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The reactivity of 2-alkylidene-4-oxothiazolidine S-oxides under the Pummerer reaction conditions, using
Ac2O, TFAA, SOCl2 and SOBr2 as initiators, has been examined. Almost all reactions proceeded with
absolute regioselectivity yielding a-substituted sulfides or vinyl-chloro derivatives. The mechanism for
the formation of the latter products was postulated and proved experimentally.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Heteroatom-stabilized carbocations, owing to their electron
deficiency and high reactivity, are valuable intermediates in organic
synthesis for the formation of carbonecarbon and carbon-
eheteroatom bonds. A notable example is the Pummerer rear-
rangement reaction, which has received considerable attention
from both mechanistic and synthetic points of view.1 It utilizes
thionium ion 2 as an intermediate, generally formed by treating
a sulfoxide 1 bearing an a-hydrogen with an acid anhydride
(Scheme 1). The thionium ion can be trapped by a counter anion, or
ent reaction.
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other nucleophilic species present in the reaction medium yielding
a-substituted sulfides 3 or 4, respectively.

Pummerer chemistry has undergone remarkable progress, and
it now includes various reaction types, such as additive, vinylogous,
connective, aromatic, interrupted, asymmetric and domino Pum-
merer reactions.1 Inter- and intramolecular variants, including
carbon and heteroatom nucleophiles, have found broad application
in the functionalization of existing molecules, or for the construc-
tion of a wide variety of heterocyclic systems.

As part of our project dealing with the chemistry of pharma-
cologically important thiazolidine-containing systems,2 we in-
vestigated the Pummerer reactions of sulfoxides 5 (Scheme 2),
directed toward further functionalization of the 2-alkylidene-4-
oxothiazolidine system. The sulfonium ion 6, formed upon sulfox-
ide activation, can react in two ways: the classical Pummerer re-
action leading to the a-substituted product 7 and/or additive
Pummerer reaction, typical for a,b-unsaturated sulfoxides lacking
a g-hydrogen,1 which results in the addition product 8.

Here, we report the reactions of 5 with Ac2O, TFAA, SOCl2 and
SOBr2 as activators and discuss reaction mechanisms, with special
emphasis on the regioselectivity.
2. Results and discussion

The starting sulfoxides 5 were prepared as previously de-
scribed.3 When treated with the standard Pummerer reaction
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Scheme 2. Possible reaction pathways for Pummerer-type reactions of sulfoxides 5.
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initiator, Ac2O, substrates 5a and 5b reacted only at elevated tem-
perature, when the anhydride was used as a solvent, and yielded
exclusively a-substituted sulfides 9a and 9b (Table 1, entries 1e3).
The more electrophilic trifluoroacetic anhydride initiated the re-
action under milder conditions providing the a-trifluoroacetoxy
derivative, which could be detected only by 1H NMR and 13C NMR
spectroscopy of the crude reaction mixture. It hydrolyzed com-
pletely during the column chromatography purification to give the
cyclic hemithioacetal 9c, as the final product (entry 4). The reaction
of sulfoxides 5aef with thionyl chloride in CH2Cl2 solution, at low
Table 1
Pummerer reactions of sulfoxides 5

Entry R R1 Reaction
conditions

9 (%)a 10 (%)a

1 5a Me CO2Et Ac2O, CH2Cl2,
�10 �C/rt

0 0

2 5a Me CO2Et Ac2O, 100 �C 9a 65
(X¼OAc)

0

3 5b Me COPh Ac2O, 100 �C 9b 65
(X¼OAc)

0

4 5a Me CO2Et TFAA, CH2Cl2,
0 �C; reaction
workup

9c 72
(X¼OH)b

0

5 5a Me CO2Et SOCl2, CH2Cl2,
�10 �C/rt

0 10a 59 (X¼Cl)
Z/E 0:100

6 5b Me COPh SOCl2, CH2Cl2,
�10 �C/rt

0 10b 68 (X¼Cl)
Z/E 60:40

7 5c Me CONHPh SOCl2, CH2Cl2,
�10 �C/rt

0 10c 58 (X¼Cl)
Z/E 0:100

8 5d Me CONH(CH2)2Ph SOCl2, CH2Cl2,
�10 �C/rt

0 10d 54 (X¼Cl)
Z/E 0:100

9 5e Bn CO2Et SOCl2, CH2Cl2,
�10 �C/rt

0 10e 58 (X¼Cl)
Z/E 0:100

10 5f H CO2Et SOCl2, CH2Cl2,
�10 �C/rt

0 10f 45 (X¼Cl)
Z/E 100:0

11 5a Me CO2Et SOBr2, CH2Cl2,
�10 �C/rt

9d 64
(X¼Br)

0

12 5a Me CO2Et SOCl2, toluene,
110 �C

9e 51
(X¼Cl)c

10a 24 (X¼Cl)c

13 5b Me COPh SOCl2, toluene,
110 �C

9f 81
(X¼Cl)

0

14 5d Me CONH(CH2)2Ph SOCl2, toluene,
110 �C

9g 48
(X¼Cl)

0

a Yields of isolated products.
b The initially formed trifluoroacetoxy derivative underwent hydrolysis during

the workup process.
c Yields are determined on the basis of the 1H NMR spectrum of a mixture of

products, which could not be separated by column chromatography. Overall yield
75%.
to room temperature, took a different reaction pathdvinyl chlo-
rides 10aef were formed as sole products (entries 5e10). By con-
trast, exposure of 5a to thionyl bromide, under the same reaction
conditions, followed the classical Pummerer rearrangement path-
way affording the a-bromo sulfide 9d, with absolute regiose-
lectivity (entry 11). Under more vigorous conditions, in toluene at
110 �C, the same type of regioselectivity could be achieved with
thionyl chloride (entries 12e14).

