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Abstract: A highly diastereoselective PTC epoxidation is em-
ployed in the synthesis of the potent cysteine protease inhibitor E-
64c.
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Epoxysuccinyl peptides have received much attention due
to their propensity to act as potent and selective inhibitors
of cysteine proteases.1 In many instances these com-
pounds lead to irreversible inhibition via reaction of the
epoxysuccinyl moiety with the nucleophilic thiol present
in the enzyme active site.2 Since this mechanism is specif-
ic to cysteine proteases, epoxysuccinyl peptides generally
show low reactivity towards other types of protease.

The naturally-occurring epoxysuccinyl peptide E-64, and
the closely related compounds E-64c (1) and E-64d (2,
loxistatin) are typical examples of this class of enzyme
inhibitor.3 They exhibit high activity towards a range of
cysteine proteases and E-64 is widely employed as a
means of characterising cysteine protease activity.

Most synthetic approaches to epoxysuccinyl peptides of
this type employ the coupling of an intact epoxysuccinate
derivative to the peptide fragment.2–5 This is a highly
effective strategy, but has limitations in terms of the
functionality that can be incorporated at the carboxy
terminus of the succinate.2 In this paper we report the
development of a novel stereoselective approach to
epoxysuccinyl peptide derivatives that also allows
straightforward access to keto-epoxide analogues. The
utility of this chemistry is demonstrated in the synthesis of
E-64c (1) and loxistatin (2).

We have recently been involved in the development of
asymmetric phase-transfer-catalyzed (PTC) Weitz–
Scheffer epoxidations.6,7 This chemistry employs quater-
nary ammonium salts in conjunction with aqueous NaOCl
to effect the epoxidation of electron deficient alkenes and
we envisaged that it might offer an alternative route into
epoxysuccinyl peptides whilst also allowing access to a
range of epoxy-ketone analogues. To test this hypothesis
we decided to investigate whether compounds such as 3
(Figure 1) could serve as intermediates in the synthesis of
targets 1 and 2.

For the purposes of this study we opted to investigate the
diastereoselective epoxidation of benzoylacrylamides 4.
These compounds were chosen for study because the di-
rect precursors are commercially available, and because
the g-keto group of the acrylamide should activate the
substrate towards Weitz–Scheffer epoxidation. The g-
keto group should also ensure that initial addition of
hypochlorite occurs at the a-carbon (Scheme 1). An added
advantage of this type of substrate is that the phenyl
ketone can serve as a masked carboxylic acid. This avoids
the problem of needing to differentiate between two
carboxyl derivatives when applying this chemistry to
targets such as 1.

Scheme 1

Compounds 8a and 8b were prepared via coupling of (E)-
3-benzoylacrylic acid with the appropriate leucine ester
(Scheme 2). Epoxidation of these compounds was then in-
vestigated employing aqueous NaOCl in conjunction with
a quaternary ammonium phase-transfer catalyst. These
are conditions that we have shown to be effective for a
wide range of enones,6 however, as far as we are aware,
they have never previously been applied to peptide sub-
strates. A particular issue in applying this chemistry to
these substrates lies in the fact that aqueous NaOCl is
known to effect the N-chlorination of amides.8 Thus if this
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chemistry is to be successful, we need to identify condi-
tions that favor epoxidation over this alternative process.

Initial studies into the PTC epoxidation of substrates 8
using conditions that were optimized for the epoxidation
of simple chalcones (1 mol% catalyst, 4 equiv 15% aq
NaOCl, 25 °C)6 met with limited success. The epoxida-
tions were fast (t1/2 = 20 min compared with t1/2 = 90 min
for chalcone under the same conditions), but significant
amounts of N-chlorination were observed. Control exper-
iments established that N-chlorination also occurred in the
absence of phase-transfer catalyst. Since epoxidation did
not occur without the catalyst we speculated that HOCl
rather than NaOCl might be responsible for this side reac-
tion. Since the equilibrium concentration of HOCl should
reduce as the pH of the aqueous phase increases, we
decided to examine the effect of adding KOH to maintain
a pH >12 in the aqueous phase. It was found that this
suppressed the N-chlorination, and by combining this
modification with a modest increase in catalyst loading (to
5–10 mol%), high selectivity for the desired epoxidation
could be achieved.

Scheme 2 Reagents and conditions: (i) PhCOC=CCO2H, i-
BuO2CCl, NMM (8a; 95%, 8b; 85%); (ii) 15% aq NaOCl (3 equiv),
pH >12, PhMe, PTC, 25 °C (for further details see Table 1).

When the epoxidation was performed on enone 8a using
the achiral phase-transfer catalyst n-Bu4NBr, the corre-
sponding products 9a and 10a were obtained as a 1:1 mix-
ture (Scheme 2 and Table 1, entry 1). It is worth noting
that little or no ester hydrolysis was observed despite the
highly basic nature of the aqueous NaOCl solution. The
corresponding tert-butyl ester 8b gave a 2:3 mixture of
diastereoisomers with n-Bu4NBr (Table 1, entry 4), and
again the products 9b and 10b could be isolated in good
yield.

