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A new class of 2-pyrrolidinone derivatives was designed, synthesized, and tested for their antioxidant
and anti-inflammatory activities. The compounds were evaluated for their inhibitory activity against
LOX. The most potent among them, 14d [IC50 0.08 (±0.005) mM], and 14e [IC50 0.0705 (±0.003) mM],
were also tested in vivo. The compound 14d induced equipotent inhibition against rat paw edema, which
is very close to the effect produced by the commonly used standard, namely indomethacin (47%). The
LOX inhibitory activity of the compound 14e proceeds in parallel to the % inhibitory value of lipid perox-
idation meaning that this LOX inhibitory activity is supported by the lipid peroxidation inhibition. The
molecular features that govern their bioactivity were explored through in silico docking experiments.
The results showed that acidic moieties must be placed in certain distance and orientation in the active
site of LOX enzyme in order to productively exhibit inhibitory activity. In addition, the 2-pyrrolidinone
template significantly contributes in the inhibitory properties of the new compounds.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Fntioxidants are defined as substances that even at low concen-
tration significantly delay or prevent oxidation of easily oxidizable
substrates. There is an increased interest of using antioxidants for
medical purposes in the recent years. It is known that free radicals
play an important role in inflammatory process.1 Compounds with
antioxidant properties could be consequently expected to offer
protection in rheumatoid arthritis and inflammation and to lead
to potentially effective drugs.

Lipoxygenases oxidize certain fatty acids at specific positions to
hydroperoxides, precursors of leukotrienes, which contain a conju-
gated triene structure, that is, soybean lipoxygenase converts
ll rights reserved.
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linoleic to 13-hydroperoxylinoleic acid. Leukotrienes play an
important role as mediators in a variety of inflammatory and aller-
gic processes lipoxygenases (LOXs) play a role in membrane lipid
peroxidation by forming hydroperoxides in the lipid bilayer.2

Inhibitors of LOXs have attracted attention initially as potential
agents for the treatment of inflammatory and allergic diseases
but their therapeutic potential has been expanded to certain types
of cancer and cardiovascular diseases.3 Most of the LOXs inhibitors
are antioxidants or free radical scavengers, since lipoxygenation
occurs via a carbon-centered radical.4

A new class of nine 2-pyrrolidinone analogs was synthesized as
potential leads against inflammation.5 Three are the major struc-
tural features that characterize the new compounds: (a) they con-
tain a 2-pyrrolidinone template; (b) they are substituted at five
position with methylene imidazole ring unsubstituted or substi-
tuted by an acidic group; (c) they possess a benzyl group attached
to the nitrogen of 2-pyrrolidinone template bearing an acidic group
or metabolized to acidic one (Fig. 1).

As a reference molecule is considered the structurally simplest
one (5S)-1-benzyl-5-(1H-imidazol-1-yl-methyl) pyrrolidin-2-one
(6a)6,7 which bears all the above three characteristics with no
acidic groups. LOX was chosen as a target for the following
reasons: (a) its 3D crystal structure alone or with anti-inflamma-
tory agents has been published8; (b) pyrrolidinone analogs are well

http://dx.doi.org/10.1016/j.bmc.2011.03.044
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Figure 1. Structures of the synthetic compounds.
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known to act as anti-inflammatory agents or to promote anti-
inflammatory action9,10; (c) all the synthetic analogs in Figure 1
possess in their structure acidic group which is well known to be
associated with anti-inflammatory activity; (d) biophysical studies
results showed that the new analogs have similar thermal effects
in lipid bilayers with those of NSAIDS.11,12

The experimental results justified in silico docking experiments
and a correlation between the anti-inflammatory activity and
binding affinity of the molecules under study was observed. Such
a correlation would lead to understanding at a molecular level,
the molecular features that govern the anti-inflammatory activity
and more comprehensive rational design of new more potent
compounds.

2. Results and discussion

2.1. Chemistry

In this paper we present the synthesis of eight new, optically ac-
tive compounds, derivatives of 2-pyrrolidinone ( Fig. 1), starting
from S-pyroglutamic acid. The pyrrolidinone ring possesses a ben-
zyl type substituent at the N atom and an imidazole or substituted
imidazole ring. All the substituents, namely carboxylic, its bio-isos-
teric tetrazole and phenolic groups have an acidic character. Our
approach for the synthesis of these compounds is depicted in
Schemes 1 and 2.

The synthetic route of Scheme 1 was followed for compounds
not bearing a carboxylic group as substituent to the phenyl ring.
Starting from S-pyroglutamic acid (1), it was converted to the
methyl ester 2 using SOCl2 and MeOH.13 In the presence of the base
NaH in dry THF, the N-substitution of the methyl ester with benzyl
bromide (or bromides 16, 20, Schemes 3 and 4, respectively) was
accomplished to afford compounds 3a–c. After the reduction of
the ester group using LiBH4 in dry THF, the resulting alcohols
4a–c were converted to the corresponding tosylesters 5a–c. Nucle-
ophilic attack on the former esters by freshly prepared lithium imi-
dazolide or lithium salt of 1H-imidazole-4(5)-carboxylic acid
benzylester (22, Scheme 5), in dry DMF at 50 �C under argon, affor-
ded compounds 6a–d. After catalytic hydrogenation in the pres-
ence of 10% Pd/C or Pd(OH)2 as catalyst for the deprotection of
tetrazole moiety of compound 6c, the final products 7e–g were
obtained.

For compounds possessing a carboxylic group on the phenyl
group, it was necessary first to reduce the carboxyl group of
S-pyroglutamic acid to the corresponding S-pyroglutaminol, fol-
lowing the synthetic route of Scheme 2. The S-pyroglutaminol 8,
derived from the methyl S-pyroglutamate (2) by NaBH4 in absolute
EtOH,14 was protected either as acetate by acetic anhydride in pyr-
idine15 or as TES ether using TESCl, Et3N, and DMAP16 to yield com-
pounds 9a and 9b, respectively. N-Benzylation of compound 9a
with the bromide 25 (Scheme 6), using NaH in dry THF, afforded
compound 10c. When compound 9a reacted with the bromide 26
(Scheme 6) under the same conditions, an almost equimolar mix-
ture of the expected product 27 together with an undesired com-
pound 28 (Scheme 7) was obtained. After separation using
column chromatography, the product 28 was characterized by 1H
NMR, 13C NMR, and MS. Probably, under the alkaline conditions
of the reaction, the acetate group had been removed and the result-
ing alcohol had transesterified the benzyl ester of the used benzyl
bromide 26. Then, the TES group was used as protecting group of
the alcohol 8 and the compound 10d was finally obtained. After re-
moval of the acetate group by K2CO3 in MeOH17 and the TES group
by TFA,18 the resulting alcohols 11c and 11d were converted to
their tosylesters 12c and 12d, respectively. Unexpectedly, when
lithium salts of imidazole or 4(5)-substituted imidazole 22, 23
(Scheme 5) reacted with the tosylesters 12c and 12d, the products
13c–g were provided in very low yield (8–10%). The desired prod-
ucts were obtained in much higher yields (30–75%) using the imid-
azole or the imidazole moiety 22, 23 together with Cs2CO3 in dry
DMF at 50 �C. It is known that the nucleophilic strength of nitrogen
is enhanced via complexes with Cs+, the so called ‘cesium effect’.19

After catalytic hydrogenation using 10% Pd/C as catalyst, the final
products 14d–g were obtained. As shown in Scheme 2, the com-
pound 13f was obtained as a mixture of two constitutional iso-
mers, depending on which position (4 or 5) on the imidazole ring
the ester group was located. The separation of the two isomers
could not be achieved in a quantitatively acceptable yield neither
in compound 13f nor in its deprotected derivative, the final prod-
uct 14f. The last compound was the only one which was biologi-
cally tested as a mixture of the two isomers.
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In case of the compounds 13e and 13g the separation of the
other two isomers (13e⁄ and 13g⁄, respectively) could be achieved
using column chromatography whereas in case 6d could not. After
the deprotection of compound 6d by catalytic hydrogenation, a
mixture of the product 7g and 7g⁄was obtained (Scheme 8), which
was subjected in column chromatography to afford an isomer with
higher Rf in 87% yield. The other isomer had a lower Rf in the same
solvent system and it was isolated only in traces. 2D NOESY NMR
spectroscopy was used to distinguish whether the carboxyl group
is attached on 4 or 5 carbon of the imidazole ring. The presence
of the isomer 7g⁄ (carboxyl group attached at position 4) would
be assumed if an NOE interaction between protons H5–H6 could
be observed as it can be seen in the Figure 5 (right conformer),
while the presence of the isomer 7g (left conformer) would lack
for such interaction, because H4 is oriented away from the methy-
lene H6 protons. Indeed, such an interaction is lacking from the 2D
NOESY spectrum proofing that the isolated isomer corresponds to
7g. Differences in the 1H NMR chemical shifts of imidazole ring
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and diastereotopic H-12 protons were observed, providing further
clarification for the identification of the two isomers in the cases of
the compounds 13e, 13e⁄ and 13g, 13g⁄. More specifically, the H-4
of isomer with substitution at position 5 of the imidazole ring, res-
onates at lower field (ca. 7.8 ppm) in comparison to H-5 (<7.5 ppm)
of isomer with substitution at position 4 of the imidazole ring. In
addition, the diastereotopic proton of H-12 that points towards
the carboxylate group in the isomer with substitution at position
5 resonates at lower field (ca. 4.6 ppm) in comparison to the corre-
sponding diastereotopic proton of H-12 that is not deshielded by
the carboxylate group in the isomer with substitution at position
4 and resonates at ca. 4.0 ppm. According to these observations,
isomers 13e and 13g had the carboxylate group at the position 5
of the imidazole ring, whereas the compounds 13e⁄ and 13g⁄ were
substituted at position 4. In order to have a family of structurally
similar to compound 7g isomers, for biological testing, only
compounds 13e and 13g were subjected to catalytic hydrogena-
tion affording the corresponding target products 14e and 14g
both containing a carboxylic group at position 5 of the imidazole
ring.
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2.2. Biology

2.2.1. Fntioxidant and anti-inflammatory activity
We evaluated in vitro and in vivo the new 2-pyrrolidinone

derivatives that were expected to offer protection against inflam-
mation and radical attack. Thus, we tested the new compounds
with regard to their antioxidant ability and in comparison to well
known antioxidant agents, for example, NDGA, caffeic acid (CA),
and trolox.

For estimating the antioxidative potential of chemical compo-
nents, different experimental approaches were used.20 Most of
them require a spectrophotometric measurement and a certain
reaction time in order to obtain reproducible results21 The use of
DPPH for a radical scavenging measuring method was used. DPPH
is a stable free radical in an ethanolic solution. In its oxidized form,
the DPPH radical has an absorbance maximum centered at about
517 nm22 The DPPH method is described as a simple, rapid and
convenient method independent of sample polarity for screening
of many samples for radical scavenging activity.23 These advanta-
ges make the DPPH method interesting for testing our analogs.