To the best of our knowledge, the formation of a vinyl chloride
under the Pummerer reaction conditions has only one precedent in
the reaction of 11with thionyl chloride4 and was rationalized by an
intramolecular chloride transfer to the b-vinylic carbon of the ac-
tivated sulfoxide 12 (Scheme 3). The additive Pummerer sequence
was obviously interrupted by a proton loss from 13 to produce the
alkene 14.

A very similar mechanism was invoked to explain the in-
troduction of a chlorine atom into the 2-position of pyrrol-3-yl and
indole-3-yl sulfoxides,5 or to initiate the additive Pummerer re-
action of a,b-unsaturated sulfoxides.6

However, we need to explain why the reaction of sulfoxides 5
with thionyl chloride, under mild conditions, was the only one that
took a different route. Since the products 9aec were formed with
absolute regioselectivity, we assumed that nucleophilic attack at
the a-carbon is much more favourable than at the b-vinylic posi-
tion. Thus, we speculated about another mechanism according to
which the sulfur of the sulfonium ion 15 is attacked by the chloride
anion forming, after elimination of SO2 and Cl�, the chlor-
osulfonium salt 16 (Scheme 4). The intermediacy of the chlor-
osulfonium species upon treatment of a sulfoxide with thionyl
chloride has been proposed.7 They are capable of transferring
a positive chlorine onto a nucleophilic site.7d,e,8 Thus, we believe
that the b-vinylic carbon is actually attacked intramolecularly by an
electrophilic chlorine, followed by proton loss to afford vinyl
chlorides 10 (Scheme 4, path a). The driving force for such an
interrupted additive mechanism should be the formation of stabi-
lized, conjugated system. An intermolecular transfer to the sulf-
oxide double bond does not seem possible, since we showed that
sulfoxide 5a did not react with NCS under similar reaction condi-
tions (CH2Cl2, 0 �C to rt).

Next, we needed to prove that intermediate 16 was indeed
formed during the reaction course, and that it could act as
a chloronium ion source. Therefore, two crossover experiments
were done (Scheme 5). In the first, an equimolar mixture of sulf-
oxide 5b and thiazolidine 20a was treated with thionyl chloride
under the same reaction conditions as those given in Table 1. In the
second, an equimolar mixture of sulfoxide 5a and thiazolidine 20b
was used. Both reactions resulted in the formation of two vinyl
chlorides, 10a and 10b. The shorter reaction time and the larger
amount of the product formed by the chlorination of thiazolidine
20a shows that the chlorosulfonium intermediate 16, derived from
the sulfoxide 5b, is a more effective chlorinating agent than the



Scheme 3. Reaction of vinyl sulfoxide 11 with thionyl chloride.

Scheme 4. Mechanism for the reaction of sulfoxides 5 with thionyl chloride.

Scheme 5. Crossover experiments employed to show the intermediacy of the chlorosulfonium salt 16 in the course of the reactions of sulfoxides 5aef with thionyl chloride.
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corresponding salt formed from 5a. These results are in accord with
the stronger electron-accepting ability of COPh, which makes the
corresponding chlorosulfonium salt 16 less electronically favoured
(relative to the one containing the ester group at the b-vinylic
carbon). The proof for an intermolecular chlorine transfer in these
reactions comes from the fact that thiazolidines 20a and 20b did
not react with thionyl chloride alone. However, these experiments
still did not exclude themechanism depicted in Scheme 3. Thus, the
vinyl chlorides 10b (the first experiment, Scheme 5) and 10a (the
second experiment, Scheme 5) could arise from an intramolecular
chloride anion transfer to the b-vinylic carbon of the sulfonium ion
15, followed by proton loss. If they could chlorinate the double
bond of another thiazolidine molecule, 20a and 20b, respectively,
amixture of vinyl chlorides 10a and 10bwould be formed. Thus, the
final proof for the intermediacy of the chlorosulfonium species 16
came from the following experiment: a mixture of vinyl chloride
10b, thiazolidine 20a and thionyl chloride in CH2Cl2 was stirred at
�10 �C to rt for 3 h (identical conditions as in the crossover ex-
periments, given in Scheme 5). An analysis of the reaction mixture
by NMR spectroscopy revealed that vinyl chloride 10a was not
formed, i.e., there was no intermolecular chlorine transfer between
the two thiazolidine molecules.

There was also a possibility that in the crossover experiments
Clþ was exchanged between the sulfur atoms of two thiazolidine
molecules, leading to the mixture of chlorosulfonium salts 16.7e,9 If
such an exchange is followed by Cl� attack at the b-vinylic carbon,
a vinyl chloride would be formed. Owing to the resonance in-
teraction between the sulfur (and nitrogen) with the double bond,
b-carbon is more nucleophilic than the sulfur atom and we believe
that Clþ is transferred directly to the double bond of another
thiazolidine. Additional experiments have showed that the double
bond of substrates 5 can be chlorinated to chlorides 10 with
a source of electrophilic chlorine, such as NCS.

