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Phthalimide-N-sulfenyl chloride in the Ti-catalyzed asymmetric
sulfenylation of b-keto esters
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Abstract—The enantioselective sulfenylation of b-keto esters was carried out using phthalimide-N-sulfenyl chloride in the presence of a
Ti(TADDOLato) catalyst affording up to 60% ee. X-ray crystal structures of product compounds 3a and 9a were determined.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Optically active sulfur-containing compounds are impor-
tant in the synthesis of a variety of versatile building
blocks.1 They play a relevant role in drug design as they
exhibit bioactive properties such as anti-inflammatory,2

antiviral,3 and inhibitory activities.4 Wang et al. described
organocatalytic a-sulfenylations of aldehydes and ketones
for the first time in the presence of chiral pyrrolidine tri-
fluoromethane–sulfonamide.5 Subsequently, Jørgensen
reported the enantioselective transformation of aldehydes
and 1,3-diketones into their a-thioether analogues using
pyrrolidine-derived catalysts6 and cinchona alkaloid deriv-
atives.7 Besides these recent approaches, chiral auxiliaries
have been employed in the synthesis of compounds having
a C–S bond at a stereogenic center.8

Chiral Ti(TADDOLato) complexes have been widely used
in our group as catalysts in asymmetric electrophilic
hydroxylation9 and halogenation reactions (bromination,10

chlorination,10,11 and fluorination12) of b-keto esters. We
recently extended the scope and utility of this type of cata-
lysts to asymmetric sulfenylation reactions.13 Excellent
yields and high enantiomeric excesses were obtained when
using PhSCl as a sulfenylating agent. However, a serious
limitation of the a-phenylsulfenyl b-keto esters is the diffi-
culty in converting the thioether group to, for example, the
free thiol, thus reducing its versatility. Herein, we report
that as an alternative to PhSCl, phthalimide-N-sulfenyl
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chloride 1,14 can also be applied in the electrophilic sulfenyl-
ation reactions of b-keto esters and show the cleavage of
the product S–N bond in the presence of PhSH. We also
describe the X-ray crystal structures of two sulfenylated
products 3a and 9a.
2. Results and discussion

The sulfur-containing reagents N,N 0-dithiobis(phthal-
imide),15 a precursor to phthalimide-N-sulfenyl chloride,
and S2Cl2 were initially reacted with ethyl 2-methylaceto-
acetate 3 at room temperature in toluene. Only starting
material could be recovered when the reaction was carried
out with N,N 0-dithiobis(phthalimide). Compound 3a could
not be obtained either upon heating or in the presence of a
catalyst. On the other hand, a mixture of two non-
separable compounds 4 and 5 was recovered when ethyl
2-methylacetoacetate 3 was treated with S2Cl2 (Scheme 1).

The formation of compound 5 could not be avoided either
in the presence of a catalyst or when the reaction was
carried out at �78 �C.

Phthalimide-N-sulfenyl chloride 1 obtained by the cleavage
of N,N 0-dithiobis(phthalimide) displays a highly electro-
philic character because of the presence of the phthalimide
substituent. Prior to carrying out catalytic sulfenylations,
we did some stoichiometric reactions between ethyl
2-methylacetoacetate 3 and phthalimide-N-sulfenyl chlo-
ride at room temperature in toluene. Complete conversion
of the starting material was observed within a short time
(45 min) and a yield of 97% was obtained, whereas the
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Scheme 1. Sulfenylation with S2Cl2.
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starting material was recovered when PhSCl was used
under the same conditions.13 A single product 3a was
formed exclusively also when the reaction was carried out
with a mixture of the two sulfenylating agents in toluene
at room temperature. This simple competition experiment
clearly shows the highly electrophilic nature of phthal-
imide-N-sulfenyl chloride. Despite the smooth uncatalyzed
reaction of this reagent with b-keto ester 3, a series of
experiments were done in both polar as well as non-polar
solvents (Table 1) using 2 mol % of the Ti(TADDOLato)
catalyst 216 (Scheme 2).

Although the reaction time was lowered to 30 min, excel-
lent yields and promising enantiomeric excesses of up to
41% ee were obtained, whereby toluene turned out to be
the solvent of choice. There was no increase in enantio-
selectivity when the reaction was carried out at low tempera-
ture (�78 �C). In the presence of a stoichiometric amount
of NEt3, used with the aim of neutralizing the HCl formed
in the course of the reaction, surprisingly no reaction
occurred. It is often observed that the enantioselectivity is
directly related to the catalyst loading, but we observed
an opposite trend whose reasons are unclear at present.
The increase in the catalyst loading to 8 mol % had a neg-
ative effect on the enantioselectivity even though high
yields were obtained (Table 2).

From the above experiments, we can say that the asym-
metric sulfenylation reaction using phthalimide-N-sulfenyl
chloride is successful in the absence of a base and when
carried out at room temperature in the presence of
Table 1. Solvent effects on the asymmetric sulfenylation of ethyl 2-
methylacetoacetate 3

Solvent Temperature Time (min) Yield (%) ee (%)

CH3CN rt 30 94 2
THF rt 30 86 6
CH2Cl2 rt 30 98 18
Et2O rt 30 98 29
Toluene �78 �C to rt 4 h 95 40
Toluene rt 30 97 41
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Scheme 2. Asymmetric sulfenylation of ethyl acetoacetate with phthalimide-N
2 mol % catalyst. After optimizing the reaction conditions,
asymmetric sulfenylation reactions were performed on dif-
ferent substrates at room temperature (Scheme 3, Table 3).
The isolated yields were in the range of 94–98% with a
maximum ee of 60% (for 8a). All new compounds were
characterized by 1H and 13C NMR spectroscopy, MS,
and elemental analysis.