Both reactions involving n-Bu4NBr resulted in little or no
diastereoselectivity indicating that the pre-existing stereo-
genic center in substrates 8a and 8b has little influence
over the stereochemical outcome of this epoxidation.
Consequently, in an effort to develop a diastereoselective
epoxidation we turned our attention to the use of chiral
phase-transfer catalysts.

Our earlier studies on the asymmetric epoxidation of chal-
cones demonstrated that the cinchona alkaloid-derived
quaternary ammonium salts 11 and 12 (Figure 2) induce
high levels of stereocontrol. These two catalysts usually
give roughly equal but opposite levels of stereoselectivity
with a given substrate.6,9 Thus it was anticipated that they
should provide a means of achieving stereoselective
access to diastereoisomers 9 and 10.

The results obtained using these catalysts are given in
Table 1 (entries 2, 3, 5, 6). As expected they produced
opposite diastereoisomers, but for a given substrate the
magnitude of the diastereoselectivity differed somewhat.
For diastereoisomer 9, the methyl ester gave highest
selectivity (5:1), whereas for diastereoisomer 10, the tert-
butyl ester gave the best selectivity (again 5:1). As the na-
ture of the amino acid ester appeared to have a significant
influence on the level of diastereoselectivity we decided
to extend this study to include the amide substrate 14.

Enone 14 was prepared via coupling of (E)-3-benzoyl-
acrylic acid with leucine amide 13 (Scheme 3).11 Epoxi-
dation of 14 was then investigated as before. It was found
that all three catalysts resulted in successful epoxidation,
however, the levels of diastereoselectivity obtained using
the chiral catalysts 11 and 12 (Table 2) were significantly
lower than those obtained for the ester substrates 8.

These results reinforce the earlier observation that the
nature of the carboxyl terminus has a significant influence
on the levels of diastereoselectivity when the chiral cata-
lysts are employed. These results suggest that substrate 8a
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Table 1 Asymmetric PTC Epoxidation of 8a and 8b

Entry Substrate Catalyst Yield (%)a Ratio 9:10b

1 8a n-Bu4NBrc 64 1:1

2 11d 70 5:1

3 12d 69 2:5

4 8b n-Bu4NBrc 58 2:3

5 11d 72 3:1

6 12d 72 1:5

a Yield after purification, see representative experimental procedure10 
for further details.
b Estimated from the 1H NMR spectra of the crude products.
c 10 mol% catalyst.
d 5 mol% catalyst.
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is the best precursor for targets such as E-64c (1), and
crucially, this establishes that compound 9a can be ob-
tained in high yield and with good diastereoselectivity
using this approach.

This brief study suggests that the asymmetric PTC epoxi-
dation of substrates such as 8 is a useful way of accessing
both diastereoisomers of epoxy ketones such as 9 and 10.
To further probe the utility of this approach we next exam-
ined conversion of 9a into E-64c (1).

It was found that this could be achieved via the four-step
sequence shown in Scheme 4. Thus, ester hydrolysis fol-
lowed by carbodiimide-mediated coupling to 3-methyl-
butylamine gave amide 16 in good overall yield. We
found that the EDCI coupling was best performed in
dichloromethane rather than DMF, the latter solvent lead-
ing to significant amounts of epoxide-opening.12 Baeyer–
Villiger oxidation of the phenyl ketone then gave active
ester intermediate 18, which on exposure to ethanolic

KOH provided direct access to loxistatin (2). Simply by
adding water and extending the reaction time to two
hours, E-64c (1) could be obtained. The 1H NMR spectra
of loxisatin (2) and E-64c (1) prepared by the methods
described here were in agreement with those previously
reported for these materials.2,3

Scheme 4 Reagents and conditions: (i) LiOH, H2O, THF, MeOH,
0 °C (76%); (ii) H2N(CH2)2CH(CH3)2, EDCI, HOBt, NMM, CH2Cl2

(76%); (iii) MCPBA, CHCl3, 50 °C, (70%); (iv) EtOH, KOH, 0 °C,
30 min, (53%); (v) EtOH, aq KOH, 0 °C, 2 h, (65%).

This study has demonstrated that the asymmetric phase-
transfer epoxidation of substrates such as 8 is an effective
means of preparing epoxysuccinyl peptides derivatives.
The chemistry described should allow access to a wide
range of E-64c analogues and application of this method-
ology in the search for new cysteine protease inhibitors is
currently underway in our laboratories.
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Table 2 Asymmetric PTC Epoxidation of 14

Entry Catalyst Yield (%)a Ratio 15:16b

1 n-Bu4NBrc 67 1:1

2 11d 72 2:1

3 12d 64 2:3

a Yield after purification.
b Estimated from the 1H NMR spectra of the crude products.
c 10 mol% catalyst.
d 5 mol% catalyst.
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