In the case of thionyl bromide, this type of reactivity is sterically
hindered (A1,3 strain) and a-bromo sulfide 9dwas the sole product.
When the sulfoxides 5a,b and 5d were exposed to thionyl chloride
at much higher temperature (toluene, 110 �C), the regioselectivity
was shifted to the classical Pummerer rearrangement yielding the



Table 3
Computed relative energiesa of the Z- and E-isomers of vinyl chlorides 10

Compound Relative energy (kcal/mol) Z/E

10a 1.34/0
10b 0/0.79
10c 1.24/0
10d 1.42/0
10e 0.78/0
10f 0/2.47

a At the B3LYP/6-31þG** level, in the gas phase.
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a-chloro derivatives 9eeg (Table 1, entries 12e14). The fact that the
heating of vinyl chlorides 10a,b and 10d with thionyl chloride in
toluene did not yield the a-chloro derivatives 9eeg, excluded
a possibility of a thermodynamic control of the reaction, but
pointed to a change in the reaction mechanism. Hence, 9eeg were
formed either via the ylide 18 or thionium ion 19, which is attacked
by the chloride ion, as depicted in Scheme 4, path b. Thus, proper
choice of reaction conditions allows one to control the regiose-
lectivity of the thionyl chloride-induced reactions. Crossover ex-
periments have shown that there was no intermolecular halogen
transfer in the a-functionalization reactions leading to 9eeg (tol-
uene, 110 �C).

It is important to note that chlorination of the vinylic b-position
proceeded stereoselectively, with respect to the configuration
around the double bond, as evidenced from the NMR spectroscopic
data of isolated products where one set of signals appeared. The
only exceptionwas compound 10b, which was isolated as amixture
of isomers in a 60:40 molar ratio. An assessment of the stereo-
chemistry around the double bond was not possible directly from
NMR spectroscopic data, since the structures lacked protons suit-
able for NOE measurements. For this reason, we used computa-
tional methods, which can predict NMR chemical shifts with high
accuracy.10 The two isomers of 10bwere optimized at the B3LYP/6-
31þG** level of theory,11 using the Gaussian 09 program package.12

Solvent effects were modelled as IEF-PCM.13 NMR chemical shifts
were computed using the GIAO method.14 The most diagnostic
chemical shift values of the two isomers, which differ by
0.2e5.8 ppm, are listed in Table 2. An excellent correlation between
the experimental and the calculated chemical shift differences
Table 2
Selected experimental and calculateda 1H NMR and 13C NMR chemical shifts of the
two isomers of 10b

Compound
10b

1H NMR (ppm) 13C NMR (ppm)

NCH3 CH2S C] COketone

CDCl3 DMSO-
d6

CDCl3 DMSO-d6 CDCl3 DMSO-
d6

CDCl3 DMSO-
d6

Z-Isomer Exp 3.07 2.83 3.91 4.09 149.0 151.5 187.8 187.3
Calcd 3.05 3.05 3.75 3.84 159.0 160.4 185.7 186.7

E-Isomer Exp 3.76 3.56 3.77 3.90 155.6 157.3 192.3 191.3
Calcd 3.73 3.74 3.58 3.67 164.0 165.3 188.7 189.7

a At the B3LYP/6-31þG** theory level.
between the isomers (Fig. 1) allowed us to identify the prevailing
isomer as having a Z configuration. This was further corroborated
by the computed energy difference of 0.79 kcal/mol (Table 3),
favouring the same isomer.
Fig. 1. Computed chemical shift differences of Z- and E-isomers of 10b against the
experimental ones. The values of chemical shifts, the differences of which are plotted
in this graph, are given in Table 2.
Since 10a and 10ceewere isolated as a single isomer, they were
assigned E-stereochemistry by analogy of the NCH3 and CH2S
chemical shift values15 with those of 10b-E. The computed relative
energies (Table 3) confirmed that in all cases the E-isomer was
more stable. The large difference in energy, which range from 1.24
to 2.47 kcal/mol,16 is in accord with the formation of only one
isomer. However, in the case of 10f, the Z-isomer is energetically
favoured by the formation of an intramolecular hydrogen bond.

3. Conclusions

The reactions of 2-alkylidene-4-oxothiazolidine S-oxides with
Ac2O, TFAA, SOCl2 and SOBr2 proceeded with absolute regiose-
lectivity leading to a-substituted sulfides 9 or vinyl-chloro de-
rivatives 10. The only exceptionwas the reaction of 5awith SOCl2 in
refluxing toluene, which gave a 2:1 mixture of regioisomers 9e/10a.
The formation of vinyl chlorides 10 was rationalized by the in-
termediacy of chlorosulfonium salt 16, which can act as a chloro-
nium ion source. The Z/E stereoselectivity of this latter reaction
arises from a thermodynamic control, as proved by computational
studies. The observed and defined regioselectivity should be of
interest for further synthetic applications of Pummerer-type re-
actions based on this or similar systems, containing pharmaco-
logically important thiazolidine ring.

4. Experimental

4.1. General

Melting points were determined on a Stuart SMP10 apparatus.
The IR spectra were recorded on a PerkineElmer FT-IR 1725X
spectrophotometer and are reported as wave numbers (cm�1). The
NMR spectra were recorded on a Varian Gemini 2000 spectrometer
(1H at 200 MHz, 13C at 50.3 MHz) and on a Bruker Ultrashield Ad-
vance III (1H at 500.26 MHz, 13C at 125.79 MHz) in DMSO-d6 or
CDCl3. Chemical shifts are given in parts per million downfield from
TMS as an internal standard. Elemental analyses were performed at
the microanalysis laboratory at the Centre for Chemistry ICTM.
HRMS was carried out on 6210 Time-of-Flight LC/MS (G1969A,
Agilent Technologies) coupled with 1200 Series HPLC system
(Agilent Technologies). Thin-layer chromatography (TLC) was car-
ried out on Kieselgel G nach Stahl and spots were visualized by
iodine or by 50% H2SO4. Column chromatography was carried out
on SiO2 (silica gel 60 �A, 12e26, ICN Biomedicals). All solvents were
distilled before use.

