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This paper describes the synthesis of a new class of peptidomimetic cysteine protease inhibitors based on
a 1,4-benzodiazepine scaffold and on an electrophilic vinyl sulfone moiety. The former was introduced
internally to a peptide sequence that mimics the fragment D-Ser-Gly; the latter was built on the P1-P1′ site
and reacts as a classical “Michael acceptor”, leading to an alkylated enzyme by irreversible addition of the
thiol group of the active site cysteine. The introduction of the vinyl sulfone moiety has been accomplished
by olefin cross-metathesis, a powerful tool for the formation of carbon-carbon double bonds. New compounds
2–3 have been proven to be potent and selective inhibitors of falcipain-2, a cysteine protease isolated from
Plasmodium falciparum, displaying antiplasmodial activity.

Introduction

Malaria is one of the most important infectious diseases in
the world, it is prevalent in more than 90 countries, and about
40% of the world’s population is at risk of malaria transmission.
It is estimated that there are some 350–500 million cases
resulting in over 1 million deaths each year.1 Malaria is caused
by protozoan erythrocytic parasites of the Plasmodium genus,
with P. falciparum being the most dangerous and widespread
disease-causing species. Due to the increasing resistance of
malaria parasites to antimalarial drugs, the lack of highly
effective vaccines, and inadequate control of mosquito vectors,
the problem is growing, especially in the developing world.
Thus, new approaches to drug development are needed.2

Falcipain-2 (FP-2) of P. falciparum is a papain-family (clan
CA, family C1) cysteine protease that plays an important role
in the parasitic life-cycle by degrading erythrocyte proteins, most
notably hemoglobin.3 The protozoan parasite relies on hemo-
globin hydrolysis to supply amino acids for protein synthesis
and to maintain osmotic stability. The binding of hemoglobin
to FP-2 is pH-modulated, and normally the enzyme processes
hemoglobin within the acidic food vacuole.

During the late trophozoite and schizont stages, FP-2 is also
involved in the degradation of erythrocyte-membrane skeletal
proteins, including ankyrin and the band 4.1 protein.4 This
activity displays a pH-optimum in the range of 7.0–7.5 and is
thought to contribute to destabilization of the erythrocyte
membrane, leading to host cell rupture and release of the mature
merozoites. The autoproteolytic processing of its own precursor
at neutral pH has been suggested as a third function of FP-2.5

FP-2 is synthesized during the trophozoite stage as a membrane-
bound proenzyme comprising 484 amino acid residues.6 The
proenzyme is transported to the food vacuole through the

endoplasmatic reticulum/Golgi system, and during this process
the N-terminal 243 residues containing the membrane anchor
are proteolytically removed. Hence, FP-2 is actually considered
the prime target for discovery of novel antimalarial drugs.

Several peptide-based FP-2 inhibitors have been identified.7

However, their utility as therapeutic agents is limited due to
their susceptibility to protease degradation and their poor
absorption through cell membranes. Efforts to alleviate these
problems have been undertaken8 and ranged from the simple
replacement of natural with unnatural amino acids9,10 to the
insertion of scaffold devoid of any peptide bond.11 In such a
way, it was possible to increase the lipophilicity and the activity
to the required target as well as to improve the robustness of
the drug to the enzymatic degradation. A common strategy to
achieve an improvement in selectivity is to lock a defined
conformation of the peptide pharmacophore into a rigid scaf-
fold,11 which could mimic the secondary structures of proteins
as well.

The �-turn is a structural motif that has been postulated in
most cases for the biologically active form of linear peptides,
and several scaffolds mimicking �-turns have been reported in
recent years.12 With its similar molecular dimensions, the
benzodiazepine (BZD) nucleus has been shown to be a good
mimetic of a number of �-turn types.13 Coupled with the fact
that, as a drug class, BZDs are known to have good oral
bioavailability and to be well tolerated, we recently combined
these observations to synthesize �-turn mimetics FP-2 inhibitors
with the BZD core as a template.14 This new class of
peptidomimetics is based on a benzo[1,4]diazepin-2-one scaffold
introduced internally to a peptide sequence that mimics the
fragment D-Ser-Gly and based on a C-terminal aspartyl aldehyde
building block that inhibits the enzyme by forming a reversible
covalent bond at the active site. All peptidomimetic derivatives
(e.g., 1, Chart 1) provided significant inhibition of FP-2 with
IC50 in the range 8–26 µM.

In order to further investigate the structural requirements of
this class of inhibitors, we envisaged the synthesis of novel
peptidomimetic compounds, that is derivatives 2 and 3 (Chart
2), whereby the P1-aspartyl aldehyde of derivative 1, the most
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active of the series, is replaced by a vinyl sulfone moiety that
spans P1 and P1′ sites. Vinyl sulfones are well-known covalent
inhibitors of FP-2,15 reported to inactivate the enzyme by
irreversible addition of the thiol group of active site Cys-25 to
the electrophilic vinyl sulfone moiety, which behaves as a
Michael acceptor.16 It is proposed that a hydrogen bond from
the protonated active site His-159 to one of the sulfone oxygens
might polarize the vinyl group, thus further activating the
�-carbon toward nucleophilic attack (Figure 1).17 The negative
charge emerging at the R-carbon will immediately be eliminated
via protonation by the histidinium residue.18

We focused our attention on the synthesis of two series of
peptidomimetic vinyl sulfones, the first one containing at the
P1 site the amino acid homoPhe (compounds 2a-d, Chart 2),
a residue known to boost the potency of FP-2 inhibitors.15 The
second series contains in the same position a glycine, useful to
evaluate the relevance of the amino acid side chain in the process
of recognition of the ligand by the enzyme. In both series, the
vinyl sulfone moiety at the P1′ site bears various aromatic and
aliphatic substituents chosen to evaluate the size and the
characteristics of the P1′ lipophilic pocket, which could accom-
modate such a group.

With regard to the synthetic approach, we introduced the
pharmacophore portion by olefin cross-metathesis,19 a unique
carbon skeleton redistribution in which unsaturated carbon-carbon
bonds are rearranged in the presence of metal carbene com-
plexes.20 The advantages of this approach are that (i) high yields
can be obtained under mild conditions in short reaction times,
(ii) a wide range of functional groups are tolerated, with minimal
substrate protection necessary, and (iii) the products are less
expensive to prepare than those associated with other common
catalytic C-C bond forming reactions.21

All compounds were tested on recombinant FP-222 and on
cultured Plasmodia in order to establish the structure–activity
relationship. In order to check the selectivity toward papain-
family human cysteine proteases, these compounds were tested
against cathepsins B and L.

Results and Discussion

Chemistry. To synthesize the required P1 homoPhe deriva-
tive 9a (Scheme 1), we started by protecting the R-amino group
of (S)-2-amino-4-phenylbutyric acid ethyl ester (4)23 with
triphenylmethyl chloride in the presence of Et3N. The resulting
derivative 5 was then reduced with DIBALH to give alcohol 6,
which was in turn converted by Swern oxidation to the
corresponding aldehyde 7 in high yield. Wittig reaction of the
latter aldehyde 7 with triphenylmethyl phosphonium iodide in
the presence of BuLi smoothly afforded olefin 8. Finally,
deprotection under acidic conditions gave the required (S)-1-
phenethyl-allylamine (9a).