The difference in the reduction values of DPPH between the
blank and the sample was used for determining the percent radical
scavenging activity of the sample. The radical scavenging activity
of the examined compounds against the stable free radical DPPH
is shown in Table 1, in an iron-free system. All the compounds
were tested at 0.05 mM without any effect (data not shown). With
the exception of 7e and 7f the compounds did not interact with
0.1 mM DPPH. In addition, no changes were observed after
60 min. A study concerning the reaction kinetics with this free rad-
ical was not performed. The change of absorbance at 20 and 60 min
was measured following our previously described experimental
protocols24 with which it was not possible to indicate the presence
of slow reacting or fast reacting antioxidant compounds within our
samples nor the time of maximum/minimum activity.

In the DPPH assay, the dominant chemical reaction involved is
the reduction of the DPPH radical by a single electron transfer
(ET) from the antioxidant. Particularly effective such antioxidants
are the phenoxide anions from phenolic compounds. It is evident
that the presence of the phenolic group and of the tetrazole group
is correlated with higher values. The replacement of the phenolic
group by H, or other groups leads to lower values or disappearance
of the interaction. The results show that lipophilicity calculated
theoretically c log P values and radical scavenging activity are not
related.

The compounds were further evaluated for the inhibition of LOX
by the UV absorbance based enzyme assay.25 The compound 14e is
the most active presenting an IC50 value 70 lV. Perusal of % inhibi-
tion values at 100 lM, for the rest of the compounds shows that
b
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compound 7g is the most active (81%) and 7e is inactive under
the reported experimental conditions. Lipophilicity is referred26,27

as an important physicochemical property for lipoxygenase inhibi-
tion. However in this case, lipophilicity does not influence posi-
tively the biological response.

In our studies the water soluble compound AAPH was used as a
clean and controllable source of thermally produced alkylperoxyl
free radicals. In our studies AAPH was used as a free radical initia-
tor to follow oxidative changes of linoleic acid to conjugated diene
hydroperoxide. Comparison between 14d and 7f ability to inhibit
lipid hyperoxidation appears that tetrazole group is more effective
than carboxylic group. No correlation between lipid peroxidation
inhibitory activity and DPPH radical scavenging activity is ob-
served. For example 14f (39%) and 14e (96%) have the highest abil-
ity to inhibit lipid peroxidation. However, they have low DPPH
radical scavenging and opposite trend (20% and 3%, respectively).
This is not surprising, since similar results have been observed
for other classes of molecules.28,29

2.2.2. Anti-inflammatory activity in vivo
Compounds 14d and 14e were selected to be examined in vivo

by using the functional model of carrageenin-induced rat paw ede-
ma, on the basis that these two compounds highly inhibited LOX.
Carrageenin-induced edema is a non-specific inflammation result-
ing from a complex of diverse mediators.30 As shown in Table 1, the
compound 14d induced equipotent inhibition against rat paw ede-
ma, which is very close to the effect produced by the commonly
used standard, namely indomethacin (47%).

For compound 14e the LOX IC50 value proceeds in parallel to the
% inhibitory value of lipid peroxidation meaning that this LOX
inhibitory activity is supported by the lipid peroxidation inhibition.

2.2.3. Docking studies of receptor–ligand interactions
In order to explain the differences in bioactivity of the synthetic

compounds towards soybean lipoxygenase, three representative
ones, namely 6a, 13c, and 14d, have been subjected to docking cal-
culations using the Surflex-Dock program.
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Table 1
Radical scavenging activity with DPPH (RSA%); in vitro inhibition of soybean lipoxygenase IC50, or % inhibition at 0.1 mM; % inhibition of
lipid peroxidation (AAPH%); % inhibition of carrageenin-induced rat paw edema (ICPE%)

Compds C log Pa DPPH% (±SD)b 0.1 mM 20/
60 min

IC50 mM or % inhibition (±SD)b at
0.1 mM

AAPH% (±SD)b

0.1 mM
ICPE%
0.01 mmol/kg

6a 1.80 9 (±0.5) 13% (±0.1) 11 (±0.4)
7e 1.14 29 (±1.5) na 13 (±0.08)
7f 1.31 30 (±0.8) 5.2% (±0.5) 32 (±0.9)
7g 1.43 na 81% (±4.5) na
13c 1.77 6 (±0.9) na 13 (±0.7)
14d 1.55 6 (±0.4) 0.08 (±0.005) 2 (±0.05) 41⁄

14f 1.18 20 (±1.2) 9% (±0.05) 39 (±2.1)
14e 1.40 3 (±0.1) 0.0705 (±0.003) 96 (±3.7) 34⁄⁄

14g 0.75 26 (±1.5)/13 (±0.2) na na
NDGA 81 (±2.05) 84% (±3.3)
Trolox 63 (±1.6)
CA 0.82 5.5 (±0.1) 0.600 (±0.01) 17 (±0.4)
Indomethacin 47⁄⁄

The change in paw weight was compared with that in control animals and expressed as a percent inhibition of the edema% ICPE values.
Each value represents the mean obtained from 6 to 15 animals in two independent experiments. In all cases, significant difference from
control: ⁄p <0.1 ⁄⁄p <0.01 (Student’s t test).

a Theoretically calculated values of lipophilicity according to Ref. 47.
b (±SD) standard deviation; na, no activity under the reported experimental conditions.
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Figure 4. Docked orientation of 13c using Surflex docking algorithm.
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Docking studies of 14d suggest that the compound is stabilized
through van der Waals interactions with the amino acids His523,
Ile557, Ala561, Trp519, Leu565, Ile572, His518, Glu514, Val769,
Ile770, Leu773, and Ile857 (Fig. 2). The compound 14d orients in
such a way that its imidazole ring interacts electrostatically with
Fe (III), (distance is indicated with green line and is calculated to
be 2.35 Å). The orientation of the compound and the electrostatic
interaction between the imidazole ring and Fe (III)) determine
the entrance of substrate linolenic acid in the active site. The bind-
ing affinity score (�log Kd) of the complex as calculated by Surflex-
Dock is 4.15.

Docking studies of 6a suggest that the compound is only stabi-
lized through van der Waals interactions with the amino acids
His518, His523, Leu773, Ile770, and Val769 (Fig. 3). The compound
6a orients in the active site in such a position that the imidazole
ring does not interact electrostatically with Fe (III) and the com-
pound does not form hydrogen bonds insight the active site. The
binding affinity score (�log Kd) of the complex as calculated by
Surflex-Dock is 2.45.

Docking studies of 13c show stabilization of the compound with
amino acids Phe576, Asp766, Glu716, Val372, His513, His523,
His518, Ala561, and Glu514 through van der Waals interactions
(Fig. 4). The imidazole ring of the compound is far by 3.97 Å (indi-
cated as green line) from Fe (III) ion, showing not favoring electro-
static interaction. Furthermore, the compound does not form
Figure 2. Docked orientation of 14d using Surflex docking algorithm.

Figure 3. Docked orientation of 6a using Surflex docking algorithm.
hydrogen bonds insight the active site. The binding affinity score
(�log Kd) of the complex as calculated by Surflex-Dock is 0.75.

3. Conclusions

In this study the synthesis of a new class of compounds that
possess 2-pyrrolidinone template and attached aromatic rings
with acidic moieties is described. The anti-inflammatory and anti-
oxidant activity of this class of molecules has been evaluated. It has
been shown, as for other classes of molecules, that high DPPH rad-
ical scavenging activity or % inhibition of lipid peroxidation in-
duced by AAPH are not necessarily accompanied by high LOX
inhibitory activity. The interaction of the synthetic molecules with
DPPH indicates their radical scavenging ability in an iron-free sys-
tem. The results showed that compound 7e possessing an acidic
phenolic group and 7f possessing a tetrazole group have the high-
est interactions. The compound 14f bearing carboxylic groups and
compound 14g that bears carboxylic and ester groups present less
inhibitory effect in comparison to 7e and 7f ones. The compounds
7g and 13c although appear with no or very low inhibition activity,
possess acidic and ester groups. This indicates that these functional
groups must appear to have the right position to exert the highest
inhibitory effect.

Lipid peroxidation inhibition is increased in efficiency by the
introduction of an ester group (compare higher activity of 14e vs
14f). The compound 7e possesses only the acidic phenolic group
and devoid of any inhibition. Compounds 14d and 14e show the
highest in vitro inhibition to LOX. While the compound 14e shows
a slightly higher in vitro activity, it has lower in vivo one. This may
signify the fact that two carboxylic groups or a combination of car-
boxylic with an ester group are not favored. The inferior in vivo re-
sults of 14e led us to compare the binding properties of the most
in vivo active compounds 14d with the inactive compound 6a
and the compound 13c possessing moderate in vitro activity.

Among all molecules synthesized 14d showed the highest LOX
inhibitory activity and the highest in vivo anti-inflammatory effect
using the functional model of carrageenin-induced rat paw edema.
Thus, this compound can serve as a lead for the design of more
promising anti-inflammatory agents with higher LOX inhibitory
activity. The promising effects of 14d have been rationalized
through in silico docking effects. Work under progress aims to
optimize the results through simulated annealing Molecular



Figure 5. Low energy conformers of 7g (left) and 7g⁄ (right).
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Dynamics results. Such studies may lead to a possible application
of a rational drug design to further optimize the anti-inflammatory
activity.
4. Experimental

4.1. Instruments and materials

All chemicals and solvents were reagent grade and used with-
out purification. Dry THF, was obtained by distillation of commer-
cially available predried solvent from Na and stored over molecular
sieves. Extra dry DMF (99.8%) over molecular sieves was purchased
from Acros. DPPH, AAPH, NDGA, sodium linoleate, soybean lipoxy-
genase, caffeic acid, trolox were purchased from Aldrich–Sigma (St.
Louis, MO, USA).

Melting points were determined on a Buchi 530 apparatus and
are uncorrected. Specific rotations were measured at 25 �C on a
Perkin–Elmer polarimeter using a 10 cm cell. Nuclear magnetic
resonance spectra were obtained on a Varian Mercury spectrome-
ter (1H NMR recorded at 200 MHz and 13C NMR recorded at
50 MHz and are referenced in ppm relative to TMS as an internal
standard). The NOESY spectrum of compound 7g, was obtained
on a Varian 600 MHz spectrometer. TLC plates (Silica Gel 60 F254)
were purchased from Merck. Visualization of spots was effected
with UV light and/or phosphomolybdic acid, in EtOH stain. Normal
phase-HPLC analyses were carried out using a Thermo Scientific
Hypersil Silica Column 250 � 4 mm, at a flow rate 1 mL/min, in sol-
vent system A: Hex–iPrOH 25:75 B: Hex–iPrOH 45:55. Reversed
phase-HPLC analyses were carried out using a Thermo Scientific
C18 ODS Hypersil Column 250 � 4 mm, at a flow rate 1 mL/min,
in solvent system C: 3% CH3CN, 97% H2O and solvent system D:
10% CH3CN, 90% H2O. The following gradient system was used: E
t = 10 min (100% C, 0% D), t = 30 min (0% C, 100% D). Retention
times are reported in minutes. All tested target compounds pos-
sessed P95% purity as determined by combustion analysis. Com-
pounds 6a and lithium imidazolides were prepared by known
methods.7

4.2. Compounds 3a–c, 10c, d: General procedure

Methyl (S)-pyrroglutamate (2) or O-protected-S-pyrroglutami-
nol (9a, b) (1 mmoL) was dissolved in dry THF (3 mL), followed
by the addition of the appropriate benzyl bromide (1.1 mmoL).
The reaction mixture was cooled at 0 �C and NaH (60% in paraffin
oil, 60 mg) was added in portions. The stirring was continued for
30 min at 0 �C and 2–4 h at rt. The reaction was quenched by the
addition of saturated solution of NH4Cl, the organic solvent was
evaporated and the residue was dissolved in ethyl acetate. The or-
ganic layer was washed with brine, dried over Na2SO4 and evapo-
rated under reduced pressure. The product was purified by column
chromatography (Silica Gel 60) using the appropriate solvent sys-
tems as it will be defined in each case below.
4.2.1. (2S)-Pyrrolidinecarboxylic acid, 5-oxo-1-(phenylmethyl)-,
methyl ester (3a)

See Ref. 7.

