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Pyrrolobenzoxazepinones (PBOs) represent a new class of human immunodeficiency virus type
1 (HIV-1) nonnucleoside reverse transcriptase (RT) inhibitors (NNRTIs) whose prototype is 5.
Molecular modeling studies based on the X-ray structures of HIV-1 RT prompted the synthesis
of novel analogues which were tested as anti-HIV agents. The PBO derivatives specifically
designed to target the highly conserved amino acid residues within the â12-â13 hairpin, namely
primer grip, proved to be very potent against the most common mutant enzymes, including
the highly resistant K103N mutant strain. Structure-activity relationships (SARs) are
discussed in terms of a possible interaction with the RT binding site, depending on the nature
of the substituents at C-6. Among the pyrrolobenzoxazepines investigated, 15c appeared to be
the most promising NNRTI of the series characterized by potent antiviral activity, broad
spectrum, and low cytotoxicity. 15c showed synergistic antiviral activity with AZT.

Introduction

Nonnucleoside reverse transcriptase inhibitors
(NNRTIs) are allosteric and noncompetitive modulators
of RT, one of the key enzymes in the life cycle of HIV-
1.1,2 Because of their generally good tolerability and low
toxicity, these drugs are essential components of highly
active antiretroviral therapy (HAART) in conjunction
with nucleoside reverse transcriptase inhibitors (NRTI)
and/or protease inhibitors (PI).3 The multidrug therapy
provides a substantial delay in disease progression
compared to monotherapy or dual therapy, allowing
significant immune system function restoration and
retarding the emergence of resistant viral strains.3,4

Clinical trials have shown that NNRTIs often act
synergistically with NRTI (such as AZT 1, Chart 1),
allowing simplified administration schedules with im-
provement in patient’s adherence to treatment, crucial
to preventing suboptimal dosages.

So-called “first generation” NNRTI drugs, such as
nevirapine 2 and delavirdine 3 (Chart 1), are generally
very susceptible to the effects of a single critical amino
acid change in the NNRTI binding pocket.5,6 In contrast,

the more recent “second generation” NNRTIs (e.g.
efavirenz 4, Chart 1) are characterized by a more
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favorable profile of resilience to common resistance
mutations.7 However, the possible development of re-
sistance (especially cross-resistance) to such compounds,
with reduction of therapeutic options in the case of
unsuccessful regimens, makes the continuous develop-
ment of new, potent, broad-spectrum NNRTI antiviral
agents necessary.

In a previous paper8a we reported a series of pyrrolo-
benzoxazepinone (PBOs) derivatives as novel NNRTIs.
Some of these analogues were found to be active toward
wild type and mutated HIV-1 RT enzymes, to act
synergistically in combination with AZT, and to achieve
high concentrations in the brain.9a,b Herein we report a
new series of analogues characterized by high potency
and a broadened spectrum of activity.

We focused our efforts on the identification of those
structural requirements responsible for high activity
toward a wide range of HIV-1 variants in order to
develop potential drugs with improved resistance pro-
files for chronic use in anti-HIV combination therapy.
The discovery that some highly conserved amino acid
residues in the NNRTI binding pocket are essential for
viral replication provided useful information for the
rational design of new anti-HIV drugs. Indeed, improved
binding at these amino acids could result in the devel-
opment of novel NNRTIs not sensitive to the common
enzyme mutations, which mainly occur at residues
Y181, Y188, and K103. Four residues were identified
as highly conserved among those lining the NNRTI
binding site: F227, W229, L234, and Y318. With the
exception of Y318, all the other residues are part of the
â12-â13 hairpin (F227-H235), namely primer grip,
responsible for maintaining the primer terminus in the
appropriate orientation for nucleophilic attack on an
incoming dNTP.10 The crucial role of the primer grip
was recently investigated and it was found that several
mutations in this region significantly compromise RNA-
and DNA-dependent DNA polymerase activities.11a-d In
particular, mutations of W229, including the conserva-
tive mutations W229F and W229Y, reduced RT activity
to <2%.11c Moreover, mutation of the key W229 has
never been observed in combination with other muta-
tions, indicating that compensatory mutations to restore
RT activity of the W229 mutated enzyme will not easily
occur.11c,d Hence, W229 has been proposed to be vital
for correct protein folding and/or for stabilizing the
complex between RT and the template-primer.11b,c This
proposal is supported by the experimentally determined
structures of HIV-1 RT in complex with a double-
stranded DNA template- primer12 (binary complex) and
of the covalently trapped catalytic complex of HIV-1
RT13 (mimicking the ternary complex). HIV-1 RT X-ray
structures prove that the movement of the primer grip
region (W229) with respect to Y181 and Y188 (located,
together with the catalytic residues D185 and D186, in
the â9-â10 hairpin) is crucial for enzyme function. On
the other hand, the locking of the W229 position
represents the molecular basis of NNRTI activity.
Accordingly, the design approach discussed herein was
mainly based on the hypothesis that targeting the
conservative residue W229 for more extensive inter-
action with an inhibitor may lead to the discovery of
potent NNRTIs that are less sensitive to resistance
mutations.

On this basis, we first designed a new set of com-
pounds (13d-i and 21a,b) to extend the scope of
previous SAR studies and to evaluate the effect (steric
and/or electronic) on antiviral activity of substituents
on the C-6 phenyl ring. Subsequently, from SAR and
docking results, and on the basis of a thorough inves-
tigation of the topology of wild type (wt) and mutated
RTs (free and NNRTI bound), also taking into consid-
eration the different functional states of the enzyme,
we designed novel NNRTIs specifically aimed to bind
the highly conserved residue W229 (15a-l).

This strategy led to the identification of novel anti-
viral agents with a promising pharmacological profile.
Herein the molecular modeling approach, the synthesis,
and the biological investigation are discussed, and a
synergistic study is also included.

Chemistry

The new PBOs derivatives were synthesized as shown
in Schemes 1-4.

Following a previously reported procedure8a the bromo-
esters 8a-d were prepared starting from the corre-
sponding ethyl phenylacetates 7a-c,e (Scheme 1).
Starting from 3-aminophenylacetic acid 6a, through a
Sandmayer-type reaction, 3-iodophenylacetic acid 6b
and the azido derivative 6c were synthesized. Iodo-
phenylacetic acid ethyl esters and their corresponding
bromo derivatives8b,c were synthesized by the method
reported in Scheme 1.8a Esterification of 6e afforded
3-hydroxyphenylacetic acid 7d8d which was converted
to 3-ethoxyphenyl acetate 7e. The analogous intermedi-
ate (()-R-bromo-(3-chlorophenyl)acetic acid ethyl ester
was prepared according to reference 8e.

Scheme 2 describes the synthesis of compounds (()-
13d-i. O-Alkylation of 1-(2-hydroxyphenyl)pyrrole 98a

with the suitable ethyl R-bromophenylacetate 8 afforded
esters (()-10a-e. Then the ethyl substituent was
introduced using iodoethane in the presence of lithium
diisopropylamide to give esters (()-11a-e. After sa-
ponification of the ethyl ester group (affording (()-12a-
e), and intramolecular Friedel-Crafts cyclization com-
pounds (()-13d-g,i were obtained. Reduction of the
azido group of (()-13f led to the corresponding amine
(()-13h in good yield.

Scheme 1a

a (i) NaNO2, H+, KI; (ii) NaNO2, H+, NaN3; (iii) t-BuONa, EtI.
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Bromination of ketones (()-13b,j8a,14 (Scheme 3) with
N-bromosuccinimide (NBS) and a catalytic amount of
azobisisobutyronitrile (AIBN), led to derivatives (()-
14a,b and these key intermediates were converted to
the desired compounds (()-15a-l. While (()-15a-j
were synthesized using (()-14a,b as alkylating agents
compound (()-15k was obtained by means of a Wittig-
type reaction using benzaldehyde. Subsequent cat-
alytic hydrogenation provided (()-15l. The synthesis of
benzazepines (()-21a,b is reported in Scheme 4. The
3-chlorophenyl ester intermediate 17 was obtained by
Wadsworth-Emmons olefination, starting from methyl
(()-R-bromo(3-chlorophenyl)acetate and aldehyde 16.15b

The ester 17 was saponified to give the corresponding
acid 18, which was cyclized to the enone 19. After
hydrogenation, the ketone (()-20b was obtained. Alkyl-
ation of (()-20b and its unsubstituted counterpart (()-
20a15b gave the desired benzazepinones (()-21a,b.