With amine 9a in hand, we proceeded to its coupling with
acid 10 (Scheme 2), a benzodiazepine derived mimic of the
dipeptide fragment D-Ser-Gly, prepared according to a previ-
ously reported method.14

O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HATU) was employed, to assemble
intermediate 11a in high yield and on a preparative scale.
Finally, fluoride promoted desilylation of 11a, followed by
treatment with 4-chloro-2-trifluoromethylphenyl isocyanate,

Chart 1. Structure of FP-2 Reversible Inhibitor 1

Chart 2. Structure of the FP-2 Irreversible Inhibitors 2–3

Figure 1. Mechanism of inhibition of FP-2 by vinyl sulfones. For the numbering of the residues, see ref 3.

Scheme 1a

a Reagents and conditions: (a) Ph3CCl, Et3N, CH2Cl2, room temperature
(rt), 12 h; (b) DIBALH, toluene, -78 °C, 3 h; (c) DMSO/oxalyl chloride,
-78 °C, then TEA, -23 °C, 40 min; (d) Ph3PCH3

+ I-, BuLi, THF, 0 °C-rt,
5 h; (e) HCl/acetone, reflux, 3 h.
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afforded carbamate 12a, a fully functionalized scaffold spanning
the P1-P4 region and bearing the required terminal olefin
handle in readiness for further functionalization Via cross-
metathesis methodology. In an analogous manner, tripeptide
12b, containing Gly instead of homoPhe at P1, was obtained
by coupling acid 10 with the commercially available allylamine
9b (Scheme 2).

The introduction of the required vinyl sulfone warhead has
been realized by cross-metathesis reaction using Hoveyda-Grubbs
second generation catalyst,24 a phosphine-free N-heterocyclic
carbene ruthenium complex, which actually represents the
catalyst of choice for these reactions. Thus, cross-metathesis
reactions between the tripeptides 12a or 12b and vinyl sulfones
13a-13d proceeded under microwave irradiation25 in an
efficient and rapid manner to afford compounds 2a-2d and
3a-3d as E-isomers.

Biological Activity. All compounds 2a-2d and 3a-3d were
tested on recombinant FP-2 by using Cbz-Phe-Arg-AMC as
fluorogenic substrate.22 First, a preliminary screening with inhibitor
concentrations of 50 µM was performed. An equivalent volume
of DMSO was used as negative control, and the irreversible
standard inhibitor of clan CA family C1 cysteine proteases (papain-
family), namely E-64,26 was used as positive control. The screening
showed all compounds to abolish enzyme activity. Continuous
assays (progress curve method)27 (see Figures 2 and 3 for inhibition
of FP-2 by compound 3a) were then performed to determine the
first-order rate constants of inhibition kinac (min-1), the dissociation
constants Kinac (µM), and the second-order rate constants of
inhibition k2nd (M-1 min-1), as k2nd ) kinac/Kinac (Table 1). The
irreversible inhibition was confirmed by dialysis assays with
compound 2c (Figure 4).

As can be seen from the data reported in Table 1, all
compounds exhibit high second-order rate constants, in the range
of 161–634 × 103 M-1 min-1. Although the range of the k2nd

values is not so extensive, a comparison of the k2nd values of
compounds 2a-2d bearing at the P1 site the homoPhe side
chain and those having a Gly residue in the same position (i.e.,
3a-3d) puts in evidence that the P1 substituent has a relevant
impact on inhibitory kinetics. Compounds 2a-2d showed higher
second order rate constants with respect to analogues 3 (e.g.,

k2nd ) 432 × 103 M-1 min-1 for 2a vs 161 × 103 M-1 min-1

for 3a), with the exception of phenyl sulfone (2c) versus 3c.
The favorable influence of the homoPhe side chain is consistent

Scheme 2a

a Reagents and conditions: (a) HATU, CH2Cl2, rt, 12 h; (b) TBAF, THF, rt, 5 h; (c) 4-Cl, 2-CF3C6H3NCO, rt, 12 h; (d) Hoveyda catalyst, CH2Cl2, 100
°C, MW, 2 h.

Figure 2. Progress curves of substrate hydrolysis in the presence of
inhibitor 3a. F ) fluorescence units. Substrate: Cbz-Phe-Arg-AMC,
32 µM. Inhibitor concentrations (from top to bottom): 0, 0.5, 1, 2, 4,
6, 8, and 10 µM.

Figure 3. Plot of kobs vs the inhibitor concentration for the inhibition
of FP-2 by 3a. kinac ) 0.059 (( 0.006) min-1; Kinac ) Kiapp/(1 + [S]/Km)
) 0.37 (( 0.15) µM; k2nd ) kinac/Kinac ) 161 ( 28 × 103 M-1 min-1.
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with previously reported studies on peptidyl vinyl sulfones.15

Furthermore, although there is not a clear correlation between
the nature of the substituent on the sulfone portion and inhibitory
properties, an inhibition improvement is reached with the
introduction of a methoxy substituent at the 4′ position of the
P1′ phenyl moiety that as a hydrogen bond acceptor could steady
the enzyme–inhibitor interaction.

In terms of inhibition rate, the introduction of the homoPhe
at the P1 site led to compounds (2a-2c) that showed values of
first-order rate constant of inactivation higher than those of Gly
derivatives (3a-3c), whereas the low kinac value for derivative
2d should be due to the presence of the electron donating
methoxy group. It is noteworthy that the presence of this group
in compound 2d has a favorable effect on the affinity for the
enzyme, leading to a 10-fold improvement of Kinac (Kinac ) 53
nM for 2d vs Kinac ) 0.6 µM for 2c).

Selectivity assays were also performed, testing inhibitors
against papain-family human cysteine proteases such as cathe-
psins B and L. The results of the evaluation indicate that all
compounds 2 and 3 are weak inhibitors of cathepsin B and

particularly of cathepsin L (Table 2). The second-order rate
constants for cathepsins B and L inhibition are 1–2 orders of
magnitude lower than those for FP-2 inhibition, so demonstrat-
ing that all new vinyl sulfones are quite selective toward FP-2.

For all compounds an additional assay with the P. falciparum
strain 3D7 was performed. Dose-dependent effects of com-
pounds on parasite development (P. falciparum strain 3D7) were
quantified using the Malstat assay, which measures the activity
of the Plasmodium-specific enzyme lactate dehydrogenase as
described previously29 (Table 1). Although the antiplasmodial
activity is not directly related with the inhibitory potency, a
comparison of the results of derivatives 2 and 3 confirmed that
the presence of the homoPhe residue at the P1 site is preferable
to the Gly one (e.g., IC50 ) 9.1 µM for 2b vs IC50 ) 56.6 µM
for 3b), with the only exception of 3a versus 2a. It is noteworthy
that compound 2c, one of the less potent inhibitors, displayed
a high antiplasmodial activity (i.e., IC50 9.2 µM). However, the
presence of the methoxy group at the 4′ position of the P1′
phenyl ring, which strongly steadies the in vitro enzyme–in-
hibitor interaction (i.e., 2c versus 2d), did not induce a parallel
increase of the antiparasitic activity. A possible explanation of
the poor activity of the most potent inhibitor 2d against cultured
parasites could be a limited access to the intracellular protease
target.

