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Effective asymmetric oxidation of enones and alkyl aryl sulfides
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Abstract

Asymmetric epoxidation of aliphatic enones can be achieved with good conversions and high levels of enantiomeric excess using a catalyst,
formulated as 6, derived from dibutylmagnesium and a range of dialkyl tartrates, with tert-butylhydroperoxide as the oxidant. This process works
best with the addition of small amounts of water and 4 Å molecular sieves, and can be scaled up to good effect. Optimisation of Bolm and
Bienewald’s vanadium-based method for asymmetric oxidation of alkyl aryl sulfides by aqueous hydrogen peroxide using Schiff bases derived
from tert-leucinol as ligands, confirmed that the ligand 12 derived from 3,5-diiodosalicylaldehyde is the optimum choice.
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. Catalytic asymmetric epoxidation of enones

Since the pioneering studies of Julia and Colonna [1,2], who
iscovered the first effective method for the catalytic asymmet-
ic epoxidation of chalcone derivatives using a combination of
olyamino acid, base and aqueous hydrogen peroxide, a great
eal of effort has been devoted to improving the practical-
ty of this method [3–11], and to discovering new methods to
chieve this transformation. In this latter regard, chiral phase
ransfer catalysts in combination with a base and a suitable oxi-
ant have proved to be effective [12–19], as has the use of
arious metal-based systems. Initial results included the stoi-
hiometric use of alkylzinc alkylperoxides [20,21], the use of
hiral polybinaphthyl zinc complexes as catalysts with tert-
utylhydroperoxide as oxidant [22], and the catalytic use of
inc/BINOL derivatives [23]. Each of these approaches gen-
rally only works well for enones in which at least one of the
ubstituents is an aromatic residue (or another residue which
revents enolisation), and this is a limitation. Arguably the
ost general method for the catalytic asymmetric epoxida-

ion of enones is that discovered by Shibasaki and co-workers,

BINOL derivatives, with tert-butylhydroperoxide as the oxygen
source [24,25]. This reagent system not only epoxidises simple
trans-aliphatic enones, but is also able to epoxidise cis-aliphatic
enones [26] preserving the original stereochemistry of the alkene
in the cis-epoxide product. Recent work has shown how the pro-
cess can be adapted for the epoxidation of a range of unsaturated
carboxylic acid derivatives [27,28], culminating in a process for
epoxidation of unsaturated esters [29]. A comprehensive review
of the whole area of asymmetric epoxidation has very recently
been published [30], which updates an earlier, more specific,
review on nucleophilic epoxidation [31].

2. Results and discussion

Our contributions in this field have been based on the
use of main group metals. We first established that treat-
ment of chalcone 1 with a reagent prepared from lithium
tert-butylperoxide, prepared from n-butyllithium and tert-
butylhydroperoxide (dried by azeotropic distillation using the
method of Sharpless) [32], and a stoichiometric amount of
diethyl tartrate 3a gave the corresponding epoxide 2 in rea-
sing a combination of lanthanide alkoxides and (substituted)
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sonable yield, and 62% ee (Scheme 1). It was essential that a
stoichiometric amount of lithium butoxide was also present [33].

In contrast, when use of the corresponding magnesium sys-
tem was explored, it was discovered that in this case only a
c
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Scheme 1. Stoichiometric asymmetric epoxidation of chalcone using lithium tert-butylperoxide.

Scheme 2. Catalytic asymmetric epoxidation of chalcone.

(diethyl tartrate) were required to effect epoxidation. The reac-
tion was substantially more enantioselective, giving chalcone
epoxide ent-2 in 94% ee, and of the opposite absolute config-
uration to that obtained in the lithium system with the same
enantiomer of ligand (Scheme 2) [33].

Application of the same reaction conditions to the epoxida-
tion of simple aliphatic enones 4 gave results that were encour-
aging from the point of view of enantioselectivity (with the
epoxy ketone products 5 being formed in up to 76% ee), but
the conversions were modest (typically 33%), suggesting that
catalyst inactivation was occurring. Reminiscent of the way that
addition of activated 4 Å molecular sieves renders the Sharp-
less asymmetric epoxidation process catalytic [34,35], addition
of powdered, activated 4 Å molecular sieves to our nucleophilic
epoxidation system increased not only the conversion, but also
the enantioselectivity. Exploration of a range of different tartrate
derivatives showed that tartrate esters derived from secondary or
tertiary alcohols performed the best, with di-tert-butyl tartrate
3b giving high conversions (92–96%) and excellent enantiose-
lectivity (up to 93%) of the product epoxy ketones 5 (Scheme 3)
[36].

