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The discovery of a 1,5-dihydrobenzo[b][1,4]diazepine-2,4-dione series of inhibitors of HIV-1 capsid
assembly is described. Synthesis of analogs of the 1,5-dihydrobenzo[b][1,4]diazepine-2,4-dione hit estab-
lished structure–activity relationships. Replacement of the enamine functionality of the hit series with
either an imidazole or a pyrazole ring led to compounds that inhibited both capsid assembly and reverse
transcriptase. Optimization of the bicyclic benzodiazepine scaffold to include a 3-phenyl substituent led
to lead compound 48, a pure capsid assembly inhibitor with improved antiviral activity.

� 2010 Elsevier Ltd. All rights reserved.
The status of the HIV/AIDS epidemic has evolved with time and
by many estimates the global adult prevalence of HIV has stabi-
lized at slightly less than one percent of the world population.1

Highly active antiretroviral therapy (HAART) has improved the
prognosis and quality of life for individuals living with HIV such
that the disease is now thought of as a manageable, chronic disor-
der with life expectancy estimated as great as twenty years from
the start of HAART. Currently, there are twenty five approved
direct-acting antiretrovirals for the treatment of HIV and the
majority of them fall into either the nucleoside reverse transcrip-
tase inhibitor (NRTI), non-nucleoside reverse transcriptase inhibi-
tor (NNRTI) or protease inhibitor (PI) mechanistic class. In spite
of this impressive arsenal of treatment options for HIV infected
individuals, the development of resistance, patient compliance
and drug tolerability are major factors that challenge the manage-
ment of HIV. In response to emerging cross-resistance within
mechanistic classes and multi-drug resistance in general, discovery
efforts have gradually shifted away from these major drug classes,
giving rise to marketed drugs with new mechanisms of action, such
as the CCR5 antagonist maraviroc2 and the integrase (IN) inhibitor
raltegravir.3
All rights reserved.
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As part of our own interest in this area, we recently disclosed
the identification of two structurally distinct chemical series that
inhibit the assembly of the viral capsid protein p24 (CA).4 The
assembly of CA is an essential step in HIV life cycle and thus
presents an opportunity for small molecules to disrupt viral repli-
cation.5 After budding of immature HIV virions, proteolytic cleav-
age of the Gag polyprotein yields matrix (MA), CA, nucleocapsid
(NC) and p6, which allows for assembly of CA into a conical core
that encapsulates the viral RNA complexed with NC, RT and IN.
Assembly of CA is driven by three distinct intermolecular pro-
tein–protein interactions: (a) interaction between CA C-terminal
domain (CTD) and CA N-terminal domain (NTD); (b) CTD dimeriza-
tion; and (c) interaction between NTD of adjacent CA molecules.6

The finding that CA assembly can be recapitulated in vitro has
led to the development of a high throughput capsid assembly assay
(CAA) that, based on the prior work of Sundquist et al.,7 employed a
recombinant CA-NC protein construct and oligonucleotide tem-
plate, as previously described.4,8 Using this assay, we screened a
cluster collection of �13,000 compounds and identified a 1,5-dihy-
drobenzo[b][1,4]diazepine-2,4-dione hit series exemplified by
compound 1. Herein, we describe our efforts toward optimization
of this hit and the discovery of potent inhibitors of capsid assembly
and viral replication.

The benzodiazepine hit 1 had an IC50 value in the CAA of 1.4 lM,
but was inactive in a counter screen involving assembly of Rous
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Figure 1. Profile of hit compound 1 identified by screening compound collection
using the capsid assembly assay.
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sarcoma virus capsid, consistent with selective inhibition of
assembly of only the HIV-1 CA (Fig. 1). Furthermore, compound 1
displayed modest antiviral activity in a viral replication assay,
having an EC50 value of 17 lM.9 With these promising results in
hand, we prepared analogs of compound 1 in hopes of establishing
structure–activity relationships. In doing so, we were particularly
concerned with the inherent electrophilicity of the enamine
moiety, which could lead to problems of chemical instability and
even to conjugation to biomolecules in vivo.