4.2.2. (2S)-Pyrrolidinecarboxylic acid, 5-oxo-1-[[3-
(phenylmethoxy)phenyl]methyl]-, methyl ester (3b)

Prepared from ester 2 and the bromide 16. Eluent EtOAc–petro-
leum ether (bp 40–60 �C), 9:1. Yield 65%; colorless oil; [a]D +15.9
(c 1.0, CHCl3).

1H NMR (CDCl3) d: 7.40–7.18 (m, 6H, Ph), 6.81(m, 3H, Ph),
5.03(s, 2H, OCH2Ph), 5.01(d, J = 14.8 Hz, 1H, CHHPh), 3.93(m, 1H,
CH), 3.92(d, J = 14.8 Hz, 1H, CHHPh) 3.66(s, 3H, CH3), 2.59–
2.02(m, 4H, 2 � CH2).

13C NMR d: 174.8(CH2CON), 172.0(COOCH3), 158.9, 137.2, 136.7,
129.6, 128.4, 127.8, 127.3, 120.8, 114.5, 114.1, 69.7(OCH2Ph),
58.4(NCH), 52.2(CH3), 45.3(CH2Ph), 29.3(CH2CO), 22.6 (CH2CH2CO).
MS (ESI) m/z (%): 340[(M+H+), 100].

Anal. Calcd for C20H21NO4: C, 70.78; H, 6.24; N, 4.13. Found: C,
70.49; H, 6.47; N, 4.38.
4.2.3. 2-Pyrrolidinecarboxylic acid, 5-oxo-1-[[2-[1-
(phenylmethyl)-1H-1,2,3,4-tetrazol-5-yl]phenyl]methyl]-,
methyl ester (3c)

Prepared from the ester 2 and the bromide 20.
Eluent EtOAc–petroleum ether (bp 40–60 �C), 9:1. Yield 48%;

colorless oil; [a]D +8.0 (c 1.0, CHCl3).
1H NMR (CDCl3) d: 7.91–7.78(m, 1H, Ph), 7.39–7.26(m, 8H, Ph),

5.74(s, 2H, NCH2Ph), 5.18(d, J = 15.2 Hz, 1H, CHHPh), 4.52(d,
J = 15.2 Hz, 1H, CHHPh), 3.92(m, 1H, CH), 3.49(s, 3H, CH3),
2.47–2.04(m, 4H, 2 � CH2).

13C NMR d: 174.9(NCO), 172.1(COO), 164.5(NCN), 135.3, 133.4,
131.1, 130.7, 130.5, 130.3, 130.2, 129.3, 128.7, 126.8,
58.8(NNCH2Ph), 56.6(CH), 52.0(CH3), 43.1(CH2Ph), 29.1(CH2CO),
22.8(CH2CH2CO). MS (ESI) m/z (%): 392[(M+H+), 100].

Anal. Calcd for C21H21N5O3: C, 64.44; H, 5.41; N, 17.89. Found: C,
64.71; H, 5.64; N, 17.62.
4.2.4. Benzoic acid, 4-[[2-[(acetyloxy)methyl]-5-oxo-1-
pyrrolidinyl]methyl]-, methyl ester (10c)

Prepared from the compound 9a and the bromide 25. Eluent
EtOAc. Yield 28%; yellow oil; [a]D +46.3 (c 0.95, CHCl3).

1H NMR (CDCl3) d: 7.90(d, J = 8.3 Hz, 2H, Ph), 7.22(d, J = 8.2 Hz,
2H, Ph), 4.85(d, J = 15.5 Hz, 1H, CHHPh), 4.13(d, J = 15.3 Hz, 1H,
CHHPh), 4.11(d, J = 3.8 Hz, 1H, CHHOCO), 3.90(d, J = 4.2 Hz, 1H,
CHHOCO), 3.82(s, 3H, COOCH3), 3.60(m, 1H, CHCH2OCO), 1.92(s,
3H, OCOCH3), 2.49–1.79(m, 4H, 2 � CH2).

13C NMR d: 175.2(NCO), 170.2(CH3CO), 166.4(CH3OCO), 141.7,
129.8, 129.3, 127.5 64.0(CH2OCOCH3), 55.8(CHCH2OCO),
51.9(CH3OCO), 44.3(CH2Ph), 29.7(CH2CO), 21.4(CH2CH2CO),
20.5(CH3COO). MS (ESI) m/z (%): 328 [(M+Na+), 100].

Anal. Calcd for C16H19NO5: C, 62.94; H, 6.27; N, 4.59. Found: C,
63.15; H, 6.18; N, 4.48.
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4.2.5. Benzoic acid, 4-[[2-oxo-5-[[(triethylsilyl)oxy]methyl]-1-
pyrrolidinyl]methyl]-, phenylmethyl ester (10d)

Prepared from the compound 9b and the bromide 26.
Eluent EtOAc–petroleum ether (bp 40–60 �C), 7:3. Yield 45%;

colorless oil; [a]D +39.93 (c 1.0, CHCl3).
1H NMR (CDCl3) d: 8.02(d, J = 8.2 Hz, 2H, Ph), 7.46–7.29(m, 7H,

Ph), 5.36(s, 2H, OCH2-Ph), 5.00(d, J = 15.3 Hz, 1H, CHHPh), 4.18(d,
J = 15.3 Hz, 1H, CHHPh), 3.68–3.47(m, 3H, CH, CHCH2O), 2.63–
1.77(m, 4H, 2 � CH2), 0.92(t, J1 = 7.8 Hz, J2 = 15.4 Hz, 9H, 3 � CH3),
0.55(q, J = 7.9, 6H, 3 � (CH2CH3).

13C NMR d: 175.7(NCO), 166.1(CH3CO), 166.2(COOPh), 142.5,
136.0, 130.0, 129.2, 128.6, 128.2, 128.1, 127.9, 66.6(CHCH2O),
63.7(COOCH2Ph), 58.6(CH), 44.5(NCH2Ph), 30.2(CH2CO),
21.5(CH2CH2CO), 6.7(SiCH2CH3), 4.2(SiCH2CH3).

MS (ESI) m/z (%): 454 [(M+H+), 100].
Anal. Calcd for C26H35NO4Si: C, 68.84; H, 7.78; N, 3.09. Found: C,

68.63; H, 7.59; N, 3.22.
4.3. Compounds 4a–c: General procedure

In a two necked flask, LiBH4 (1 mmoL) was suspended in dry
THF (0.6 mL) under argon at rt. A solution of the N-substituted-
(2S)-methyl pyrroglutamate (3a–c) (1 mmoL) in dry THF (0.5 mL)
was added dropwise. The reaction was completed within
15–30 min and it was quenched by the addition of a 20% solution
of AcOH at 0 �C, until the production of the gas was ceased. The ex-
cess of acetic acid was neutralized by the addition of a small quan-
tity of Na2CO3. The organic solvent was evaporated under reduced
pressure and the residue was dissolved in EtOAc. The organic phase
was then washed with brine and dried over Na2SO4. After evapora-
tion of the solvent the product was purified by column chromatog-
raphy (Silica Gel 60) using CHCl3–MeOH, 9:1 as eluent.
4.3.1. (5S)-(Hydroxymethyl)-1-(phenylmethyl)-2-pyrrolidinone
(4a)

See Ref. 31.

4.3.2. (5S)-(Hydroxymethyl)-1-[[3-(phenylmethoxy)phenyl]-
methyl]-2-pyrrolidinone (4b)

Prepared from the compound 3b. Yield 87%; colorless oil; [a]D

+27.0 (c 1.0, CHCl3).
1H NMR (CDCl3) d: 7.38–7.17(m, 6H, Ph), 6.88–6.80(m, 3H, Ph),

5.02(s, 2H, OCH2Ph), 4.84(d, J = 15.1 Hz, 1H, CHHPh), 4.11(d,
J = 15.1 Hz, 1H, CHHPh), 3.72(m, 1H, CH), 3.43(m, 2H, CH2OH),
2.78(s, 1H, OH), 2.60–1.93(m, 4H, 2 � CH2).

13C NMR d: 176.1(CH2CON), 159.0, 138.3, 136.7, 129.8, 128.5,
127.9, 127.4, 120.3, 114.2, 113.9, 69.8(OCH2Ph), 62.1(CH2OH),
58.8(CCH2OH), 44.4(CH2Ph), 30.4(CH2CO), 20.8(CH2CH2CO). MS
(ESI) m/z (%): 312 [(M+H+), 100].

Anal. Calcd for C19H25NO3: C, 73.29; H, 6.80; N, 4.50. Found: C,
73.11; H, 6.59; N, 4.62.

4.3.3. (5S)-(Hydroxymethyl)-1-[[2-[1-(phenylmethyl)-1H-
1,2,3,4-tetrazol-5-yl]phenyl]methyl]-2-pyrrolidinone (4c)

Prepared from the compound 3c. Yield 91%; colorless oil; [a]D

+18.5 (c 1.0, CHCl3).
1H NMR (CDCl3) d: 7.90(m, 1H, Ph), 7.42–7.31(m, 8H, Ph), 5.73(s,

2H, NCH2Ph), 5.11(d, J = 15.8 Hz, 1H, CHHPh), 4.71(d, J = 15.8 Hz,
1H, CHHPh), 3.54(dd, J1 = 3.4 Hz, J2 = 11.4 Hz, 1H, CHHOH),
3.46(m, 1H, CH), 3.32(dd, J1 = 3.0 Hz, J2 = 11.4 Hz, 1H, CHHOH),
2.88(br s, 1H, OH), 2.86–1.92(m, 4H, 2 � CH2).

13C NMR d: 176.3(CON), 164.7(NCN), 135.9, 133.1, 130.5, 130.0,
129.0, 128.7, 128.5, 127.6, 126.0, 62.5(CH2OH), 59.0(CH),
56.8(NNCH2Ph), 42.2(CH2Ph), 30.3(CH2CO), 21.3(CH2CH2CO). MS
(ESI) m/z (%): 364 [(M+H+), 100].
Anal. Calcd for C20H21N5O2: C, 66.10; H, 5.82; N, 19.27. Found: C,
66.32; H, 5.66; N, 19.13.

4.4. (5S)-(Hydroxymethyl)-2-pyrrolidinone (8)

See Ref. 14.