In conclusion, we designed and synthesized new peptidomi-
metics 2–3, which proved to be potent and selective, irreversible
inhibitors of FP-2 with a significant antiplasmodial activity.
Compounds 2b and 2c, which possess a good inhibitory potency
coupled with the highest activity against cultured Plasmodium,
represent lead compounds for further development in the design
of new inhibitors which can be used as antimalarial agents.

Experimental Section

All reagents and solvents were obtained from commercial
suppliers and were used without further purification. With the
exception of routine deprotection steps, reactions were performed
in oven-dried glassware under an atmosphere of nitrogen. Reactions
under microwave irradiation were performed on a Biotage Emrys
Optimizer apparatus, with the same software protocol reported in

Table 1. Inhibition of FP-2 and Antiplasmodial Activity of Compounds 2-3

compound k2nd (×103 M-1 min-1) kinac (min-1)/Kinac (µM) P. falciparum IC50 (µM)

2a 432 ( 63 0.16 ((0.03)/0.39 ((0.08) 55.4
2b 307 ( 12 0.10 ((0.05)/0.32 ((0.08) 9.1
2c 175 ( 15 0.11 ((0.01)/0.60 ((0.4) 9.2
2d 634 ( 60 0.034 ((0.008)/0.053 ((0.012) 59.6
3a 161 ( 28 0.059 ((0.006)/0.37 ((0.15) 18.1
3b 248 ( 22 0.027 ((0.002)/0.11 ((0.04) 56.6
3c 243 ( 7 0.033 ((0.004)/0.14 ((0.01) 23.1
3d 291 ( 33 0.031 ((0.01)/0.12 ((0.04) >100
E-64 1700 ( 400a 0.46 ((0.07)/0.29 ((0.09) 5.3b

a kass ) kinac/Kiapp ) 11.31 ((2.70) × 103 M-1 s-1; literature value26 with 25 µM Cbz-Leu-Arg-AMC as substrate: kass ) 12.28 ((1.40) × 103 M-1 s-1.
All results include standard deviations from two independent measurements, each performed in duplicate. b Literature value.28

Table 2. Inhibition of Cathepsins B and L of Compounds 2-3

cathepsin B cathepsin L

compound k2nd (×103 M-1 min-1) kinac (min-1)/Ki (µM) k2nd (×103 M-1 min-1) kinac (min-1)/Ki (µM)

2a 4.4 ( 1.2 0.064 ((0.003)/14.5 ((2.7) 3.5 ( 2.0 a

2b 10.3 ( 1.4 0.045 ((0.003)/4.4 ((2.1) 7.3 ( 1.0 0.10 ((0.02)/13.5((1.3)
2c 11.5 ( 1.3 0.039 ((0.003)/3.1 ((2.5) 16.5 ( 3.9 0.12 ((0.01)/7.0((2.9)
2d 13.7 ( 2.1 0.045 ((0.003)/3.3 ((1.5) 1.0 ( 0.05 a

3a 6.6 ( 1.1 0.048 ((0.004)/11.0 ((3.4) 0.88 ( 0.04 a

3b 11.7 ( 5.4 0.039 ((0.002)/4.3 ((2.1) 1.0 ( 0.09 a

3c 12.6 ( 5.3 0.047 ((0.001)/4.6 ((2.0) 7.5 ( 0.8 0.16 ((0.03)/21.9((6.0)
3d 10.0 ( 1.0 0.059 ((0.009)/5.9 ((0.4) 7.6 ( 1.3 0.10 ((0.03/14.0((6.8)

a Since the kobs vs [I] diagrams were restricted to the linear range, only the second-order rate constant could be determined as kobs/[I]. All of the results
include standard deviations from two independent measurements, each performed in duplicate.

Figure 4. Progress curves for the inhibition of FP-2 by 2c. The dialysis
of the incubation mixture of enzyme E (13 µg mL-1) and inhibitor I
(100 µM) with a 5000-fold excess of buffer prior to addition of substrate
S (32 µM) did not lead to the regeneration of enzyme activity, proving
the irreversible inhibition. F ) fluorescence units.
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ref 25. Elemental analyses were carried out on a C. Erba Model
1106 elemental analyzer for C, H, and N, and the results are within
(0.4% of the theoretical values. Merck silica gel 60 F254 plates
were used for analytical TLC. Flash chromatography purifications
were performed on Merck silica gel (200–400 mesh) as stationary
phase or were conducted using prepacked cartridges on a Biotage
system. Preparative HPLC was performed on the following: (1)
An automated (mass-triggered) RP-HPLC Waters Micromass
system, incorporating a 2525 pump module, a Micromass ZMD
detector, and a 2767 collection module and operating under Fraction
Lynx software. The mobile phase comprised a linear gradient of a
binary mixture of MeCN (containing 0.1% TFA) and water
(containing 0.1% TFA). The flow rate was 20 mL/min, and the
stationary phase was a Simmetry C18 column (7 µm, 19 mm ×
300 mm). Gradient A: 50% MeCN for 2 min; from 50% MeCN to
90% MeCN in 14 min. Gradient B: 40% MeCN for 2 min; from
40% MeCN to 90% MeCN in 14 min. (2) A Waters 996 system
equipped with a photodiode array detector. The solvent system was
MeCN-0.1% TFA/water-0.1% TFA with a flow rate of 15 mL/
min using an XTerra C18 column (5 µm, 19 mm × 100 mm).
Gradient C: 15% MeCN for 3 min; from 15% MeCN to 90% MeCN
in 15 min. RP-HPLC-MS analyses were performed on a Water
Alliance 2795 apparatus, equipped with a diode array detector and
a ZQ mass spectrometer, using an XTerra C18 column (5 µm, 4.6
mm × 50 mm). Flow rate: 1 mL/min. The solvent system was
MeCN-0.1% HCOOH/water-0.1% HCOOH. Gradient D: from
10% MeCN to 50% MeCN in 0.5 min; from 50% MeCN to 100%
MeCN in 6 min. Gradient E: from 10% MeCN to 100% MeCN in
7.5 min. RP-UPLC-MS analyses were performed on a Waters
Acquity apparatus, equipped with a PDA and a Micromass ZQ mass
spectrometer, using an Acquity C18 column (1.7 µm, 2.1 mm × 50
mm). Flow rate: 0.5 mL/min. The solvent system was MeCN-0.1%
HCOOH/water-0.1% HCOOH. Gradient F: From 10% MeCN to
100% MeCN in 0.50 min, then 3 min at 100% MeCN. 1H and 13C
NMR spectra were recorded in CDCl3 on a Bruker AM series
spectrometer and unless otherwise stated were recorded at 300 K
and 300 and 75 MHz, respectively. 1H chemical shifts are reported
in ppm downfield from internal TMS. 13C chemical shifts are
referenced to CDCl3 (central peak, δ ) 77.0 ppm). Compound 10
was synthesized in a 72% overall yield optimizing an already
reported procedure.14 Details of the procedures are reported in the
Supporting Information.