Biological Results
Enzymatic Assays. In Vitro Structure-Activity

Relationships and Molecular Modeling Studies. In
previous work8a we investigated the PBO skeleton by
making specific substitutions on the pendant phenyl
ring at C-6 (Table 1, 13a-c). The meta-substituted PBO
13c was identified as a valuable lead to develop novel
anti-HIV agents, despite its inactivity against the
common Y181I and Y188L mutants. To define how the
physical-chemical properties of the substituents at C-6
could influence the inhibition of HIV-1 RTs (wild type
and mutants), we improved the SARs of the PBO series
of antivirals, by designing and synthesizing the ana-

logues 13d-i and 15a-l (Table 1). The newly described
PBO analogues 13 and 15 were tested in an in vitro
HIV-1 RTwt assay to evaluate their potential as anti-
HIV drugs. The results are summarized in Table 2 as
Ki values. In addition, to evaluate the potential of these
antienzymatic derivatives as novel broad spectrum
antiviral agents, all active compounds were also tested
on a panel of RT mutants including L100I, Y181I,
V106A, and K103N, a mutant associated with resistance
to pyridones and nevirapine. Y188L, a mutation of RT
that appears in patients treated with both nevirapine
and AZT, was also included. The first question ad-
dressed was whether, by expanding the SAR studies of
the PBO class of antiviral agents closely related to 5,
the antiviral activity and the spectrum of antienzymatic
activity could be improved over previously described
PBOs. SAR studies were conducted by appropriately
varying the substituents on the C-6 phenyl ring.

As illustrated in Table 2, replacement of the meta
methoxy group of 13c by a chlorine atom (13d), resulted
in a 2-fold increase of potency (Ki ) 0.036 µM) toward
the wild-type HIV-1 RT (RTwt), and broadened the
spectrum of activity against Y181I and Y188L mutants
(13c, KiY181I and KiY188L > 10 µM vs. 13d, KiY181I ) 0.8
µM; KiY188L ) 0.5 µM). However, 13d was not able to
inhibit the highly resistant K103N mutant.

The substitution of the m-chlorine atom of 13d by the
larger and less electron-withdrawing iodine atom led to
a potent inhibitor of RTwt (13e, Ki ) 0.05 µM) charac-

Scheme 2 Scheme 3
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terized by negligible activity against mutated enzymes,
with the exception of the V106A mutant (KiV106A ) 0.13
µM). Introduction of the iodine atom at the para position
(13i) of the pendant phenyl ring led to an analogue
characterized by a weak activity against wt and mu-
tated RTs (Table 2).

On the other hand, the presence of a hydrophilic and
electron-donating amino group at the meta position
(13h) resulted in a loss of enzymatic activity against
mutated strains.

To evaluate the room available in the proximity of the
meta position of the C-6 phenyl ring at the binding site
level, compound 13g was synthesized and tested. The
bulkier m-ethoxy group resulted in a 13-fold decrease
of anti-RTwt activity, while broadening the spectrum
of activity against Y181I and Y188L mutants (13g vs
13c). On the other hand, the introduction of the bulky
and conformationally constrained azido group (13f)
resulted in a complete loss of inhibitory activity against
wt and mutated RTs.

We investigated the meta-substituted PBOs’ binding
mode by docking compounds 13c and 13d into the
nonnucleoside binding site (NNBS) of HIV1-RT (PDB
code: 1VRT), in order to understand the structural basis
of mutant sensitivity, with a view to developing more
potent and broader spectrum HIV1-RT nonnucleoside
inhibitors. 13c and 13d are two of the most potent broad
spectrum PBOs and are characterized by different
inhibitory activity against K103N, Y181I, and Y188L
RTs. 13c is completely inactive against Y181I and
Y188L mutants and 13d is completely inactive against
K103N mutant. This thorough molecular modeling

study allowed us to clarify the molecular basis of the
inhibitory activity of 13c and 13d against HIV-1 RTs,
and to develop new analogues bearing key structural
features specifically designed to target the highly con-
served amino acids in the primer grip region, in
particular W229.

In the docking studies S-enantiomers of 13c and 13d
were used in accordance with our previous results.8a,16

A flexible docking procedure was applied, including
Monte Carlo and Simulated Annealing methods, with
the aim of allowing the maximum adaptability of the
binding site around the inhibitor (Affinity, Accelrys, San
Diego). It must be noted that the docking procedure we
used allows the mutual adaptability of the ligand with
respect to the binding site, considering both the inhibitor
and the protein binding site fully flexible during the
entire calculations. Indeed, the X-ray structures of wild
type and mutated HIV1-RTs (alone and in complex with
various inhibitors17) evidenced that the hydrophobic
pocket constituting the NNBS can vary in dimension
and shape, depending on the conformational state of the
protein (i.e. free RT, binary complex, ternary complex)
and, in the RT/NNRTI structures, on the nature of the
bound NNRTI. Moreover, many different binding modes
have been reported for different classes of inhibitors,
as well as for compounds which have close structural
correlation.18

Furthermore, to improve the reliability of the docking
results, we increased the variance of the starting
structures by considering 13c and 13d in both the
pseudoaxial and pseudoequatorial pendant phenyl ring
conformations, and by performing two docking calcula-
tions for each of the four starting complexes using two
different energy check criteria for the selection of
acceptable structures (see Experimental Section). Dock-
ing solutions were ranked by evaluating the complex
energy and the ligand-enzyme interaction energy. The
results are reported in Figure 1A, B. Both 13c and 13d
bind the NNBS with the pendant phenyl ring at C-6 in
an axial position, but they adopt different binding modes
(Figure 1A, 13c and Figure 1B, 13d).

13c binds NNBS orienting the ethyl substituent in
close proximity to V106, L234, and F227 establishing
van der Waals contacts with these residues. The m-
methoxyphenyl ring is positioned within the aromatic
cleft identified by Y181 and Y188, and also interacts
with W229 through favorable polarized π-π contacts.
The benzo-fused ring is oriented between V179 and
L100 while the pyrrole moiety establishes a polarized,
edge-to-face, π-π interaction with another highly con-
served residue, Y318. Moreover, the carbonyl oxygen of
13c is H-bonded through a bridged water molecule with
L234 carbonyl oxygen.

13d is oriented differently: the C-6 ethyl group is
embedded within the hydrophobic pocket defined by
V106, V179, I180, and V189 (as is the cyclopropyl moiety
of nevirapine (PDB code: 1VRT)), while the pyrrole ring
interacts with Y181 through a parallel displaced aro-
matic π-π interaction. The benzo-fused ring of 13d is
oriented in a fashion similar to the m-methoxyphenyl
ring of 13c, thereby establishing a polarized π-π
stacking interaction with Y188 and a T-shaped π-π
interaction with W229. The m-Cl-substituted pendant
phenyl ring is accommodated in the hydrophobic pocket