4.5. Acetic acid, (5-oxo-2-pyrrolidinyl)methyl ester (9a)

See Ref. 15.

4.6. 5-[[(Triethylsilyl)oxy]methyl]-2-pyrrolidinone (9b)

In a solution of the alcohol 9a (0.57 g, 5 mmol) in DMF (5 mL),
Et3N (0.84 mL, 6 mmol, 1.2 equiv) and DMAP (0.12 g, 1 mmol)
were added, followed by the addition of TESCl (0.9 g, 6 mmol,
1.2 equiv) in small portions. After being stirred for 2.5 h at room
temperature the reaction mixture was quenched with MeOH
(1 mL) followed by the addition of some drops of saturated solu-
tion of NH4Cl. The solvent was evaporated in high vacuo and the
residue dissolved in Et2O was washed with a saturated solution of
NH4Cl. The aqueous phase was extracted once again with Et2O
and the two combined organic phases were washed with brine
and dried over Na2SO4. After evaporation of the solvent under re-
duced pressure, purification was achieved by column chromatog-
raphy (Silica Gel 60), eluting with CHCl3–MeOH, 9.5:0.5. The
product was obtained as a colorless oil in 78% yield (0.9 g). [a]D

+31.04 (c 1.0, EtOH).
1H NMR (CDCl3) d: 6.12(s, 1H, NH), 3.73(m, 1H, CH), 3.59(dd,

J1 = 4.1 Hz, J2 = 9.9 Hz, 1H, CHCHHO), 3.42(dd, J1 = 7.6 Hz, J2 =
9.9 Hz, 1H, CHCHHO), 2.36–1.63(m, 4H, 2 � CH2), 0.93(t, J1 =
8.3 Hz, J2 = 15.8 Hz, 9H, 3 � CH3), 0.57(q, J = 7.9, 6H, 3 � (CH2CH3).

13C NMR d: 178.3(CON), 65.9(CH2OSi), 55.6(CH), 29.6(CH2CO),
22.6(CH2CH2CO), 6.36(SiCH2CH3), 3.95(SiCH2CH3). MS (ESI) m/z
(%): 230 [(M+H+), 100].

Anal. Calcd for C11H23NO2Si: C, 57.59; H, 10.11; N, 6.11. Found:
C, 57.71; H, 10.34; N, 6.05.

4.7. Benzoic acid, 4-[[2-(hydroxymethyl)-5-oxo-1-
pyrrolidinyl]methyl]-, methyl ester (11c)

K2CO3 (142 mg, 1.03 mmoL) was added to a solution of the com-
pound 10c (315 mg, 1.03 mmoL) in MeOH (25 mL) and. After stir-
ring for 30 min at room temperature the reaction mixture was
acidified with an aqueous solution of 1 N HCl and evaporated in va-
cuo at 25 �C. The residue was dissolved in EtOAc and the organic
phase was washed with brine, dried over Na2SO4 and evaporated.
The product was isolated as a pure white solid in 88% yield
(241 mg); mp. 95–98 �C; [a]D +65.3 (c 0.97, CHCl3).

1H NMR (CDCl3) d: 7.99(d, J = 8.2 Hz, 2H, Ph), 7.33(d, J = 8.2 Hz,
2H, Ph), 4.86(d, J = 15.3 Hz, 1H, CHHPh), 4.33(d, J = 15.3 Hz, 1H,
CHHPh), 3.91(s, 3H, OCH3), 3.71(m, 1H, CHCHHOH), 3.56(m, 1H,
CHCHHOH), 3.50(m, 1H, CHCH2OH), 2.58–1.93(m, 4H, 2 � CH2),
1.67(br s, 1H, OH).

13C NMR d: 176.2(CH2CON), 166.7(COCH3), 142.1, 130.0, 129.4,
127.8, 62.5(CH2OH), 61.0(CHCH2OH), 52.1(CH3), 44.4(CH2Ph),
30.3(CH2CO), 21.0(CH2CH2CO). MS (ESI) m/z (%): 286 [(M+Na+), 87].

Anal. Calcd for C14H17NO4: C, 63.87; H, 6.51; N, 5.32. Found: C,
63.95; H, 6.37; N, 5.48.

4.8. Benzoic acid, 4-[[2-(hydroxymethyl)-5-oxo-1-
pyrrolidinyl]methyl]-, phenylmethyl ester (11d)

In a stirred solution of the compound 10d (250 mg, 0.55 mmol)
in DCM (25 mL), TFA was added (1.3 mL, 17 mmol) at room tem-
perature. Once the reaction was finished (10 min), the solvent
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was evaporated to dryness. The residue was dissolved in toluene
(2 mL) and the solvent was evaporated (twice) for the removal of
the acid. Finally the residue was dissolved in ethyl acetate and
the organic phase was washed with brine to neutral pH. After dry-
ing over Na2SO4 and evaporation of the solvent, the product was
obtained as a pure colorless oil. Yield 0.180 g (96%); [a]D +43.6 (c
1.0, CHCl3).

1H NMR (CDCl3) d: 7.99(d, J = 6.1 Hz, 2H, Ph), 7.39–7.27(m, 7H,
Ph), 5.32(s, 2H, CH2Ph), 4.92(d, J = 15.3 Hz, 1H, CHHPh), 4.19(d,
J = 15.4 Hz, 1H, CHHPh), 3.72(m, 1H, CHCHHO), 3.47(m, 1H,
CHCHHO), 3.47(m, 1H, CHCH2O), 3.10(br s, 1H, OH), 2.54–1.94(m,
4H, 2 � CH2).

13C NMR d: 176.2(NCO), 166.0(COO), 142.2, 136.2, 130.3, 129.7,
128.8, 128.4, 128.3, 128.0, 66.9(OCH2Ph), 62.4(CH2OH),
58.8(CHCH2OH), 44.4(CH2Ph), 30.3(CH2CO), 21.0(CH2CH2CO). MS
(ESI) m/z (%): 362 [(M+Na+), 100].

Anal. Calcd for C20H21NO4: C, 70.78; H, 6.24; N, 4.13. Found: C,
70.95; H, 6.37; N, 4.41.

4.9. Compounds 5a–c and 12c, d: General procedure

In an ice cooled stirred solution of the alcohols 4a–c and 11c, d
(1 mmoL) in DCM (5 mL), p-toluenesulfonylchloride (1.5 mmoL)
was added, followed by the addition of Et3N (1.1 mmoL). The reac-
tion mixture was stirred at 0 �C for 10 min and overnight at room
temperature. The organic layer was subsequently washed with a
5% solution of H2SO4, brine, 5% solution of NaHCO3 and brine. After
drying over Na2SO4 and evaporation in vacuo, the residual product
was purified by column chromatography (Silica Gel 60) using the
appropriate solvent systems as it will be defined in each case
below.

4.9.1. Benzenesulfonic acid, 4-methyl-, [5-oxo-1-
(phenylmethyl)-(2S)-pyrrolidinyl]methyl ester (5a)

See Ref. 32.

4.9.2. Benzenesulfonic acid, 4-methyl-, [5-oxo-1-[[3-
(phenylmethoxy)phenyl]methyl]-2-pyrrolidinyl]methyl ester
(5b)

Prepared from the compound 4b. Eluent, EtOAc. Yield 78%; col-
orless oil; [a]D +19.9 (c 1.0, CHCl3).

1H NMR (CDCl3) d: 7.70(m, 2H, Ph), 7.38–7.14(m, 8H, Ph), 6.85
(m, 1H, Ph), 6.69(m, 2H, Ph), 5.02(s, 2H, OCH2Ph), 4.85(d,
J = 15.1 Hz, 1H, CHHPh), 3.91(m, 2H, CH2OS), 3.72(d, J = 15.1 Hz,
1H, CHHPh), 3.58(m, 1H, CH), 2.42(s, 3H, CH3), 2.58–1.82(m, 4H,
2 � CH2).

13C NMR d: 175.0(CH2CON), 159.0, 145.3, 137.5, 136.8, 132.2,
129.9, 129.8, 128.5, 127.9, 127.8, 127.4, 120.4, 114.2, 114.2, 69.6,
68.8, 55.3(CCH2OS), 44.3(CH2Ph), 29.6(CH2CO), 21.6(CH2CH2CO),
21.0(CH3). MS (ESI) m/z (%): 466 [(M+H+), 100].

Anal. Calcd for C26H27NO5S: C, 67.08; H, 5.85; N, 3.01. Found: C,
67.34; H, 5.98; N, 3.27.

4.9.3. Benzenesulfonic acid, 4-methyl-, [5-oxo-1-[[2-[1-
(phenylmethyl)-1H-1,2,3,4-tetrazol-5-yl]phenyl]methyl]-2-
pyrrolidinyl]methyl ester (5c)

Prepared from the compound 4c. Eluent EtOAc–petroleum ether
(bp 40–60 �C). Yield 80%; colorless oil; [a]D +12.1 (c 1.0, CHCl3).

1H NMR (CDCl3) d: 7.90(m, 1H, Ph), 7.62(d, J = 8.3 Hz, 2H, Ph),
7.46–7.28(m, 8H, Ph), 7.24(d, J = 8.3 Hz, 2H, Ph), 5.81(s, 2H,
NNCH2Ph), 4.99(d, J = 15.8 Hz, 1H, CHHPh), 4.48(d, J = 15.8 Hz, 1H,
CHHPh), 4.07(dd, J1 = 4.0 Hz, J2 = 10.6 Hz, 1H, CHHOS), 3.84(dd,
J1 = 3.2 Hz, J2 = 10.6 Hz, 1H, CHHOS), 3.57(m, 1H, CH), 2.38(s, 3H,
CH3), 2.33–1.78(m, 4H, 2 � CH2).

13C NMR d: 175.1(CON), 164.5(NCN), 145.0, 135.3, 133.1, 132.2,
130.4, 129.8, 129.2, 128.9, 128.4, 127.7, 127.6, 126.0, 68.8(CH2OS),
56.8(NNCH2Ph), 55.6(CH), 41.8(CH2Ph), 29.5(CH2CO), 21.5
(CH2CH2CO), 21.2 (CH3).

MS (ESI) m/z (%): 518 [(M+H+), 100].
Anal. Calcd for C27H27N5O4S: C, 62.65; H, 5.26; N, 13.53. Found:

C, 62.48; H, 5.37; N, 13.72.
4.9.4. Benzoic acid, 4-[[2-[[[(4-methylphenyl)sulfonyl]oxy]-
methyl]-5-oxo-1-pyrrolidinyl]methyl]-, methyl ester (12c)

Prepared from the compound 11c. Eluent EtOAc. Yield 77%; col-
orless oil; [a]D +11.8 (c 1.0, CHCl3).

1H NMR (CDCl3) d: 7.93(d, J = 7.4 Hz, 2H, Ph), 7.69(d, J = 7.4 Hz,
2H, Ph), 7.33(d, J = 7.9 Hz, 2H, Ph), 7.19(d, J = 7.9 Hz, 2H, Ph),
4.86(d, J = 15.4 Hz, 1H, CHHPh), 3.96(d, J = 15.4 Hz, 1H, CHHPh),
4.00–3.93(m, 2H, CH2OSO2), 3.90(s, 3H, OCH3), 3.60(m, 1H,
CHCH2N), 2.45(s, 3H, SO2PhCH3), 2.39–1.77(m, 4H, 2 � CH2).

