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A new class of inhibitors 4-oxo-�-lactams (azetidine-2,4-diones), containing the required structural elements
for molecular recognition, inhibit porcine pancreatic elastase (PPE) but show a dramatically lower reactivity
toward hydroxide compared with the analogous inhibitors 3-oxo-�-sultams. Inhibition is the result of acylation
of the active site serine and electron-withdrawing substituents at the N-(4-aryl) position in 3,3-diethyl-N-
aryl derivatives increasing the rate of enzyme acylation and generating a Hammett F-value of 0.65. Compared
with a F-value of 0.96 for the rates of alkaline hydrolysis of the same series, this is indicative of an earlier
transition state for the enzyme-catalyzed reaction. Docking studies indicate favorable noncovalent interactions
of the inhibitor with the enzyme. Compound 2i, the most potent inhibitor against PPE, emerged as a very
potent HLE inhibitor, with a second-order rate for enzyme inactivation of ∼5 × 105 M-1 s-1.

Introduction

Human leukocyte elastase (HLE)a is a member of the
chymotrypsin superfamily of serine proteases that very ef-
ficiently degrades tissue matrix proteins such as elastin when
released from the azurophilic granules of polymorphonuclear
leukocytes because of inflammatory stimuli and mediators. The
imbalance between HLE and its endogenous inhibitors leads to
excessive elastin proteolysis and destruction of connective
tissues in a number of inflammatory diseases such as pulmonary
emphysema, adult respiratory distress syndrome, chronic bron-
chitis, chronic obstructive pulmonary disease, and rheumatoid
arthritis.1–5

�-Lactams are well-known as potent inhibitors of some
enzymes that contain serine as the catalytic residue, including
the bacterial penicillin binding proteins (PBPs) and Class A and
Class C �-lactamases.6 �-Lactams have also been appropriately
modified to develop active site-directed and mechanism-based
inhibitors of HLE.7–9 Improvement of the rate of serine acylation
by increasing the intrinsic chemical reactivity of the �-lactams
has been used as a strategy to design more potent inhibitors.10

Recently, we have reported that 3-oxo-�-sultam, 1, is a
reasonably potent inhibitor of porcine pancreatic elastase (PPE),
a model enzyme that shares ∼40% homology and the catalytic
triad consisting of Ser-195, His-57 and Asp-102 with HLE.
Nucleophilic attack on 3-oxo-�-sultams 1 could involve either
acylation or sulfonylation resulting from substitution at the
carbonyl center and expulsion of the sulfonamide or from
substitution at the sulfonyl center and expulsion of the amide,
respectively. Inhibition of elastase by 1 occurs by acylation of
the active site serine and so involves C-N fission and expulsion
of sulfonamide.11 By contrast, the alkaline hydrolysis of 1 occurs
by hydroxide-ion attack on the sulfonyl center with S-N fission.

This is a very rapid process and occurs with a second-order
rate constant, kOH, value of ∼2 × 105 M-1 s-1,12 which is about
106 times higher than those of most clinically useful �-lactams.13

Highly reactive scaffolds may lead to a decrease the selectivity
toward the target enzyme, increase susceptibility to metabolism,
and reduce oral bioavailability.14 The mechanism of inhibition
of elastase by 1 involves expulsion of the relatively good leaving
sulfonamide group. Selectivity could be improved by replacing
this group by a poorer leaving group such as an amide. We
now report that isosteric analogues of 1, azetidine-2,4-diones
or 4-oxo-�-lactams, 2, containing the required structural ele-
ments for molecular recognition by PPE and HLE, retain
inhibitory activity while dramatically decreasing the reactivity
toward hydrolysis by hydroxide ion.

Results and Discussion

Synthesis. 4-Oxo-�-lactams 2 were prepared in reasonable
yields from the appropriate 2,2-disubstituted malonic acid
chlorides and amines (Scheme 1). The corresponding malon-
diamides were always obtained as side-products but were easily
removed by column chromatography.
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PP Elastase Inhibition Studies. Enzyme activity was
measured by the hydrolysis of reporter substrate N-succinyl-
(L-Ala)3-p-nitroanilide at 390 nm. Incubation of PPE with 4-oxo-
�-lactams 2 resulted, in most cases, in very rapid time-dependent
loss of activity (Figure 1), followed by a slower reactivation of
enzyme activity. This is presumably attributable to acylation
of the active site serine followed by slow hydrolysis and is
described by Scheme 2, where EI corresponds to the acyl-
enzyme. Therefore, inhibition was studied at 25 °C using the
progress curve method,15 and the time courses for Figure 1 were
fit by nonlinear regression analysis to eq 1