Scheme 4
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lined with Y318, F227, V106, and L100 (as is the pyrrole
ring of 13c). Finally, the carbonyl oxygen of the oxaze-
pinone ring is H-bonded to a network of water molecules
which are linked to the side chain of E138 and the
carbonyl oxygen of K101. The results obtained for the
two analogues represent an example of different binding
modes of members of the same structural class of
NNRTIs and may account for their different resistance
profiles. The different binding modes found for 13c and
13d may be explained by considering the PBO struc-
tures and the architecture of NNBS. Indeed, the latter
presents two main aromatic clefts characterized by
different shape and overall polarization: (i) Y181, Y183,
Y188 (â9-â10 hairpin), and W229 (â12-â13 hairpin,
primer grip) (Figure 1A, B orange), and (ii) F227 (primer
grip) and Y318 (â15), (Figure 1A, B yellow). Accordingly,
the different binding modes found for 13c and 13d likely
reflect the differently polarized pendant phenyl rings
at C-6 (13c, 3-OMePh; 13d, 3-ClPh), being oriented
according to the overall dipole of the binding site. The
dipole moments of 13c and 13d were calculated using
partial charges obtained by the quantum mechanical
method AM1 and visualized as vectors (Decipher,
Accelrys, San Diego). Interestingly, the dipole moments
of 13c and 13d are similarly oriented with respect to
NNBS in the two different binding modes, supporting

the docking results obtained (Figure S1 C, D; Support-
ing Information). A similar molecular dipole orientation
was also found when experimentally determined RT
structures in complex with other inhibitors, such as
nevirapine and CP-94,707 (PDB codes: 1VRT and 1TV6,
respectively) (Figure S1 A, B; Supporting Information)
were examined. Moreover, it must be noted that the
PBO carbonyl oxygen at C-7 can be perfectly accom-
modated in both binding modes, establishing water-
mediated hydrogen bonds with the L234 carbonyl
oxygen (13c) or with the side chain of E138 and the
carbonyl oxygen of K101 (13d) (Figure 1A, B). These
results suggest that due to the symmetry of RT NNBS,
binding of inhibitors bearing symmetrical aromatic
structural features is driven by the orientation of their
dipole moment with respect to the overall dipole of RT
NNBS.19 Of course, when hindered and/or conforma-
tionally constrained substituents are present (i.e.
efavirenz), the binding is dominated by other forces such
as favorable or unfavorable van der Waals interactions.

The different binding modes found for 13c and 13d
may account for their different sensitivity to HIV-1-RT
mutants. Most of the known mutations implicated in
drug resistance cause conformational changes of the
NNBS, determining detrimental effects on the activity
of the inhibitor. In particular, the main structural

Table 1. Physical and Chemical Data for Compounds (()-13, (()-14, (()-15, 17, 18, 19, (()-20b, and (()-21

compd Y R R′ % yielda mp (°C) formula analysisb

(()-13ac O - - - -
(()-13bc O 3-CH3 - - - -
(()-13cc O 3-OCH3 - - - -
(()-13d O 3-Cl 30 104-105 C20H16ClNO2 C, H, N
(()-13e O 3-I 40 116-118 C20H16INO2 C, H, N
(()-13f O 3-N3 60 107-108 C20H16N4O2 C, H, N
(()-13g O 3-OEt 60 102-103 C22H21NO3 C, H, N
(()-13h O 3-NH2 50 105-106 C20H18N2O2 C, H, N
(()-13i O 4-I 70 114-116 C20H16INO2 C, H, N
(()-13jc O 4-CH3 - - - -
(()-14a O 4-CH2Br 64 111-113 C21H18BrNO2 C, H, N
(()-14b O 3-CH2Br 90 124-125 C21H18BrNO2 C, H, N
(()-15a O 3-CH2OC6H5 50 _ C27H23NO3 C, H, N
(()-15b O 4-CH2Oisopentenyl 47 _ C26H27NO3 C, H, N
(()-15c O 4-CH2OC6H5 64 151-152 C27H23NO3 C, H, N
(()-15d O 4-CH2NH-C6H5 53 171-172 C27H24N2O2 C, H, N
(()-15e O 4-CH2O(2-ClC6H5) 61 142-143 C27H22ClNO3 C, H, N
(()-15f O 4-CH2O(3-ClC6H5) 52 _ C27H22ClNO3 C, H, N
(()-15g O 4-CH2O(2-COCH3)C6H5 76 125-126 C29H25NO4 C, H, N
(()-15h O 4-CH2NH(3-FC6H5) 58 144-145 C27H23FN2O2 C, H, N
(()-15i O 4-CH2O(3-pyridyl) 67 103-105 C26H22N2O3 C, H, N
(()-15j O 4-CH2-[3-(2-imino-2,3-dihydro)thiazolyl] 83 _ C24H21N3O2S C, H, N
(()-15k O 78 149-151 C28H23NO2 C, H, N
(()-15l O 88 129-130 C28H25NO2 C, H, N
16d - - -
17 57 _ C20H16ClNO2 C, H, N
18 54 _ C19H14ClNO2 C, H, N
19 49 102-104 C19H13ClNO C, H, N
(()-20ad H - - - -
(()-20b Cl 23 _ C19H14ClNO C, H, N
(()-21a CH H 32 134-135 C21H19NO C, H, N
(()-21b CH Cl 24 108-110 C21H18ClNO2 C, H, N

a Yields refer to isolated and purified materials. b All the compounds analyzed were within (0.4% of the theoretical values. c Reference
8a. d Reference 15b.
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difference that arises at the NNBS level after K103N
mutation (PDB code:1HQE) is that W229 bends down
to Y181 and Y188 and the side chain of the latter
establishes a H-bond interaction with N103 which
consequently closes the NNRTI binding site. Accord-
ingly, we hypothesize that the capability of NNRTIs to
override K103N resistance could be related to their
ability to penetrate the binding site by establishing a
strong interaction with W229. Hence, the 3-methoxy-
substituted phenyl ring of 13c (KiK103N ) 0.022 µM)
penetrates in the aromatic cleft formed by W229, Y181,
and Y188 more deeply in comparison to the benzo-fused
moiety of 13d (KiK103N ) NA), thereby establishing
larger contacts with W229 (Figure 1A vs B).

With the aim of broadening the spectrum of activity
against resistant RTs, we developed a new series of
compounds characterized by an extended aromatic
system at C-6, to enhance PBO interaction with the
primer grip region (F227-H235), and in particular with
the conserved amino acid W229, which faces on one side
the NNBS and on the other side the catalytic site.
Several analogues (15a-l, Table 2) were synthesized
and tested, and the SARs of this novel set of NNRTI
inhibitors is discussed herein.

Interaction studies clearly indicate that a phenyl-
oxymethyl substituent in the para position (15c) of the
PBO pendant phenyl ring at C-6 is able to establish
favorable interactions within wild-type HIV-1-RT NNBS
This is demonstrated by the fact that 15c is eight times
more active than compound 13i (15c, Ki ) 0.15 µM; 13i
Ki ) 1.20 µM, Table 2) and almost seven times more
active than a PBO analogue bearing a methyl group at
the same position (Ki ) 0.97 µM8a). It is noteworthy that
the same effect is not observed when the phenyloxy-
methyl substituent is placed in the meta position, as

demonstrated by the biological profile of compound 15a
(RTwt Ki ) 0.80 µM). Among the new set of compounds,
15c can be considered as the most valuable compound,
as it is active in the high nanomolar range against RTwt
and shows comparable activity toward all the common
mutants tested, including K103N (Table 2). The pres-
ence of a second aromatic ring is crucial for activity, as
demonstrated by the negligible efficacy shown by 15b
and 15j. An extra phenyl ring was more suitable than
a pyridine ring (15c vs 15i). The chemical nature of the
linker between the two phenyl rings at C-6 can also
affect the inhibitory activity. In particular, since a
certain degree of flexibility is essential, a trans-ethylene
tether led to an inactive analogue (15k). Moreover, the
antienzymatic results obtained with 15c, 15d, and 15l,
characterized by a CH2O, CH2N, CH2CH2 linker, re-
spectively, evidenced that the different linkers did not
affect RTwt inhibitory activity, while CH2N (15d) and
CH2CH2 (15l) significantly decreased and/or abolished
antienzymatic activity against mutated RTs. Similarly,
the presence of an electron-withdrawing substituent,
such as chlorine (15f), at C-3 of the second phenyl ring
is well tolerated by the RTwt, but sensibly lowered the
inhibitory activity against most of the mutants tested
(15f vs 15c). Compound 15h in which the CH2N linker
was combined with a C-3′ fluorine atom, showed a
similar inhibitory profile as 15d. On the contrary, 15e
and 15g, characterized by a substituent (chlorine and
acetyl, respectively) at C-2, showed negligible inhibitory
activity toward RTwt and mutants.

On the basis of our design approach, the expected
broad spectrum of activity of 15c could be due to its
ability to establish extra-interactions with the aromatic
residues present in the primer grip region. To prove this
hypothesis the (S)-enantiomer of 15c was subjected to
the same computational study applied to 13c and 13d.
As starting structures for flexible docking calculations
several ligand conformers and different orientations
with respect to RT NNBS were considered (see Experi-
mental Section).