13C NMR d: 175.1(NCO), 166.6(COOCH3), 145.3, 141.4, 132.2,
130.0, 129.5, 128.2, 128.1, 127.8, 69.0(CH2OSO2), 55.7(CHCH2OS),
52.1(COOCH3), 44.4(CH2Ph), 29.5(CH2CO), 21.6(OSO2PhCH3),
21.1(CH2CH2CO). MS (ESI): m/z (%): 440 [(M+Na+), 100].

Anal. Calcd for C21H23NO6S: C, 60.42; H, 5.55; N, 3.36. Found: C,
60.28; H, 5.47; N, 3.42.
4.9.5. Benzoic acid, 4-[[2-[[[(4-
methylphenyl)sulfonyl]oxy]methyl]-5-oxo-1-
pyrrolidinyl]methyl]-, phenylmethyl ester (12d)

Prepared from the compound 11d. Eluent EtOAc. Yield 56%; col-
orless oil; [a]D +15.3 (c 0.8, CHCl3).

1H NMR (CDCl3) d: 7.96(d, J = 8.2 Hz, 2H, Ph), 7.66(d, J = 8.3 Hz,
2H, Ph), 7.41–7.17(m, 9H, Ph), 5.34(s, 2H, CH2Ph), 4.86(d,
J = 15.5 Hz, 1H, CHHPhCOO), 3.98–3.91(m, 3H, CHHPhCOO, CH2O-
SO2), 3.58(m, 1H, CHCH2OS), 2.40(s, 3H, SO2PhCH3), 2.58–1.77(m,
4H, 2 � CH2).

13C NMR d: 175.1(NCO), 165.9(COOCH2Ph), 145.4, 141.5, 135.8,
132.1, 130.1, 130.0, 129.5, 128.6, 128.3, 128.1, 127.8, 69.0(CH2O-
SO2), 66.7(CH2Ph), 55.7(CHCH2OS), 44.3(CH2Ph), 29.5(CH2CO),
21.6(SO2PhCH3), 21.1(CH2CH2CO).

MS (ESI): m/z (%): 494 [(M+H+), 100].
Anal. Calcd for C27H27NO6S: C, 65.70; H, 5.51; N, 2.84. Found: C,

65.58; H, 5.57; N, 3.01.
4.10. Compounds 6a–d and 13c–g: General procedure

Method A: In a solution of the tosylesters 5a–c (1 mmol) in
dry DMF (5 mL), the freshly prepared lithium imidazolide or
4(5)-substituted-imidazolide (22, 2 mmol) was added. The reac-
tion mixture was stirred at 50 �C overnight under argon. After
evaporation of DMF in high vacuo, the residue was dissolved in
EtOAc and the organic phase was washed with brine to neutral
pH, dried over Na2SO4 and evaporated under reduced pressure.
The residual product was purified by column chromatography (sil-
ica gel) using the appropriate solvent systems as it will be defined
in each case below.

Method B: Compounds 22 or 23 (1.2 mmol) and cesium car-
bonate (390 mg, 1.2 mmol) were dissolved in dry DMF (3 mL) un-
der argon. After stirring of the mixture for 30 min at 50 �C, a
solution of the tosyl ester 12c or 12d (1 mmol) dissolved in
dry DMF (3 mL) was added and the stirring was continued over-
night at 50 �C under argon. After evaporation of DMF in high va-
cuo, the residue was dissolved in EtOAc and the organic phase
was washed with brine to neutral pH, dried over Na2SO4 and
evaporated under reduced pressure. The residual product was
purified by column chromatography (silica gel) using the appro-
priate solvent systems as it will be defined, in each case,
below.



2898 P. Moutevelis-Minakakis et al. / Bioorg. Med. Chem. 19 (2011) 2888–2902
4.10.1. (5S)-(1H-Imidazol-1-ylmethyl)-1-(phenylmethyl)-2-
pyrrolidinone (6a)

See Ref. 7.

4.10.2. (5S)-(1H-Imidazol-1-ylmethyl)-1-[[3-
(phenylmethoxy)phenyl]methyl]-2-pyrrolidinone (6b)

Prepared from the compound 5b and lithium imidazolide by
method A. Eluent EtOAc–MeOH, 1:1. Yield 42%; colorless oil; [a]D

+17.0 (c 1.0, CHCl3).
1H NMR (CDCl3) d: 7.38–6.72(m, 12H, Ph), 5.05(s, 2H, OCH2Ph),

4.93(d, J = 15.4 Hz, 1H, CHHPh), 3.90(m, 2H, CH2N), 3.84(d,
J = 15.4 Hz, 1H, CHHPh), 3.64(m, 1H, CH), 2.28–1.58(m, 4H,
2 � CH2).

13C NMR d: 175.1(CH2CON), 159.1, 137.5, 137.3, 136.7, 130.1,
130.0, 128.5, 127.9, 127.3, 120.5, 119.2, 114.5, 114.3,
69.8(OCH2Ph), 56.9, 48.6, 44.8, 29.1(CH2CO), 22.3(CH2CH2CO). MS
(ESI): m/z (%): 362 [(M+H+), 100].

Anal. Calcd for C22H23N3O2: C, 73.11; H, 6.41; N, 11.63. Found: C,
73.32; H, 6.57; N, 11.48.
4.10.3. (5S)-(1H-Imidazol-1-ylmethyl)-1-[[2-[1-(phenylmethyl)-
1H-1,2,3,4-tetrazol-5-yl]phenyl]methyl]-2-pyrrolidinone (6c)

Prepared from the compound 5c and freshly prepared lithium
imidazolide by method A. Eluent EtOAc–MeOH, 1:1. Yield 48%; col-
orless oil; [a]D +11.6 (c 1.0, CHCl3).

1H NMR (CDCl3) d: 7.95(m, 1H, NCHN), 7.48–7.32(m, 8H, Ph),
7.08(s, 1H, Ph), 6.99(s, 1H, Ph), 6.69(m, 1H, Ph), 5.82(s, 2H,
NNCH2Ph), 5.18(d, J = 15.3 Hz, 1H, CHHPh), 4.72(d, J = 15.3 Hz,
1H, CHHPh), 3.85(m, 2H, CH2N), 3.70(m, 1H, CH), 2.24–1.67(m,
4H, 2 � CH2).

13C NMR d: 174.9(CON), 164.8(NCN), 137.4, 135.5, 132.9, 130.8,
130.1, 129.9, 129.7, 129.1, 129.0, 128.5, 128.2, 126.1, 119.3, 56.9,
56.7, 47.8(CH), 41.5(NCPh), 28.7(CH2CO), 22.0(CH2CH2CO). MS
(ESI): m/z (%): 414 [(M+H+), 100].

Anal. Calcd for C23H23N7O: C, 66.81; H, 5.61; N, 23.73. Found: C,
66.95; H, 5.48; N, 23.57.
4.10.4. 1H-Imidazole-4(5)-carboxylic acid, 1-[[5-oxo-1-
(phenylmethyl)-(2S)-pyrrolidinyl]methyl]-, phenylmethyl ester
(6d)

Prepared from the compound 5a and the lithium salt of 22 by
method A. The product was obtained as a mixture of the two sub-
stitutional isomers, possessing the carboxylate group at position 4
or 5 on the imidazole ring. The separation of the two isomers could
not be achieved in a quantitatively acceptable yield. Yield 69%
(mixture of both isomers).

MS (ESI) m/z (%): 390 [(M+H+), 100].
4.10.5. Benzoic acid, 4-[[(2S)-(1H-imidazol-1-ylmethyl)-5-oxo-
1-pyrrolidinyl]methyl]-, methyl ester (13c)

Prepared from 12c and imidazole by method B. Eluent
EtOAc–MeOH, 7:3. Yield 65%; colorless oil; [a]D +14.6 (c 0.9,
CHCl3).

1H NMR (CDCl3) d: 8.00(d, J = 8.1 Hz, 2H, Ph), 7.65(s, 1H, NCHN),
7.37(d, J = 8.1 Hz, 2H, Ph), 7.06(d, 2H, J = 18.0 Hz NCHCHN),4.98(d,
J = 15.6 Hz, 1H, CHHPh), 4.25(m, 2H, CH2N), 4.15(d, J = 15.6 Hz,
1H, CHHPh), 3.90(s, 3H, OCH3), 3.30(m, 1H, CHCH2N), 2.21–
1.71(m, 4H, 2 � CH2).

13C NMR d: 178.1(NCO), 167.7(COO), 143.2, 139.2, 131.1, 131.0,
129.4, 129.0, 121.6, 66.0(CH2N), 59.0(CHCH2N), 52.7(CH3),
45.2(CH2Ph), 30.0(CH2CO), 20.3(CH2CH2CO). MS (ESI): m/z (%):
336 [(M+Na+), 100].

Anal. Calcd for C17H19N3O3: C, 65.16; H, 6.11; N, 13.41. Found: C,
64.89; H, 5.94; N, 13.29.
4.10.6. Benzoic acid, 4-[[(2S)-(1H-imidazol-1-ylmethyl)-5-oxo-
1-pyrrolidinyl]methyl]-, phenylmethyl ester (13d)

Prepared from 12d and imidazole by method B. Eluent EtOAc–
MeOH, 7:3. Yield 75%; colorless oil; [a]D +10.7 (c 1.1, CHCl3).

1H NMR (CDCl3) d: 8.00(d, J = 8.3 Hz, 2H, Ph), 7.43–7.31(m, 6H,
Ph), 7.22 (d, J = 8.3 Hz, 2H, Ph), 7.04(s, 1H, CH2NCHCHN), 6.75(s,
1H, CH2NCHCHN), 5.32(s, 2H, CH2Ph), 5.01(d, J = 15.4 Hz, 1H,
CHHPhCOO), 3.97(d, J = 5.0 Hz, 2H, CHCH2), 3.85(d, J = 15.4 Hz,
3.85(d, J = 15.4 Hz, 1H, CHHPhCOO), 3.74–3.63(m, 1H, CHCH2O),
2.36–1.65(m, 4H, 2 � CH2).

13C NMR d: 175.1(NCO), 165.8(COOCH2Ph), 141.2, 137.3, 135.7,
130.2, 130.1, 129.7, 128.5, 128.2, 128.0, 127.8, 119.1,
66.7(OCH2Ph), 56.8(CHCH2), 48.8(CHCH2), 44.4(NCH2Ph),
28.9(CH2CO), 22.3(CH2CH2CO). MS (ESI) m/z (%): 390[(M+H+), 100].

Anal. Calcd for C23H23N3O3: C, 70.93; H, 5.95; N, 10.79. Found: C,
70.77; H, 5.84; N, 10.83.

4.10.7. 1H-Imidazole-5-carboxylic acid, 1-[[1-[[4-
(methoxycarbonyl)phenyl]methyl]-5-oxo-(2S)-
pyrrolidinyl]methyl]-, phenylmethyl ester (13e)

Prepared from 12c and 22 by method B. Eluent EtOAc–MeOH,
9:1. Yield 50%; yellow oil; [a]D +12.4 (c 1.0, CHCl3).