4.2. General procedure for the synthesis of a-acetoxy sulfides
9a and 9b

A solution of sulfoxide 5 (0.1 mmol) in acetic anhydride
(1e1.5 mL) was heated at 100 �C in an oil bath. After the completion
of the reaction (TLC), the reaction mixture was evaporated under
reduced pressure, the residue was dissolved in ethyl acetate (5 mL)
and the obtained solution was neutralized with an equal volume of
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aq K2CO3 (5%). The layers were separated and the water layer was
extractedwith ethyl acetate (3�5mL). The combined organic layers
were washed with water (2�5 mL), brine (1�5 mL) and dried over
Na2SO4. The solvent was removed under reduced pressure and the
crude product was purified by column chromatography (gradient
toluene/ethyl acetate).

4.2.1. (Z)-Ethyl (5-acetoxy-3-methyl-4-oxothiazolidine-2-ylidene)
ethanoate (9a). Compound 9a was obtained from 5a (65.2 mg;
0.3 mmol) in Ac2O (3 mL) according to the general procedure (re-
action time 8 h) as a white solid (53.8 mg; 65%); mp 82e84 �C;
Rf¼0.55 (toluene/ethyl acetate 7:3); IR (ATR): n¼3086, 2982, 1733,
1689, 1586, 1426, 1369, 1333, 1282, 1215, 1178, 1125, 1046, 802,
679 cm�1; 1H NMR (DMSO-d6, 200 MHz): d 1.21 (t, 3H, CH3CH2,
J¼7.1 Hz), 2.15 (s, 3H, CH3CO) 3.17 (s, 3H, NCH3), 4.12 (q, 2H, OCH2,
J¼7.1 Hz), 5.76 (s, 1H, ]CH), 6.30 (s, 1H, CHS); 13C NMR (DMSO-d6,
50.3 MHz): d 14.4 (CH3CH2), 20.4 (CH3CO), 30.2 (NCH3), 59.9
(OCH2), 72.5 (CHS), 92.1 (]CH), 155.1 (C]), 166.8 (COester), 168.8
and 170.1 (COlactam and COacyl); 1H NMR (CDCl3, 200 MHz): d 1.30 (t,
3H, CH3CH2, J¼7.2 Hz), 2.17 (s, 3H, CH3CO), 3.24 (s, 3H, NCH3), 4.22
(q, 2H, OCH2, J¼7.2 Hz), 5.58 (s,1H,]CH), 6.16 (s,1H, CHS); 13C NMR
(CDCl3, 50.3 MHz): d 14.2 (CH3CH2), 20.3 (CH3CO), 30.0 (NCH3), 60.3
(OCH2), 72.1 (CHS), 92.8 (]CH), 154.5 (C]), 166.9 (COester), 168.6
and 169.6 (COlactam and COacyl); HRMS: calcd for C10H14NO5S
[MþH]þ 260.0587, found 260.0590.

4.2.2. (Z)-(5-Acetoxy-3-methyl-4-oxothiazolidine-2-ylidene)-1-
phenylethanone (9b). Compound 9b was obtained from 5b
(30.1 mg; 0.121 mmol) in Ac2O (2 mL) according to the general
procedure (reaction time 6 h) as a yellow solid (22.8 mg; 65%); mp
174e176 �C; Rf¼0.53 (toluene/ethyl acetate 8:2); IR (ATR): n¼3040,
2921, 1754, 1731, 1641, 1529, 1345, 1201, 1040, 967, 765, 704 cm�1;
1H NMR (CDCl3, 200 MHz): d 2.17 (s, 3H, CH3CO), 3.37 (s, 3H, NCH3),
6.16 (s, 1H, CHS), 6.74 (s, 1H,]CH), 7.43e7.56 (m, 3H,m- and p-Ph),
7.92e7.96 (m, 2H, o-Ph); 13C NMR (CDCl3, 50.3 MHz): d 20.4
(CH3CO), 30.4 (NCH3), 72.0 (CHS), 97.0 (]CH), 127.6 (o-Ph), 128.6
(m-Ph), 132.6 (p-Ph), 138.0 (C1ePh), 157.5 (C]), 169.4 and 169.6
(COlactam and COacyl), 188.8 (COketone); 1H NMR (DMSO-d6,
500 MHz): d 2.16 (s, 3H, CH3CO), NCH3 is covered by the H2O from
the solvent, 6.31 (s, 1H, CHS), 7.06 (s, 1H, ]CH), 7.54e7.62 (m, 3H,
m- and p-Ph), 8.07 (d, 2H, o-Ph); 13C NMR (DMSO-d6, 125.8 MHz):
d 20.2 (CH3CO), 30.4 (NCH3), 72.2 (CHS), 97.0 (]CH), 127.8 (o-Ph),
128.7 (m-Ph), 132.7 (p-Ph), 137.6 (C1ePh), 157.5 (C]), 169.1 and
169.9 (COlactam and COacyl), 188.1 (COketone); HRMS: calcd for
C14H14NO4S [MþH]þ 292.0638, found 292.0642.

