site liberates the catalyst and forms the enol
f the resultant Michael adduct. Therefore, structural modifi-
ation on the Michael acceptor that can reduce the electrophilic
haracter of the �-carbon atom of the �,�-unsaturated carbonyl
ompound should retard the rate of the conjugate addition reac-
ion. Since an aryl or alkyl group can decrease the positive charge
eveloped at the �-carbon atom of the �,�-unsaturated carbonyl
ompound due to the resonance effect, 3-aryl/alkyl substituted
nones required elevated temperature. Apart from the electronic
ffect of the 3-aryl/alkyl substituent, the steric factor also con-
ributes to the overall decrease in the rate of Michael addition
or such acceptors. As the liberation of the catalyst depends on
he efficiency of the proton transfer in TS II, thiols with stronger
cidic property are expected to react at faster rates. Hence, aryl

hiols took shorter times compared to aryl alkyl thiols during the
eaction with a common substrate as the SH proton of aryl thiols
re more acidic than that of the aryl alkyl thiols. The greater
cidic property the SH proton of thiophenol compared to that of

T
m
a
c

lysis A: Chemical 263 (2007) 143–148

ael addition reaction during intermolecular competition studies.

-methylthiophenol makes the former thiol to react at a faster
ate. Although the sulfur atom of 4-nitrothiophenol is expected to
e less nucleophilic than that of 4-methylthiophenol, the former
hiol reacted at a faster rate due to more efficient proton exchange
n the TS II formed during the reaction of cyclohexenone with 4-
itrothiophenol as 4-nitrothiophenol is a stronger proton donor
han 4-methylthiophenol.

The difference in the rate of reaction between cyclohexenone
nd cyclopentenone encouraged us to carry out selective
arbon–sulfur bond formation via the thia-Michael addition dur-
ng inter-molecular competition studies (Scheme 3). The treat-

ent of an equimolar mixture of cyclohexenone and cyclopen-
enone with thiophenol (1.1 equiv.) afforded the corresponding
hia-Michael adducts in a ratio of 36:64 (GCMS) after 5 min at
T under neat condition. The difference in the rate of reaction
,3-diphenylpropenone and 4-phenyl-3-butene-2-one resulted in
35:65 selectivity (GCMS) when an equimolar mixture of 1,3-
iphenylpropenone and 4-phenyl-3-butene-2-one was treated
ith thiophenol in MeOH under reflux for 2 h. In the follow-

ng representative examples the difference in the reactivity of
hiols with a common Michael acceptor was exploited to demon-
trate selectivity during inter-molecular competition reactions.
hus, when cyclohexenone was treated with an equimolar mix-

ure of thiophenol and �-toluenethiol for 15 min at RT under
eat condition, a 64:36 selectivity (GCMS) was observed in
avour of the Michael adduct formation with the aryl thiol.

he corresponding reaction of cyclohexenone with an equimolar
ixture of 4-nitrothiophenol and 4-methylthiophenol afforded

n 80:20 selectivity (GCMS) after 10 min at RT under neat
ondition.
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. Conclusion

We have described herein commercially available mont-
orillonite K 10 and KSF as efficient and reusable catalysts

or chemoselective carbon–sulfur bond formation by conjugate
ddition of thiols to �,�-unsaturated carbonyl compounds. The
dvantages include, (i) the use of a cheap, easy to handle, and
eusable catalyst, (ii) ease of product isolation by filtration, (iii)
xcellent selectivity, and (iv) high yields.

. Experimental

The 1H and 13C NMR spectra were recorded on Bruker
vance DPX 300 (300 MHz) spectrometer in CDCl3 using TMS
s internal standard. The IR spectra were recorded on Nicolet
mpact 400 spectrometer as KBr pellets for solid and neat for
iquid samples. The reactions were monitored by TLC (silica
el-G) and Shimadzu QP 5000 GCMS. Evaporation of solvents
as performed at reduced pressure, using a Büchi rotary evap-
rator.