The docking results have been ranked by energy, and
those energetically favored converged to the complex
reported in Figure 2A. The proposed binding mode
suggests that the tricyclic moiety is positioned similarly
to 13c (see Figure 1A), with the benzo-fused ring giving
favorable van der Waals contacts with L100 and V179,
while the pyrrole moiety establishes a polarized edge-
to-face π-π interaction with Y318. On the other hand,
the ethyl substituent at C-6 favorably interacts with
V106 and F227, while the pendant 4-(phenyloxymethyl)-
phenyl moiety elongates in the aromatic pocket bound
by Y188, Y181, and W229. Furthermore, contacts are
also established with Y183, I94, P95, and Q91. In
particular, some key interactions can be detected in this
pocket: (i) a parallel displaced aromatic π-π interaction
with W229 (interaction energy ) -7.0 kcal/mol), (ii) an
alkyl-aryl interaction with the side chain of M230
(interaction energy ) -1.0 kcal/mol), (iii) a polarized
edge-to-face π-π interaction with Y181 (interaction
energy ) -5.2 kcal/mol), with Y188 (interaction energy
) -4.9 kcal/mol), and with Y183 (interaction energy )
-2.5 kcal/mol). The latter is part of the conserved
YMDD motif (â9-â10 hairpin) at the polymerase active
site and its replacement, even with the conservative

Table 2. Inhibition (IC50, µmol) of HIV-1 wt and HIV-1
Mutant RT Enzymes, Containing the Single Amino Acid
Substitutions L100I, K103N, V106A, Y181I, and Y188L

compd WT L100I K103N V106A Y181I Y188L

(()-13ab 0.19 0.75 7.7 3.9 >10 >10
(()-13bb 0.07 0.1 1.1 0.25 4 1.9
(()-13cb 0.06 0.011 0.022 0.01 >10 >10
(()-13d 0.036 0.6 NA 0.2 0.8 0.5
(()-13e 0.05 >10 >10 0.13 >10 >10
(()-13f NA NT NT NT NT NT
(()-13g 0.76 0.2 3.5 4.8 2.1 0.76
(()-13h 0.3 NT 2 1.6 >10 >10
(()-13i 1.2 1.8 NA 17.3 NA 27
(()-15a 0.8 1.5 4.9 8.3 NA 10
(()-15b 2.8 NT >10 3.6 >10 >10
(()-15c 0.15 0.2 0.4 0.8 0.7 2.3
(()-15d 0.09 NT 2.5 1.2 >10 >10
(()-15e 1 1.4 5 5 >10 >10
(()-15f 0.1 0.25 0.3 NT >10 >10
(()-15g 1.5 2 5 5.5 18 >10
(()-15h 0.4 2.5 2.3 1.5 >10 >10
(()-15i 0.4 0.3 2 2.5 40 39
(()-15j 1.6 NT 5 >10 >10 >10
(()-15k NA NT NT NT NT NT
(()-15l 0.17 NT >10 >10 >10 >10
(()-21a >10 NT NT NT NT NT
(()-21b 3.3 10 10 10 >10 >10
efavirenz 0.03 0.12 0.16 0.04 0.15 0.38
nevirapine 0.4 9 7 10 36 18

a Inhibition of HIV-1 RT activities. All the data listed were
compared to the corresponding test results for nevirapine, per-
formed at the same time. Each value is the mean of at least three
experiments; NA, not active, inhibition e10% at 100 µM final drug;
NT, not tested. b From ref 8a.
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residue phenylalanine, causes an 80% reduction in
HIV-1 RT polymerase activity.10 Hence, according to our
docking results, the second phenyl ring of 15c protrudes
toward the catalytic site of the enzyme through an
extensive interaction with crucial residues in the primer
grip region (F227, W229, M230) and in the â9-â10
hairpin (Y181, Y188, Y183) (Figure 2B).

With the aim to extend PBO SARs by varying the
nature of the tricyclic skeleton, compounds 21a and 21b,
in which the oxygen-bridging atom (oxazepine) is re-
placed by a methylene moiety (azepine) have been
synthesized. 21a and 21b showed a complete loss of
activity toward RTwt and its mutants (Table 2). The
conformational space of (S)-21b was sampled by 50
cycles of simulated annealing followed by energy mini-
mization (see Experimental Section) in order to verify
the energetic accessibility of the proposed PBO bioactive
conformation. Indeed, the docking results highlighted
that, despite their different binding mode to NNBS, all
PBO compounds assume the same conformation at the
C-6 phenyl ring (τ C-7/C-6/C-1′/C-2′ ) 20°), even though
their conformational space was extensively sampled
through a Monte Carlo based approach during the
docking procedure (all rotatable bond; 90% reduction of

van der Waals and Coulombic terms, see Experimental
Section). These results indicate the crucial role of this
conformational requirement for PBO binding to HIV-1
RT NNBS. While the “bioactive conformation” of the
pendant phenyl ring at C-6 is energetically accessible
(∆E from the global minimum <5 kcal/mol) for 13c, 13d,
and 15c, the bridged methylene in the seven membered
ring of 21b prevents the proper orientation of the C-6
phenyl ring with respect to the tricyclic system (∆E from
the global minimum >30 kcal/mol). This is due to
repulsive van der Waals interactions between the
hydrogens of the bridged methylene and either the
hydrogen at C-5′, or the hydrogens of the ethyl sub-
stituent at C-6 (Figure S2, Supplementary Information).

Secondary Tests. A selected set of compounds active
in enzymatic assays was evaluated for its ability to
inhibit syncytia formation on C8166 cells infected with
wild-type HIV-1IIIB virus. Furthermore, compounds
15c and 15f, representative of the new PBO series of
antienzymatic agents, were further tested on monocyte
macrophages infected with HTLV-III Ba-L (a laboratory
adapted monocytotropic strain) in order to confirm their
potential as antiviral agents. MTT assays were also
conducted as a measure of the cytotoxic effect of the new

Figure 1. Compounds (S)-13c (A) and (S)-13d (B) docked into the HIV-1 RT NNBS. Residues lining the two aromatic clefts: (i)
Y181, Y183, Y188 (â9-â10 hairpin) and W229 (â12-â13 hairpin, primer grip) and (ii) F227 (primer grip) and Y318 (â15) are colored
in orange and yellow, respectively; residues in the alkyl cleft are in magenta; lysines 101-103 are in cyan; E138 (p51 subunit) is
in white. Ligands are colored by atom type. Bottom: Ligands and W229 are displayed with their van der Waals volumes. Hydrogen
bonds are highlighted by green dashed lines. Amino acid hydrogens and water molecules are omitted for sake of clarity, with the
exception of those involved in hydrogen bond interactions.
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compounds on four different cell lines and synergistic
antiviral activity with AZT was calculated for the same
antiviral agents.

Cell Culture and MTT Assays. The results are
presented in Table 3. For the first generation PBOs 13d
and 13e a weak antiviral activity was detected. In fact,
on C8166 cells, both compounds showed EC50s in the
micromolar range. By comparing the data for 13d and
13e reported in Table 3 (C8166) with their anti-
enzymatic activity an apparent discrepancy arose. In
fact, 13d proved to be a potent inhibitor of RT wt while
its EC50 on C8166 cells is >2 µM. For the second
generation PBO compounds bearing an extra aromatic
ring (15c,d,f,i), potent antiviral activity in C8166
infected cells comparable or superior to other previously
described first generation PBOs was found.8a In par-
ticular, 15c showed a very potent antiviral efficacy in
C8166 cells, similar to that of 8-ClTIBO, while its
nitrogen-bridged counterpart 15d showed an EC50 9

times lower. Introduction of a chlorine atom in the meta
position (i.e. 15f) of the phenyl ring of 15c slightly
decreased the antiviral efficacy (EC50 ) 0.28 µM). Even
the replacement of the phenoxy group of 15c by a
3-pyrydiloxy moiety (15i) led to an analogue character-
ized by a slightly decreased efficacy (15c EC50 ) 0.083
µM vs 15i EC50 ) 0.18 µM).