(S)-4-Phenyl-2-(tritylamino)-butyric Acid Ethyl Ester (5). A
mixture of (S)-2-amino-4-phenylbutyric acid ethyl ester hydrochlo-
ride (4) (5 g, 20 mmol), triphenylmethyl chloride (6.1 g, 22 mmol),
and Et3N (6.13 mL, 44 mmol) in dry CH2Cl2 (200 mL) was stirred
at room temperature for 12 h. After this time, the mixture was
washed with citric acid and water. The organic phase was dried
over Na2SO4, and the solvent was removed under reduced pressure.
The residue was purified by flash chromatography using as eluent
petroleum ether/EtOAc (95/5) to afford title compound 5 (7.9 g,
89%). RP-HPLC-MS: gradient D, retention time 5.95 min. MS
(ESI+) m/z 450.0 [M + H]+ (100%). 1H NMR: 1.04 (t, J ) 7.1
Hz, 3H), 2.01–2.17 (m, 2H), 2.55–2.79 (m, 2H), 3.35–3.55 (m, 2H),
3.63 (m, 1H), 7.14–7.29 (m, 15H), 7.49 (d, J ) 8.0 Hz, 5H). 13C
NMR: 14.15, 30.64, 33.58, 55.79, 61.33, 67.56, 126.18, 126.34,
128.34, 128.93, 129.38, 138.13, 145.01, 171.66.

(S)-4-Phenyl-2-(tritylamino)-butan-1-ol (6). To a solution of
(S)-4-phenyl-2-(tritylamino)-butyric acid ethyl ester (5) (7.9 g, 17.8
mmol) in dry toluene (90 mL) at -78 °C was added DIBALH (25.6
g, 178 mmol). After 2 h at -78 °C, the mixture was quenched
with MeOH (20 mL) followed by addition of a saturated solution
of Rochelle salt (200 mL). The mixture was allowed to warm to
25 °C, and diethyl ether (100 mL) was added. The organic layer
was dried (Na2SO4), and the solvent was removed under reduced
pressure. The title compound 6 (7.2 g, 99%) was used directly in
the following step. RP-HPLC-MS: gradient D, retention time 3.14
min. MS (ESI+) m/z 408.0 [M + H]+ (100%). 1H NMR: 1.43–1.63
(m, 2H), 1.85 (br s, 1H), 2.21–2.49 (m, 2H), 2.67 (m, 1H), 3.15
(dd, J ) 10.8, 4.2 Hz, 1H), 3.32 (dd, J ) 10.8, 2.9 Hz, 1H), 7.12
(d, J ) 6.9 Hz, 2H), 7.36–7.53 (m, 13H), 7.52 (d, J ) 7.5 Hz,

5H).13C NMR: 31.25, 33.19, 51.92, 67.30, 68.23, 126.09, 126.35,
128.25, 128.36, 128.62, 129.36, 138.73, 145.01.

(S)-4-Phenyl-2-(tritylamino)-butyraldehyde (7). To a 2 M
solution of oxalyl chloride in CH2Cl2 (15 mL, 30 mmol) at -65
°C was added a solution of DMSO (5 mL, 71.2 mmol) in CH2Cl2

(6 mL) dropwise over a period of 10 min. A solution of alcohol 6
(7.2 g, 17.8 mmol) in CH2Cl2 (10 mL) was added dropwise over
20 min. The reaction mixture was stirred at -65 °C for 45 min,
then Et3N (16 mL, 115.7 mmol) was added dropwise over a period
of 10 min, and the mixture was stirred at -23 °C for a further 40
min. The solvent was then evaporated under reduced pressure, and
the residue was taken up into diethyl ether (200 mL) and 0.5 N
KHSO4 solution (200 mL). The organic layer was separated, washed
with water (200 mL) and brine (200 mL), dried (Na2SO4), filtered,
and concentrated under reduced pressure. The crude aldehyde 7
(7.2 g, 99%) was used for the next step without any further
purification. RP-HPLC-MS: gradient D, retention time 5.20 min.
MS (ESI+) m/z 406.0 [M + H]+ (100%). 1H NMR: 1.73–1.82 (m,
2H), 2.50 (m, 1H), 2.71 (m, 1H), 3.43 (m, 1H), 7.09–7.31 (m, 15H),
7.45–7.58 (m, 5H), 9.01 (s, 1H). 13C NMR: 30.62, 30.73, 66.06,
67.63, 126.18, 126.34, 128.25, 128.32, 128.99, 129.32, 138.15,
145.02, 200.20.

(S)-(1-Phenethylallyl)-tritylamine (8). To a suspension of
triphenylphosphonium iodide (14.39 g, 35.6 mmol) in dry THF (360
mL) at 0 °C was added BuLi (1.6 M solution in THF, 22.2 mL, 35
mmol) dropwise over 10 min. The resulting clear orange solution
was stirred at 0 °C for 10 min before adding aldehyde 7 (7.20 g,
17.8 mmol) as a solution in dry THF (20 mL). The resulting mixture
was allowed to warm to room temperature over a period of 3 h,
and then hexane (200 mL) was added. The resulting precipitate
was filtered off, and the filtrate was washed with water (2 × 200
mL). The organic phase was separated, dried (Na2SO4), and
concentrated under reduced pressure. The residue was purified by
flash chromatography eluting with petroleum ether/EtOAc (1/1) to
give compound 8 (6.45 g, 90%) as a yellow oil. RP-HPLC-MS:
gradient D, retention time 5.75 min. MS (ESI+) m/z 404.0 [M +
H]+ (100%). 1H NMR: 0.83–0.90 (m, 2H), 2.23 (m, 1H), 2.41 (m,
1H), 3.04 (q, J ) 6.6 Hz, 1H), 4.88–4.94 (m, 2H), 5.61 (m, 1H),
6.91 (d, J ) 7.1 Hz, 2H), 7.09–7.32 (m, 12H), 7.52 (d, J ) 7.1 Hz,
6H). 13C NMR: 31.32, 38.13, 51.96, 68.24, 115.87, 126.18, 126.34,
128.22, 128.38, 128.94, 129.35, 135.21, 138.11, 145.06.

(S)-1-Phenethylallylamine (9a). To a solution (S)-(1-phenethyl-
allyl)-tritylamine 8 (6.45 g, 16 mmol) in acetone (80 mL) was added
6 N HCl (4 mL, 24 mmol) dropwise over 5 min, and the resulting
mixture was refluxed for 5 h. The solvent was then evaporated under
reduced pressure, the residue was taken up in CH2Cl2 (200 mL),
and the solution was extracted with 1 N HCl (2 × 200 mL). The
aqueous phase was brought to pH ) 10 by addition of solid Na2CO3

and extracted with CH2Cl2 (2 × 200 mL). The organic phase was
dried (Na2SO4), filtered, and concentrated under reduced pressure
to give amine 9a (2.26 g, 88%). RP-HPLC-MS: gradient D,
retention time 1.53 min. MS (ESI+) m/z 162.0 [M + H]+ (100%).
1H NMR: 1.92–1.99 (m, 2H), 2.57–2.70 (m, 2H), 3.94 (q, J ) 6.5
Hz, 1H), 5.01–5.07 (m, 2H), 5.79 (m, 1H), 7.15–7.21 (m, 3H),
7.25–7.29 (m, 2H). 13C NMR: 31.01, 39.75, 54.04, 115.87, 126.15,
128.27, 128.93, 135.27, 138.15.

