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Abstract—Six ferrocenyl sulfides, exhibiting planar and central chiralities, have been screened as a catalytic source of asymmetric
sulfonium ylides. A one-pot reaction has been achieved, involving the addition of an aldehyde, benzyl bromide, 20% molar equiv-
alent of the ferrocenyl sulfide, sodium iodide in a mixture of tert-butanol and water. The best results were observed with enantiopure
sulfide 3a, bearing a tert-butyl group. Good yields of stilbene oxides were obtained, with enantiomeric excesses ranging from 74% to
94%. trans/cis-Diastereomeric ratios ranged from 60:40 to 86:14. The chiral sulfide was recovered. An unexpected case of stereocon-
vergence was observed with diastereoisomers 3a and 3b. A model is proposed to account for the asymmetric induction, based on a
conformation locked by the tert-butyl group and the interplay of planar and remote central chiralities.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The search for new, efficient, and economically viable
catalysts for asymmetric organic synthesis1–3 has led to
numerous investigations for the design of a variety of
structures. Ferrocenes have provided4–9 sound applica-
tions of their potential planar chirality, which can be
complemented by central chirality.

We have explored ferrocenes bearing a sulfide moiety as
a new source for chiral sulfonium ylides. The last
10 years10,11 have witnessed the emergence of sulfur
ylides for the asymmetric conversion of aldehydes into
oxiranes.12–23 This reaction has recently been made cat-
alytic as far as the sulfide is concerned.11 A few types of
auxiliaries have been successfully used,24–27 with the chi-
ral source being either camphor or 1,4-diols. However,
these successes do not yet fulfill all the requirements of
a general method. Improvements are still needed in terms
of catalyst loading, scope, kinetics, and diastereoselec-
tivity. In 1998 we disclosed17 that 2,5-dimethylthiolane
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was an efficient C2-symmetric sulfide for epoxidation.
It was used in a one-pot procedure, which is extremely
easy to perform experimentally. We reported25 a cata-
lytic version (0.1–0.2equiv) in 2001.

We are currently pursuing our efforts in this field with
the exploration of new sulfide structures. Prior to our
work,28 no ferrocenyl sulfide was reported as a source
of sulfonium salt and ylide for the conversion of alde-
hydes into oxiranes. Therefore, we first investigated
the preparation and behavior of such species. We ob-
served28 that a reaction of benzyl bromide with ferroce-
nyl alkyl sulfides in a polar solvent efficiently produces
sulfonium salts in a matter of hours. This reasonably
rapid reaction is in line with the stabilization of a
sulfonium center adjacent to the ferrocenyl nucleus,
which we postulated by analogy with the ferrocenyl
carbocations.29,30

Deprotonation of the sulfonium salt and subsequent
reaction of the ylide with carbonyl compounds were
achieved under our standard one-pot conditions (see
Scheme 2), leading to the expected oxiranes. After
having established the feasibility of the reaction, with
achiral sulfides, we have screened enantiopure sulfides.
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A first example (ee 67%) was included in our previous
paper.28 We now report a new series of chiral auxiliaries.

A rational design of novel structures must follow four
requirements: (i) formation of a single diastereomeric
sulfonium salt; (ii) control of the ylide conformation;
(iii) selective facial attack of the ylide to the aldehyde;
(iv) trans- versus cis-diastereoselectivity of the oxirane
formation.

From our experience and others, the inclusion of the sul-
fur atom in a ring brings the sound advantage of rigid-
ity. Therefore, our first element of design here was to
append a ring to the cyclopentadienyl nucleus, with a
sulfur atom in an adjacent position (Scheme 1). We
anticipated differentiation of the sulfur lone pairs in A,
with the one opposite to the iron atom being more acces-
sible. Subsequent deprotonation of the resulting benzyl
sulfonium salt B would preferably lead to an �anti� ylide
conformation C. Approach of the aldehyde from the
front side of ylide C would be hindered by the ortho-
cyclopentadienyl hydrogen atom, thus favoring attack
from the backside.

As a strategy for the synthesis of chirally planar sulfides,
we have relied on starting material bearing an acyclic
side chain with central chirality (stereogenic carbon or
sulfur atom) and achieving a stereodifferentiating
cyclization.