Given that the presumed catalyst was prepared by treatment of
dibutylmagnesium with a dialkyl tartrate, it seemed reasonable
to explore other magnesium bases. Provided ultrasonication was
employed, magnesium ethoxide allowed similarly high levels of
conversion and enantioselectivity to be attained (Scheme 4).

e

Scheme 4. Catalytic asymmetric epoxidation of aliphatic enones using
Mg(OEt)2 as the base and ultrasonication.

Scheme 5. Addition of ethanol allows the catalytic asymmetric epoxidation of
aliphatic enones using Mg(OEt)2 as the base without ultrasonication.

that addition of a small amount of ethanol could fulfill the same
purpose. This modification also allowed a substantial reduction
in the amount of base required (Scheme 5). After formation of
the active catalyst (normally treatment for 1 h), epoxidation was
usually complete within 18–24 h at room temperature.

The nature of the active catalytic species remains an open
question, but it appears reasonable to speculate that it is the
magnesium alkoxide 6b, derived from the di-tert-butyl tartrate
ligand. Such a species would be able to activate both the sub-
strate enone 4 (by magnesium complexation to the carbonyl
group), and the tert-butylhydroperoxide, by deprotonation. It
seems likely that both of these steps take place within the chiral
environment of the tartrate ligand, thus allowing facial discrim-
ination in the attack of the nucleophilic tert-butylhydroperoxide

on of aliphatic enones using Bu2Mg as the base.
While the use of ultrasonication was effective, it was not
specially convenient, and it was therefore gratifying to discover

Scheme 3. Catalytic asymmetric epoxidati
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Scheme 6. Proposed catalytic cycle for the asymmetric epoxidation of enones.

anion onto the enone. The normal Weitz–Scheffer mechanism
can then take place, leading to formation of the epoxyketone,
and regeneration of the catalyst (Scheme 6).

It is worthwhile noting that the pKa of a dialkyl tar-
trate is likely to be intermediate between that of tert-
butylhydroperoxide (pKa 12.8, in water) [37] and the by-product
tert-butanol (pKa 16.6, in water) [38]. This is an ideal situa-
tion for catalysis, since both the initial deprotonation of tert-
butylhydroperoxide and the regeneration of the catalyst are
favourable processes. The presence of the carbonyl ester group
does appear to be necessary for the catalyst to be effective, and
one possible role is the formation of a hydrogen bond to the
tert-butylhydroperoxide during the deprotonation process. The
absolute stereochemical outcome of the process can be rational-
ized by this overall scheme.

The observation that addition of ethanol to the reaction mix-
ture was beneficial suggested that it would be worthwhile to
study the effect of other additives when using dibutylmagne-
sium as base in the epoxidation of 3-octen-2-one 4a to give the
corresponding epoxy ketone 5a (Scheme 7). Addition of water
(0.48 equiv., but 8 equiv. relative to dibutylmagnesium) (Table 1,
entry 2) gave a similar result to that obtained using magnesium
ethoxide and ethanol. Addition of more water (1.0 equiv., entry
3) showed an improved result, but omission of the molecular
sieves completely inhibited the reaction (entry 4). Of most inter-
est from a practical point of view, was that the use of “wet” tert-
b
c

S
o

azeotropic distillation) gave a similar excellent result (entry 5).
This observation has substantial implications when considering
larger scale operations, since although the azeotropic distillation
has been conducted on many occasions without incident it is still
a potentially hazardous operation.