A)Vst+ (Vi -Vs)(1- e-kobst)/kobs +A0 (1)

where A is the absorbance at 390 nm, A0 is the absorbance at t
) 0, Vi is the initial rate of change of absorbance, Vs is the
steady-state rate, and kobs is the first-order rate constant for
the approach to the steady-state. The plots of kobs versus the
concentration of 2 were linear and thus were consistent with
the inhibition mechanism depicted in Scheme 2, which corre-
sponds to eq2.16 The linear dependence of kobs on [I], as well
as the observation that initial velocities, Vi, equalled the velocity
in the absence of inhibitor, V0, suggest that the acyl-enzyme EI
did not accumulate in the inhibitor concentration range used.
The graphical interpretation (Figure 2) of eq. 2 yields the second-
order rate constant for inhibition, kon, as the slope (Table 1)
and the first-order rate for deacylation, kdeacyl, as the intercept.
The Ki values were calculated as kdeacyl/kon.

kobs ) (kon[I]/{1+ ([S]/Km)})+ kdeacyl (2)

An important criterion for the successful inhibition of serine
enzymes by an acylation process depends upon the lifetime of
the acyl-enzyme intermediate. A reactive intermediate will
undergo rapid hydrolysis as in the normal pathway for the
hydrolysis of substrates. In contrast to the slow-binding inhibi-
tion model displayed by 3,3-diethyl-substituted 4-oxo-�-lactams,
2e-i, their 3,3-dimethyl counterparts, 2a and b presented strictly
linear time courses for the hydrolysis of substrate, that is, no
initial exponential phase toward a steady-state was observed.
Incubation of 7.5 × 10-4 M of N-benzyl-4,4-dimethyl-4-oxo-

�-lactam 2a, which was in 750-fold excess to PPE concentration,
showed no decrease of enzyme activity when the incubated
enzyme was diluted into assay cells containing the substrate.
The less sterically hindered dimethyl derivative may act as a
simple substrate for elastase. However, the reaction of 2a with
elastase was followed by UV-spectroscopy at 242 nm. The plot
of absorbance versus time displayed biphasic kinetics, in which
the concentration of 4-oxo-�-lactam 2a decreases with time in
a zero-order manner in the first phase of the reaction but changed
to first-order kinetics in the second phase of the reaction. This
apparent “saturation” behavior is compatible with slow deacy-
lation of the acyl-enzyme intermediate, assuming the exponential
decay of absorbance against time for the second phase of the
reaction is caused by the hydrolysis of the ring-opened hy-
drolysis product (Scheme 3). The rate of formation and
breakdown of the acyl-enzyme was obtained by fitting the
absorbance versus time curve for the reaction of 2a at high
concentration of PPE to Scheme 2 using Dynafit,17 and the
derived rate constants are given in Table 1. Increasing the
enzyme concentration did not affect the rate of breakdown of
the acyl enzyme intermediate but increased the rate of formation
of the acyl-enzyme intermediate. Zero-order kinetics were
observed if the rate of acylation is at least 30-fold greater than
that of deacylation.

Interestingly, the rate of acylation in the reaction of N-benzyl-
3,3-dimethyl-4-oxo-�-lactam 2a with PPE elastase is 12-fold
slower than that of inhibition by its 3-oxo-�-sultam counterpart
1 (1, kon ) 7.68 × 102 M-1 s-1),11 with the same enzyme and
at pH 6.0, whereas the rate of deacylation in the reaction of 2a
is 500-fold faster than that of the reactivation of the enzyme
inhibited with 1 (1, kdeacyl ) 2.08 × 10-5 s-1). Nucleophilic
attack at the carbonyl center of 1 and that of 2 generates a
sulfonamide and an amide leaving group, respectively. Although
sulfonamides and amides have different electronic properties,
for example, sulfonamides are generally more acidic than amides
by about 5 pKa units,18 the stability of the acyl ester of the acyl
enzymes is unlikely to be affected by this property because the
groups are some distance from the acyl ester.19 However, the

Figure 1. Progress curves for the inhibition of 2h. Reaction conditions:
[PPE] ) 0.2 µM, [Suc-(L-Ala)3-p-NA] ) 0.3 mM, 0.1 M HEPES buffer,
pH 7.2, 5% DMSO, 25 °C. Inhibitor concentrations (µM): (a) absence
of inhibitor, (b) 10, (c) 15, (d) 20, (e) 30, (f) 60, (g) 75.

Scheme 2

E+ I98
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Figure 2. Effect of inhibitor concentration on the onset of inhibition
of PPE by 2e (O) and 2i (b). Inhibitor concentration is corrected
according to eq 2.
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R-tertiary center containing a gem-dimethyl group together with
a sulfonyl group of a sulfonamide, 3, is likely to significantly
block attack by water at the active site, and the deacylation
would be severely impaired. If this is the case, the sulfonamide
leaving group being bigger in size, as in 3, decreases the rate
of deacylation by 500-fold compared with that observed with
an amide leaving group, 4.

The effect of bulky substituents on the rate of deacylation is
also demonstrated by the PPE catalyzed hydrolysis of N-ben-
zoyl-3,3-dimethyl-�-lactam 5 (Scheme 4), which shows normal
hydrolytic behavior and no accumulation of the acyl enzyme
intermediate despite the presence of an R-gem-dimethyl group.
The acyl enzyme generated from 5 has the structure 6 and
presumably moving the exocyclic carbonyl further down the
carbon chain in the ring-opened product 6 must reduce the steric
congestion around the acyl enzyme ester, allowing rapid
deacylation.