Furthermore, two representative derivatives (15c and
15f) were also studied on monocyte-macrophages in-
fected by HTLV-III Ba-L (Table 4). HIV-1 infection of
monocyte macrophages is an important event in the
pathogenesis of AIDS. Monocyte-macrophages differ
from T cells in a number of aspects which could possibly
affect the anti-HIV activity of some antiviral agents. In
our case, 15c proved to be extremely potent in this test
showing an EC50 of 2.0 nM. 15f was found to be 4 times
less active than 15c, thus confirming the importance of
the nanomolar efficacy of 15c. Their SIs are highly
promising. When considered as a whole, the results

Figure 2. A: Compound (S)-15c (colored by atom type) docked into the HIV-1 RT NNBS. Residues lining the two aromatic
clefts: (i) Y181, Y183, Y188 (â9-â10 hairpin) and W229 (â12-â13 hairpin, primer grip) and (ii) F227 (primer grip) and Y318 (â15)
are colored in orange and yellow, respectively; residues in the alkyl cleft are in magenta; lysines 101-103 are in cyan; E138 (p51
subunit) is in white. Bottom: (S)-15c and W229 are displayed with their van der Waals volumes. B: Resulting docked complexes
of (S)-15c/HIV-1 RT (top) and (S)-13d/HIV-1 RT (bottom). RT thumb, palm and finger domains are displayed as ribbons. The
â12-â13 hairpin (primer grip) and â9-â10 hairpin (catalytic site) are shown in yellow and orange, respectively. van der Waals
volumes of the ligands, W229, and Y188 are reported. D185 and D186 are displayed in stick. Amino acid hydrogens are omitted
for sake of clarity, with the exception of those displayed with their van der Waals volumes.
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obtained using different infected cells indicate that 15c
can be classified among the most potent second-genera-
tion anti-HIV agents.

Low cytotoxicities were also confirmed by screening
the compounds in an MTT assay (3-(4,5-dimethylthiazol-
2-yl)2,5-diphenyltetrazolium bromide) using NSO mu-
rine, Daudi human, 3T3 fibroblast murine cell lines, and
normal human limphocytes (Table 3). Compounds
15c,d,f,i showed weak cytotoxicity.

Synergistic Antiviral Activity with AZT. Resist-
ance is a major concern in the chemotherapy of AIDS,
and the recent therapeutic strategies have converged
to favor multidrug regimens which are safer and more
effective against the HIV-1 infection, with simultaneous
reduction of drug dosages, toxicity, and resistance. A
further improvement in multidrug therapy would be to
administer combinations of drugs able to interact syn-
ergistically.20

Accordingly, to evaluate the potential of the new
series of inhibitors in a multidrug approach, we inves-
tigated the synergistic antiviral activity of 15c in
combination with the nucleoside analogue AZT (Table

5). The compound tested was able to potentiate the
antiviral activity of AZT, and AZT was similarly able
to potentiate the activity of 15c. The extent of the
synergistic activity was quantified by the calculation of
the combination index (CI) (as described by Chou and
Talalay). Compound 15c showed a synergistic anti-
HIV-1 activity (CI < 1) when tested in combination with
AZT, notwithstanding the mutually exclusive or non-
exclusive assumption formulas that were used (Table
5). Data shown in Table 5 confirm the new reverse
transcriptase inhibitor 15c to be potentially useful in
combination therapies.

Conclusions

In summary, our design strategy led to identifi-
cation of a number of highly potent antiviral agents
based on a PBO skeleton and structurally related to 5.
Within the first generation of PBOs, focusing directly
on a small number of structural alterations, we have
been able to identify analogue 13d, a potent NNRTI,
although it is characterized by weak antiviral activity.
With the goal of developing more potent and broad-
spectrum analogues, we investigated second generation
PBO NNRTIs, specifically designed to target the highly
conserved amino acid residues within the â12-â13
hairpin (primer grip region). According to our hypoth-
esis, the PBO derivative 15c proved to be very potent
against the most common mutant enzymes, including
the highly resistant K103N, Y181I, and Y188L mutant
strains. Docking studies highlighted that the second
phenyl ring of 15c protrudes toward the catalytic site,
directly interacting with Y183, part of the conserved
YMDD motif (polymerase active site, â9-â10 hairpin)
and with crucial residues in the primer grip region
(F227, W229, M230). The second generation PBO 15c
showed a greatly improved pharmacological profile, in
terms of efficacy, broad spectrum and low cytotoxicity.
The antiviral activity and the synergistic antiviral
properties with AZT suggest its potential clinical utility,
in combination with NRTIs, against strains of HIV-1
bearing those mutations that confer resistance to the
known NNRTIs.

Experimental Section
Melting points were determined using a Büchi Melting Point

B-540 apparatus and are uncorrected. IR spectra were taken
with Perkin-Elmer 398 and FT 1600 spectrophotometers. 1H
NMR spectra were recorded on a Bruker 200 MHz spectrom-
eter with TMS as internal standard; the values of chemicals
shifts (δ) are given in ppm and coupling constants (J) in Hz.
All reactions were carried out in an argon atmosphere. Thin-

Table 3. Inhibition of HIV-IIIB Replication in C8166 Cells,
and Cytotoxicity on NSO Murine Cell Line, Daudi Human (DH)
Cell Line, 3T3 Fibroblasts (3T3) Murine Cell Line, and Normal
Human Lymphocytes (HL)

C8166 cellsa TC50 (mM)

compd
CC50
(µM)b

EC50
(µM)c SId NSOe DHe 3T3Fe HLe

(()-13d 7.5 >2 <3.7 0.081 0.084 0.081 0.082
(()-13e 14.1 1.3 10.8 0.079 0.080 0.078 0.077
(()-15c 9.7 0.083 117 0.81 0.85 0.82 0.81
(()-15d 15.1 0.75 20.1 0.62 0.65 0.63 0.66
(()-15f 10.7 0.48 22.3 0.72 0.74 0.70 0.72
(()-15i 18.2 0.18 101 0.51 0.52 0.50 0.54
8-ClTIBO 50 0.030 1670
AZT >1 0.0019 >526

a All the data listed were compared to the corresponding test
results for AZT, which served as the treated control, and 8-ClTIBO
performed at the same time. b CC50 value is the test drug
concentration which results in a 50% survival of uninfected
untreated control C8166 cells (e.g. cytotoxicity of the test drug).
c The EC50 value is the test drug concentration which produces a
50% survival of HIV-1 infected cells relative to uninfected un-
treated controls (e.g. in vitro anti-HIV-1 activity). d SI, selectivity
Index (CC50/EC50). e Blank was subtracted from O. D. measured
at 570 nm. All data reported are measured OD × 1000. Standard
deviations are not reported but never exceeded 5% of the mean
value. ODs measured in control row were as follows: NSO 0.125
( 0.015; DH 0.129 ( 0.018; 3T3F 0.131 ( 0.014; HL 0.114 ( 0.01.

Table 4. Inhibition of HIV-1/BAL Replication in
Monocyte-Macrophages by Compounds 15c,fa

compd CC50 (µM)b EC50 (µM)c SId

(()-15c 16.8 0.002 8400
(()-15f 21.5 0.0084 2500
AZT >100 0.053 >1886

a Antiviral activity by HIV-1-p24 antigen production in mono-
cyte-macrophages was determined 14 days after infection. For
comparison, HIV-1-p24 antigen production in control cells was
22.789 pg/mL. a All the data listed were compared to the corre-
sponding test results for AZT which served as the treated control,
performed at the same time. b The CC50 value is the test compound
concentration which results in a 50% survival of uninfected
untreated control macrophages cells (e.g. cytotoxicity of the test
drug). c The EC50 value is the test drug concentration which
produces a 50% reduction of HIV-1-p24 antigen production in
infected cells relative to uninfected untreated controls (e.g., in vitro
anti-HIV-1 activity). d SI ) selectivity Index (CC50/EC50).