The discovery that a combination of water and 4 Å molec-
ular sieves was optimal for the process raises questions con-
cerning the role of each component. Similar observations have
been made during studies on the optimization of the Shibasaki
epoxidation system [39]. The fact that the intrinsic enantiose-
lectivity of the process does not depend on the presence of 4 Å
molecular sieves suggests that the sieves are not modifying the
catalyst substantially (for example by cation exchange). A linear
dependence of ee of the product on ee of the tartrate ester was
observed, consistent with the active species being monomeric.
In earlier work, we had established that treatment of diethyl tar-
trate with dibutylmagnesium under anhydrous conditions gave
an amorphous white precipitate which did act as a catalyst for the
nucleophilic epoxidation reaction [36]. This material appeared
to be oligomeric, and we can therefore speculate that the main
role of water is to solubilise the catalyst by disrupting the aggre-
gates, perhaps to the extent of forming a monomeric species.
It appears that an excess of water is detrimental, presumably
because it causes hydrolysis of the magnesium alkoxide.

In our studies using “wet” tert-butylhydroperoxide, it became
apparent that better, more consistent results were obtained by the
u
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utylhydroperoxide (simply prepared by extraction of commer-
ial 70% aqueous tert-butylhydroperoxide into toluene, without

cheme 7. Catalytic asymmetric epoxidation of 3-octen-2-one in the presence
f additives.
se of di-iso-propyl tartrate 3c, rather than di-tert-butyl tartrate
b, as the chiral ligand. This had the added benefit that the former

able 1
poxidation of 3-octen-2-one 4a in the presence of different additives

ntry Additive Ee (%)/conv. (%)a

Control (ethanol 0.48 equiv.) 94/99
Water (0.48 equiv.) 92/92
Water (1.0 equiv.) 97/99
Water (1.0 equiv.), no MS Sm
None, but ‘wet’ tBuOOH used 97/100

a Determined by chiral phase GC analysis using a heptakis(2,6-di-O-methyl-
-O-pentyl)-β-cyclodextrin column.
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Scheme 8. Large scale asymmetric epoxidation of 4-hexen-3-one.

Scheme 9. Proposed mechanism for inhibition of catalysis by 4-hydroxypentan-
2-one.

is substantially less expensive than the latter, which we routinely
prepared by the method of Evans et al. [40]. A larger scale epox-
idation of the low molecular weight substrate 4-hexen-3-one 4b
was therefore conducted (using 10 g of substrate) using these
conditions, and a satisfactory yield (63%) of the corresponding
epoxyketone 5b (ee 93%) was obtained, simply by distillation of
the product (Scheme 8). In this case, addition of a small amount
of toluene ensured that stirring was much more efficient.

When these optimized conditions were applied to a series of
other substrates, specifically a set of separate batches of undis-
tilled 3-penten-2-one, no conversion was observed in one case.
Careful analysis by GC/MS established that this particular batch
contained a significant amount (4.2%) of 4-hydroxypentan-2-
one 7. When this same batch was purified by distillation (reduc-
ing the amount of 4-hydroxypentan-2-one to 0.05%), and sub-
jected to the same epoxidation reaction conditions, the expected
epoxyketone was obtained (92% ee, 96% conversion, deter-
mined by GC). The most obvious interpretation of this result
is that 4-hydroxypentan-2-one 7 is a ligand for the presumed
catalyst 6c, and acts as a competitive inhibitor forming adduct
8 (Scheme 9). This seems entirely consistent with a catalytic
intermediate in which binding of both tert-butylhydroperoxide
and enone to magnesium is required.

3. Conclusions
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Scheme 10. Bolm and Bienewald’s asymmetric oxidation of methyl phenyl sul-
fide.

useful biological properties [43]. Many methods for the asym-
metric oxidation of prochiral sulfides have been reported, and
this work has been extensively reviewed [41,44–46], following
the initial reports by Kagan [47,48] and Modena [49] on the use
of variously modified Sharpless reagents for this reaction.

One of the most widely studied metal-based systems has
been that discovered by Bolm and Bienewald [50–53], who
employed a combination of tert-leucinol-derived Schiff bases
11 and VO(acac)2 (1.0 mol%), with aqueous hydrogen perox-
ide as oxidant, in a two-phase system using dichloromethane
as solvent at room temperature. This allows the oxidation of
methyl phenyl sulfide 9a to the corresponding sulfoxide (S)-10a
(70% ee, 94% yield) (Scheme 10). Other groups sought to opti-
mize the system, by variation of the aromatic aldehyde [54–56],
and the amino alcohol [57,58], and to extend it to other substrates
[59,60].