4.3. (Z)-Ethyl (5-hydroxy-3-methyl-4-oxothiazolidine-2-
ylidene)ethanoate (9c)

TFAA (105.0 mg; 70 mL; 0.60 mmol) was added to a stirred so-
lution of 5a (54.3 mg; 0.25 mmol) in CH2Cl2 (3 mL), which was
cooled in an ice bath. The stirring was continued at 0 �C for 2 h and
the solvent was evaporated under reduced pressure. Toluene
(10 mL) was added and TFAA removed as an azeotrope at reduced
pressure. The 1H NMR and 13C NMR spectra of thus obtained crude
product revealed the presence of a-trifluoroacetoxy derivative: 1H
NMR (CDCl3, 500 MHz) d 1.31 (t, 3H, CH3, J¼7.0 Hz), 3.27 (s, 3H,
NCH3), 4.23 (q, 2H, OCH2, J¼7.0 Hz), 5.67 (s, 1H, ]CH), 6.38 (s, 1H,
CHS); 13C NMR (CDCl3, 125.8 MHz): d 14.1 (CH3CH2O), 30.3 (NCH3),
60.8 (OCH2), 72.9 (CHS), 94.1 (]CH), 113.9 (q, CF3, 1JCeF¼286 Hz),
152.7 (C]), 156.3 (q, CF3CO, 2JCeF¼44 Hz), 166.6 and 166.9 (COlack-

tam and COester). It hydrolyzed completely during the column
chromatography purification (gradient toluene/ethyl acetate 100:0
to 70:30) to give 9c (39.4 mg; 72%) as a pale yellow solid; mp
92e95 �C; Rf¼0.30 (toluene/ethyl acetate 7:3); IR (ATR): n¼3302,
2989, 1688, 1578, 1332, 1295, 1182, 1080, 789 cm�1; 1H NMR (CDCl3,
500 MHz): d 1.30 (t, 3H, J¼7.0 Hz), 3.19 (s, 3H, NCH3), 4.20 (q, 2H,
OCH2, J¼7.0 Hz), 4.70 (broad s, 1H, OH), 5.53 (s, 1H, ]CH), 5.73 (s,
1H, CHS); 13C NMR (CDCl3, 125.8 MHz): d 14.3 (CH3), 30.1 (NCH3),
60.5 (OCH2), 73.49 (CHS), 92.4 (]CH), 155.1 (C]), 167.3 (COester),
172.8 (COlactam); 1H NMR (DMSO-d6, 500 MHz): d 1.19 (t, 3H,
CH3CH2, J¼7.2 Hz), 3.10 (s, 3H, NCH3), 4.09 (q, 2H, OCH2, J¼7.2 Hz),
5.62 (s, 1H,]CH), 5.71 (s, 1H, CHS), 9.15 (broad s, 1H, OH); 13C NMR
(DMSO-d6, 125.8 MHz): d 14.3 (CH3CH2), 29.8 (NCH3), 59.4 (OCH2),
73.3 (CHS), 90.6 (]CH), 155.9 (C]), 166.5 (COester), 172.4 (COlactam);
HRMS: calcd for C8H12NO4S [MþH]þ 218.0482, found 218.0479.
4.4. (Z)-Ethyl (5-bromo-3-benzyl-4-oxothiazolidin-2-ylidene)
ethanoate (9d)

Thionyl bromide (91.5 mg; 34 mL; 0.44 mmol) was added to
a stirred solution of 5a (86.9 mg; 0.4 mmol) in CH2Cl2 (10 mL),
which was cooled at �10 �C. The stirring was continued at �10 �C
for 15 min and then at rt for 4 h. The solvent and the excess thionyl
bromide were evaporated under reduced pressure. The crude
product was purified by column chromatography (gradient petrol
ether (bp 60e80 �C)/ethyl acetate 100:0 to 85:15) to give pure 9d
(48.8 mg; 64%) as a pale yellow solid; mp 72e73 �C; Rf¼0.60 (petrol
ether/ethyl acetate 8:2); IR (ATR): n¼3074, 2982, 2933, 1717, 1679,
1574, 1425, 1362, 1336, 1277, 1192, 1169, 1139, 1115, 1039, 804 cm�1;
1H NMR (CDCl3, 200 MHz): d 1.31 (t, 3H, CH3CH2, J¼7.2 Hz), 3.25 (s,
3H, NCH3), 4.23 (q, 2H, OCH2, J¼7.2 Hz), 5.62 (s, 1H, ]CH), 5.74 (s,
1H, CHS); 13C NMR (CDCl3, 50.3MHz): d 14.2 (CH3CH2), 30.4 (NCH3),
41.8 (CHS), 60.5 (OCH2), 93.1 (]CH), 153.9 (C]), 167.0 (COester),
169.8 (COlactam); HRMS: calcd for C8H11BrNO3S [MþH]þ 279.9638,
found 279.9634.
4.5. General procedure for the synthesis of a-chloro sulfides
9eeg

Thionyl chloride (0.11 mmol) was added to a stirred suspension
of 5 (0.1 mmol) in toluene (2e2.5 mL), which was heated at 110 �C
in an oil bath. The stirring was continued at 110 �C until the dis-
appearance of the starting material (TLC). The solvent and the ex-
cess thionyl chloride were evaporated under reduced pressure. The
crude product was purified by column chromatography (gradient
petrol ether (bp 60e80 �C)/ethyl acetate).