The synthesis of analogs of benzodiazepine 1 is outlined in
Scheme 1. The route began with SNAr of appropriately substituted
2-chloro- or 2-fluoronitrobenzene derivatives 2 with a primary
amine, which gave nitroanilines 3. The nitro group of compounds
3 was then reduced to give substituted phenylenediamines 4,
which then participate in a cyclization reaction to give benzodiaze-
pines 5. If R1 was a hydrogen (i.e., compounds 6a–9), then aniline
was used in the SNAr reaction to give compounds 3 (i.e., R = Ph)
and compounds 5 were directly converted to the final inhibitors
(i.e., compounds 7–9). If R1 was a small alkyl group, the N1 phenyl
group was installed using copper mediated arylation of the anilide
as originally described by Barton,10 where the phenyl group was
transferred from triphenylbismuth. Finally, the enamine substitu-
ent at the 3-position was introduced via a three-component con-
densation between compounds 6, Bredereck’s reagent and a
primary amine to give inhibitors 10–17.

We began developing SAR in this series with modification of the
enamine substituent at the 3-position of the benzodiazepine core
(Table 1). It was noteworthy that the enamine functionality was
important for potency since the C3 unsubstituted analog 6a
suffered a complete loss of potency in the CAA. In general, we
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Scheme 1. Synthesis of analogs 7–20. Reagents and conditions: (a) RNH2, TEA, THF;
CH2(COCl)2/THF into THF; (e) Ph3Bi, Cu(OAc)2, TEA or pyr, DCM; (f) Bredereck’s reagent,
observed flexibility in the size and polarity of the substituent on
the nitrogen atom of the enamine. For example, the polarity of
the group had little effect on inhibition of capsid assembly, as is
illustrated by the fact that the butyl side chain of compound 1
could be replaced with the more polar 2-methoxyethyl or
2-hydroxyethyl chains without any loss in potency (cf. compound
NO2

NH
R

NH2

NH
R

N
H

N

O

O
R

N

N

O

O
R

Y

Y

4

5
Y = 7-Cl, R = H

b or c

d

e

(b) Fe/AcOH, 100 �C; (c) Sn/aq HCl; (d) simultaneous co-addition of 4/THF and
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Table 3
Tolerated modifications of the N1 phenyl group
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1 to compounds 7 or 8, respectively). We also found that this posi-
tion tolerated large or small substituents very well, as was illus-
trated by comparison of compound 7 or 8 to compound 9. For
this study, we also varied the N5 group and the general finding
was that small alkyl groups were well tolerated, even leading to
moderate improvements in IC50 value of 2- to 3-fold (cf. compound
7 to compounds 10 and 11). However, aromatic groups, such as the
p-tolyl, led to a dramatic loss in potency (cf. compounds 10 and
12).

We then conducted several positional scans around the benzene
ring of the benzodiazepine core. The case of a chlorine atom was
illustrative of the general trends we observed (cf. compounds 10,
13–15, Table 2). It was generally found that lipophilic substituents
were well tolerated at all positions of the phenyl ring, but the 7-po-
sition was convincingly preferred. Having this information, we also
conducted a broad screen at the 7-position and found that cyclo-
propyl and CF3 might be tolerated as chlorine atom replace-
ments.11 However, over the course of subsequent investigations,
it was found that only the 7-CF3 and 7-Cl substituents were
broadly tolerated and so development of new SAR was narrowed
to include just these modifications.

Extensive effort was made to modify the N1–Ph group. Almost
all substitutions that were attempted at this position led to a
dramatic loss in potency. The only substitutions tolerated on the
phenyl ring were the m- and p-Cl groups, although at a significant
loss in potency (Table 3, compounds 18 and 19, respectively).
Table 2
Effect of 5-, 6-, 7- and 8-substitution on the benzodiazepine core
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However, it was found that substitution of the phenyl group with
a 2-thiophenyl group led to an equipotent analog (cf. compound
20 to 10).

