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We herein describe an efficient synthesis of optically active diethyl 1-amino-2-vinylcyclopropane-1-
phosphonate (analogous to 1-amino-2-vinylcyclopropane-1-carboxylate). The racemic phosphonate
diethyl ester was obtained from an imine derived from aminomethylphosphonate diester and trans-
1,4-dibromo-2-butene. Crystallizations of the dibenzoyl-L-tartaric acid salt allowed for separation of
enantiomers. The enantiomerically pure material was used to synthesize an extremely potent tripeptide
phosphonate inhibitor of HCV NS3 protease. X-ray crystal structure of the inhibitor bound to the HCV NS3
protease confirmed the absolute stereochemistry of the title compound.

� 2009 Elsevier Ltd. All rights reserved.
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One of the approaches to discovering promising drug candi-
dates is the use of a bio-isostere, which utilizes a new functional
group to replace a pharmacophore from a known biologically
active molecule, with the expectation of maintaining or improving
the activity and pharmaceutical properties.1 The phosphonic acid
moiety is considered to be an isostere of the carboxylic acid,
especially in a-amino acids and their derivatives. Thus, a-amino-
phosphonic acids and/or their derivatives have been studied exten-
sively as inhibitors and pharmacological agents.2

Hepatitis C virus (HCV) infection is a serious chronic liver dis-
ease which has been known to be linked to liver cirrhosis and
hepatocellular carcinoma.3 It is estimated that over 170 million
people are currently infected with HCV.4 Current standard of ther-
apy is based on a-interferon (Peg-Intron� and Pegasus�) in combi-
nation with ribavirin but it is only partially effective and exhibits
severe side effects.5 Recently, HCV NS3 protease has been proven
to be a promising target for antiviral therapy for HCV. Since the dis-
covery of BI-2061 (1)6 several other promising drug candidates tar-
geting this enzyme have advanced to human clinical trials.7 Among
these candidates, several are mimics of the N-terminal cleavage
product and contain either (+)-(1R,2S)-1-amino-2-vinylcyclopro-
pane-1-carboxylic acid ((+)-2a) moiety or the acylsulfonamide
derivative.8,9

Based on molecular modeling studies, the phosphonic acid ana-
log 5 was designed as a possible isostere for the carboxylic acid 4
for HCV NS3 protease inhibitors. We report herein the synthesis
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of 1-amino-2-vinylcyclopropane-1-phosphonic acid diethyl ester
(3c) and its resolution.

Previous reports describe the synthesis of racemic carboxylate
methyl ester, 2b, by alkylation of the imine derived from glycine
methyl ester.10 Similarly, the racemic diethyl phosphonate 3c,
was prepared by the alkylation of commercially available imine 6
as shown in Scheme 1. Thus, imine 6 was treated with trans-1,4-di-
bromo-2-butene (7), in the presence of cesium hydroxide and
phase transfer catalyst.11 After hydrolysis of the imine 8 under
acidic conditions, the racemic diethyl 1-amino-2-vinylcyclopro-
pane-1-phosphonate, (±)-3c, was obtained. An impurity, which
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Scheme 2. Synthesis of HCV NS3-4A inhibitors 5 from (+)-3c. Reagents and
conditions: (a) ClCOOEt, NEt3, THF, �40 �C to rt, 1 h. (b) TMSI, CH3CN, rt, 30 min.
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was identified as the seven-membered ring 9, was found to have
formed during the reaction. Fortunately, the impurity 9 could be
easily removed by simple acid–base extractions. A subsequent fil-
tration through silica gel provided (±)-3c in 27% yield. It is note-
worthy that only the Z-diastereomer, between phosphonate and
vinyl groups, was isolated in this reaction. A similar seven-mem-
bered ring impurity was also reported in the synthesis of (±)-
2b.10b We speculate that this byproduct 9 is formed via an aza-
Cope rearrangement of the undesired E-diastereomer of the imine
8, which has the cis-vinyl-imine functionality on the strained
cyclopropane ring.

A resolution of racemic 3c was attempted using crystallization
with optically pure acids.12 Our optimized crystallization was
achieved with dibenzoyl-L-tartaric acid in acetonitrile. After two
crystallizations, (+)-(1S,2S)-3c could be obtained as the diben-
zoyl-L-tartaric acid salt in >90% ee.13–15

After removing dibenzoyl-L-tartaric acid by acid–base extrac-
tion, (+)-3c was coupled with the dipeptide precursor 10 as shown
in Scheme 2. 16 The diethyl phosphonate ester of the resulting tri-
peptide analog 11 was hydrolyzed using TMSI in acetonitrile to af-
ford the desired phosphonic acid analog 5. We were pleased to find
that the phosphonic acid analog 5 was a potent HCV NS3 protease
inhibitor with IC50 of 0.9 nM. This is three-fold more potent com-
pared to the carboxylic acid analog 4 (IC50 = 3 nM).17
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Scheme 1. Synthesis and resolution of diethyl 1-amino-2-vinylcyclopropane-1-
phosphonate (6). Reagents and conditions: (a) CsOH hydrate, BnNEt3Cl, CH2Cl2, rt,
24 h. (b) 1 N HCl, CH2Cl2, rt, 3 h. (c) 1 equiv dibenzoyl-L-tartaric acid, MeCN.
The absolute stereochemistry of (+)-3c was clearly confirmed by
X-ray crystal structure of compound 5 bound to the protease. As
shown in Figure 1, the crystal structure indicates that the phos-
phonic acid makes extensive interactions with the oxyanion hole
of HCV NS3 protease. Thus, the phosphonate was shown to interact
with Ser138, Ser139, and Gly137 backbone amides as well as His57
side chain similarly to BILN 2061 as described in the published
crystal structure.8b Furthermore, the phosphonic acid was found
to make additional H-bonds with the side chains of Ser139 and
Lys136 (see Fig. 1).

In summary, a procedure has been developed to synthesize the
phosphonic acid analog (±)-3c of 1-amino-2-vinylcyclopropane-1-
carboxylic acid ((±)-2). Resolution of the two enantiomers of 3c
was accomplished by crystallization as dibenzoyl-L-tartaric acid
salt. A tripeptide phosphonic acid analog 5 was synthesized from
Figure 1. X-ray crystal structure of HCV NS3 protease–compound 5 complex.
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(+)-3c and was found to be a superior inhibitor of HCV NS3 prote-
ase compared to the carboxylic acid analog 4. Absolute stereo-
chemistry of (+)-3c was further proven by X-ray crystal structure
of 5 bound to HCV NS3 protease. Further studies on the inhibition
of HCV NS3 protease with phosphonic acid analogs will be reported
separately.16
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