Instead of having to develop a novel synthesis, we were
fortunate enough that the preparation of sulfides 1–3
(Fig. 1) were made available31 during the investigation
of new sulfides as catalysts. Therefore, we undertook
the study of their behavior toward epoxidation. We
herein report that they efficiently catalyze this reaction
with enantiomeric excesses up to 94%.
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Figure 1. Ferrocenyl sulfides.
2. Results and discussion

Six sulfides 1–3 (Fig. 1) were prepared from three 1,2-
amino alcohols: phenylglycinol, valinol, and tert-leuci-
nol. It involved a sequence, reported31 by some of us:
reaction of sodium ferrocenethiolate with N-Boc tosyl
derivatives of the aminoalcohols, deprotection of the
amine, and reaction with formic acid and formaldehyde.
The latter step is assumed to proceed through an imin-
ium ion, followed by an intramolecular electrophilic
attack at an ortho-position of the ferrocene ring, and
formation of seven membered ring sulfides with diaster-
eomeric ratios from 40% to 75% in favor of the (SP,SC)
isomer. Isomers a and b were separated by column chro-
matography. It should be noted that they differ only by
planar chirality, their central chirality being unchanged
during the cyclization. Therefore, this investigation will
raise the issue of matched or unmatched planar and cen-
tral chiralities.

The six sulfides 1–3 were submitted to the model reac-
tion for epoxidation under our standard conditions
(Scheme 2). Synthesis of stilbene oxide was investigated
from the reaction of benzaldehyde (R = Ph) and benzyl
bromide (2equiv), with sodium hydroxide (2equiv) and
sodium iodide (1equiv),25 in the presence of 0.2equiv of
the chiral sulfide, in a mixture of solvent and water (9:1)
at ambient temperature (Table 1).
When using tert-butanol as a solvent, although the reac-
tions were slow (6–14 days), stilbene oxide was produced
in all cases. The yields were low with phenyl derivatives
1 (entries 1 and 2) and moderate with the isopropyl one
2 (entries 3 and 4). In both cases, the sulfide was not
recovered during the isolation of stilbene oxide.

A better case was observed with t-butyl derivatives 3,
with yields of 66–80% (entries 5 and 9). The sulfides were
detected in the crude product and could be recovered. In
order to reduce the reaction time, the epoxidation was
attempted at a temperature of 60 �C. After 6.5 days



Table 1. Catalytic epoxidation reaction of benzaldehyde with ferrocenyl sulfides 1–3

Entry Sulfide (0.2equiv) R1 Solvent 9:1 Time (d) Yield (%) Dra trans/cis Ee (%)b trans (R,R) Sulfide recovery (%)

1 1a Ph t-BuOH/H2O 14 <10 75:25 37 No

2 1b Ph t-BuOH/H2O 14 <10 72:28 41 (S,S) No

3 2a i-Pr t-BuOH/H2O 14 14 69:31 28 No

4 2b i-Pr t-BuOH/H2O 14 32 63:37 31 (S,S) No

5 3a t-Bu t-BuOH/H2O 14 66 76:24 83 78

6 3a t-Bu t-BuOH/H2O at 60�C 6.5 56 77:23 79 76

7 3a t-Bu DMSO/H2O 14 8 65:35 0 No

8 3a t-Bu CH2Cl2/H2O 13 37 83:17 74 77

9 3b t-Bu t-BuOH/H2O 14 80 72:28 77 75

a Ratio determined by 1H NMR of the crude product.
b Enantiomeric excess determined by HPLC (Daicel ChiralPak AD-H column 250 · 4.6mm (L · ID) 5lm, 90% n-heptane/10% i-PrOH, 1mLmin�1,

20�C).
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(entry 6), a slightly lower yield (56%) was obtained. Two
other solvent mixtures were tested at room temperature.
A mixture of DMSO and water (entry 7) led to a medi-
ocre yield, probably due to decomposition of the sulfide.
Reaction in dichloromethane and water (entry 8) led to
epoxidation, but with no benefit.

Significant variations of enantiomer ratios were ob-
served versus the sulfides. With the 1a and 2a isomers
of the phenyl and isopropyl sulfides (entries 1 and 3)
the ee�s were 37% and 28%, respectively, in favor of
the (R,R)-stilbene oxide.

Similar data were observed with the 1b and 2b isomers
(41% and 31% ee, respectively), but in the opposite sense
(entries 2 and 4): the (S,S)-oxide is predominant. There-
fore the control here is in direct relationship to the pla-
nar chirality.

For the tert-butyl sulfides 3, much better enantioselectiv-
ities were observed (entries 5 and 9). Isomer 3b gave 77%
ee and isomer 3a afforded 83%, the highest for stilbene
oxide in this series. An unexpected result is that the
absolute sense of control is the same for both 3a and
3b isomers, which differ by planar chirality. The situa-
tion is thus opposite to that of Ph and i-Pr sulfides 1
and 2!