Concurrent with our early hit to lead activity, we conducted de-
tailed NMR and X-ray crystallographic experiments to elucidate
the binding mode of this series on the CA-NC protein. These studies
revealed that the 1,5-dihydro-benzo[b][1,4]diazepine-2,4-diones
bind to the NTD of CA.12 A full account of these studies will be dis-
closed in due course but two key findings were used to guide the
next phase of our lead optimization. First, both of the carbonyl oxy-
gen atoms on the benzodiazepine scaffold participated in hydrogen
bonding interactions within the binding pocket. Second, the enam-
ine side chain protruded from the binding pocket, which accounted
for broad flexibility encountered during our SAR study. Based on
these observations and due to our concern about the enamine
functionality (vide supra), we began to search for a modification
capable of replacing this functional group. Our solution involved
incorporation of a heterocycle that mimicked both the hydrogen
bonding interaction and sp2-character of the C3 atom. A key design
consideration was the knowledge that all the enamine inhibitors
described above were prepared and tested as mixtures of enamine
stereoisomers. This fact prompted us to evaluate the pyrazole iso-
mer exemplified by compound 21 as a N/Ph trans-isomer mimic
and the imidazole analog 22 as a N/Ph cis-isomer mimic (Fig. 2).

The general synthetic strategy used to prepare analogs of both
the imidazole and pyrazole scaffold is illustrated in Scheme 2.
From heterocyclic amino ester 23,13,14 we introduced the N5-alkyl
group in the three-step acylation, alkylation and deprotection
sequence leading to compound 26. A nucleophilic aromatic
substitution then allowed for the installation of the appropriately
substituted benzene ring destined to be part of the benzodiazepine
core. The seven-membered ring was then formed through a nitro
reduction and concomitant cyclization sequence to provide com-
pound 28. For the imidazole and pyrazole series, we relied on Bar-
ton’s Cu/Bi-based chemistry for introduction of the N1-phenyl
group. At this stage, the deprotection of the PMB group was done
under acidic conditions to give building block 30 and the point of
diversity was introduced by mild, regioselective alkylation to give
compound 31.

We first examined structure–activity relationships in the pyra-
zole series in an effort to mimic the N/Ph trans-isomer of the enam-
ine series. The unsubstituted compound 30a had an IC50 value of
0.30 lM in the capsid assembly assay and an EC50 of 7.8 lM in
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Figure 2. Design of enamine stereoisomer mimics.

Table 4
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the viral replication assay (Table 4).15 Addition of a methyl group
to give analog 32 led to a 2-fold loss in potency in the CAA, but
had no effect on the antiviral activity. However, installation of
the slightly larger ethyl group led to a 3-fold increase in the IC50

value compared to compound 32. Similar results were obtained
with polar groups that were reminiscent of those used in our inves-
tigation of the enamine hit series. For example, incorporation of an
ether or dimethylamino group (compounds 33 and 34) both lead to
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5- to 10-fold loss in the CAA, accompanied by similar losses in anti-
viral potency. However, potency was restored with the larger, aro-
matic benzyl groups, such as those found in compounds 35–37.
Not only were IC50 values in the sub-micromolar range for these
compounds, but antiviral potency reached the sub-micromolar le-
vel for the first time in the case of the basic analog 35. Although
these results were encouraging, it was difficult to account for the
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relatively steep SAR observed in the pyrazole series without recall-
ing that the N/Ph cis-isomer was preferred in our X-ray studies
involving the enamine series. With this in mind, we turned our
attention to the imidazole series designed to mimic the N/Ph cis-
enamine isomer.