2-[(3R)-3-({[tert-Butyl(dimethyl)silyl]oxy}methyl)-2-oxo-5-
phenyl-2,3-dihydro-1H-1,4-benzodiazepin-1-yl]-N-[(1S)-1-(2-
phenylethyl)prop-2-en-1-yl]acetamide (11a). To a solution of
[(3R)-3-({[tert-butyl(dimethyl)silyl]oxy}methyl)-2-oxo-5-phenyl-
2,3-dihydro-1H-1,4-benzodiazepin-1-yl]acetic acid (10) (2.2 g, 5
mmol) in CH2Cl2 (50 mL) at 0 °C was added HATU (2.85 g, 7.5
mmol). After 5 min, the ice bath was removed, and a solution of
amine 9a (1.62 g, 10 mmol) in CH2Cl2 (5 mL) was added. The
resulting mixture was stirred at room temperature for 12 h and
washed with water (2 × 50 mL). The organic layer was separated,
dried (Na2SO4), filtered, and concentrated under reduced pressure.
The residue was purified by flash chromatography, eluting with
petroleum ether/EtOAc (8/2) to give title compound 11a (2.6 g,
90%) as a yellow oil. RP-HPLC-MS: gradient D, retention time
5.72 min. MS (ESI+) m/z 582.1 [M + H]+ (100%). 1H NMR: 0.17

992 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 4 Ettari et al.



(s, 3H), 0.19 (s, 3H), 0.99 (s, 9H), 1.62–1.75 (m, 2H), 2.58 (t, J )
8.0 Hz, 2H), 3.73 (t, J ) 6.4 Hz, 1H), 4.21 (d, J ) 15.2 Hz, 1H),
4.25 (m, 1H), 4.38–4.50 (m, 2H), 4.55 (d, J ) 15.2 Hz, 1H),
4.49–5.19 (m, 2H), 5.68 (m, 1H), 7.10–7.70 (m, 14H). 13C NMR:
-5.69, 18.07, 26.02, 31.06, 37.06, 50.87, 54.37, 63.01, 68.43,
115.80, 121.47, 125.01, 126.15, 127.63, 128.72, 128.89, 129.52,
129.54, 131.21, 131.53, 135.28, 138.18, 139.10, 140.87, 170.89,
171.12.

N-Allyl-2-[(3R)-3-({[tert-butyl(dimethyl)silyl]oxy}methyl)-
2-oxo-5-phenyl-2,3-dihydro-1H-1,4-benzodiazepin-1-yl]acetamide
(11b). Compound 11b was obtained from 10 (2.2 g, 5 mmol) and
amine 9b (571 mg, 0.75 mL, 10 mmol) employing the procedure
described for compound 11a. Compound 11b (2.36 g, 99%) was
used without further purification in the following step. RP-HPLC-
MS: gradient D, retention time 4.67 min. MS (ESI+) m/z 478.1
[M + H]+ (100%). 1H NMR: 0.17 (s, 3H), 0.19 (s, 3H), 0.99 (s,
9H), 3.74 (t, J ) 6.6 Hz, 1H), 3.80 (d, J ) 6.4 Hz, 2H), 4.14–4.32
(m, 2H), 4.20 (d, J ) 15.3 Hz, 1H), 4.50 (d, J ) 15.3 Hz, 1H),
4.93–5.02 (m, 2H), 5.67 (m, 1H), 6.30 (bt, 1H), 7.14–7.60 (m, 9H).
13C NMR: -5.75, 18.16, 25.84, 41.76, 54.06, 62.97, 68.19, 116.24,
121.77, 124.59, 127.32, 128.93, 129.25, 129.46, 131.17, 131.34,
134.38, 139.09, 140.74, 171.17, 171.21.

[(3R)-2-Oxo-1-(2-oxo-2-{[(1S)-1-(2-phenylethyl)prop-2-en-1-
yl]amino}ethyl)-5-phenyl-2,3-dihydro-1H-1,4-benzodiazepin-3-
yl]methyl[4-chloro-2-(trifluoromethyl)phenyl]carbamate (12a).
Step 1. To a solution of 11a (2.61 g, 4.5 mmol) in dry THF (45
mL) was added tetrabutylammonium fluoride (TBAF) (1 M
solution in THF, 6.75 mL, 6.75 mmol) dropwise. The mixture
was stirred at room temperature until disappearance of the
starting material (TLC monitoring), and then it was diluted with
EtOAc (100 mL) and washed with water (2 × 100 mL). The
organic layer was separated, dried (Na2SO4), filtered, and
concentrated under reduced pressure to give the deprotected
compound (2.05 g, 99%) as a yellow oil, which was used in the
next step without further purification. RP-HPLC-MS: gradient
D, retention time 2.66 min. MS (ESI+) m/z 468.0 [M + H]+

(100%). 1H NMR: 1.71–1.76 (m, 2H), 2.55 (t, J ) 7.9 Hz, 2H),
3.87 (t, J ) 6.3 Hz, 1H), 4.21 (m, 1H), 4.27 (d, J ) 15.3 Hz,
1H), 4.36–4.48 (m, 2H), 4.57 (d, J ) 15.3 Hz, 1H), 5.07–5.15
(m, 2H), 5.71 (m, 1H), 6.20 (d, J ) 8.2 Hz, 1H), 7.07–7.72 (m,
14H). Step 2. To a solution of 2-[(3R)-3-(hydroxymethyl)-2-
oxo-5-phenyl-2,3-dihydro-1H-1,4-benzodiazepin-1-yl]-N-[(1S)-
1-(2-phenylethyl)prop-2-en-1-yl]acetamide (2.05 g, 4.4 mmol)
in dry CH2Cl2 (45 mL) was added 4-Cl,2-CF3C6H3NCO (1.94
g, 1.32 mL, 8.8 mmol), and the resulting mixture was stirred
for 12 h at room temperature. After this time, PS-Trisamine (5
equiv) was added and the mixture was stirred for a further 1 h,
then filtered, and washed with water (2 × 50 mL). The residue
was purified by flash chromatography, eluting with petroleum
ether/EtOAc (7/3), to afford compound 12a (2.27 g, 75%). RP-
HPLC-MS: gradient D, retention time 4.70 min. MS (ESI+) m/z
689.1 [M + H]+ (100%). 1H NMR: 1.63–1.75 (m, 2H), 2.49 (t,
J ) 8.0 Hz, 2H), 3.79 (t, J ) 6.4 Hz, 1H), 4.11 (m, 1H), 4.15
(d, J ) 15.2 Hz, 1H), 4.29–4.44 (m, 2H), 4.48 (d, J ) 15.2 Hz,
1H), 4.49–5.12 (m, 2H), 5.66 (m, 1H), 6.10 (d, J ) 8.2 Hz,
1H), 7.01–7.69 (m, 17H). 13C NMR: 31.05, 37.03, 50.86, 54.38,
60.35, 65.88, 114.65, 115.83, 121.71, 121.94, 123.35, 124.56,
125.28, 126.19, 127.32, 128.21, 128.94, 129.06, 129.27, 129.45,
130.27, 131.18, 131.35, 132.48, 135.29, 138.14, 139.07, 140.73,
153.92, 168.67, 170.88, 171.29.