Table 5. EC50 and Combination Index for Compound (()-15c
in Association with AZT, Calculated Using Both the Mutually
Nonexclusive and the Mutually Exclusive Assumptiona

EC50(µM) CIb

compd

of
compd
alone

of
compd

with AZT

of AZT
with

compd

mutually
exclusive

assumption

mutually
nonexclusive
assumption

none 0.06
(()-15c 0.083 0.032 0.012 0.52 0.525

a C8166 cells were infected with HIV-IIIB. b CI > 1, CI ) 1,
CI < 1 indicate antagonistic, additive, and synergistic activities,
respectively. The CI values were calculated at 50% antiviral
activity using both mutually exclusive and mutually nonexclusive
form of the equation.
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layer chromatography was performed on silica gel plates
(Riedel-de Haen, Art.37341). Merk silica gel (Kieselgel 60) was
used for chromatography (70-230 mesh) and flash chroma-
tography (230-400 mesh) columns. Organic extracts were
dried over MgSO4, and the solvents were removed under
reduced pressure. Elemental analyses were performed on a
Perkin-Elmer 240C elemental analyzer, and the results are
within (0.4% of the theoretical values, unless otherwise noted
(Table 5). Yields refer to purified products and are not
optimized. Physical and chemical data for compound 13-21
were reported in Table 1.

General Procedure for Preparation of Compounds
(()-8a-d. This procedure is illustrated for the preparation of
(()-R-bromo-(3-iodophenyl)acetic acid ethyl ester ((()-8a). A
mixture of 3.44 g of 7a (11.8 mmol), 1.89 g (10.6 mmol) of
N-bromosuccinimide and a catalytic amount of AIBN in 70 mL
of carbon tetrachloride was refluxed for 5 h. After cooling at 0
°C, the solution was concentrated, and the residue was washed
with brine and purified by means of flash chromatography
eluting with toluene to give (()-8a as a colorless oil (50%): IR
(CHCl3) 1737 cm-1; 1H NMR (CDCl3) δ 1.28 (t, 3 H, J ) 6.9
Hz), 4.25 (m, 2 H), 5.22 (s, 1 H), 7.09 (t, 1 H, J ) 7.9 Hz), 7.52
(d, 1 H, J ) 8.2 Hz), 7.67 (d, 1 H, J ) 7.8 Hz), 7.88 (s, 1 H).
Anal. (C10H10BrIO2) C, H.

General Procedure for Preparation of Compounds
(()-10a-e. This procedure is illustrated for the preparation
of (()-R-(3-chlorophenyl)-R-[[2-(1H-pyrrol-1-yl)phenyl]oxy]-
acetic acid ethyl ester ((()-10a). 0.532 g (13.3 mmol, 60%
dispersion in mineral oil) of sodium hydride was added to a
solution of 1.91 g (12 mmol) of 1-(2-hydroxyphenyl)pyrrole 9
in 50 mL of anhydrous THF. The mixture was stirred at room
temperature for 1 h; then a solution 3.3 g (12 mmol) of (()-
R-bromo-(3-chlorophenyl)acetic acid ethyl ester in 15 mL of
anhydrous THF was added dropwise. After stirring at reflux
for 15 h, the solvent was removed in vacuo, and the residue
was taken up in dichloromethane and washed with a saturated
solution of NH4Cl. The organic layer was dried and evaporated.
The residue was purified by means of flash chromatography
(eluent: n-hexane/ethyl ether 4:1) to give (()-10a as a colorless
oil (69%): IR (CHCl3) 1734 cm-1; 1H NMR (CDCl3) δ 1.17 (t, 3
H, J ) 7.1 Hz), 4.15 (q, 2 H, J ) 7.1 Hz), 5.45 (s, 1 H), 6.34
(m, 2 H), 7.08-7.45 (m, 10 H). Anal. (C20H18ClNO3) C, H, N.

General Procedure for Preparation of Compounds
(()-11a-e. This procedure is illustrated for the preparation
of (()-R-ethyl-R-(3-chlorophenyl)-R-[[2-(1H-pyrrol-1-yl)phenyl]-
oxy]acetic acid ethyl ester ((()-11a). A solution of 3.0 g (8.4
mmol) of (()-10a in 20 mL of anhydrous THF was slowly added
to lithium diisopropylamide (8.4 mL, 16.8 mmol, 2 M in THF)
at -78 °C. The mixture was stirred at -78 °C for 2 h, then
2.62 g (16.8 mmol) of ethyl iodide was added. The mixture was
allowed to warm to room temperature and stirred for 1 h, then
was refluxed for an additional 2 h. The solvent was removed
under reduced pressure, and the residue was taken up in
dichloromethane and washed with brine. The organic layers
were collected, dried, and evaporated. The residue was purified
by means of flash chromatography eluting with n-hexane/ethyl
ether (4:1) to give (()-11a as an oil (76%): IR (CHCl3) 1760
cm-1; 1H NMR (CDCl3) δ 0.89 (t, 3 H, J ) 7.1 Hz), 1.10 (t, 3 H,
J ) 6.9 Hz), 2.40 (m, 2 H), 4.15 (q, 2 H, J ) 7.1 Hz), 6.40 (m,
2 H), 7.19 (m, 10 H). Anal. (C22H22ClNO3) C, H, N.

General Procedure for Preparation of Compounds
(()-12a-e. This procedure is illustrated for the preparation
of (()-R-ethyl-R-(3-chlorophenyl)-R-[[2-(1H-pyrrol-1-yl)phenyl]-
oxy]acetic acid ((()-12a). To a solution of 2.16 g (5.6 mmol) of
ester (()-11a in ethanol/THF 1:1 was added 10 mL of a 15%
NaOH solution. The mixture was refluxed for 5 h; then the
organic solvents were evaporated and the water phase was
acidified with 4 N HCl until pH 3-4. The resulting suspension
was extracted with ethyl acetate, and the organic phase was
washed with brine, dried, and concentrated to give (()-12a
as an amorphous solid (89%): IR (CHCl3) 1767 cm-1; 1H NMR
(CDCl3) δ 1.10 (t, 3 H, J ) 6.9 Hz), 2.40 (m, 2 H), 6.40 (m, 2
H), 7.19 (m, 10 H). Anal. (C20H18ClNO3) C, H, N.

General Procedure for Preparation of Compounds
(()-13d-g,i. This procedure is illustrated for the preparation
of (()-6-ethyl-6-(3-chlorophenyl)pyrrolo[2,1-d][1,5]-benzoxazepin-
7-(6H)-one ((()-13d). Phosphorus pentachloride (2.46 g, 11.8
mmol) was added, in small portions, to a solution of 3.81 g
(10.7 mmol) of (()-12a in 40 mL of dry dichloromethane. The
reaction mixture was stirred at room temperature for 12 h,
then was poured into crushed ice, basified with 10% NaOH
solution, and extracted with chloroform. The organic layers
were washed with brine, dried, and evaporated. The residue
was purified by means of flash chromatography (toluene/
dichloromethane 2:1) and recrystallized to yield (()-13d as
yellow prisms: IR (CHCl3) 1645 cm-1; 1H NMR (CDCl3) δ 0.95
(t, 3 H, J ) 7.0), 2.20-2.49 (m, 2 H), 6.47 (m, 1 H), 7.02-7.29
(m, 9 H), 7.48 (m, 1 H). Anal. (C20H16ClNO2) C, H, N.

(()-6-Ethyl-6-(3-aminophenyl)-pyrrolo[2,1-d][1,5]-
benzoxazepin-7-(6H)-one ((()-13h). 1.15 g (10,6 mmol) of
1,3-propanedithol and 1.07 g (10.6 mmol) of anhydrous tri-
ethylamine were added to a solution of 1.22 g (3.54 mmol) of
(()-13g in 15 mL of anhydrous THF. The mixture was stirred
at room temperature for 48 h. The solvent was removed under
reduced pressure, and the residue was purified by means of
flash chromatography using dichloromethane/methanol (2:1)
as eluent to give (()-13h as prisms: IR (Nujol) 3380 cm-1,
1670 cm-1; 1H NMR (CDCl3) δ 1.03 (t, 3 H, J ) 7.3 Hz), 2.02-
2.49 (m, 2 H), 3.54 (br s, 2 H), 6.45 (m, 2 H), 6.77 (m, 1 H),
6.98 (m, 1 H), 7.01-7.23 (m, 7 H). Anal. (C20H18N2O2) C, H,
N.