Anson et al. screened a variety of chiral Schiff base ligands,
and found that the 3,5-diiodo ligand (S)-12, in combination with
VO(acac)2 gave excellent results in the catalytic asymmetric sul-
foxidation of alkyl aryl sulfides using hydrogen peroxide, again
in dichloromethane as solvent, but at 0 ◦C [61]. For example,
methyl phenyl sulfide 9a was oxidized to (S)-methyl phenyl sul-
foxide 10a (81%, 90% ee) (Scheme 11). Recently, Legros and
Bolm reported that a combination of this ligand with iron is also

S
p

We have developed a simple method for the catalytic asym-
etric nucleophilic epoxidation of simple aliphatic enones (giv-

ng enantiomeric excesses in the range 92–97%), using inexpen-
ive reagents that are commercially available. The only signif-
cant drawback of this process is the need for (relatively) large
mounts of activated 4 Å molecular sieves.

. Asymmetric oxidation of alkyl aryl sulfides

Chiral sulfoxides are an important class of compounds that
nd increasing use as chiral auxiliaries in asymmetric synthe-
is [41,42], and are a key structural unit in compounds with
cheme 11. Anson and co-workers’s improved asymmetric oxidation of methyl
henyl sulfide.
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Scheme 12. Use of new Schiff-base ligands for the asymmetric oxidation of methyl phenyl sulfide.

very effective for the asymmetric oxidation of prochiral sulfides
[62,63], especially in the presence of substituted benzoic acids
and the corresponding lithium salts as additives [64,65].

The success of the combination of ligand 12 with vanadium
in the catalytic asymmetric oxidation of alkyl aryl sulfides is
intriguing, and in an effort to understand the impact of varia-
tion of the aromatic substituents, the performance of a series of
previously unreported 3-iodo-5-substituted derivatives 13 was
compared with the corresponding ligands unsubstituted at C-3
14 (Scheme 12, Table 2), together with the chloro and bromo
analogues of (R)-12, namely 15 and 16. In this screening, all the
ligands were prepared from (R)-tert-leucinol, which has recently
become commercially available. The results clearly indicated
that, in all cases, the 3-iodo-derivatives performed better than
those lacking the 3-iodo substituent. Two new ligands performed
well, namely the 3-iodo-5-chloro ligand 13b (entry 3) and the
3,5-dichloro ligand 15 (entry 17), but the 3,5-diiodo ligand (R)-
12, which gave the (R)-sulfoxide 10a, proved to be optimal. The
good results from the 3,5-dichloro ligand 15 establish that the
presence of a 3-iodo substituent is not essential for high ee.

The overall conclusion from these studies is that the diiodo
ligand 12 remains the best, and the only drawback is that the

Table 2
Ligand screening: asymmetric oxidation of methyl phenyl sulfide with
VO(acac) , under reaction conditions shown in Scheme 12

E

1
1
1
1
1
1
1
1
1
1

Scheme 13. Asymmetric oxidation of alkyl aryl sulfides using ligand (R)-12 in
chloroform.

enantiomeric excess is typically around 90%, with that obtained
with 2-naphthyl methyl sulfide (97% ee) being exceptional [61].
After a substantial amount of screening, we eventually estab-
lished that the use of the diiodo ligand in chloroform, rather than
dichloromethane, as solvent resulted in excellent levels of enan-
tiomeric excess (97–99.5% ee) for a range of alkyl aryl sulfides,
which were isolated in good yields (71–88%) (Scheme 13). This
solvent effect appears, at least partially, to result from a highly
efficient kinetic resolution of the product sulfoxides 10, in which
the minor enantiomer of the sulfoxide is converted selectively
into the corresponding sulfone 17. Further details of this work
have appeared elsewhere [66].

5. Conclusions

We have confirmed that the diiodo ligand 12 is amongst the
best ligands in the vanadium-catalysed asymmetric oxidation of
alkyl aryl sulfides using hydrogen peroxide as oxidant. Minor
variations in the structure of the ligand result in a reduction in
the enantioselectivity of the oxidation process. However, use of
chloroform as solvent, allows very high levels of enantioselec-
tivity to be obtained for a range of alkyl aryl sulfides. The cause
of this solvent effect is a subject for further study.
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