Alkaline Hydrolysis. The second-order rate constants, kOH,
for the alkaline hydrolysis of the 4-oxo-�-lactams 2 were also
determined for comparison with those for PPE inhibition (Table
1). It has been suggested that the magnitude of the second-
order rate constant, kOH, for the alkaline hydrolysis of potential
inhibitors of enzymes containing a catalytic serine is a crude
indicator for their ability to be effective and therapeutically
useful acylating agents.14,20,21 As a result of the symmetry of
4-oxo-�-lactams 2, the two acyl centers are equivalent, and the
hydrolysis products of 4-oxo-�-lactams 2 are the corresponding
R-amido acids 7. The second-order rate constant, kOH, for the
alkaline hydrolysis of 2a is 8.38 M-1 s-1 (Table 1), which is,
remarkably, only 7-fold greater than that for the corresponding
N-benzoyl-�-lactam 5 and demonstrates the surprisingly small
effect of introducing a second sp2 center into the already strained
four-membered ring. Furthermore, the strained cyclic imide 2a
shows reactivity similar to that of the acyclic imide 8 (kOH )

1.54 M-1 s-1), 14 showing that there is no significant rate
enhancement caused by ring strain, compatible with the limiting
step of alkaline hydrolysis being the formation of the tetrahedral
intermediate (TI).

It is of interest to compare the rate constants for alkaline
hydrolysis for a series of four-membered rings �-lactams, 2 and
5, and �-sultams, for example, 1, with those for their reactions
with elastase. The substitution of the N-benzyl by N-phenyl in
4-oxo-�-lactam changes the leaving group from an amide to an
anilide and causes an increase in the rate of ring opening by
hydroxide ion (e.g., 2g is 5-fold more reactive than 2d).
N-Substitution would be expected to have a large effect on rate-
limiting C-N fission but a much smaller one if nucleophilic
attack on the carbonyl carbon and formation of the tetrahedral
intermediate is the rate-limiting step. Electron-withdrawing
substituents (such as 4-cyanophenyl 2i and 4-chlorophenyl 2h)
produce a modest increase in the rate of the alkaline hydrolysis,
whereas electron-donating groups (4-methoxyphenyl, 2e), de-
crease kOH. Overall, 2i is nearly 8-fold more active than 2e.
These relative rates indicate that the rate-limiting step is
hydroxide-ion attack and formation of the tetrahedral intermediate.

There is a large steric effect of substituents R to the carbonyl
carbon on the rate of alkaline hydrolysis. The R-gem-diethyl
compounds 2d and 2h are about 20-fold less reactive than the
corresponding R-gem-dimethyl compounds 2a and 2b, which
is also compatible with rate limiting formation of the tetrahedral
intermediate.

Structure–Activity Relationships and Molecular Modeling.
Inspection of Table 1 indicates that the most potent inhibitors
contain an N-aryl group in addition to two ethyl groups at C-3.
In contrast, N-alkyl-4-oxo-�-lactams are either inactive (2c, d)
or weak inhibitors (2a) that regenerate the active enzyme. This
suggests that the leaving group ability of the amide formed from
the decomposition of the tetrahedral intermediate (TI) 9
contributes significantly to the time-dependent inhibition of PPE.
The most-active inhibitor contains a 4-CN electron-withdrawing
substituent on the N-aromatic ring (2i) and is nearly 5-fold more
potent than 2e, which contains an electron-donating substituent.
Interestingly, log kon values correlate with Hammett σp values,

Table 1. Kinetic Parameters for the Inhibition of PPE at pH 7.2 by, and for the Alkaline Hydrolysis of, Azetidin-24-diones, 2, at 25 °C

compound R1 R2 Ki (µM) kon (×10-2 M-1 s-1) koff (×103 s-1) kOH- (M-1 s-1) EREF

2a Me CH2Ph 184 0.63a 0.997a 1.80b; 8.38c

2b Me C6H4-4-Cl 10.0 9.67
2c Et CH2CO2Et NI NI ND
2d Et CH2Ph NI NI 0.0742
2e Et C6H4-4-OMe 9.81 1.22 1.20 0.225 542
2f Et C6H4-4-Me 7.46 1.74 1.30 0.240 725
2g Et C6H5 10.2 1.77 1.81 0.336 527
2h Et C6H4-4-Cl 8.47 2.32 1.97 0.581 400
2i Et C6H4-4-CN 6.02 5.83 3.53 1.78 328

a pH 6.0. b T ) 30 °C, 1% DMSO (v/v). c T ) 25 °C, 20% CH3CN (v/v).