1H NMR (CDCl3) d: 7.95(d, J = 7.9 Hz, 2H, Ph), 7.78(s, 1H, NCHN),
7.60(s, 1H, NCHCCOO), 7.36(s, 5H, Ph), 7.29(d, J = 7.9 Hz, 2H, Ph),
5.24(s, 2H, COOCH2Ph), 4.86(d, J = 15.3 Hz, 1H, NCHHPh), 4.58(dd,
J1 = 4.6 Hz, J2 = 13.3 Hz, 1H, CHCHHN), 4.01(dd, J1 = 7.3 Hz,
J2 = 13.3 Hz, 1H, CHCHHN), 4.00(d, J = 15.3 Hz, 1H, NCHHPh),
3.88(s, 3H, CH3), 3.82(m, 1H, NCHCH2), 2.44–1.74(m, 4H, 2 � CH2).

13C NMR d: 175.1(CH2CON), 166.6(COOCH2), 159.9(COOCH3)
142.2, 142.0, 138.1, 135.3, 129.9, 129.5, 128.6, 128.5, 128.2,
128.0, 122.2, 66.4(COOCH2Ph), 57.2(CHCH2N), 52.1(OCH3),
48.9(CHCH2N), 44.9(CH2Ph), 28.9(CH2CO), 22.5(CH2CH2CO). MS
(ESI) m/z (%): 470 [(M+Na+), 100].

Anal. Calcd for C25H25N3O5: C, 67.10; H, 5.63; N, 9.39. Found: C,
66.95; H, 5.78; N, 9.25.

4.10.8. 1H-Imidazole-4-carboxylic acid, 1-[[1-[[4-
(methoxycarbonyl)phenyl]methyl]-5-oxo-(2S)-
pyrrolidinyl]methyl]-, phenylmethyl ester (13e⁄)

Yield 10%; colorless oil.
1H NMR (CDCl3) d: 7.98(d, J = 8.1 Hz, 2H, Ph), 7.47–7.23(m, 9H,

NCHN, NCHCCOO, Ph), 5.31(s, 2H, COOCH2Ph), 4.95(d, J = 15.4 Hz,
1H, NCHHPh), 4.04–3.97(m, 3H, CHCH2N, NCHHPh), 3.89(s, 3H,
CH3), 3.75(m, 1H, NCHCH2), 2.36–1.66(m, 4H, 2 � CH2).

13C NMR d: 175.0(CH2CON), 166.4(COOCH2), 161.9(COOCH3)
141.0, 138.3, 135.8, 134.1, 130.3, 130.0, 128.5, 128.4, 128.2,
127.8, 125.3, 66.4(COOCH2Ph), 57.0(CHCH2N), 52.2(OCH3),
49.5(CHCH2N), 44.9(CH2Ph), 28.9(CH2CO), 22.4(CH2CH2CO). MS
(ESI) m/z (%): 470 [(M+Na+), 100].

4.10.9. 1H-Imidazole-4(5)-carboxylic acid, 1-[[5-oxo-1-[[4-
[(phenylmethoxy)carbonyl]phenyl]methyl]-(2S)-
pyrrolidinyl]methyl]-, phenylmethyl ester (13f)

Prepared from 12d and 22 by method B.
The product was obtained as a mixture of the two substitutional

isomers, possessing the carboxylate group at position 4 or 5 on the
imidazole ring. The separation of the two isomers could not be
achieved in a quantitatively acceptable yield. Yield 75% (mixture
of both isomers).

4.10.10. Methyl 1-[((2S)-1-4-[(benzyloxy)carbonyl]benzyl-5-
oxotetrahydro-1H-pyrrol-2-yl)methyl]-1H-imidazole-5-
carboxylate (13g)

Prepared from 12d and 23 by method B. Eluent EtOAc–MeOH,
9:1. Yield 38%; colorless oil; [a]D +9.4 (c 0.8, CHCl3).
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1H NMR (CDCl3) d: 8.01(d, J = 8.2 Hz, 2H, Ph), 7.77–7.71(m, 2H,
NCHNCH), 7.41–7.30(m, 7H, Ph), 5.35(s, 2H, CH2Ph), 4.88(d,
J = 15.2 Hz, 1H, NCHHPh), 4.60(dd, J1 = 4.5 Hz, J2 = 13.3 Hz, 1H,
CHCHHN), 4.04(m, 2H, CHCHHN, NCHHPh), 3.89(m, 1H, NCHCH2),
3.81(s, 3H, CH3), 2.60–1.78(m, 4H, 2 � CH2).

13C NMR d: 175.2(CH2CON), 166.0(COOPh), 160.5(COO CH3),
142.2, 137.6, 135.9, 130.1, 129.5, 128.6, 128.2, 128.1, 128.0,
66.7(CH2Ph), 57.3(CHCH2N), 51.8(CH2CH), 49.0(CH3), 44.9(CH2Ph),
28.9(CH2CO), 22.5(CH2CH2CO).

MS (ESI) m/z (%): 358 [(M+H+), 100].
Anal. Calcd for C18H19N3O5: C, 60.50; H, 5.36; N, 11.76. Found: C,

60.72; H, 5.47; N, 11.69.

4.10.11. Methyl 1-[((2S)-1-4-[(benzyloxy)carbonyl]benzyl-5-
oxotetrahydro-1H-pyrrol-2-yl)methyl]-1H-imidazole-4-
carboxylate (13g⁄)

Yield 26%; colorless oil.
1H NMR (CDCl3) d: 8.04(d, J = 8.2 Hz, 2H, Ph), 7.44–7.24(m, 9H,

Ph, NCHNCH), 5.35(s, 2H, CH2Ph), 4.99(d, J = 15.3 Hz, 1H, NCHHPh),
4.12–3.91(m, 3H, NCHCH2, NCHHPh), 3.86(s, 3H, CH3), 3.75(m, 1H,
NCHCH2), 2.30–1.67(m, 4H, 2 � CH2).

13C NMR d: 175.0(CH2CON), 166.0(COOPh), 162.6(COOCH3),
141.1, 138.1, 135.8, 134.3, 130.4, 130.0, 128.6, 128.3, 128.2,
127.8, 125.1, 66.8(CH2Ph), 56.9(CHCH2N), 51.8(CH2CH), 49.4(CH3),
44.9(CH2Ph), 28.9(CH2CO), 22.3(CH2CH2CO).

MS (ESI) m/z (%): 358 [(M+H+), 100].

4.11. Compounds 7e–g and 14d–g: General procedure

A mixture of a compound possessing a benzyl ether (6b), benzyl
ester (6d, 13d, 13e, 13f, and 13g) and benzyl protected tetrazole
group (6c) (1 mmol) in MeOH (10 mL) and 10% palladium on acti-
vated carbon (0.02 g) or Pd(OH)2 (0.02 g) for compound 6c, was
hydrogenated for 1.5–3 h under atmospheric conditions. After fil-
tration through a pad of Celite, the solvent was removed in vacuo
to give the deprotected final compound in almost quantitative
yield and high purity.

4.11.1. 1-[(3-Hydroxyphenyl)methyl]-(5S)-(1H-imidazol-1-
ylmethyl)-2-pyrrolidinone (7e)

Prepared from the compound 6b. Yield 93%; colorless oil; [a]D

�1.1 (c 1.5, CH3OH).
1H NMR (CD3OD) d: 8.89(s, 1H, NCHN), 7.60(s, 2H, NCHCHN),

7.17(t, J1 = 8.1 Hz, J2 = 7.4 Hz, 1H, Ph), 6.76–6.69(m, 3H, Ph),
4.79(d, J = 15.4 Hz, 1H, CHHPh), 4.46(m, 2H, CH2N), 4.19(d,
J = 15.4 Hz, 1H, CHHPh), 4.06(m, 1H, CH), 2.30–1.88(m, 4H,
2 � CH2).

13C NMR d: 177.9(CH2CON), 159.2, 139.0, 137.3, 131.1, 123.8,
121.9, 119.8, 115.9, 115.5, 58.6(CH2N), 51.6(CH2Ph), 45.9(NCH),
30.1(CH2CO), 22.8(CH2CH2CO).

MS (ESI) m/z (%): 272 [(M+Y+), 100].
NP Analytical HPLC in solvent A: tR = 13.8 min. HPLC purity

>96%.
Anal. Calcd for C15H17N3O2: C, 66.40; H, 6.32; N, 15.49. Found: C,

66.22; H, 6.17; N, 15.33.

4.11.2. 2-Pyrrolidinone, (5S)-(1H-imidazol-1-ylmethyl)-1-[[2-
(1H-1,2,3,4-tetrazol-5-yl)phenyl]methyl] (7f)

Prepared from the compound 6c. Yield 90%; colorless oil; [a]D

+18.6 (c 1.0, MeOH).
1H NMR (CD3OD) d: 8.77(s, 1H, NCHN), 7.72(d, J = 8.0 Hz, 2H,

NCHCHN), 7.56–7.46(m, 4H, Ph), 5.07(d, J = 15.6 Hz, 1H, CHHPh),
4.63(d, J = 15.6 Hz, 1H, CHHPh), 4.48(dd, J1 = 4.1 Hz, J2 = 14.0 Hz,
1H, CHCHHN), 4.34(dd, J1 = 6.3 Hz, J2 = 14.0 Hz, 1H, CHCHHN),
4.01(m, 1H, CHCH2N), 2.25–1.87(m, 4H, 2 � CH2).
13C NMR d: 177.8(CON), 160.6(NCN), 138.0, 136.7, 131.3, 131.2,
130.7, 129.2, 129.1, 124.7, 123.0, 58.7(CHCH2N), 50.5(CHCH2N),
43.3(CH2Ph), 29.8(CH2CO), 22.8(CH2CH2CO). MS (ESI) m/z (%): 324
[(M+H+), 100].

NP Analytical HPLC in solvent A: tR = 18.5 min. HPLC purity
>99%.

Anal. Calcd for C16H17N7O: C, 59.43; H, 5.30; N, 30.32. Found: C,
59.57; H, 5.39; N, 30.41.

4.11.3. 1H-Imidazole-5-carboxylic acid, 1-[[5-oxo-1-
(phenylmethyl)-(2S)-pyrrolidinyl]methyl] (7g)

Compound 6d was hydrogenated according to the general pro-
cedure. The product was obtained as a mixture of the two consti-
tutional isomers. It was purified using silica gel column
chromatography and EtOAc–MeOH, 1:1 as eluent. The pure isomer
with the carboxylic group at position 5 on the imidazole ring was
obtained as a colorless oil. Yield 65%; [a]D +22.5 (c 0.93, MeOH).

1H NMR (CD3OD) d: 7.63(s, 1H, NCHN), 7.52(s, 1H, NCHCCOO),
7.32–7.23(m, 5H, Ph), 4.85(dd, J1 = 5.1 Hz, J2 = 13.5 Hz, 1H,
CHCHHN), 4.82(d, J = 15.0 Hz, 1H, CHHPh), 4.35(dd, J1 = 6.2 Hz,
J2 = 13.5 Hz, 1H, CHCHHN), 4.00(m, 1H, CHCH2N), 3.94(d,
J = 15.0 Hz, 1H, CHHPh), 2.34–1.95(m, 4H, 2 � CH2).