{(3R)-1-[2-(Allylamino)-2-oxoethyl]-2-oxo-5-phenyl-2,3-dihy-
dro-1H-1,4-benzodiazepin-3-yl}methyl [4-Chloro-2-(trifluoro-
methyl)phenyl]carbamate (12b). Compound 12b was obtained
from 11b (2.36 g, 4.9 mmol) by employing the same procedure
described for compound 12a. Intermediate N-allyl-2-[(3R)-3-
(hydroxymethyl)-2-oxo-5-phenyl-2,3-dihydro-1H-1,4-benzodiazepin-
1-yl]acetamide was obtained in 99% yield (1.74 g). RP-HPLC-
MS: gradient D, retention time 1.76 min. MS (ESI+) m/z 364.1
[M + H]+ (100%). 1H NMR: 3.75 (t, J ) 6.6 Hz, 1H), 3.81 (d, J
) 6.4 Hz, 2H), 4.16–4.34 (m, 2H), 4.25 (d, J ) 15.3 Hz, 1H),
4.54 (d, J ) 15.3 Hz, 1H), 4.94–5.03 (m, 2H), 5.69 (m, 1H), 6.32

(bt, 1H), 7.16–7.61 (m, 9H). Title compound 12b was purified by
flash chromatography, eluting with petroleum ether/EtOAc (5/5)
(2.33 g, 80%). RP-HPLC-MS: gradient D, retention time 3.60 min.
MS (ESI+) m/z 585.0 [M + H]+ (100%). 1H NMR: 3.76 (t, J )
6.4 Hz, 2H), 3.98 (t, J ) 6.6 Hz, 1H), 4.28 (d, J ) 15.3 Hz, 1 H),
4.58 (d, J ) 15.3 Hz, 1 H), 4.95 (dd, J ) 11.2, 6.3 Hz, 1H),
5.03–5.12 (m, 3H), 5.72 (m, 1H), 6.22 (bt, 1H), 6.91 (s, 1H),
7.23–7.36 (m, 4H), 7.39–7.44 (m, 2H), 4.47 (d, J ) 2.2 Hz, 1H),
7.56 (m, 3H), 7.97 (d, J ) 8.6 Hz, 1H), 8.04 (d, J ) 8.6 Hz, 1H).
13C NMR: 41.75, 54.03, 60.38, 65.86, 114.62, 116.25, 121.75,
121.98, 123.35, 124.58, 125.25, 127.34, 128.97, 129.08, 129.24,
129.46, 130.27, 131.17, 131.32, 132.45, 134.38, 139.04, 140.75,
153.97, 168.67, 171.12, 171.24.

(4-Chloro-2-trifluoromethyl-phenyl)-carbamic Acid 1-[(3-
Methanesulfonyl-(1S)-1-phenethyl-allylcarbamoyl)-methyl]-
(3R)-2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-yl-
methyl Ester (2a). To a solution of 12a (50 mg, 0.072 mmol)
in dry CH2Cl2 (5 mL) was added methyl vinyl sulfone (13a) (77
mg, 0.72 mmol) followed by Hoveyda-Grubbs second generation
catalyst [(1,3-bis-(2,4,6-trimethylphenyl)-2-imidazolidinylidene)-
dichloro-(O-isopropoxyphenylmethylene)ruthenium] (4.5 mg, 0.0072
mmol). The resulting mixture was heated under microwave irradia-
tion at 100 °C for 2 h. The solvent was then removed under reduced
pressure, and the residue was purified by preparative RP-HPLC
(Waters 996 system, gradient C) to give the title compound as a
solid (28.9 mg, 47.2%). RP-UPLC-MS: gradient F, retention time
2.29 min. MS (ESI+) m/z 767.0 [M + H]+ (100%). 1H NMR:
1.21–1.39 (m, 2H), 2.56–2.63 (m, 2H), 2.92 (s, 3H), 4.03 (t, J )
6.0 Hz, 1H), 4.30 (d, J ) 15.3 Hz, 1H), 4.48 (d, J ) 15.3 Hz, 1H),
4.66 (m, 1H), 4.90–5.06 (m, 2H), 6.30 (d, J ) 8.6 Hz, 1H), 6.59
(d, J ) 15.2 Hz, 1H), 6.81 (dd, J ) 15.2, 4.2 Hz, 1H), 7.08–7.66
(m, 15H), 7.75 (d, J ) 9.3 Hz, 1H), 8.2 (d, J ) 9.1 Hz, 1H). 13C
NMR: 30.98, 36.89, 43.25, 48.98, 54.23, 60.45, 65.78, 114.86,
121.67, 121.79, 123.83, 124.85, 125.32, 126.21, 127.43, 128.52,
128.69, 129.70, 129.72, 129.84, 129.95, 130.12, 131.21, 131.33,
132.44, 138.21, 138.30, 139.10, 140.67, 154.19, 168.36, 170.68,
171.02. Anal. (C38H34ClF3N4O6S) C, H, N.

(4-Chloro-2-trifluoromethyl-phenyl)-carbamic Acid 1-[(3-
Ethanesulfonyl-(1S)-1-phenethyl-allylcarbamoyl)-methyl]-(3R)-
2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-ylmethyl
Ester (2b). Compound 12a(50 mg, 0.072 mmol) was reacted
with ethyl vinyl sulfone (13b) (88 mg, 0.72 mmol) according to
the same procedure described for 2a. The title compound was
obtained after purification by preparative RP-HPLC (Waters
Micromass system, gradient A) as a solid (30.9 mg, 49.5%).
RP-UPLC-MS: gradient F, retention time 2.33 min. MS (ESI+)
m/z 781.0 [M + H]+ (100%). 1H NMR: 1.30 (t, J ) 7.5 Hz,
3H), 1.85–2.04 (m, 2H), 2.58–2.63 (m, 2H), 2.97 (q, J ) 7.5
Hz, 2H), 4.03 (t, J ) 6.7 Hz, 1H), 4.27 (d, J ) 15.0 Hz, 1H),
4.49 (d, J ) 15.0 Hz, 1H), 4.66 (m, 1H), 4.91–5.05 (m, 2H),
6.32 (d, J ) 8.4 Hz, 1H), 6.49 (d, J ) 15.9 Hz, 1H), 6.79 (dd,
J ) 15.9, 4.3 Hz, 1H), 7.08–7.62 (m, 15H), 7.74 (d, J ) 8.0
Hz, 1H), 7.9 (d, J ) 9.1 Hz, 1H). 13C NMR: 5.15, 31.04, 37.01,
45.48, 49.25, 54.26, 60.36, 65.88, 114.67, 121.79, 121.98,
123.35, 124.52, 125.27, 126.18, 127.39, 128.21, 128.92, 129.07,
129.29, 129.46, 129.53, 130.29, 131.14, 131.78, 132.46, 138.08,
138.15, 139.08, 140.73, 153.99, 168.63, 170.89, 171.24. Anal.
(C39H36ClF3N4O6S) C, H, N.