Scheme 3 Scheme 4
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giving a F value of 0.65 (Figure 3), consistent with the reduction
of the positive charge on the nitrogen amide caused by resonance
rather than the development of significant negative charge on
this atom in the transition-state. This is consistent with rate
limiting formation of the tetrahedral intermediate in the enzyme
catalyzed reaction. In comparison, the alkaline hydrolysis of
4-oxo-�-lactams gives a Hammett F value of 0.96 (Figure 3)
suggesting a much greater change in charge on going to the
transition state. Both enzyme-catalyzed acylation and alkaline
hydrolysis of the 4-oxo-�-lactams involve nucleophilic attack
on the �-lactam carbonyl. The different Hammett F values
indicate the enzyme-catalyzed attack of serine occurs at an
earlier position along the reaction coordinate leading to forma-
tion of the tetrahedral intermediate compared with the hydroxide-
ion-catalyzed hydrolysis. This is consistent with the Hammond
postulate in that these results suggest that the 4-oxo-�-lactam
scaffold promotes the enzyme’s ability to use its catalytic
apparatus to stabilize the transition state and increase the rate
of serine acylation, which might be achieved by favorable
noncovalent binding of enzyme and inhibitor, stabilization of
the TI in the oxyanion hole of the active site and compensation
for the entropy loss required in the bimolecular reaction.

It has been suggested that the effectiveness of an enzyme in
catalyzing a reaction can be indicated by the enzyme rate
enhancement factor, EREF, which is evaluated by dividing the
second-order rate constant for the enzyme catalyzed reaction,
kon, by that for hydrolysis of the same substrate catalyzed by

hydroxide ion, kOH.14 The highest value of EREF was obtained
for inhibitor 2f: the enzyme increases the rate of reaction by
725-fold.

To rationalize the trends observed in the enzyme assays, the
molecular interactions between the more active 4-oxo-�-lactams
2a, 2e, 2i and HLE were investigated using the automated
GOLD docking program (see Experimental Section for details).
The primary recognition pocket, S1, for porcine elastase prefers
small hydrophobic substituents with two carbon atoms.22

Docking of the most potent compound, 2i, into the active site
of PPE revealed that only one ethyl substituent of the 3,3-diethyl
group lies in the S1 pocket (Figure 4). This binding mode is
not much different than that observed for the interaction of 3,3-
diethyl-�-lactams with HLE, in which both ethyl substituents
are accommodated in the larger S1 pocket.10 The distance
between the Ser-195 hydroxyl oxygen atom and the closest
carbonyl carbon of 2i is 3.18 Å (4.79 Å for the other carbonyl
carbon atom), which indicates that nucleophilic attack by Ser-
195 to the 4-oxo-�-lactam is possible. Interestingly, the “reac-
tive” carbonyl of 2i is not involved in the H-bond network with
the so-called oxyanion hole defined by the backbone NHs of
Gly-193 and Ser-195: the distances between the amidic hydro-
gen atoms of Gly-193 and Ser-195 to the carbonyl oxygen atom
are 6.75 and 5.28 Å, respectively. This result may indicate that
the oxyanion hole is not used to stabilize the TI derived from
2i. However, several key interactions seem to stabilize 2i in
the active site. First, strong hydrogen bonds involve the oxygen
atom of the reactive carbonyl and the NH of His-57 and the
hydroxyl group of Ser-195. Second, an additional hydrogen bond
involves the oxygen atom of the unreactive carbonyl and the
amide group of Gln-192. Finally, enhanced van der Waals
contacts between the N-aryl moiety with Val-99, Phe-215, and
His-57 were observed.

For compound 2e, a less potent inhibitor, an inverted binding
mode was observed, in which the 4-OMe substituent of the
aromatic ring lies on the S1 pocket, while one of the ethyl
substituents is close to the S1′ pocket (Figure 4). The distance
between the closest carbonyl carbon and the Ser-195 hydroxyl
oxygen atom is 3.62 Å (4.38 Å for the other carbonyl carbon
atom). However, in contrast to 2i, the reactive carbonyl of 2e
is involved in the H-bond network with the NHs of Gly-193
and Ser-195, which suggests that the oxoanion hole may be
used to stabilize the resulting TI and to compensate the energy
required for the enzyme to overcome the distance between Ser-
195 and the carbonyl carbon. The 3,3-dimethyl-N-benzyl
derivative 2a also interacts with PPE with a similar binding
mode to that of 2e, that is, aromatic ring lying on the S1 pocket
(Figure 4) and with the reactive carbonyl involved in the
oxoanion hole H-bond network. Compound 2f also presents the
N-aryl moiety sitting in the S1 pocket of the enzyme (see
Supporting Information), but in this case, the distance between
the closest carbonyl carbon and the Ser-195 hydroxyl oxygen
atom is 3.27 Å, that is, close to that of 2i. This binding
confirmation suggests that nucleophilic attack by Ser-195 to the
4-oxo-�-lactam is feasible and is consistent with the EREF value
of 725, the highest of the present series of compounds 2.

