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Abstract—We have developed a practical synthetic route to constrained b-strand mimetic templates by regioselective 1,3-dipolar
cycloaddition of azomethine imines with vinyl sulfone. A small library of b-strand mimetic templates was generated which include
potent and selective inhibitors of serine proteases. © 2001 Elsevier Science Ltd. All rights reserved.

The b-strand is a basic protein secondary structure unit
and together with helixes and reverse turns constitutes
greater than 90% of all protein structure. These sec-
ondary structures1 provide the elements required to
delineate ligand–receptor and enzyme substrate/
inhibitor interactions for a multitude of processes. The
cleavage site of chymotrypsin-like serine proteases and
its substrates uniformly adopt an antiparallel b-sheet.
The b-strand template 1 reproduces the three-dimen-
sional orientation of the peptide-serine protease sub-
strate, and its hydrogen bond patterns.2 By attaching a
functional group, which forms a tetrahedral intermedi-
ate with the hydroxyl group of the corresponding

Ser195 residue of the target enzyme (i.e. keto amide,
chloromethyl ketone) to the template, these compounds
become potent serine protease inhibitors (Fig. 1).

We designed the bicyclic template 1 as a mimetic of the
D-Phe-Pro orientation of PPACK3 (D-Phe-Pro-
ArgCH2Cl) and converted these into a number of
potent inhibitors of serine proteases.4,5 We expected
that R1 substituted phenyl ring and/or the R2 group on
the template could generate selective inhibitory activity
for serine proteases. In this paper, we report the synthe-
sis and inhibitory activity of the bicyclic templates6 1
having various substituents R1 on the benzene ring and

Figure 1.
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Figure 2. Synthetic strategy of b-strand mimetic template.

R2 on the bicyclic template. The bicyclic ring can be
prepared by regioselective 1,3-dipolar cycloaddition7–9

of azomethine imines 2 with vinylsulfone 3. The former
can be prepared from hydrazides 4 and aldehydes 5.
The combination of various functionalities R1 and R2

on 4 and 5, respectively, provides various templates 1
(Fig. 2).

The synthesis of racemic six-membered cyclic hy-
drazides 4 is shown in Scheme 1. The benzaldimine of
glycine methyl ester 6 was treated with LDA and
alkylated with substituted benzyl bromides (R1=H,
4-fluoro, 4-trifluoromethyl, 4-nitro, 4-methyl, and 3-
iodo). The subsequent alkylation was carried out by
addition of KHMDS and allyl bromide to the above
reaction flask without work-up.10 a-Allylphenylalanine
derivatives 7 were generated in 85–97% yields. After
hydrolysis of imine 7 and protection of the resulting
amines by a Boc group, ozonolysis of the olefin fol-
lowed by reductive work-up gave the aldehydes 8.
Heating of aldehydes 8 with hydrazine for 2 days
afforded the cyclic hydrazones 9 in good yield. Reduc-
tion by sodium cyanoborohydride with hydrochloric
acid yielded the tetrahydropyridazinones 4a–f,
respectively.

Treatment of hydrazide 4 with formaldehyde (5) (R2=
H) formed the azomethine imine intermediate 2 (R2=
H), which underwent 1,3-dipolar cycloaddition upon
heating with ethyl (E)-3-(p-tolylsulfonyl)acrylate11 (3)
in refluxing 1,2-dichloroethane for 36 h (see Fig. 2). The
desired cycloadducts 10 (R2=H) were regioselectively
formed regardless of the R1 substituent. Regiochemistry

and stereoselectivity of the cyclization were determined
at the stage of the a,b-unsaturated ester 11 (R2=H)
obtained by elimination of the p-tolylsulfonyl group
(DBU, 0°C) (Scheme 2). The 1H NMR spectra12 at the
vinyl position (triplet, J=2.6 Hz) in 11 showed that the
1,3-dipolar cycloaddition proceeds with the regioselec-
tion depicted in Fig. 2. The 1,3-dipolar cycloaddition,
followed by elimination of a p-tolylsulfonyl group was
also performed in the same manner to provide 11 as a
1:1 stereoisomeric mixture of the other R2 substituent
(i.e. Ph, p-hydroxyphenyl, and isopropyl). Hydrogena-
tion with Pd/C resulted in a 3:1 diastereomeric mixture
of 12 and 13 and the structure of the former was
unequivocally determined by X-ray crystallography
(R1=H, R2=H). The products obtained in our hands
were used for the next several steps as a stereoisomeric
mixture in order to examine inhibitory activity. After
hydrolysis of the ethyl ester, the carboxylic acid was
treated according to the same procedure previously
reported4 to yield 14.

The selectivity and potency of in vitro assays toward
various serine proteases (thrombin, trypsin, factor VIIa,
tryptase, etc.) are summarized in Table 1.13 It is clear
that the template can effectively mimic the peptide
bound conformation in the protease active site. The
thrombin and trypsin inhibitory activity are nearly
identical to that of PPACK (1.5 nM inhibition of
thrombin). In addition, substituents introduced on the
template played an important role in defining selectiv-
ity. For example, by introducing an isopropyl group
with R2 substituent, the trypsin selectivity over
thrombin increased about 15 times. By introducing a

Scheme 1.
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Scheme 2.

Table 1. Inhibition and selectivity of coagulation versus anticoagulation enzymes

R2 Thrombin K i (nM) Trypsin K i (nM)Compd. Factor VIIa K i (nM)R1 Tryptase K i (nM) Selectivity K ithr/K itrp

H 41.2 26.2 9277 164.4 1.5714a 4-F
H 17.7 11.34-CF3 827714b 62.6 1.57
H 6.5 7.8 2308 15.8 0.8314c 4-Me
i-Pr 61.6 4.3 1096 15.4 14.3H14d

halogen group (4-F, 4-CF3) as the R1 substituent, the
tryptase inhibition activity decreased. These results
demonstrate the versatility of this template to inhibit a
wide range of serine proteases and importantly, that
specificity can be introduced using combinatorial intro-
duction of substituents. In summary, we have demon-
strated a practical synthetic route to a constrained
b-strand mimetic template via the regioselective 1,3-
dipolar cycloaddition of azomethine imines with vinyl
sulfone. The solid-phase version of this approach is
now underway in our laboratory and will be reported in
due course.
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13. All protease assays were performed at room temperature
in 96-well microplates using Bio-Rad microplate reader
(Model 3550), Molecular Devices SpectroMax 250, Lab-
systems Fluoroskan Ascent, or Wallac Victor2 fluores-
cence plate reader. Either 1 mM solutions of testing
compounds in water or 10 mM solutions of testing
compounds in DMSO served as the stock solutions for
the inhibition assays. For thrombin and trypsin assays,
the hydrolysis of chromogenic substrate, N-p-tosyl-Gly-
Pro-Arg-pNA (Sigma) or fluorogenic substrate N-p-tosyl-
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tored at Ex: 355 nm, Em: 460 nm. The reaction progress
curves were recorded by reading the plates, typically 80
times with 24 second intervals. Initial rates were deter-
mined by unweighted nonlinear least square fitting to a
first-order reaction in either GraFit (Erithacus Software
Limited, London, England) or GraphPad Prism (Graph-
Pad Software, Inc., San Diego, USA). The determined

initial velocities were then nonlinear least square fitted
against the concentrations of a tested compound using
GraFit or Prism to obtain K i. The general format of
these assays were: 100 ml of inhibitor solution and 50 ml
of enzyme solution were added in a microplate well,
incubated at room temperature for 30 min, then 100 ml of
a substrate solution was added to initiate the reaction.
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