(4-Chloro-2-trifluoromethyl-phenyl)-carbamic Acid 1-{[3-
Benzenesulfonyl-(1S)-1-phenethyl-allylcarbamoyl]-methyl}-(3R)-
2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-yl-
methyl Ester (2c). Compound 12a (50 mg, 0.072 mmol) was
reacted with vinyl phenyl sulfone (13c) (121 mg, 0.72 mmol)
according to the same procedure described for 2a. The title
compound was obtained after purification by preparative RP-HPLC
(Waters Micromass system, gradient A) as a solid (32 mg, 48.2%).
RP-UPLC-MS: gradient F, retention time 2.10 min. MS (ESI+)
m/z 829.0 [M + H]+ (100%). 1H NMR: 1.68–1.80 (m, 2H), 2.54
(t, J ) 8.0 Hz, 2H), 4.06 (t, J ) 6.4 Hz, 1H), 4.30 (d, J ) 15.2 Hz,
1H), 4.46 (m, 1H), 4.60 (d, J ) 15.2 Hz, 1H), 4.89–5.01 (m, 2H),
6.52 (d, J ) 15.3 Hz, 1H), 6.82 (dd, J ) 15.3, 4.4 Hz, 1H),
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7.03–7.96 (m, 21H), 8.06 (d, J ) 9.1 Hz, 1H). 13C NMR: 31.10,
37.23, 49.32, 54.23, 60.67, 65.78, 114.53, 121.45, 121.63, 123.23,
124.85, 125.32, 126.61, 127.23, 128.62, 128.83, 128.89, 129.30,
129.42, 129.64, 129.78, 129.98, 130.12, 131.41, 131.83, 132.34,
133.88, 138.11, 138.90, 139.34, 139.60, 139.86, 140.67, 154.12,
168.43, 170.18, 171.12. Anal. (C43H36ClF3N4O6S) C, H, N.

(4-Chloro-2-trifluoromethyl-phenyl)-carbamic Acid 1-{[3-(4-
Methoxy-benzenesulfonyl)-(1S)-1-phenethyl-allylcarbamoyl]-
methyl}-(3R)-2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]-
diazepin-3-ylmethyl Ester (2d). Compound 12a (50 mg, 0.072
mmol) was reacted with 4-methoxyphenyl vinyl sulfone (13d) (144
mg, 0.72 mmol) according to the same procedure described for
2a. The title compound was obtained after purification by prepara-
tive RP-HPLC (Waters Micromass system, gradient B) as a solid
(31.8 mg, 46.4%). RP-UPLC-MS: gradient F, retention time 2.10
min. MS (ESI+) m/z 858.9 [M + H]+ (100%). 1H NMR: 1.68–1.81
(m, 2H), 2.54 (t, J ) 8.1, 2H), 3.81 (s, 3H), 4.06 (t, J ) 6.4 Hz,
1H), 4.28 (d, J ) 15.1 Hz, 1H), 4.46 (m, 1H), 4.59 (d, J ) 15.1
Hz, 1H), 4.88–5.02 (m, 2H), 6.50 (d, J ) 15.1 Hz, 1H), 6.78 (dd,
J ) 15.1, 4.2 Hz, 1H), 6.92 (d, J ) 8.8 Hz, 2H), 7.06 (d, J ) 9.7
Hz, 2H), 7.17–7.75 (m, 14H), 7.76 (d, J ) 8.8, 2H), 8.09 (d, J )
9.1 Hz, 1H). 13C NMR: 32.01, 37.10, 49.13, 53.93, 55.89, 60.39,
65.67, 113.96, 115.23, 121.57, 121.89, 123.35, 124.78, 125.45,
126.34, 127.46, 128.34, 128.89, 129.12, 129.44, 129.34, 129.56,
130.34, 131.31, 131.43, 131.70, 132.46, 138.10, 138.23, 139.23,
139.78, 140.67, 153.79, 165.75, 168.23, 170.48, 171.02. Anal.
(C44H38ClF3N4O7S) C, H, N.

(4-Chloro-2-trifluoromethyl-phenyl)-carbamic Acid 1-[(3-
Methanesulfonyl-allylcarbamoyl)-methyl]-(3R)-2-oxo-5-phenyl-
2,3-dihydro-1H-benzo[e][1,4]diazepin-3-ylmethyl Ester (3a). Com-
pound 12b (50 mg, 0.085 mmol) was reacted with methyl vinyl
sulfone (13a) (90 mg, 0.85 mmol) according to the same procedure
described for 2a. The title compound was obtained after purification
by preparative RP-HPLC (Waters 996 system, gradient C) as a solid
(25 mg, 47.5%). RP-UPLC-MS: gradient F, retention time 1.98
min. MS (ESI+) m/z 663.0 [M + H]+ (100%). 1H NMR: 2.89 (s,
3H), 4.05–4.08 (m, 3H), 4.43 (d, J ) 15.3 Hz, 1H), 4.61 (d, J )
15.3 Hz, 1H), 4.94 (m, 1H), 5.05 (m, 1H), 6.48 (d, J ) 15.5 Hz,
1H), 6.65 (bt, 1H), 6.83 (m, 1H), 7.12 (bs, 1H), 7.33–7.69 (m, 11H),
7.99 (d, J ) 9.3 Hz, 1H). 13C NMR: 40.11, 43.25, 54.05, 60.30,
65.85, 114.63, 121.70, 121.94, 123.33, 124.52, 125.24, 127.32,
128.97, 129.05, 129.23, 129.44, 129.92, 130.21, 131.18, 131.35,
132.41, 134.34, 139.05, 140.74, 153.96, 168.63, 171.18, 171.26.
Anal. (C30H26ClF3N4O6S) C, H, N.

(4-Chloro-2-trifluoromethyl-phenyl)-carbamic Acid 1-[(3-
Ethanesulfonyl-allylcarbamoyl)-methyl]-(3R)-2-oxo-5-phenyl-
2,3-dihydro-1H-benzo[e][1,4]diazepin-3-ylmethyl Ester (3b). Com-
pound 12b (50 mg, 0.085 mmol) was reacted with ethyl vinyl
sulfone (13b) (102 mg, 0.85 mmol) according to the same procedure
described for 2a. The title compound was obtained after purification
by preparative RP-HPLC (Waters Micromass system, gradient B)
as a solid (28 mg, 53%). RP-UPLC-MS: gradient F, retention time
2.04 min. MS (ESI+) m/z 677.0 [M + H]+ (100%). 1H NMR: 1.28
(t, J ) 7.5 Hz, 3H), 2.93 (q, J ) 7.5 Hz, 2H), 4.02–4.10 (m, 2H),
4.16 (t, J ) 6.6 Hz, 1H), 4.45 (d, J ) 15.5 Hz, 1H), 4.55 (d, J )
15.5 Hz, 1H), 4.92–5.04 (m, 2H), 6.39 (d, J ) 15.1 Hz, 1H), 6.80
(m, 1H), 6.94 (bt, 1H), 7.18 (bs, 1H), 7.33–7.73 (m, 11H), 7.97 (d,
J ) 9.1 Hz, 1H). 13C NMR: 5.11, 40.18, 45.48, 54.35, 60.28, 66.85,
115.63, 121.60, 122.94, 123.45, 124.82, 125.14, 128.32, 128.97,
129.44, 129.75, 129.87, 129.96, 130.81, 131.18, 131.35, 133.41,
135.34, 140.05, 140.43, 154.94, 169.33, 169.18, 171.23. Anal.
(C31H28ClF3N4O6S) C, H, N.