Other observations have been made with sulfide 3a. The
reaction carried out at 60 �C (entry 6) caused only a
small drop of selectivity (79% vs 83%). The epoxidation
performed in CH2Cl2/H2O (entry 8) took place with an
enantioselectivity only slightly lower (74%) than in
Table 2. Catalytic epoxidation reactiona of aldehydes with ferrocenyl sulfide

Entry Aldehyde R Time (d) Yield (%) D

1 Ph 14 66 7

2 2-Thienyl 7 50 8

3 2-Furyl 2.5 <10 7

4 4-NO2C6H4 14 <5 —

5 2-Naphthyl 14 67 8

6 trans-Cinnamyl 14 47 6

a Reactions conducted in t-BuOH/H2O 9:1 at room temperature.
b Enantiomeric excess determined by HPLC (Daicel ChiralPak AD-H column

20�C).
t-BuOH/H2O (83%). In DMSO/H2O, a racemic oxirane
was obtained, in connection with a mediocre yield and
decomposition of the sulfide.

In terms of diastereoselectivity, the results are analogous
to those observed28 with achiral ferrocenyl alkyl sulfides.
trans/cis-Ratios range from 63:37 to 83:17. For the best
example 3a in terms of enantioselectivity (entry 5), the
diastereomeric ratio is 76:24, and for its planar diaster-
eoisomer 3b it is 72:28 (entry 9).

Having established that 3a is an efficient sulfide in our
standard reaction conditions, we have examined the
reaction of other aldehydes (Table 2). With 4-nitrobenz-
aldehyde (entry 4), traces of oxirane were isolated with
72% ee. 2-Furaldehyde led to a nice 88% ee, but with
a poor yield (entry 3). With 2-thienaldehyde a 50% oxi-
rane yield and 90% ee were obtained (entry 2). In this
series, the highest stereocontrol was observed with cin-
namaldehyde: 94% ee. For all these examples, sulfide
3a could be recovered.

We have shown that ferrocenes bearing an adjacent ring
with a sulfur atom can be used as catalysts for sulfur
ylide epoxidation. Chemical efficiency is achieved with
sulfides 3a and 3b, bearing a tert-butyl group on the car-
bon adjacent to the nitrogen atom. This group brings
steric hindrance with two possible effects: protection of
the nucleophilic character of the nitrogen center versus
benzyl bromide, and therefore inhibition of the subse-
quent ring cleavage of the ammonium salt. Indeed with
R = i-Pr, Ph, sulfides 1 and 2 were not recovered under
the epoxidation conditions.
3a

ra trans/cis Ee (%)b trans (R,R) Sulfide recovery (%)

6:24 83 78

1:19 90 (2S,3R) 94

4:26 88 (2S,3R) 80

72 82

2:18 90 75

0:40 94 77

250 · 4.6mm (L · ID) 5lm, 90% n-heptane/10% i-PrOH, 1mLmin�1,
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The best asymmetric induction was observed with sul-
fide 3a. We propose that (R,R)-stilbene oxide is pro-
duced predominantly through the following selective
steps. Reaction of benzyl bromide presumably takes
place with the pseudo-equatorial sulfur lone pair (anti
to the sandwich iron atom). Information on the ground
state conformation (Fig. 2) of the seven membered ring
sulfide is fortunately available31 from the X-ray analysis
of sulfide 3a.
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Whereas a seven membered ring is rather flexible, com-
pound 3a is constrained by the connection to the Cp ring
(four atoms in a plane) and the pseudo-equatorial t-bu-
tyl group. The five non Cp members of the ring exhibit a
pseudo-chair conformation with sulfur and two carbon
groups being located upward, relative to iron. To relieve
the steric interaction of a pseudo-diequatorial arrange-
ment (torsion angle of 5�–10�, to be calculated on X-
ray), the N-methyl group occupies an axial position
(torsion angle around 90�–100�). Consequently, the
two sulfur lone pairs are nicely differentiated. Attack
of the benzyl bromide toward the bottom lone pair is
hindered by its axial position, in favor of the equatorial
top sulfur doublet, providing formation of the sulfo-
nium salt B (Scheme 3).