Because the 4-oxo-�-lactam inhibitors 2 have two acyl
centers, there could be interaction of either the C-3 or the N-1
substituents with the S1 binding pocket. In principle, the latter
could reduce the rate of acylation as a result of nonproductive
binding. However, the dominant effect of N-substituents is their
influence the rate of C-N bond fission in breakdown of the TI
9. Compound 2h, containing a diethyl substituent at C-3 position
is a time dependent and, effectively, irreversible inhibitor of

Figure 3. Hammett plots for the second-order rate constants, kon, for
the inhibition of PPE by 4-oxo-�-lactams 2e-i (b) and for the
hydroxide-ion-catalyzed hydrolysis, kOH-, of the same compounds (O)
at 25 °C.
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PPE because of its relatively fast acylation of the enzyme, while
the dimethyl counterpart 2b is also a time dependent inhibitor,
but because of a relatively facile deacylation pathway of the
dimethyl acyl-enzyme does allow the enzyme to turnover. The
almost complete recovery of enzymatic activity (Figure 5),
monitored by checking the enzyme activity at different time
intervals after incubation with 2h, suggests that the interaction
of 2 with PPE leads to an labile acyl-enzyme, EI, which breaks

down and regenerates the free, active enzyme, E (Scheme 3),
within a few hours and the inhibitor function as alternate
substrate inhibitor of PPE.

HLE Inhibition. Taking into account the high kon value
obtained for compound 2i against PPE, we assayed this
compound against HLE. A nonlinear dependence of kobs

(determined by the progress curve method; eq.1)15 on inhibitor
concentration was observed (Supporting Information) and the
individual kinetic parameters Ki (63.5 nM) and kinact (0.0323
s-1) were obtained according to eq 3.22 The corresponding
second-order rate constant for inhibition, kinact/Ki, is 5.08 × 105

M-1s-1, a value close to those reported for the most potent
monocyclic �-lactams developed by Merck.22 This result (i)
shows the usefulness of the 4-oxo-�-lactam scaffold for design-
ing inhibitors for human elastase and (ii) indicates that 2i is a
promising lead for further optimization against HLE.

kobs ) kinact[I]/{Ki(1+ [S]/Km)+ [I]} (3)

Conclusion

This study has shown that 4-oxo-�-lactam derivatives can
function as novel time dependent irreversible inhibitors of serine
proteases when they contain 3,3-diethyl-N-aryl substituents. The
title compounds were designed as a result of an isosteric
replacement from 3-oxo-�-sultam, yielding more stable com-
pounds to hydrolysis by nonspecific nucleophiles and reacting
with the enzyme as active-site-directed inhibitors. The most-
active inhibitors correspond to the most reactive compounds
toward alkaline hydrolysis and contain electron-withdrawing
substituents on the aromatic ring that increase the chemical
reactivity of the carbonyl carbon toward nucleophilic attack of
the Ser-195 hydroxyl group. The enzyme-mediated hydrolysis
has an earlier transition state because of favorable hydrophobic
and other noncovalent binding interactions between enzyme and
inhibitor that can be used to compensate for unfavorable
processes that contribute to the activation energy. In summary,
4-oxo-�-lactam derivatives represent an attractive new class of
acyl-enzyme inhibitors of elastases and are suitable scaffolds
that might find further applicability for the design of nonpeptidic
inhibitors of other serine proteases.

Experimental Section

General. Melting points were determined using a Kofler camera
Bock Monoscope M and are uncorrected. The infrared spectra were
collected on a Nicolet Impact 400 FTIR infrared spectrophotometer,
and the NMR spectra were collected on a Brucker 400 Ultra-Shield
(400 MHz) in CDCl3; chemical shifts, δ, are expressed in ppm,
and coupling constants, J, are expressed in Hz. Low-resolution mass
spectra were recorded using a HP5988A spectrometer, by RIAIDT,
University of Santiago de Compostela, Spain. Elemental analyses

Figure 4. Docking of 2i (A), 2e (B), and 2a (C) in the active site of
PPE (see text for details of docking procedure).

Figure 5. Time-dependent loss of enzymatic activity. Excess of
inhibitor 2h ([I]f ) 150 µM) was incubated with PPE ([E]f ) 10 µM)
in 0.1 M HEPES buffer, pH 7.2, 25 °C, aliquots were withdrawn at
different time intervals and assayed for enzymatic activity.
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were performed by Medac Ltd., Brunel Science Centre, Englefield
Green Egham TW20 0JZ, U.K., or by ITN, Chemistry Unit,
Sacavém, Portugal. UV spectra and spectrophotometric assays were
performed using Shimadzu UV-1603 or UV-2100 PC spectrometers.
Thin layer chromatographys were performed on a Merck grade
aluminum plates, silica gel 60 F254, and visualized by UV light or
iodine. Preparative column chromatography was performed on silica
gel 60 from Merck (70–230 mesh ASTM). Dioxane and TEA were
purified and dried before use. Sodium hydroxide and hydrochloric
acid solutions were prepared from dilution of standardized Tritisol
stock solutions. Solvents and buffer materials for enzyme assays
were of analytical reagent grade and were purchased from Merck
or Sigma. PPE, MeO-Suc-Ala-Ala-Pro-Val-p-NA, and N-Suc-Ala-
Ala-Ala-pNA were purchased from Sigma, and HLE was purchased
from Calbiochem.