(4-Chloro-2-trifluoromethyl-phenyl)-carbamic Acid 1-[(3-
Benzenesulfonyl-allylcarbamoyl)-methyl]-(3R)-2-oxo-5-phenyl-
2,3-dihydro-1H-benzo[e][1,4]diazepin-3-ylmethyl Ester (3c). Com-
pound 12b (50 mg, 0.085 mmol) was reacted with vinyl phenyl
sulfone (13c) (143 mg, 0.85 mmol) according to the same procedure
described for 2a. The title compound was obtained after purification
by preparative RP-HPLC (Waters Micromass system, gradient A)
as a solid (28.4 mg, 49.2%). RP-UPLC-MS: gradient F, retention
time 2.19 min. MS (ESI+) m/z 746.9 [M + H]+ (100%). 1H NMR:

3.96–4.06 (m, 3H), 4.33 (d, J ) 15.3 Hz, 1H), 4.59 (d, J ) 15.3
Hz, 1H), 4.89–5.02 (m, 2H), 6.45 (d, J ) 15.0 Hz, 1H), 6.59 (bt,
1H), 6.87 (m, 1H), 7.13 (bs, 1H), 7.28–7.68 (m, 14H), 7.86 (d, J
) 7.3 Hz, 2H), 7.99 (d, J ) 8.8 Hz, 1H). 13C NMR: 38.35, 53.52,
60.75, 65.44, 122.67, 124.95, 125.02, 125.34, 126.98, 128.34,
128.76, 128.98, 129.32, 129.70, 129.86, 130.78, 130.90, 131.13,
132.23, 132.67, 138.77, 133.80, 139.40, 141.09, 141.66, 154.21,
168.59, 169.25, 171.15. Anal. (C35H28ClF3N4O6S) C, H, N.

(4-Chloro-2-trifluoromethyl-phenyl)-carbamic Acid 1-{[3-(4-
Methoxy-benzenesulfonyl)-allylcarbamoyl]-methyl}-(3R)-2-oxo-
5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-ylmethyl Ester
(3d). Compound 12b (50 mg, 0.085 mmol) was reacted with
4-methoxyphenyl vinyl sulfone (13d) (168 mg, 0.85 mmol) accor-
ding to the same procedure described for 2a. The title compound
was obtained after purification by preparative RP-HPLC (Waters
Micromass system, gradient A) as a solid (30.5 mg, 50.7%). RP-
UPLC-MS: gradient F, retention time 2.20 min. MS (ESI+) m/z
754.9 [M + H]+ (100%). 1H NMR: 3.84 (s, 3H), 4.00–4.04 (m,
3H), 4.28 (d, J ) 15.3 Hz, 1H), 4.59 (d, J ) 15.3, 1H), 4.88–5.02
(m, 2H), 6.43 (d, J ) 15.0 Hz, 1H), 6.59 (bt, 1H), 6.80 (m, 1H),
6.97 (d, J ) 8.8 Hz, 2H), 7.15 (bs, 1H), 7.28 (d, J ) 7.5 Hz, 1H),
7.34–7.60 (m, 9H), 7.66 (d, J ) 8.4 Hz, 1H), 7.79 (d, J ) 8.8 Hz,
2H), 7.99 (d, J ) 8.8 Hz, 1H). 13C NMR: 39.32, 52.54, 55.55,
61.73, 65.14, 114.48, 122.51, 124.79, 125.02, 125.23, 126.08,
128.33, 128.98, 129.37, 129.66, 129.85, 130.48, 130.96, 131.28,
131.75, 132.34, 132.73, 137.77, 140.09, 141.96, 153.21, 163.60,
168.19, 169.05, 170.15. Anal. (C36H30ClF3N4O7S) C, H, N.

Enzyme Assays. The preliminary screening with FP-2 was
performed with 50 µM inhibitor concentrations by using an
equivalent amount of DMSO as a negative control. Product release
from substrate hydrolysis (Cbz-Phe-Arg-AMC, 32 µM) was
determined continuously over a period of 10 min. Since all
compounds abolished enzyme activity at this concentration,
second-order rate constants of inhibition were determined with
seven different inhibitor concentrations, ranging from those that
minimally inhibited to those that fully inhibited the enzyme: 0–10
µM for inhibitors 3a and 2c; 0–4 µM for inhibitors 2a, 2b, 2d,
3d, and E-64; 0–8 µM for inhibitors 3b and 3c. Assays were
performed in a 100 mM sodium acetate buffer, pH 5.5 containing
10 mM DTT with Cbz-Phe-Arg-AMC (32 µM) as the substrate.25

To determine first-order inactivation rate constants (kobs) for the
irreversible inhibition, progress curves (fluorescence (F) versus
time) were analyzed by nonlinear regression analysis using the
equation F ) A(1 - exp(-kobst)) + B.27 Product formation was
monitored continuously for 20 min at room temperature. Fitting
of the kobs values against the inhibitor concentrations to the
hyperbolic equation kobs ) kinac[I]/(Kiapp + [I]) gave the individual
values of Kiapp and kinac.27 The Kiapp values were corrected to
zero substrate concentration by the term (1 + [S]/Km) in the
equation Kinac ) Kiapp/(1 + [S]/Km). The second-order rate
constants k2nd ) kinac/Kinac were directly calculated from the
individual constants. Kinac and kinac values were calculated by
nonlinear regression analyses using the program GraFit.30 The
Km value used to correct the Kiapp values was determined to be
21.5 µM.5a,31 Inhibitor solutions were prepared from stocks in
DMSO. Each assay was performed twice in 96-well plates in a
total volume of 300 µL. A Varian Cary Eclipse spectrofluorom-
eter (Varian, Darmstadt, Germany) with a microplate reader
(excitation at 365 nm, emission at 460 nm) was used. Assays
with cathepsins B and L were performed as described previ-
ously.32 Cbz-Phe-Arg-AMC was used as substrate (80 µM for
cathepsin B, 5 µM for cathepsin L). The Km values used to
correct Kiapp values were 150 µM (cathepsin B) and 6.5 µM
(cathepsin L).

Dialysis Assays with Compound 2c. FP-2 (13 µg mL-1) was
incubated with 2c (100 µM) for 5 min. The reaction mixture was
then subjected to dialysis against reaction buffer (5000-fold excess)
for 3 h. The residual enzyme activities were determined by adding
substrate (32 µM). The enzyme was subjected to the same procedure
in the absence of inhibitor in order to confirm its stability to the
dialysis conditions.
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Drug Screening on P. falciparum Cultures. The compounds
were screened on the human malaria pathogen P. falciparum at
concentrations between 1 nM and 100 µM. Synchronized ring
stages of the P. falciparum strain 3D7 were plated in 96-well
plates at a parasitemia of 1%, in the presence of the compounds
(dissolved in DMSO). Incubation of parasites with DMSO alone
at a concentration of 0.5% v/v was used as a negative control.
The parasites were cultivated in vitro as described33 for 72 h.
The viability of the parasites was screened subsequently using
the Malstat assay, which measures the activity of the Plasmo-
dium-specific enzyme lactate dehydrogenase as described.29
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