4.5.1. (Z)-Ethyl (5-chloro-3-benzyl-4-oxothiazolidin-2-ylidene)etha-
noate (9e). Compound 9e was obtained from 5a (43.4 mg;
0.2 mmol) and SOCl2 (26.2 mg; 16 mL; 0.22 mmol) in toluene (5 mL)
according to the general procedure (reaction time 4 h) as a light
yellow solid (51%, based on the NMR spectrum of a mixture with
10g); Rf¼0.60 (petrol ether/ethyl acetate 7:3); 1H NMR (CDCl3,
500 MHz): d 1.31 (t, 3H, CH3CH2, J¼7.0 Hz), 3.25 (s, 3H, NCH3), 4.23
(m, 2H, OCH2), 5.61 (s, 1H,]CH), 5.67 (s, 1H, CHS); 13C NMR (CDCl3,
125.8 MHz): d 14.2 (CH3CH2), 30.6 (NCH3), 55.8 (CHS), 60.5 (OCH2),
93.0 (]CH), 153.6 (C]), 167.0 (COester), 169.1 (COlactam); HRMS:
calcd for C8H11ClNO3S [MþH]þ 236.0143, found: 236.0149.

4.5.2. (Z)-(5-Chloro-3-methyl-4-oxothiazolidin-2-ylidene)-1-
phenylethanone (9f). Compound 9fwas obtained from 5b (62.3mg;
0.25 mmol) and SOCl2 (32.7 mg; 20 mL; 0.27 mmol) in toluene
(5 mL) according to the general procedure (reaction time 1 h) as
a yellow solid (54.8 mg; 81%); mp 153e155 �C; Rf¼0.58 (toluene/
ethyl acetate 8:2); IR (ATR): n¼3427, 3059, 2960, 1722, 1633, 1523,
1417, 1342, 1230, 1116, 920, 762, 700 cm�1; 1H NMR (CDCl3,
200 MHz): d 3.38 (s, 3H, CH3), 5.62 (s, 1H, CHS), 6.77 (s, 1H, ]CH),
7.44e7.57 (m, 3H, m-Ph and p-Ph), 7.92e7.96 (m, 2H, o-Ph); 13C
NMR (CDCl3, 50.3 MHz): d 30.9 (NCH3), 55.3 (CHS), 97.1 (]CH),
127.7 (o-Ph), 128.7 (m-Ph), 132.8 (p-Ph), 137.6 (C1ePh), 156.7 (C]),
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169.7 (COlactam), 188.9 (COketone); HRMS: calcd for C12H11ClNO2S
[MþH]þ 268.0194, found 268.0183.

4.5.3. (Z)-(5-Chloro-3-methyl-4-oxothiazolidin-2-ylidene)-N-(2-
phenylethyl)ethanamide (9g). Compound 9g was obtained from 5d
(58.5 mg; 0.2 mmol) and SOCl2 (26.2 mg; 16 mL; 0.22 mmol) in
toluene (5 mL) according to the general procedure (reaction time
1 h) as a yellow solid (29.3 mg; 48%); mp 89e92 �C; Rf¼0.45 (tol-
uene/ethyl acetate 7:3); IR (ATR): n¼3314, 3083, 3028, 2943, 1726,
1651, 1585, 1463, 1337, 1293, 1226, 1122, 1028, 811, 741, 703 cm�1;
1H NMR (CDCl3, 500 MHz): d 2.84 (t, 2H, CH2Ph, J¼7.0 Hz), 3.16 (s,
3H, CH3), 3.58 (m, broad, 2H, NCH2), 5.48 (s, 1H, ]CH), 5.57 (s, 1H,
CHS), 5.78 (s, broad, 1H, NH) 7.18e7.35 (m, 5H, Ph); 13C NMR (CDCl3,
125.8 MHz): d 30.5 (CH3), 35.6 (CH2Ph), 40.6 (NCH2), 56.2 (CHS),
95.0 (]CH),126.5 (p-Ph), 128.6 (o-Ph),128.7 (m-Ph), 138.6 (C1ePh),
150.2 (C]), 166.0 (COamide), 169.1 (COlactam); HRMS: calcd for
C14H16ClN2O2S [MþH]þ 311.0616, found 311.0616.

4.6. General procedure for the synthesis of vinyl chlorides
10aef

Thionyl chloride (0.11mmol) was added to a stirred solution of 5
(0.1 mmol) in CH2Cl2 (2.3e3.5mL), which was cooled at�10 �C. The
stirring was continued at �10 �C for 15e30 min and then at rt until
the disappearance of the starting material (TLC). The solvent and
the excess thionyl chloride were evaporated under reduced pres-
sure. The crude product was purified by column chromatography
(gradient petrol ether (bp 60e80 �C)/ethyl acetate).

4.6.1. (E)-Ethyl 2-chloro-2-(3-methyl-4-oxothiazolidin-2-ylidene)
ethanoate (10a). Compound 10a was obtained from 5a (174.4 mg;
0.802 mmol) and SOCl2 (105.1 mg; 62 mL; 0.883 mmol) in CH2Cl2
(20 mL) according to the general procedure (reaction time 5 h) as
a yellow solid (112.0 mg; 59%); mp 118e120 �C; Rf¼0.60 (petrol
ether/ethyl acetate 7:3); IR (KBr): n¼3426, 2968, 2931, 1723, 1674,
1532, 1297, 1222, 1117, 1055, 1021, 871, 758 cm�1; 1H NMR (CDCl3,
200 MHz): d 1.36 (t, 3H, CH3CH2, J¼7.0 Hz), 3.64 (s, 3H, NCH3), 3.70
(s, 2H, CH2S), 4.29 (q, 2H, OCH2, J¼7.0 Hz); 13C NMR (CDCl3,
50.3 MHz): d 14.1 (CH3CH2), 31.8 (CH2S), 34.7 (NCH3), 61.9 (OCH2),
93.0 (]CCl), 153.5 (C]), 165.1 (COester), 173.8 (COlactam); 1H NMR
(DMSO-d6, 200 MHz): d 1.24 (t, 3H, CH3CH2, J¼7.3 Hz), 3.49 (s, 3H,
NCH3), 3.86 (s, 2H, CH2S), 4.20 (q, 2H, OCH2, J¼7.3 Hz); 13C NMR
(DMSO-d6, 50.3 MHz): d 14.4 (CH3CH2), 31.7 (CH2S), 34.6 (NCH3),
61.6 (OCH2), 90.6 (]CCl),155.6 (C]),164.6 (COester),174.5 (COlactam);
HRMS: calcd for C8H11ClNO3S [MþH]þ 236.0143, found 236.0132.