General Procedure for the Synthesis of Azetidine-2,4-dione
Derivatives. To a solution of the appropriate malonyl dichloride
(0.015 mol) in dry dioxane (15 mL) was added under a nitrogen
atmosphere a primary amine (0.015 mol) in the same solvent (15
mL). Subsequently, a solution of triethylamine (0.036 mol) in dry
dioxane (15 mL) was added dropwise during 1.5 h, and the resulting
mixture refluxed for 6 h, with the reaction progress being monitored
by TLC. After the mixture was cooled, triethylamine hydrochloride
was filtered off, and the solvent was removed under reduced
pressure yielding a solid (malondiamide), recrystallized from
dioxane/hexane. The mother liquor was concentrated under reduced
pressure, and the residue was purified by chromatography on silica
gel, affording the desired product (azetidine-2,4-dione).

1-Benzyl-3,3-dimethylazetidine-2,4-dione, 2a. Compound 2a
was prepared as described above, using dimethylmalonyl dichloride
(2.535 g, 0.015 mol), benzylamine as primary amine (1.622 g, 0.015
mol), and triethylamine (3.649 g; 0.036 mol) as catalyst. The
resulting reaction mixture was refluxed for 14 h. The product was
purified by chromatography on silica gel, using toluene/ethyl acetate
as eluant (from 9.8:0.2 to 9.0:1.0), yielding white crystals (0.122
g, 4%): mp 69–71 °C; Anal. (C12H13NO2) C, N. H calcd 6.45; found
5.95; δ 1H NMR 1.38 (6H, s), 4.46 (2H, s), 7.33–7.39 (5H, m); δ
13C NMR 17.44, 42.78, 60.66, 127.99, 128.17, 129.00, 134.77,
175.05.

1-(4-Chlorophenyl)-3,3-dimethylazetidine-2,4-dione, 2b. Com-
pound 2b was synthesized as described for 2a, using dimethylma-
lonyl dichloride (4.225 g, 0.025 mol) and 4-chloroaniline (2.820
g, 0.025 mol), with the reaction mixture being refluxed for 8 h.
The product was purified by column chromatography using hexane/
ethyl acetate as eluant (8.4: 1.6) to afford 2b as white crystals (0.351
g, 6%): mp 81–84 °C; Anal. (C11H10NO2Cl) C, H, N; δ 1H NMR
1.51 (6H, s), 7.40 (2H, d, J ) 8.8), 7.82 (2H, d, J ) 8.8); δ 13C
NMR 17.76, 62.03, 120.33, 129.42, 132.12, 132.81, 172.62.

Ethyl 2-(3,3-Diethyl-2,4-dioxoazetidin-1-yl)acetate, 2c. 23 Com-
pound 2c was prepared as described for 2a using diethylmalonyl
dichloride (4.925 g, 0.025 mol) and ethyl glycinate hydrochloride
(3.475 g, 0.025 mol) but with more than 3 equiv of triethylamine
(9.107 g, 0.09 mol). The residue was purified by column chroma-
tography on silica gel using mixtures of toluene and ethyl acetate
as eluant to yield a colorless oil (0.920 g, 16%): Anal. (C11H17NO4)
C, H, N; δ 1H NMR 1.07 (6H, t, J ) 7.6), 1.30 (3H, t, J ) 7.2),
1.82, (4H, q, J ) 7.6), 4,10 (2H, s), 4,25 (2H, q, J ) 7,2); Lit.24

1.03 (3H, t, J ) 7), 1.30 (3H, t, J ) 7), 1.77 (4H, q, J ) 7), 3.98
(2H, s), 4.21 ((2H, q, J ) 7); δ 13C NMR 9.27, 14.08, 23.62, 39.28,
62.23, 71.30, 165.93, 173.59.

1-Benzyl-3,3-diethylazetidine-2,4-dione, 2d. Compound 2d was
prepared as described for 2a, using diethylmalonyl dichloride (2.956
g, 0.015 mol), benzylamine (1.622 g, 0.015 mol) as primary amine,
and triethylamine (3.649 g, 0.036 mol) as catalyst. The product
was purified by chromatography on silica gel using toluene/ethyl
acetate as eluant (from 9.8:0.2 to 9.2:0.8) and then recrystallized
from hexane to yield the product as white crystals (0.243 g, 9%):
mp 46–47 °C; Anal. (C14H17NO2) C, H, N; δ 1H NMR 0.94 (6H,
t, J ) 7.6), 1.75 (4H, q, J ) 7.6), 4.48 (2H, s), 7.32–7.37 (5H, m);
δ 13C NMR 9.18, 23.67, 42.17, 70.98, 128.14, 128.28, 128.88,
135.06, 174.24.