General Procedure for Preparation of Compounds
(()-14a,b. This procedure is illustrated for the preparation of
(()-6-ethyl-6-[4-(bromomethyl)phenyl]pyrrolo[2,1-d][1,5]-
benzoxazepin-7(6H)-one ((()-14a). A mixture of 1.5 g (4.73
mmol) of (()-6-ethyl-6-(p-tolyl)pyrrolo[2,1-d][1,5]benzoxazepin-
7(6H)-one ((()-13a), 0.75 g (4.26 mmol) of N-bromosuccinimide,
and a catalytic amount of R,R′-azoisobutyronitrile in 60 mL of
carbon tetrachloride was refluxed for 4 h. The mixture was
concentrated, and the residue was taken up in dichloro-
methane. The organic phase was washed with brine, dried,
and concentrated in vacuo, and the residue was purified by
means of flash chromatography (n-hexane/ethyl acetate, 6:1)
and recrystallized to give (()-14a as colorless prisms: IR
(Nujol) 1703 cm-1; 1H NMR (CDCl3) δ 1.02 (t, 3 H, J ) 7.2
Hz), 2.22-2.36 (m, 1 H), 2.38-2.52 (m, 1 H), 4.40 (s, 2 H),
6.45 (t, 1 H, J ) 3.2 Hz), 7.08-7.46 (m, 10 H). Anal.
(C21H18BrNO2) C, H, N.

General Procedure for Preparation of Compounds
(()-15a-c,e-g,i. This procedure is illustrated for the prepa-
ration of (()-6-ethyl-6-[3-(phenyloxymethyl)phenyl]pyrrolo[2,1-
d][1,5]benzoxazepine-7(6H)-one ((()-15a). To a solution of 26
mg (0.28 mmol) of phenol in 2 mL of anhydrous THF was
added 30 mg (0.31 mmol) of sodium tert-butoxide, and the
resulting mixture was heated at 40 °C. After 1 h, a solution of
111.0 mg (0.28 mmol) of (()-14b in 2.0 mL of anhydrous THF
was slowly added, and the resulting mixture was stirred
overnight. The solvent was removed in vacuo, and the residue
was taken up in dichloromethane; the organic phase was
washed with brine, dried, and concentrated. The residue was
purified by means of flash chromatography eluting with
dichloromethane to give (()-15a as a colorless oil: IR (Nujol)
1675 cm-1; 1H NMR (CDCl3) δ 1.05 (t, 3 H, J ) 7.0 Hz), 2.40
(q, 2 H, J ) 7.0 Hz), 4.98 (s, 2 H), 6.45 (m, 1 H), 6.88-7.48 (m,
15 H). Anal. (C27H23NO3) C, H, N.

General Procedure for Preparation of Compounds
(()-15d,h. This procedure is illustrated for the preparation
of (()-6-ethyl-6-[4-(phenylaminomethyl)phenyl]pyrrolo[2,1-d]-
[1,5]benzoxazepine-7(6H)-one ((()-15d). To a solution of 46 mg
of aniline (0.5 mmol) in 3 mL of 2-butanone was added 83 mg
(2.4 mmol) of potassium carbonate, and the mixture was
stirred at reflux. After 2 h, 0.2 g (0.5 mmol) of (()-14a was
added, and the resulting mixture was stirred overnight. The
solvent was removed in vacuo; the residue was taken up in
ethyl acetate and washed with brine. The organic phase was
dried and concentrated, and the residue was purified by means
of flash chromatography eluting with chloroform/n-hexane
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(8:2). After recrystallization from n-hexane (()-15e was ob-
tained as white prisms: IR (Nujol) 1686 cm-1; 1H NMR (CDCl3)
δ 1.04 (t, 3 H, J ) 7.6 Hz), 2.26-2.54 (m, 2 H), 4.24 (s, 2 H),
6.45 (m, 1 H), 6.56 (d, 2 H, J ) 8.3 Hz), 6.94 (t, 1 H, J ) 7.5
Hz), 7.01-7.37 (m, 12 H). Anal. (C27H24N2O2) C, H, N.

(()-6-Ethyl-6-[4-[(2-imino-2,3-dihydro-1,3-thiazol-3-yl)-
methyl]phenyl]pyrrolo[2,1-d][1,5]ben-zoxazepine-7(6H)-
one ((()-15j). To a solution of 150 mg (0.38 mmol) of (()-14a
in 5 mL of 1-propanol was added 45 mg (0.45 mmol) of
2-aminothiazole, and the resulting mixture was refluxed
overnight. The solvent was removed, and the residue was
taken up in ethyl acetate and washed with brine. The organic
phase was dried, concentrated, and purified by means of flash
chromatography (dichloromethane/ethyl alcohol 6:1) to give
(()-15j as a pale pink amorphous solid: 1H NMR (CDCl3) δ
1.00 (t, 3 H, J ) 7.1 Hz), 2.21-2.50 (m, 2 H), 4.56 (br s, 1 H),
5.27 (s, 2 H), 6.45 (m, 3 H), 6.95-7.46 (m, 10 H). Anal.
(C24H21N3O2S) C, H, N.

(()-6-Ethyl-6-[4-[(E)-2-phenylethenyl]phenyl]pyrrolo-
[2,1-d][1,5]benzoxazepine-7(6H)-one ((()-15k). To a solu-
tion of 140 mg (0.35 mmol) of (()-14a was added 1.26 mL (7
mmol) of triethyl phosphite, and the mixture was refluxed for
2 h. The excess triethyl phosphite was removed by distillation,
and the residue was dissolved in 3 mL of anhydrous THF. To
the resulting mixture, cooled at 0 °C, was added a suspension
of 14 mg (0.35 mmol) of sodium hydride (60% dispersion in
mineral oil) in 2 mL of anhydrous THF, and after stirring at
room temperature for 1 h, a solution of 42 mg (0.4 mmol) of
benzaldehyde in THF (1 mL) was added. The mixture was
heated to 60 °C for 5 h, then stirred at room-temperature
overnight. The solvent was removed under reduced pressure,
the residue was taken up in dichloromethane and washed with
a saturated solution of NH4Cl, and the organic phase was
separated, dried, and concentrated in vacuo. After purification
by means of flash chromatography (n-hexane/ethyl acetate 9:1)
and recrystallization from ethyl acetate/n-hexane (1:4), the title
compound was obtained as colorless prisms: 1H NMR (CDCl3)
δ 1.05 (t, 3 H, J ) 7.5 Hz), 2.27-2.56 (m, 2 H), 6.46 (m, 1 H),
7.03-7.49 (m, 17 H). Anal. (C28H23NO2) C, H, N.

(()-6-Ethyl-6-[4-(2-phenylethyl)phenyl]pyrrolo[2,1-d]-
[1,5]benzoxazepine-7(6H)-one ((()-15l). The title compound
was obtained by catalytic hydrogenation (90 mg of 10%
palladium on charcoal) of a solution of 54 mg (0.13 mmol) of
(()-15k in 10 mL of methyl alcohol at atmospheric pressure
and room temperature. After purification by means of flash
chromatography (n-hexanes-ethyl acetate 8:1) and recrystal-
lization from ethyl acetate/n-hexane (1:6), compound (()-15o
was obtained as white prisms: 1H NMR (CDCl3) δ 1.06 (t, 3
H, J ) 7.3 Hz), 2.25-2.55 (m, 2 H), 2.83 (s, 4 H), 6.46 (m, 1
H), 6.93-7.26 (m, 15 H). Anal.(C28H25NO2) C, H, N.