By 1H NMR we examined the alkylation of sulfide
3a (0.2equiv) with benzyl bromide (2equiv) in a
CD3CN/D2O 9:1 solution. We have observed the
formation of a single new signal in t-butyl region, at
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Scheme 3. Proposed approaches with sulfide 3a.
0.99ppm, assigned to the sulfonium salt. After 4h, the
reaction composition did not change (Fig. 3, red curve).
It is slightly slower than with FcSMe (black curve). The
main difference is the ratio between the sulfonium salt
and the sulfide, which is here only 20%, at equilibrium,
in contrast to 95% with FcSMe. This probably contrib-
utes to a slower overall reaction.
Deprotonation of sulfonium salt B provides two possi-
ble conformations. As for other examples of cyclic
sulfide ylides,11,18,27 we believe there is a strong prefer-
ence for anti-conformation C (phenyl opposite to the
sulfur ring, and the ylidic hydrogen opposite to the
available lone pair).

The two faces of approach32 of the ylide C by the alde-
hyde are clearly different. Attack from the ferrocene side
will cause severe interaction by ortho C–H of the cyclo-
pentadienyl ring, as assumed previously. The approach
from the CH2 side (adjacent to sulfur) takes place in a
more open space and is very probably favored, to lead
to betaine D, which after proper C–C bond rotation,
provides an anti-betaine E, set for nucleophilic displace-
ment, and trans-oxirane formation.
S
N t-Bu

Ph

Fe

C

H

R
O

H

H

Ph

H

R

O

H
S

N t-Bu

Fe trans (R,R)
Ph

O

R

E



S. Minière et al. / Tetrahedron: Asymmetry 15 (2004) 3275–3280 3279
A similar model may be proposed for sulfides 1a and 2a
(R = i-Pr, Ph), for which the enantioselectivity has the
same sense [(R,R)-oxirane] but a lower amplitude. The
R group exerts a lower conformation control than for
a t-butyl.

Application of the present model to diastereomeric sul-
fide 3b, differing by planar chirality, should lead to the
(S,S)-enantiomeric oxirane, provided that the presence
of a substituent on the saturated ring does not play a
key role. This is indeed true for the other sulfides 1b
and 2b (R1 = Ph, i-Pr). An opposite (S,S)-enantioselec-
tivity was experimentally observed, with a similar
magnitude.

With compound 3b (R = t-Bu), an unexpected observa-
tion was made: the same (R,R)-enantiomeric oxirane
was obtained as with 3a. It is the remote asymmetric
center, which dictates the stereochemistry of the prod-
uct. A clue to this intriguing result was given by careful
examination of sulfide 3b conformations. We could not
perform an X-ray structure analysis. We propose that it
adopts a conformation of the seven membered ring sim-
ilar to 3a and typical of cycloheptene:33 a cyclohexene
chair in which one of the ring�s CH2 is replaced by the
C@C moiety (Fig. 4). The t-butyl group must take a
pseudo-equatorial position. This will orient the 7-mem-
bered ring below the Cp ring in the half space, where the
iron atom is located.
Fe
N S
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t-Bu
Me

Figure 4. Proposed conformation for sulfide 3b.
This creates for 3b an arrangement around the sulfur
atom, which is different from sulfide 3a. The axial lone
pairs will now be located up (relative to iron), and the
equatorial one will be down. As previously observed
for 3a, benzyl bromide will prefer to attack the equato-
rial lone pair. The two faces of the anti-ylide will again
differ by an ortho-cyclopentadienyl hydrogen and a
CH2 group, in favor of the latter. Thus, the two faces
of approach (Si for the aldehyde and Re for the ylide)
are the same for both sulfides 3a and 3b (Scheme 4).
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Scheme 4. Proposed approach with sulfide 3b.
For isomers 1b and 2b, a boat conformation will be tol-
erated for the cycloheptene ring, placing the ring up rel-
ative to the iron metal. The more reactive sulfur lone
pair might be the equatorial upper one, leading to an
anti-ylide with a Si face now being more reactive.

The diastereoselectivity observed herein differs notably
from that reported with aliphatic sulfides, which lead
to the trans-stilbene oxide, usually in ratios higher than
90:10. It has been proposed, and demonstrated experi-
mentally with dimethyl sulfide derivatives, that the for-
mation of the syn-betaine is reversible.34,35 The anti-
betaine is produced irreversibly, so that the substrate
nature and reaction conditions may lead to the major
formation of the trans-oxirane. In our first report28 on
the epoxidation reaction with simple ferrocenyl sulfides,
we also obtained untypical trans- and cis-mixtures of
stilbene oxide, with ratios ranging from 60:40 to 80:20.
Monitor experiments revealed only a minor equilibra-
tion of the syn-betaine. So, the aromatic nature of the
ferrocenyl substituent to sulfur strongly reduces the
reversibility.