3,3-Diethyl-1-(4-methoxyphenyl)azetidine-2,4-dione, 2e. Com-
pound 2e was prepared as described for 2a, using diethylmalonyl
dichloride (2.956 g, 0.015 mol) and 4-anisidine (1.605 g, 0.015
mol) as primary amine. Purified by chromatography on silica gel
using toluene/ethyl acetate (9.2:0.8), yielding yellow oil (0.412 g,
11%): Anal. (C14H17NO3) C, H, N; δ 1H NMR 1.08 (6H, t, J )
7.6), 1.86 (4H, q, J ) 7.6), 3.84 (3H, s), 6.94 (2H, d, J ) 8.8),
7.76 (2H, d, J ) 8.8); δ 13C NMR 9.25, 23.95, 55.51, 71.94, 114.34,
120.89, 172.25.

3,3-Diethyl-1-(4-tolyl)azetidine-2,4-dione, 2f. Compound 2f was
prepared as described for 2a, using diethylmalonyl dichloride (2.956
g; 0.015 mol) and 4-toluidine (1.605 g; 0.015 mol). The product
was purified by chromatography on silica gel using toluene/ethyl
acetate (9:1) as eluant, to afford white crystals (0.343 g, 10%): mp
41–44 °C; Anal. (C14H17NO2) C. H calcd 7.41; found 6.59; N calcd
6.06; found 6.56; δ 1H NMR 1.08 (6H, t, J ) 7.6), 1.87 (4H, q, J
) 7.6), 2.37 (3H, s), 7.23 (2H, d, J ) 8.4), 7.73 (2H, d, J ) 8.4);
δ 13C NMR 9.24, 21.18, 23.95, 72.01, 119.19, 129.75, 131.33,
136.69, 172.27.

3,3-Diethyl-1-phenylazetidine-2,4-dione, 2g. Compound 2g was
prepared as described for 2a, using diethylmalonyl dichloride (2.956
g, 0.015 mol) and aniline (1.397 g, 0.015 mol). It was purified by
column chromatography on silica gel using toluene/ethyl acetate
(9.0, 1.0) to give a colorless oil (0.474 g, 15%) (Lit.24 mp. 86–87
°C): Anal. (C13H15NO2) C, H, N; δ 1H NMR 1.09 (6H, t, J ) 7,6),
1.88 (4H, q, J ) 7.6), 7.29 (1H, dt, J ) 7.6, 1.2), 7.73 (2H, dt, J
) 7.6, 1.2), 7.86 (2H, dd, J ) 7.6, 1.2); δ 13C NMR 9.25, 23.96,
72.14, 119.23, 126.76, 129.26, 133.85, 172.26.

1-(4-Chlorophenyl)-3,3-diethylazetidine-2,4-dione, 2h. Com-
pound 2h was prepared as described for 2a, using diethylmalonyl
dichloride (2.956 g; 0.015 mol) and 4-chloroaniline (1.695 g, 0.015
mol). It was purified by column chromatography on silica gel using
toluene/ethyl acetate (8.0, 2.0), yielding the product as white crystals
(0.544 g, 14%): mp 43–46 °C; Anal. (C13H14NO2Cl) C, H, N; δ
1H NMR 1.08 (6H, t, J ) 7.6), 1.88 (4H, q, J ) 7.6), 7.40 (2H, d,
J ) 8.8), 7.83 (2H, d, J ) 8.8); δ 13C NMR 9.23, 23.93, 72.38,
120.41, 129.42, 132.12, 132.32, 171.96.

4-(3,3-Diethyl-2,4-dioxoazetidin-1-yl)benzonitrile, 2i. Com-
pound 2i was prepared as described for 2a, using diethylmalonyl
dichloride (2.956 g; 0.015 mol) and 4-cyanoaniline (1.772 g, 0.015
mol). It was purified by column chromatography on silica gel using
hexane/ethyl acetate (8.0, 2.0), to yield the product as white crystals
(0.687 g, 19%): mp 106–109 °C; Anal. (C14H14N2O2) C, H, N; δ
1H NMR 1.09 (6H, t, J ) 7.6), 1.90 (4H, q, J ) 7.6), 7.74 (2H, d,
J ) 8.8), 8.03 (2H, d, J ) 8.8); δ 13C NMR 9.21, 23.96, 72.87,
110.10, 118.14, 119.29, 133.49, 137.19, 171.70.

Chemical Kinetics. For all kinetic experiments, temperatures
were maintained at 25.0 ( 0.1 °C, and the ionic strength was
adjusted to 0.5 M by addition of NaClO4. Sodium hydroxide
solutions were prepared by dilution of standardized Titrisol stock
solutions and contained 20% (v/v) CH3CN. Stock solutions of
compounds were prepared in CH3CN. In a typical run, the reaction
was initiated by the addition of a 30 µL aliquot of a 10-2 M stock
solution of substrate to a cuvette containing 3 mL of the alkaline
buffer solution. Curves were analyzed as first-order reactions. The
pseudo-first-order rate constants, kobs, were obtained by least-squares
treatment of log(At - A∞) data, where At and A∞ represent the
absorbance at time t and at time infinity, respectively. The
wavelengths (nm) used were 221 for 2a and 2d, 260 for 2b, 2f,
and 2h, 247 for 2e, 255 for 2g, and 280 nm for 2i.