Methyl cis-2-(1H-Pyrrol-1-yl)-R-3-chlorophenylcinnam-
ate (17). To 3.0 g (11.4 mmol) of (()-R-bromo-3-chlorophenyl
acetic acid methyl ester15a was added 5.68 g (34.2 mmol) of
triethyl phosphite, and the resulting mixture was refluxed for
2 h. The excess triethyl phoshite was distilled under vacuum,
and the residue was dissolved in 20 mL of anhydrous THF.
This solution was slowly added to a cooled (0 °C) suspension
of 456 mg of sodium hydride (11.4 mmol, 60% dispersion in
mineral oil) in 5 mL of anhydrous THF. Stirring was then
maintained for 10 min at room temperature, then a solution
of 1.37 g (11.4 mmol) of aldehyde 1615 was added dropwise,
and the resulting mixture was warmed at 50 °C. After 1 h,
the solvent was removed under reduced pressure, and the
residue was taken up in dichloromethane, washed with brine,
dried, and evaporated under vacuum. The residue was purified
by means of flash chromatography (n-hexane/ethyl acetate 4.5:
0.5) to give 17 as a pale yellow oil: 1H NMR (CDCl3) δ 3.70 (s,
3 H), 6.33 (m, 2 H), 6.79 (d, 1 H, J ) 3.7 Hz), 6.94 (m, 2 H),
7.16-7.45 (m, 8 H). Anal.(C20H16ClNO2) C, H, N.

cis-2-(1H-Pyrrol-1-yl)-r-3-chlorophenylcinnamic Acid
(18). To a solution of 1.4 g (4.14 mmol) of ester 17 in 25 mL of
a mixture of methanol and THF (1:1) was added 8.5 mL (8.5
mmol) of a 10% aqueous solution of lithium hydroxide. The
mixture was stirred at room temperature until consumption

of the starting material as observed by TLC (n-hexane/ethyl
acetate 4.5:0.5), then was concentrated under reduced pressure
to a small volume and acidified (pH 3-4) by addition of a 6 M
hydrochloric acid. The resulting suspension was extracted with
ethyl acetate; the organic phase was dried and concentrated
under reduced pressure to give 18 as a pale yellow oil: 1H NMR
(CDCl3) δ 6.37 (m, 2 H), 6.89 (m, 1 H), 6.99 (m, 2 H), 7.22-
7.51 (m, 7 H), 7.62 (d, 1 H, J ) 7.2 Hz), 10.46 (br s, 1 H). Anal.
(C19H14ClNO2) C, H, N.

5-[(3-Chloro)]phenyl-4H-pyrrolo[1,2-a][1]benzoxazepin-
4-one (19). The title compound was obtained as previously
described for 13d, starting from 1.2 g (3.7 mmol) of 18, and
854 mg (4.1 mmol) of phosphorus pentachloride. After purifi-
cation by means of flash chromatography (dichloromethane)
the title compound was obtained as an amorphous solid: 1H
NMR (CDCl3) δ 6.58 (m, 1 H), 7.20-7.62 (m, 11 H). Anal.
(C19H12ClNO) C, H, N.

(()-5,6-Dihydro-5-(3-chlorophenyl)-4H-pyrrolo[1,2-a]-
[1]benzoxazepin-4-one ((()-20b). To a solution of 350 mg
(1.14 mmol) of 19 in 20 mL of THF was added 80 mg of 10%
palladium on charcoal. The mixture was stirred for 3 h at room
temperature, then the catalyst was removed by filtration
through Celite, and the clear solution concentrated under
vacuum to give a residue which was chromatographed (petrol-
um ether 40-60/ethyl acetate 8:1) to give (()-20b as a pale
yellow oil: 1H NMR (CDCl3) δ 3.29 (m, 1 H), 3.92 (m, 1 H),
6.53 (m, 1 H), 7.05-7.38 (m, 11 H). Anal. (C19H14ClNO) C, H,
N.

(()-5-Ethyl-5,6-dihydro-5-phenyl-4H-pyrrolo[1,2-a][1]-
benzoxazepin-4-one ((()-21a). To a suspension of potassium
hydride (83 mg, 0.62 mmol) in 2 mL of anhydrous THF, cooled
at 0 °C, was slowly added a solution of 169 mg (0.62 mmol) of
(()-5,6-dihydro-5-phenyl-4H-pyrrolo[1,2-a][1]benzoxazepin-4-
one15b in 3 mL of anhydrous THF. The mixture was stirred at
room temperature for 1.5 h, then 97 mg (0.62 mmol) of
iodoethane was added. After stirring for a further 24 h, the
solvent was removed under reduced pressure, and the residue
was taken up in dichloromethane. The organic phase was
washed with brine, dried, and concentrated in vacuo. The
residue was crystallized to give (()-21a as colorless prisms:
IR (Nujol) 1693 cm-1; 1H NMR (CDCl3) δ 1.10 (t, 3 H, J ) 7.2
Hz), 2.08 (m, 1 H), 2.28 (m, 1 H), 3.09 (d, 1 H, J ) 13.8), 3.58
(d, 1 H, J ) 13.8 Hz), 6.42 (m, 1 H), 6.89 (m, 1 H), 6.98-7.25
(m, 10 H). Anal. (C21H19NO) C, H, N.

HIV-1 RT RNA-Dependent DNA Polymerase Activity
Assay. Inhibition Assay. RNA-dependent DNA polymerase
activity assay was assayed as follows: a final volume of 25
µM contained reaction buffer (50 mM Tris-HCl pH 7.5, 1 mM
DTT, 0.2 mg/mL BSA, 4% glycerol), 10 mM MgCl2, 0.5 µg of
poly(rA)oligo(dT)10:1 (0.3 µM 3′-OH ends), 10 µM [3H]-dTTP
(1 Ci/mmol), and 2-4 nM RT. Reactions were incubated at 37
°C for the indicated time. A total of 20 µL aliquots were then
spotted on glass fiber filters GF/C which were immediately
immersed in 5% ice-cold TCA. Filters were washed twice in
5% ice-cold TCA and once in ethanol for 5 min and dried, and
acid-precipitable radioactivity was quantitated by scintillation
counting.21

Reactions were performed under the conditions described
for the HIV-1 RT RNA-dependent DNA polymerase activity
assay. Incorporation of radioactive dTTP into poly(rA)/oligo-
(dT) was monitored in the presence of increasing amounts of
the inhibitors to be tested. Data were then plotted according
to Lineweaver-Burke and Dixon. For Ki determinations, an
interval of inhibitor concentrations between 0.2Ki and 5Ki was
used. Experiments have been done in triplicate. Experimental
errors ((SD) were e e 10%.

In Vitro Anti-HIV Assays. Cell Culture Assay. 1. Mature
macrophages were obtained by incubating in 48-well plates
(Costar, Cambridge, MA) 106 PBMC/mL of complete medium
(containing Roswell Park Memorial Institute (RPMI)-1640,
penicillin 100 units/mL, streptomycin 100 mg/mL, L-glutamine
0.3 mg/mL, and 20% heat-inactivated fetal calf serum). After
7 days of incubation in 5% CO2 at 37 °C, nonadherent cells
(lymphocytes) were removed by extensive washing. Using this
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method, the yield, after removal of the nonadherent cells, was
105 macrophages per well. Test was conducted as described
elsewhere.22 Macrophages obtained with this method are >95%
pure as detected by nonspecific esterase activity. C8166 is a
CD4+ T-cell line containing an HTLV-I genome of which only
the tat gene is expressed.23

2. Virus. A laboratory lymphocyte-tropic strain of HIV-1
(HIV-1-IIIB) was used to infect C8166, while macrophages
were infected with a laboratory monocyte-tropic strain of
HIV-1 (HTLV-III-Ba-L, also called HIV-Ba-L).24,25 Titration
to determine the infectivity was performed in human mac-
rophages as previously described. The titer of the virus stocks,
expressed as 50% tissue culture infectious dose (TCID50), was
determined as previously described.26

3. Antiviral Agent. Zidovudine (AZT) was purchased from
Sigma Chimica. Efavirenz was a gift from Dr. Massimo
Pregnolato, University of Pavia, Italy.

4. Toxicity. Chemicals toxicity in C8166 was evaluated with
a procedure involving a colorimetric assay (MTT assay) that
monitors the ability of viable, but not dead, cells to reduce
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) to a blue formazan product, which can be measured
spectrophotometrically.27,28

5. Assay of Antiviral Activity. Antiviral activity of the
tested compounds in acutely infected C8166 cultures was
performed following an already described procedure.29 The
assay to evaluate anti-HIV drug efficacy in acutely infected
mature macrophages has been previously described.33 The
antiviral activity of the compounds was assessed by measuring
HIV-p24 antigen production in the supernatants of infected
cultures as previously described24 by using a commercially
available HIV-antigen kit.

6. Immunofluorescence Virus Binding Assay. Calcula-
tion of the 50% effective dose (ED50) and 50% inhibitory dose
(ID50) was performed. The ED50 and ID50 values were calcu-
lated from pooled values in the effective dynamic range of the
antiviral and toxicity assays (5-95%) using the median effect
equation as previously described.30

Synergy Calculations. The multiple drug effect analysis
of Chou and Talalay31 was used to calculate combined drug
effects.
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