4.6.2. (Z)- and (E)-2-Chloro-2-(3-methyl-4-oxothiazolidin-2-
ylidene)-1-phenylethanone (10b). Compound 10b was obtained
from 5b (149.6 mg; 0.6 mmol) and SOCl2 (78.5 mg; 47 mL;
0.66 mmol) in CH2Cl2 (15 mL) according to the general procedure
(reaction time 5 h) as a yellow solid (109.6 mg; 68%; mixture of
isomers: Z/E 60:40 molar ratio); mp 93e96 �C; Rf¼0.38 (petrol
ether/ethyl acetate 8:2); IR (ATR) n¼3434, 3059, 2981, 1725, 1640,
1533, 1485, 1415, 1346, 1237, 1118, 1004, 917, 702 cm�1; 1H NMR
(CDCl3, 500 MHz): Z-isomer d 3.07 (s, 3H, CH3), 3.91 (s, 2H, CH2S),
7.55 (m, 2H, m-Ph), 7.65 (t, 1H, p-Ph, J¼7.5 Hz), 7.96 (d, 2H, o-Ph,
J¼7.0 Hz); E-isomer d 3.76 (s, 3H, CH3), 3.77 (s, 2H, CH2S), 7.48 (m,
2H, m-Ph), 7.55 (t, 1H, p-Ph, J¼7.8 Hz), 7.72 (d, 2H, o-Ph, J¼7.5 Hz);
13C NMR (CDCl3, 125.8 MHz): Z-isomer d 32.2 (CH2S), 34.1 (CH3),
102.5 (]CCl), 128.5 (m-Ph), 129.4 (o-Ph), 133.4 (p-Ph), 136.3
(C1ePh), 149.0 (C]), 172.6 (COlactam), 187.8 (COketone); E-isomer
d 31.6 (CH2S), 34.8 (CH3), 100.2 (]CCl), 127.8 (m-Ph), 128.2 (o-Ph),
131.1 (p-Ph), 138.3 (C1ePh), 155.6 (C]), 173.9 (COlactam), 192.3
(COketone); 1H NMR (DMSO-d6, 500 MHz): Z-isomer d 2.83 (s, 3H,
CH3), 4.09 (s, 2H, CH2S), 7.45e7.84 (m, 5H, Ph); E-isomer d 3.56 (s,
3H, CH3), 3.90 (s, 2H, CH2S), 7.45e7.84 (m, 5H, Ph); 13C NMR
(DMSO-d6,125.8MHz): Z-isomer d 32.3 (CH2S), 33.9 (CH3),100.6 (]
CCl), 128.7 (m-Ph), 129.4 (o-Ph), 133.4 (p-Ph), 136.48 (C1ePh), 151.5
(C]), 173.4 (COlactam), 187.3 (COketone); E-isomer d 31.4 (CH2S), 34.4
(CH3), 98.3 (]CCl), 127.7 (m-Ph), 128.0 (o-fenil), 130.9 (p-Ph), 138.7
(C1ePh), 157.3 (C]), 174.4 (COlactam), 191.3 (COketone); HRMS (ESI):
C12H11ClNO2S [MþH]þ 268.0194, found 268.0196.

4.6.3. (E)-2-Chloro-2-(3-methyl-4-oxothiazolidin-2-ylidene)-N-phe-
nylethanamide (10c). Compound 10c was obtained from 5c
(200.0 mg; 0.757 mmol) and SOCl2 (99.0 mg; 61 mL; 0.832 mmol) in
CH2Cl2 (24 mL) according to the general procedure (reaction time
6 h) as awhite solid (123.5mg; 58%); mp 115e116 �C (decomposes);
Rf¼0.63 (toluene/acetone 7:3); IR (ATR): n¼3374, 3060, 2962, 2932,
1702, 1639, 1598, 1520, 1436, 1312, 1209, 1124, 1058, 1008, 889, 752,
689 cm�1; 1H NMR (DMSO-d6, 500MHz): d 3.52 (s, 3H, CH3), 3.79 (s,
2H, CH2S), 7.10 (t, 1H, p-Ph, J¼7.2 Hz), 7.32 (m, 2H, m-Ph), 7.62 (d,
2H, o-Ph, J¼8.5 Hz), 9.65 (s, 1H, NHamide); 13C NMR (DMSO-d6,
125.8 MHz): d 31.4 (CH2S), 34.3 (CH3), 92.6 (]CCl), 121.3 (o-Ph),
124.0 (p-Ph), 128.4 (m-Ph), 138.2 (C1ePh), 151.5 (C]), 162.9 (COa-

mide), 174.2 (COlactam); HRMS: calcd for C12H12ClN2O2S [MþH]þ

283.0302, found 283.0306.