Enzymatic Assays. PPE and HLE were assayed spectrophoto-
metrically by monitoring the release of p-nitroaniline at 390 and
410 nm, respectively, from the enzyme mediated hydrolysis of the
substrates, N-Suc-Ala-Ala-Ala-pNA and MeO-Suc-Ala-Ala-Pro-
Val-p-NA at 25 °C to evaluate whether the inhibition is reversible
or irreversible. Inactivation rates for time-dependent inhibition were
determined continuously, according to the slow tight-biding inhibi-
tion model. Alternatively, in cases where no time-dependent
inhibition was observed, the inhibitor constants Ki were calculated
from Dixon plots.
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Enzyme Inactivation by the Progress Curve Method. For the
most-active compounds (2e-2i), PPE inhibition was analyzed by
the progress curve method.15,25 The enzymatic reactions were
initiated by addition of 10 µL of PPE (20 µM in HEPES buffer,
0.1 M, pH 7.2) to a cuvette thermostatted at 25 °C, containing 940
µL of HEPES buffer (0.1 M, pH 7.2), 20 µL of DMSO, 20 µL of
substrate (15 mM in DMSO), and 10 µL of inhibitor (2e-2i in
DMSO). The absorbance was continuously monitored at 390 nm
for 20 min. The final concentrations were [PPE] ) 200 nM,
[substrate] ) 0.3 mM, and [DMSO] ) 5% (v/v). Several inhibitor
concentrations from 8 to 150 µM were used. Control assays, in
which the inhibitor was omitted, ran linearly. The pseudo-first-
order rate constants, kobs, for the inhibition of PPE were determined
according to the slow tight-binding inhibition model15 and involved
the fitting of product concentration as a function of time to eq 1 by
nonlinear regression analysis using the routine ENZFIT (developed
at the Faculty of Pharmacy, Lisbon).

Inactivation of HLE was assayed at 25 °C by mixing 10 µL of
HLE stock solution (2 µM in 0.05 M acetate buffer, pH 5.5) to a
solution containing 10 µL of inhibitor in DMSO (200 µM), 20 µL
of substrate MeO-Suc-Ala-Ala-Pro-Val-p-NA (50 mM in DMSO),
and 960 µL of 0.1 M HEPES buffer, pH 7.2, and the absorbance
was continuously monitored at 410 nm for 20 min.

Enzyme Inactivation by the Incubation Method. 26 In a typical
experiment, 50 µL of inhibitor 2h (3 mM in DMSO) was incubated
at 25 °C with 750 µL of HEPES buffer (0.1 M; pH 7.2) and 200
µL of PPE solution of 50 µM in HEPES buffer. Aliquots (100 µL)
were withdrawn at different time intervals (30 s, 15 min, 30 min,
1 h, 2 h, 3 h, 4 h, 5 h, and 7 h) and transferred to a cuvette
thermostatted at 25 °C, containing 895 µL of HEPES buffer (0.1
M; pH 7.2) and 5 µL of substrate (12.5 mM). The absorbance was
monitored at 390 nm for 50 s. The amount of enzyme activity was
determined by comparison of the activity of a control assay
(containing no inhibitor) with the activity of an enzyme solution
containing inhibitor at the same time point. The experiment was
repeated using inhibitor 2b (aliquots withdrawn at 30 s, 2 min, 3.5
min, 5 min, 6.5 min, 21 min, and 60 min).

Molecular Modeling. The geometries of compounds 2 were
energy minimized using density functional theory.27 These calcula-
tions were performed with the B3LYP28 hybrid functional and the
6-31+G(d,p) basis set implemented in Gaussian03 software pack-
age.29 After geometry optimizations, partial charges were included
using Amber’s Antechamber module30 (included with Chimera
software).31 The PPE structure used was obtained by deletion from
the active site of the ligand present in the crystal structure (the
�-lactam ring-opened product of a N-sulfonylaryl �-lactam co-
valently linked to Ser-195; PDB accession code 1BTU).32 Hydrogen
atoms were added, and the correct protonation states of histidine
residues were assigned according to their surrounding environment.
The PPE structure was energy minimized, and charges were added
using the Amber united atom force field,33 implemented in Chimera
software.31 To assess the quality of our docking results, the ligand
derived from the N-sulfonylaryl �-lactam was docked back into
the 1BTU active site showing a very small root-mean-square
deviation (rmsd) when compared with 1BTU crystal structure.
Molecular docking studies of inhibitors 2 into the active site of
PPE enzyme were performed with the flexible GOLD (Genetic
Optimisation for Ligand Docking, version 3.0.1)34 docking program
using the goldscore scoring function.35 Each ligand was initially
energy minimized and then subjected to 10 000 docking runs (with
a population size of 100; 100,000 genetic algorithm operations; 5
islands). The top 10 solutions (i.e., those with the highest fitness
score) were visually analyzed for (i) the hydrophobic and hydro-
philic interactions between the ligand and enzyme surfaces and (ii)
the distance between the Ser-195 hydroxyl oxygen atom and the
carbonyl carbon atoms of each 4-oxo-�-lactam 2.
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