.1. Typical procedure for carbon–sulfur bond formation
y thia-Michael addition

.1.1. Method A
Montmorillonite K 10 (25 mg, 10% (w/w)) was added to
magnetically stirred mixture of cyclohexenone 1 (0.24 g,

.5 mmol) and thiophenol 2 (0.303 g, 2.75 mmol, 1.1 equiv.) at
oom temperature (30–35 ◦C). The mixture was stirred until
ompletion of reaction (TLC, 30 min), diluted with EtOAc
10 mL) and filtered through a plug of cotton. The residue was
ashed with EtOAc (2 × 5 mL) and the combined filtrates were

oncentrated under reduced pressure to afford an oil which on
assing through a column of silica-gel and elution with EtOAc-
exane afforded �-phenylthiocyclohexanone 3 (0.473 g, 92%)
s colourless oil, identical (IR, NMR and MS) with an authentic
ample. The cotton plug containing the catalyst was dipped into
tOAc (15 mL) in a beaker (25 mL) when the montmorillonite
10 settled down to the bottom of the beaker. The cotton was

emoved and the EtOAc decanted off. The recovered catalyst
fter being air dried and treated at 100 ◦C for 2 h under reduced
ressure (5 mm Hg) was reused to afford 3 in 89% yields during
fresh batch of reaction of 1 with 2.

.1.2. Method B
Treatment of 1 (0.24 g, 2.5 mmol) with 2 (0.303 g, 2.75 mmol,

.1 equiv.) in the presence of montmorillonite KSF (25 mg,
0% (w/w)) at room temperature (30–35 ◦C) followed by
sual work-up as described for Method A afforded 3 (0.463 g,
0%, entry 1, Table 1), identical (IR, 1H and 13C NMR, and
IMS) to an authentic sample. The catalyst was recovered and
sed after being reactivated as described in method A pro-
iding 3 in 85% yields during a fresh batch of reaction of 1

ith 2.
The remaining reactions were carried out following these

eneral procedures (Methods A or B). The physical data (mp,
R and NMR) of known compounds were found to be identical
lysis A: Chemical 263 (2007) 143–148 147

ith those of authentic samples. Unknown compounds were
haracterized by spectral (IR and NMR) and elemental analyses.

.2. Typical procedure for selective thia-Michael addition
eaction during intermolecular competition studies

Montmorillonite K 10 (10 mg, 10% (w/w)) was added
o a magnetically stirred mixture of 1 (96 mg, 1 mmol), 4-
ethylthiophenol (136.4 mg, 1.1 mmol) and 4-nitrothiophenol

170.5 mg, 1.1 mmol) at room temperature (30–35 ◦C). The
ixture was stirred for 10 min, diluted with EtOAc (3 mL)

nd filtered through a plug of cotton. The residue was
ashed with EtOAc (2 × 2 mL) and the combined filtrates
ere concentrated under reduced pressure to afford the

rude mixture of products (345 mg, 92%) was found to
ontain 3-(4-methylphenylsulfanyl)cyclohexanone and 3-(4-
itrophenylsulfanyl)cyclohexanone in a ratio of 20:80 (GCMS).

.3. 3-(Furan-2-ylmethylsulfanyl)-cyclopentanone (entry 9,
able 1)

IR (Neat) cm−1: 2927, 1742, 1151; 1H NMR (300 MHz,
DCl3): δ = 7.27 (s, 1H), 6.32 (s, 1H), 6.20 (s, 1H), 3.84–3.73 (m,
H), 3.45–3.36 (m, 1H), 2.61–2.52 (m, 1H), 2.47–2.28 (m, 2H),
.24 (m, 2H), 1.97–1.93 (m, 1H). 13C NMR (75 MHz, CDCl3):
= 217.12, 151.85, 142.76, 111.09, 108.05, 46.01, 40.70,
7.76, 30.10, 28.47. Elemental Anal. (CHNS)Cal: C = 61.20%,
= 6.16%, S = 16.34%; (CHNS)obs: C = 61.23%, H = 6.18%,
= 16.32%.

.4. 3-(4-Nitro-phenylsulfanyl)-cyclopentanone (entry 10,
able 1)

Mp: 64–66 ◦C; IR (KBr) cm−1: 1742; 1H NMR (300 MHz,
DCl3): δ = 8.15 (d, 2H, J = 8.6 Hz), 7.40 (d, 2H, J = 8.6 Hz),
.18–4.13 (m, 1H), 2.84–2.75 (m, 1H), 2.56–2.47 (m, 2H),
.39–2.28 (m, 2H), 2.17–2.11 (m, 1H). 13C NMR (75 MHz,
DCl3): δ = 215.55, 146.16, 128.43, 126.93, 124.96, 45.37,
2.00, 37.12, 29.69. Elemental Anal. (CHNS)Cal: C = 55.68%,
= 4.67%, N = 5.90%, S = 13.51%; (CHNS)obs: C = 55.64%,
= 4.64%, N = 5.92%, S = 13.54%.
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