Here the observations are similar to those with simple
alkyl ferrocenyl sulfides. For stilbene oxide the trans/
cis ratio with 3a in t-BuOH/H2O is 76:24. It is higher
than with FcSMe (62:38) and lower than with FcSCy
(80:20) or FcS-t-Bu (81:19).

The ratios also depend upon the aldehyde: trans-cinna-
maldehyde gave a 60:40 dr and 2-naphthaldehyde the
highest dr observed in the present series, 82:18. A steric
factor is clearly playing a role in the latter case, in favor
of the trans-oxide, probably by enhanced reversibility of
the syn-betaine.
3. Conclusion

We have investigated ferrocenyl derivatives, bearing an
adjacent sulfur atom included in a fused ring, for the
epoxidation reaction of aldehydes. Using available
structures, we have shown that sulfide 3a nicely cata-
lyzes the formation of stilbene oxides in a simple one-
pot procedure. The reactions however are not as rapid
as expected, despite the fact that the formation of the
sulfonium salt, with a positive charge in an a-position
of a ferrocene cyclopentadienyl, is probably acceler-
ated.28 The stability of the subsequent ylide might lower
the kinetic rate of the overall sequence.

Enantiomeric excesses up to 94% have been achieved.
Significantly, the same enantiomer of the product is ob-
tained with both the (SS)- and (SR)-diastereomers of the
t-butyl sulfide 3. Thus, the remote central chirality dic-
tates the outcome. The effect of planar chirality is re-
versed from diastereomer 3a to 3b, by the necessity for
the t-butyl group to adopt a pseudo-equatorial position
on the seven membered ring.

Diastereoselectivity remains an issue to be controlled.
Mixtures of isomers are obtained with ratios from
60:40 to 82:18, in favor of the trans-oxirane.

Ferrocenes are being extensively investigated for cata-
lytic asymmetric synthesis.4,6–9 Sulfur derivatives36 have
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recently emerged for stereocontrolled dialkylzinc addi-
tion to aldehydes,7,37,38 allylic alkylations,31,39–42 and
Diels–Alder cycloadditions.43 We have shown herein
that the sulfur ylide epoxidation can be made asymmet-
ric with a catalytic amount of ferrocenyl sulfides, and
the first applications of planar chirality to this reaction.
4. Experimental

4.1. Typical epoxidation procedure

To a solution of sulfide (17mg, 0.05mmol) in t-BuOH/
H2O 9:1 (415lL) was added benzyl bromide (60lL,
0.50mmol), aldehyde (0.25mmol), NaI (38mg,
0.25mmol), and NaOH (20mg, 0.50mmol). The reac-
tion mixture was stirred at room temperature and mon-
itored by TLC using n-heptane/ethyl acetate (v/v: 9:1).
Water (1mL) was then added and the aqueous phase
was extracted with dichloromethane (3 · 2mL). The
combined organic phases were dried over MgSO4 and
concentrated to dryness. Column chromatography using
n-heptane/ethyl acetate afforded the desired oxirane.25,27
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M. Coord. Chem. Rev. 2003, 242, 159–201.

37. Priego, J.; Mancheno, O. G.; Cabrera, S.; Carretero, J. C.
Chem. Commun. 2001, 2026–2027.

38. Priego, J.; Mancheño, O. G.; Cabrera, S.; Carretero, J. C.
J. Org. Chem. 2002, 67, 1346–1353.

39. You, S.-L.; Zhou, Y.-G.; Hou, X.-L.; Dai, L. X. Chem.
Commun. 1998, 2765–2766.

40. Enders, D.; Peters, R.; Lochtman, R.; Raabe, G.; Run-
sink, J.; Bats, J. W. Eur. J. Org. Chem. 1999, 3399–
3426.

41. Priego, J.; Mancheño, O. G.; Cabrera, S.; Arrayás, R. G.;
Llamas, T.; Carretero, J. C. Chem. Commun. 2002, 2512–
2513.

42. You, S.-L.; Hou, X.-L.; Dai, L.-X.; Yu, Y.-H.; Xia, W. J.
Org. Chem. 2002, 67, 4684–4695.

43. Mancheño, O. G.; Arrayás, R. G.; Carretero, J. C. J. Am.
Chem. Soc. 2004, 126, 456–457.


	Catalytic ferrocenyl sulfides for the asymmetric transformation of aldehydes into epoxides
	Introduction
	Results and discussion
	Conclusion
	Acknowledgements
	References