Replacement of the ethyl group in 3a by a benzyl group, as
in 6a, did not result in an increase of enantioselectivity
(42%). The replacement of the methyl ketone fragment in
3a with a corresponding phenyl ketone in 7a brought the
enantioselectivity down to 35% ee. Ethyl cyclohexanone-
2-carboxylate reacted smoothly with phthalimide-N-sulfen-
yl chloride to yield 8a (yield 94%, ee 60%) whereas no
product was observed starting from ethyl cyclopenta-
none-2-carboxylate at room temperature. Under reflux
conditions, even for 1 day, only 10% conversion could be
achieved. The enantiomeric excess for compounds 9a and
10a could not be determined by HPLC because no suitable
conditions could be found using several different stationary
phases.

The reactivity of the S–N bond of the sulfenylated b-keto
ester was studied in the presence of PhSH (Scheme 4).
The stoichiomteric reaction between 3a and PhSH in tolu-
ene at room temperature resulted in the generation of the
disulfide 11 that was isolated in 84% yield. This reaction
does not affect the enantioselectivity to any appreciable
extent.
3. Solid state structure of products

The absolute configuration of the products derived from
b-keto esters was hitherto unknown, but it could be
presumed that the use of the Ti(R,R-TADDOLato) catalyst
would preferentially lead to products of (S)-configuration,
as previously shown unambiguously for the analogous
fluorination reaction.17 Crystals of the solid products 3a
and 9a suitable for X-ray structural analysis were obtained
from dichloromethane solutions at room temperature.18
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Table 2. Effect of catalyst loading on the sulfenylation of ethyl 2-
methylacetoacetate 3

Entry Catalyst mol % Time (min) Yield (%)a eeb (%)

1 — — 45 97 rac

2 TiCl4 2 30 95 rac

3 Ti(TADDOLato) 1 30 96 36
4 Ti(TADDOLato) 2 30 97 41
5 Ti(TADDOLato) 4 30 93 31
6 Ti(TADDOLato) 6 30 95 29
7 Ti(TADDOLato) 8 30 95 30

a Isolated yields.
b Determined by chiral HPLC.
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Scheme 3. Asymmetric sulfenylation of b-keto esters.
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Compound 3a crystallizes in the (chiral) monoclinic space
group C2, while crystals of 9a belong to the monoclinic
centrosymmetric space group P21/a. ORTEP plots of these
Table 3. Catalytic asymmetric sulfenylation of b-keto esters

Substrate Product Ti
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two compounds are shown in Figures 1 and 2, respectively.
Whereas crystals of 9a are racemic, crystals of 3a are
enantiomerically pure. In this case, when the structure is re-
fined with the (S)-absolute configuration at C(1), the Flack
parameter x19 is �0.07(15), close enough to 0 for a correct
absolute configuration [conversely, x = 1.05(15) for the
(R)-configuration]. Therefore, it is reasonable to assume
that the enantiomer predominantly formed under catalytic
me (min) Yield (%) ee (%) Mp (�C)

97 41 134–135

94 42 122–123

97 35 145

94 60 103

96 nd 134–135

98 nd 95
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Scheme 4. Cleavage of the S–N bond of 3a in the presence of PhSH.

Figure 1. ORTEP view of compound 3a in the crystal with thermal
ellipsoids at the 50% probability level. Hydrogen atoms are omitted for
clarity. Selected bond lengths [Å] and angles [�]: C(1)–S 1.858(6); S–N
1.703(6); C(1)–C(2) 1.541(10); S–C(1)–C(3) 101.2(4).

Figure 2. ORTEP view of compound 9a in the crystal with thermal
ellipsoids at the 50% probability level. Hydrogen atoms are omitted for
clarity. The S enantiomer of the racemic compound is shown arbitrarily.
Selected bond lengths [Å] and angles [�]: C(3)–S 1.860(16); S–N 1.690(15);
S–C(3)–C(19) 102.12(11).
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conditions using the Ti(R,R-TADDOLato) complex corre-
sponds to the isolated crystalline compound having an (S)-
configuration, as this is obtained from the enantiomerically
enriched product mixture.

Both compounds display similar bonding parameters. The
C–C bond (C(1)–C(3) (3a), and C(3)–C(19) (9a), respec-
tively) and the S–N bond of thiophthalimide unit in both
compounds are nearly anti periplanar to each other [dihe-
dral angle: N–S–C(1)–C(3) 174.5� (3a), and N–S–C(3)–
C(19) 175.6� (9a)]. The S–N bond distances are 1.703(6)
(3a) and 1.690(15) Å (9a), respectively.
4. Conclusions

We have successfully used the reagent phthalimide-N-sulfen-
yl chloride 1 in the asymmetric sulfenylation of b-keto
esters catalyzed by Ti(TADDOLato) complexes. The
enantioselectivities obtained are lower than those of the
corresponding reaction with PhSCl, probably due to a
much higher contribution by the uncatalyzed reaction.
Still, this reaction remains a rare example of transition-
metal-catalyzed enantioselective carbon–sulfur bond-form-
ing process. The presence of a base and a higher catalyst
loading hinders the sulfenylation reaction. The (S)-config-
ured product of b-keto ester 3a was obtained in crystalline
form and its X-ray crystal structures was studied. The
cleavage of the S–N bond in the presence of PhSH shows
the labile nature of S–N bond and the suitability of the
phthalimido sulfenyl group as a masked thiol.
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