13C NMR d: 178.1(CON), 167.1(COOH), 141.6, 138.2, 134.7,
130.6, 129.8, 129.1, 128.7, 59.6(CHCH2N), 47.7(CHCH2N),
45.9(CH2Ph), 30.3(CH2CO), 23.2(CH2CH2CO).

MS (ESI) m/z (%): 300 [(M+H+),100].
Anal. Calcd for C16H17N3O3: C, 64.20; H, 5.72; N, 14.04. Found: C,

64.48; H, 5.87; N, 14.12.

4.11.4. 4-[(2S)-2-(1H-Imidazol-1-ylmethyl)-5-oxotetrahydro-
1H-pyrrol-1-yl]methylbenzenecarboxylic acid (14d)

Prepared from the compound 13d. Yield 96%; colorless oil; [a]D

+19.8 (c 1.00, MeOH).
1H NMR (CD3OD) d: 8.80(s, 1H, NCHN), 7.87(d, J = 8.0 Hz, 2H,

Ph), 7.48(d, J = 10 Hz, 2H, Ph), 7.24 (d, J = 8.0 Hz, 2H, Ph), 4.7(d,
1H, J = 15.9 Hz, CH2Ph), 4.37–4.32(m, 2H, CHCH2), 4.23(d,
J = 15.9 Hz, 2H, CH2Ph), 3.85(d, J = 15.4 Hz, 1H, CHHPhCOO), 3.99–
3.92(m, 1H, CHCH2N), 2.28–1.73(m, 4H, 2 � CH2).

13C NMR d: 178.1(NCO), 170.2(COOH), 142.5, 138.9, 132.5,
131.3, 128.9, 128.4, 121.9(CH2NCHCHN), 58.9(CHCH2N),
49.6(CH2CHCH2), 45.3(NCH2Ph), 30.0(CH2CO), 23.1(CH2CH2CO).
MS (ESI) m/z (%): 300 [(M+H+), 100].

NP Analytical HPLC in solvent B: tR = 5.9 min. HPLC purity >98%.
Anal. Calcd for C16H17N3O3: C, 64.20; H, 5.72; N, 14.04. Found: C,

64.39; H, 5.85; N, 14.12.

4.11.5. 1-((2S)-1-[4-(Methoxycarbonyl)benzyl]-5-
oxotetrahydro-1H-pyrrol-2-ylmethyl)-1H-imidazole-5-
carboxylic acid (14e)

Prepared from the compound 13e. Yield 99%; colorless oil; [a]D

+43.7 (c 1.00, MeOH).
1H NMR (CD3OD) d: 8.09(s, 1H, NCHN), 7.96(d, J = 8.1 Hz, 2H,

Ph), 7.74(s, 1H, NCHCCOO), 7.37(d, J = 8.1 Hz, 2H, Ph), 4.87(d,
J = 15.6 Hz, 1H, NCHHPh), 4.78(dd, J1 = 4.4 Hz, J2 = 13.6 Hz, 1H,
CHCHHN), 4.31(dd, J1 = 7.3 Hz, J2 = 13.6 Hz, 1H, CHCHHN), 4.15(d,
J = 15.6 Hz, 1H, NCHHPh), 4.00(m, 1H, NCHCH2), 3.88(s, 3H, CH3),
2.45–1.74(m, 4H, 2 � CH2).

13C NMR d: 178.2(CH2CON), 168.2(COOH), 162.6(COOCH3)
143.7, 143.4, 136.1, 130.9, 129.0, 125.5, 62.2(CHCH2N),
59.2(CHCH2N), 52.7(COCH3), 45.7(CH2Ph), 29.9(CH2CO),
23.1(CH2CH2CO). MS (ESI) m/z (%): 356 [(M�H+), 100].

RP Analytical HPLC in solvent E: tR = 14.4 min. HPLC purity
>95%.

Anal. Calcd for C18H19N3O5: C, 60.50; H, 5.36; N, 11.76. Found: C,
60.38; H, 5.22; N, 11.80.



2900 P. Moutevelis-Minakakis et al. / Bioorg. Med. Chem. 19 (2011) 2888–2902
4.11.6. 1-[(2S)-1-(4-Carboxybenzyl)-5-oxotetrahydro-1H-pyrrol-
2-yl]methyl-1H-imidazole-4(5)-carboxylic acid (14f)

Prepared from the compound 13f. Quantitative yield; yellow
oil; MS (ESI) m/z (%): 342[(M�H+), 100].

4.11.7. 4-[((2S)-2-[5-(Methoxycarbonyl)-1H-imidazol-1-
yl]methyl-5-oxotetrahydro-1H-pyrrol-1-
yl)methyl]benzenecarboxylic acid (14g)

Prepared from the compound 13 g. Yield 85%; colouless oil; [a]D

+10.2 (c 0.8, MeOH).
1H NMR (CD3OD) d: 8.23(s, 1H, NCHN), 7.99(d, J = 8.2 Hz, 2H,

Ph), 7.84(s, 1H, NCHCCOO), 7.37(d, J = 8.2 Hz, 2H, Ph), 4.88(d,
J = 15.7 Hz, 1H, NCHHPh), 4.77(dd, J1 = 4.7 Hz, J2 = 13.6 Hz, 1H,
CHCHHN), 4.31(dd, J1 = 7.6 Hz, J2 = 13.6 Hz, 1H, CHCHHN), 4.19(d,
J = 15.7 Hz, 1H, NCHHPh), 4.00(m, 1H, NCHCH2), 3.84(s, 3H, CH3),
2.47–1.88(m, 4H, 2 � CH2).

13C NMR d: 178.2(CH2CON), 169.4(COOH), 161.4(COOCH3)
143.7, 143.6, 143.4, 136.0, 131.4, 131.2, 128.9, 59.1(CHCH2N),
52.6(CHCH2N), 49.7(COCH3), 45.8(CH2Ph), 29.9(CH2CO),
23.1(CH2CH2CO). MS (ESI) m/z (%): 356 [(M�H+), 100].

Anal. Calcd for C18H19N3O5: C, 60.50; H, 5.36; N, 11.76. Found: C,
60.26; H, 5.19; N, 11.65.

4.12. 1-(Bromomethyl)-3-(phenylmethoxy)-benzene (16)

In an ice cooled solution of 3-benzyloxy-phenylmethanol
(2.14 g, 10 mmol) in Et2O (25 mL), PBr3

33 (1.41 mL, 15 mmol) was
added dropwise. The mixture was stirred at room temperature
for 3 h and the reaction mixture was quenched by the addition of
H2O (15 mL) in small portions at 0 �C. The aqueous phase was re-
moved and the organic layer was washed with H2O, dried over
Na2SO4 and evaporated in vacuo. The product was purified by
column chromatography (silica gel) using petroleum ether (bp
40–60 �C)–EtOAc, 7:3 as eluent. Yield 1.5 g (56%); yellow oil.

1H NMR (CDCl3) d: 7.42–6.82(m, 9H, Ph), 5.06(s, 2H, OCH2Ph),
4.46(s, 2H, BrCH2Ph).

13C NMR d: 159.0, 139.2, 136.7, 129.8, 128.6, 128.0, 127.5, 121.5,
115.4, 114.9 70.0(OCH2Ph), 33.4(BrCH2Ph).

Anal. Calcd for C14H13BrO: C, 60.67; H, 4.73. Found: C, 60.46; H,
4.69.

4.13. 5-(2-Methylphenyl)-1H-1,2,3,4-tetrazole (18)

2-Methyl-benzonitrile (0.59 mL, 5 mmol), TBAF.3H2O (0.79 g,
2.5 mmol) and TMSN3

34 (0.99 mL, 7.5 mmol) were mixed in a
wheat on microreactor. After stirring of the reaction mixture at
85 �C for 72 h, it was diluted with EtOAc and the organic phase
was successively washed with aqueous solution of 1 N HCl, H2O
and twice with aqueous solution of 5% NaHCO3. The alkaline aque-
ous extracts were combined, acidified with 1 N HCl and extracted
with EtOAc (3 � 15 mL). The combined organic layers were washed
with H2O, dried over Na2SO4 and evaporated under reduced pres-
sure. The product was obtained as a pure white solid. Yield
0.64 g (80%); mp 142–144 �C.

1H NMR (CD3OD) d: 7.64–7.36(m, 4H, Ph), 2.49(s, 3H, CH3)
13C NMR d: 157.2(NCN), 138.9, 132.5, 132.2, 130.5, 127.5, 124.9,

20.7(CH3).
Anal. Calcd for C8H8N4: C, 59.99; H, 5.03; N, 34.98. Found: C,

59.78; H, 5.26; N, 34.76.

4.14. 5-(2-Methylphenyl)-1-(phenylmethyl)-1H-1,2,3,4-
tetrazole (19)

In a solution of compound 18 (120 mg, 0.75 mmol) in acetone
(3 mL) potassium carbonate (125 mg, 0.9 mmol) and benzylbro-
mide (0.1 mL, 0.9 mmol) were added and the reaction mixture
was warmed at 50 �C for 1 h under argon. After evaporation of
the solvent, the residue was dissolved in ethyl acetate and the
organic phase was washed with brine, dried over Na2SO4 and
evaporated under reduced pressure. The residual oil was purified
by column chromatography on silica gel, eluting with petroleum
ether (bp 40–60 �C)–EtOAc, 9:1. Yield 140 mg (75%); yellow
oil.

1H NMR (CDCl3) d: 7.97(m, 1H, Ph), 7.42–7.24(m, 8H, Ph), 5.80(s,
2H, CH2Ph) 2.59(s, 3H, CH3).

13C NMR d: 165.8(NCN), 137.4, 133.4, 131.3, 129.8, 129.4, 129.1,
129.0, 128.9, 128.4, 125.9, 56.7(CH2Ph), 21.6(CH3).

Anal. Calcd for C15H14N4: C, 71.98; H, 5.64; N, 22.38. Found: C,
72.04; H, 5.72; N, 22.15.
4.15. 5-[2-(Bromomethyl)phenyl]-1-(phenylmethyl)-1H-1,2,3,4-
tetrazole (20)

In a solution of compound 19 (0.360 g, 1.44 mmol) in CCl4

(6 mL), NBS (0.436 g, 2.44 mmol) and AIBN (3.11 mg, 0.019 mmol)
were dissolved and the mixture was warmed at 80 �C for 5 h. The
solvent was evaporated under reduced pressure and the residual
product (0.500 g) was used without further purification.
4.16. 1H-Imidazole-4(5)-carboxylic acid, phenylmethyl ester
(22)

In a solution of 1Y-imidazole-4(5)-carboxylic acid (0.760 mg,
6.78 mmol) in DMF (10 mL) Cs2CO3 (1.11 g, 3.39 mmol) was added
with some drops of H2O. The solvent was evaporated under re-
duced pressure and the residue dissolved in DMF (10 mL), was stir-
red for 5 h at room temperature followed by the addition of benzyl
bromide (0.93 mL, 7.8 mmol). After stirring overnight at room tem-
perature and evaporation of DMF under reduced pressure, the res-
idue was dissolved in EtOAc and the organic phase was washed
with H2O, 5% aqueous solution of NaHCO3 and H2O. The organic
layer was dried over Na2SO4, evaporated in vacuo and the residue
was purified by column chromatography on silica gel, eluting with
EtOAc–AcOH, 9.5:0.5. The product was isolated as a white solid
(0.822 g, 60%); mp 152–153 �C (mp lit = 159–163 �C).35

1H NMR (CD3OD) d: 7.78(s, 2H, NCHNHCH), 7.42–7.34(m, 5H,
Ph), 5.32(s, 2H, Ph).