4.6.4. (E)-2-Chloro-2-(3-methyl-4-oxothiazolidin-2-ylidene)-N-(2-
phenylethyl)ethanamide (10d). Compound 10d was obtained from
5d (100.0mg; 0.342mmol) and SOCl2 (44.8mg; 27 mL; 0.377mmol)
in CH2Cl2 (12mL) according to the general procedure (reaction time
25 min) as a yellow solid (57.6 mg; 54%); mp 97e98 �C (de-
composes); Rf¼0.67 (toluene/acetone 7:3); IR (ATR): n¼3368, 3060,
2027, 2932, 1720, 1669, 1518, 1457, 1343, 1300, 1243, 1124, 873, 750,
703 cm�1; 1H NMR (CDCl3, 500 MHz): d 2.87 (t, 2H, CH2Ph,
J¼7.0 Hz), 3.59 (s, 3H, CH3), 3.58e3.62 (m, 2H, NCH2), 3.64 (s, 2H,
CH2S), 6.61 (broad s, 1H, NHamide), 7.20e7.33 (m, 5H, Ph); 13C NMR
(CDCl3, 125.8 MHz): d 32.0 (CH2S), 34.5 (CH3), 35.7 (CH2Ph), 41.3
(NCH2), 94.0 (]CCl), 126.6 (p-Ph), 128.7 (o-Ph), 128.8 (m-Ph), 138.6
(C1ePh), 150.1 (C]), 164.3 (COamide), 173.9 (COlactam); 1H NMR
(DMSO-d6, 500 MHz): d 2.77 (t, 2H, CH2Ph, J¼7.7 Hz), 3.36e3.39 (m,
2H, NCH2), 3.46 (s, 3H, CH3), 3.72 (s, 2H, CH2S), 7.18e7.32 (m, 5H,
Ph), 8.11 (t, 1H, NHamide, J¼5.7 Hz); 13C NMR (DMSO-d6, 125.8 MHz):
d 31.3 (CH2S), 34.2 (CH3), 35.1 (CH2Ph), 41.1 (NCH2), 93.0 (]CCl),
126.2 (p-Ph), 128.3 (o-Ph), 128.7 (m-Ph), 139.3 (C1ePh), 149.6 (C]),
163.8 (COamide), 174.1 (COlactam); HRMS: calcd for C14H16ClN2O2S
[MþH]þ 311.0616, found 311.0623.

4.6.5. (E)-Ethyl 2-chloro-2-(3-benzyl-4-oxothiazolidin-2-ylidene)
ethanoate (10e). Compound 10e was obtained from 5e (62.9 mg;
0.214 mmol) and SOCl2 (28.1 mg; 17 mL; 0.236 mmol) in CH2Cl2
(5 mL) according to the general procedure (reaction time 5 h) as
a white oil (39.1 mg; 58%); Rf¼0.45 (petrol ether/ethyl acetate 8:2);
IR (ATR): n¼3056, 3031, 2976, 2925, 1730, 1666, 1516, 1261, 1158,
1055, 861, 724, 694 cm�1; 1H NMR (CDCl3, 500 MHz): d 1.32 (t, 3H,
CH3, J¼7.2 Hz), 3.79 (s, 2H, CH2S), 4.25 (q, 2H, OCH2, J¼7.2 Hz), 5.55
(s, 2H, CH2Ph), 7.15 (d, 2H, o-Ph, J¼7.0 Hz), 7.26 (t, 1H, p-Ph,
J¼7.5 Hz), 7.33 (m, 2H, m-Ph); 13C NMR (CDCl3, 125.8 MHz): d 14.2
(CH3), 31.7 (CH2S), 48.7 (CH2Ph), 62.1 (OCH2), 93.4 (]CCl), 126.1 (o-
Ph), 127.4 (p-Ph), 128.7 (m-Ph), 136.3 (C1ePh), 152.2 (C]), 165.1
(COester), 174.2 (COlactam); HRMS: calcd for C14H15ClNO3S [MþH]þ

312.0456, found 312.0453.

4.6.6. (Z)-Ethyl 2-chloro-2-(4-oxothiazolidin-2-ylidene)ethanoate
(10f). Compound 10f was obtained from 5f (51.1 mg; 0.25 mmol)
and SOCl2 (32.0 mg; 20 mL; 0.28 mmol) in CH2Cl2 (7 mL) according
to the general procedure (reaction time 3 h) as a white oil (25.3 mg;
45%); Rf¼0.58 (petrol ether/ethyl acetate 7:3); IR (KBr): n¼3439,
3257, 2982, 2934,1730, 1671, 1597,1312, 1281, 1230, 1185, 1053, 760,
712 cm�1; 1H NMR (CDCl3, 200 MHz): d 1.33 (t, 3H, CH3, J¼7.2 Hz),
3.78 (s, 2H, CH2S), 4.27 (q, 2H, OCH2, J¼7.2 Hz),10.42 (s,1H, NH); 13C
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NMR (CDCl3, 50.3 MHz): d 14.1 (CH3), 32.9 (CH2S), 62.0 (OCH2), 94.7
(]CCl), 153.7 (C]), 163.7 (COester), 172.4 (COlactam); 1H NMR
(DMSO-d6, 200 MHz): d 1.24 (t, 3H, CH3, J¼7.1 Hz), 4.00 (s, 2H,
CH2S), 4.23 (q, 2H, OCH2, J¼7.1 Hz), 10.70 (s, 1H, NH); 13C NMR
(DMSO-d6, 50.3 MHz): d 14.4 (CH3), 33.3 (CH2S), 61.6 (OCH2), 92.9
(]CCl), 155.8 (C]), 162.2 (COester), 174.0 (COlactam); HRMS: calcd for
C7H9ClNO3S [MþH]þ 221.9986, found 221.9982.
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