13C NMR d: 163.4(COO), 138.9, 138.7, 137.7, 129.8, 129.6, 129.4,
129.3, 67.1(CH2Ph).

MS (ESI) m/z (%): 225 [(M+Na+), 96].
Anal. Calcd for C11H10N2O2: C, 65.34; H, 4.98; N, 13.85. Found: C,

65.48; H, 5.03; N, 13.62.
4.17. 1H-Imidazole-4(5)-carboxylic acid, methyl ester (23)

1H-Imidazole-4(5)-carboxylic acid (0.560 g, 5 mmol) was dis-
solved in DMF (20 mL) and a small amount of insoluble solid was
filtered off. A cooled (0 �C) solution of diazomethane in ether36

was added until no more bubbles were formed. After evaporation
of the solvent under reduced pressure the residue was dissolved
in ether and washed with water to neutral pH. Then the ethereal
solution was dried and evaporated. The product was obtained as
a white solid homogeneous by TLC in 40% yield (0.252 g); mp
144–147 �C (mp.lit37 = 153–154 �C).

1H NMR (CD3OD) d: 7.77(d, J = 4.5 Hz, 2H, NCHNHCH), 3.85(s,
3H, CH3).

13C NMR d: 164.2(COO), 138.6, 126.6, 123.4, 52.0(CH3).
Anal. Calcd for C5H6N2O2: C, 47.62; H, 4.80; N, 22.21. Found: C,

47.58; H, 4.96; N, 22.12.
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4.18. Benzoic acid, 4-(bromomethyl)-, methyl ester (25)

To a solution of 4-bromomethyl benzoic acid (0.5 g,
2.33 mmol) in THF (15 mL), a cooled (0 �C) solution of diazometh-
ane in ether was added until no more bubbles were formed. Some
drops of glacial AcOH were added (to destroy any excess of diazo-
methane) and the ether solution was washed with water, 5%
aqueous potassium hydrogen carbonate, and water (to neutral
pH), then dried and evaporated. The product was obtained as a
white solid homogeneous by TLC in quantitative yield (0.535 g);
mp: 52–54 �C.

1H NMR (CDCl3) d: 8.00(d, J = 8.3 Hz, 2H, Ph), 7.45(d, J = 8.3 Hz,
2H, Ph), 4.49(s, 2H, CH2Ph), 3.91(s, 3H, CH3).

13C NMR d: 166.4(COO), 142.5(CCH2Br), 130.0, 128.9, 52.1(CH3),
32.1(CH2Br).

Anal. Calcd for C9H9BrO2: C, 47.19; H, 3.96. Found: C, 47.48; H,
3.75.
4.19. Benzoic acid, 4-(bromomethyl)-, phenylmethyl ester (26)

To a stirred solution of 4-bromomethyl benzoic acid (1.00 g,
4.88 mmol) and benzyl alcohol (0.5 mL, 4.88 mmol) in THF
(30 mL), DMAP (0.06 g, 4.88 mmol) and subsequently DCC
(1.01 g, 4.88 mmol) were added at 0 �C. After stirring of the reac-
tion mixture for 1 h at rt, the DCU formed was filtered off and
the solvent was evaporated under reduced pressure. Purification
of the product was achieved by column chromatography using
hexane–EtOAc 8:2 as eluent. Yield 0.9 g (60%); colorless oil.

1H NMR (CDCl3) d 7.99(d, J = 8.3 Hz, 2H, Ph), 7.41–7.33(m, 7H,
Ph), 5.30(s, 2H, CH2Ph), 4.42(s, 2H, CH2Br).

13C NMR d: 166.5(COO), 142.5, 135.7, 130.2, 129.0, 128.8, 128.4,
128.1, 127.9, 66.6(CH2Ph), 32.0(CH2Br).

Anal. Calcd for C15H13BrO2: C, 59.04; H, 4.29. Found: C, 59.32; H,
4.34.
4.20. Denzoic acid, 4-(bromomethyl)-, [5-oxo-1-[[4-
[(phenylmethoxy)carbonyl]phenyl]methyl]-2S-
pyrrolidinyl]methyl ester (28)

Sticky oil.
1H NMR (CDCl3) d: 7.95(d, J = 8.1 Hz, 2H, Ph), 7.86(d, J = 8.2 Hz,

2H, Ph), 7.43–7.26(m, 9H, Ph), 5.32(s, 2H, COOCH2Ph), 4.93(d,
J = 15.5 Hz, 1H, NCHHPh), 4.44(s, 2H, CH2Br), 4.37–4.18(m, 3H,
NCHHPh, CH2OCOPh), 3.78(m, 1H, NCH), 2.60–1.93(m, 4H,
2 � CH2).

13C NMR d: 175.2(NCO), 165.8(COO), 165.4(COO), 143.1, 141.7,
135.8, 130.0, 129.9, 129.3, 129.0, 128.5, 128.1, 128.0, 127.6,
66.5(NCH2Ph), 64.4(CH2OCOPh), 56.1(NCH), 44.5(CH2PhCOO),
31.9(CH2Br), 29.8(CH2CO), 21.6(CH2CH2CO).

MS (ESI) m/z (%): 536 [(M+H+), 80 for 79Br] and 538 [(M+H+),
100 for 81Br].

4.21. Biological assays in vitro

Each experiment in vitro was performed at least in triplicate
and the standard deviation of absorbance was less than 10% of
the mean.

4.21.1. Determination of the radical scavenging activity (RSA)
against DPPH24,38

An equal volume of the compounds (final concentration 0.05
and 0.1 mM dissolved in DMSO) was added to an ethanolic solution
of DPPH (0.05 mM in absolute ethanol). The mixture was vigor-
ously shaken and allowed to stand for 20 or 60 min; absorbance
at 517 nm was determined spectrophotometrically and the per-
centage of activity was calculated. The radical scavenging activity
(RSA) was assessed as a percentage of DPPH discolouration, using
the equation: % RSA = [(ADPPH � AS)/ADPPH] � 100, where AS is the
absorbance of the DPPH solution with the tested compound-sam-
ple and ADPPH is the absorbance of the DPPH solution.39 All tests
were undertaken on three replicates and the values (results pre-
sented in Table 1) were averaged and compared with the appropri-
ate standard NDGA. Ethanol was used as a control.

4.21.2. Soybean lipoxygenase inhibition
DMSO solution of the tested compound was incubated with so-

dium linoleate (0.1 mM) and LOX (0.2 mL, 1:9 � 10�4 m/v in saline)
at room temperature. The conversion of sodium linoleate to 13-
hydroperoxylinoleic acid was recorded at 234 nm and compared
with the standard inhibitor caffeic acid (Table 1), according to
the procedure previously reported.24,38

4.21.3. Inhibition of linoleic acid lipid peroxidation40

Oxidation of linoleic acid to conjugated diene hydroperoxide in
an aqueous dispersion was monitored at 234 nm. AAPH was used
as a free radical initiator. Linoleic acid dispersion (10 lL, 16 mM)
was added to the UV cuvette containing phosphate buffer pH 7.4
(0.93 mL, 0.05 M) at room temperature. The oxidation reaction
was initiated under air by the addition of AAPH solution (50 lL,
40 mM). Oxidation was carried out in the presence of compounds
(10 lL, 0.1 mM). In the assay with no antioxidant, lipid oxidation
was measured in the presence of the same level of DMSO. The rate
of oxidation was monitored at 37 �C by recording the increase of
absorption at 234 nm caused by conjugated diene hydroperoxides.
The results were compared to the standard inhibitor trolox.

4.22. Biological assays in vivo

4.22.1. Inhibition of the carrageenin-induced edema24,38

Edema was induced in the right hind paw of Fisher 344 rats
(150–200 g) by the intradermal injection of 0.1 mL 2% carrageenin
in water. Both sexes were used. Female pregnants were excluded.
Each group was composed of 6–15 animals. The animals, which
have been bred in our laboratory, were housed under standard
conditions and received a diet of commercial food pellets and
water ad libitum during the maintenance but they were entirely
fasted during the experiment period. Our studies were in accor-
dance with recognized guidelines on animal experimentation.
The tested compound (0.01 mmol/kg body weight), were sus-
pended in water, with few drops of Tween 80 and ground in a mor-
tar before use and then they were given intraperitoneally
simultaneously with the carrageenin injection. The rats were
euthanized 3.5 h after carrageenin injection. The difference be-
tween the weight of the injected and uninjected paws was calcu-
lated for each animal. The change in paw weight was compared
with that in control animals (treated with water) and expressed
as a percent inhibition of the edema% ICPE values (Table 1). Indo-
methacin was tested as a reference compound in 0.01 mmol/kg
(47%).

Values% ICPE are the mean from two different experiments with
a standard error of the mean less than 10%.

4.23. Computational methods

The structures of compounds, 6a, 13c, and 14d were con-
structed using the 2D sketcher module of SYBYL 8.0 molecular mod-
eling interface 41. The structures were minimized using Tripos
Force Field, Steepest Descent Conjugated Gradient and Powell algo-
rithms (termination: Gradient 0.01 kcal/mol, max iterations:
5000). The conformational space of the compounds was explored
using the Simulated Annealing method.41,42 The compounds were
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heated at 2000 K for 2000 fs and annealed at 0 K for 10,000 fs for
100 cycles. This method resulted to 100 low energy conformations
for each compound that were used for docking calculations.

The X-ray crystal structure LOX (pdb entry: 1IK3) was obtained
from RCSB Protein Data Bank in order to get the detailed sights of
the interactions between the enzyme and compounds. Prior to
docking studies a validation test was performed in order to repro-
duce the conformation of the co-crystallized ligand 13-HPOD, de-
rived from linolenic acid, at the active site of LOX-3. The
validation test using Surflex-Dock43–45 predicted the binding mode
of the ligand at the active site of the enzyme with RMSD 0.65.

The parameters used for validation test were used for all dock-
ing calculations followed. The crystal structure (1IK3) was pre-
pared using the Protein Preparation Wizard utility provided by
Schrödinger.46 According to this utility bond orders were assigned,
water molecules of crystallization were removed, hydrogen atoms
were added and het states were generated for pH 7.0 for amino
acids Histidine, Glutamic acid and Aspartic acid. The 3D structure
of the protein was further refined using restraint minimization
method for hydrogens only and constraint was set to 0.3 Å (Force
field OPLS 2005). Docking calculations using Surflex-Dock referred
to 1IK3 were performed through protomol generation by ligand.
The parameters used were threshold 0.3 and bloat 0. At the Sur-
flex-Dock panel was chosen to perform pre- and post-dock minimi-
zation and to provide five possible solutions for each annealed
conformation.
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