We began our investigation of the imidazole series by making
modifications common to the pyrazole series in order to allow a di-
rect comparison. The unsubstituted analog 30b was among the
most potent analogs tested, having an IC50 value similar to that
of unsubstituted pyrazole 30a, but an EC50 value about 2-fold low-
er (Table 5). The SAR began to diverge upon substitution of the
imidazole nitrogen, where small alkyl groups were well tolerated,
giving lower IC50 values compared to similar substitutions ex-
plored in the pyrazole series (cf. compounds 38 and 31b to com-
pound 30b). Polar substituents were also well tolerated in this
series and benzyl groups also improved potency in both the CA
assembly and antiviral assays. As with the pyrazole series, the ben-
zylic amine 43 led to analogs that reached sub-micromolar activity
in the antiviral assay. Taken together, the results supported the
hypothesis that the cis-enamine stereoisomer was the more potent
of the two.

Over the course of our investigation of the pyrazole and imidaz-
ole series, trends in antiviral potency often did not correlate to SAR
observed in the CAA. Cognizant of the structural similarity of the
pyrazole and imidazole series to that of the NNRTI nevirapine
(44, Fig. 3), several analogs were profiled in an antiviral assay that
used engineered HIV virus having the clinically relevant K103N/
Y181C double mutation in reverse transcriptase associated with
resistance to NNRTIs. If compounds showed no shift in this assay
relative to the one using wild type virus, that would help us rule
out a mixed mechanism of action composed of both NNRTI and
capsid assembly inhibition. However, if a shift was observed, sug-
gesting some level of inhibition of RT, this might account for the
unusual SAR that was emerging in these series. A number of ana-
logs tested did show a shift between the two antiviral assays,
and so a full evaluation of the collection of capsid assembly inhib-
itors was undertaken. The results are presented in Figure 4 as a plot
of EC50 for the wild type (WT) virus versus EC50 for the double mu-
tant (DM) virus. The ideal situation for a series of capsid assembly
Table 5
Effect of substitution of the imidazole ring

N

N

O

Me

Cl

N

N
R

R IC50 (lM) EC50 (lM)

30b H 0.21 3.8
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inhibitors is to trend along the orange line in Figure 4 where the
shift between the assays is essentially 1. For the pyrazole series
(blue circles), the shift was as high as 15-fold between the two as-
says and Figure 4 shows that this was generally found across the
whole series. In the case of the imidazole series (yellow circles),
the shift was not as dramatic as with the pyrazole series, but for
the most potent compounds, a shift was apparent and could be
as high as fivefold. It should be noted that when the results shown
in Figure 4 indicated that the NNRTI mechanism may be contribut-
ing to antiviral potency, we performed enzymatic assays with WT
RT and DM RT and were able to show similar, often more dramatic
shifts between the two assays (data not shown). In these cases, this
confirmed some contribution of the NNRTI mechanism to antiviral
potency and explained the unusual SAR we had observed.

The primary objective of our research program was to discover
a new antiretroviral belonging to a novel mechanistic class that
could be administered to HIV-infected individuals with no limita-
tion with respect to past treatment history and potential resistance
profile. Therefore, we concentrated our effort on the search for a
pure capsid assembly inhibitor devoid of inhibition of reverse
transcriptase. To move forward, we took a step back from the imid-
azole and pyrazole series in order to implement a different strategy
toward structural replacement of the enamine group. Examination
of the data presented in Figure 4 revealed that the original enamine
series remained clustered along the orange dotted line, indicating
little or no contribution from inhibition of RT to the antiviral activ-
ity of these compounds. Furthermore, a remaining avenue that we
had not yet investigated was substitution of the C3 atom of the
benzodiazepine core that was sp3-hybridized. In hopes that main-



Table 6
Effect of substituted sp3-C3 on potency
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taining a bicyclic scaffold was the key to minimizing the NNRTI
mechanism of action, we initiated prospecting efforts that revealed
that addition of both simple and more complex alkyl substitutions
did not improve potency (Table 6, cf. compounds 45–47 to com-
pound 6a). To our surprise, the directly attached phenyl analog
48 regained the potency lost in the CAA caused by excising the en-
amine functionality. Furthermore, compound 48 showed good po-
tency in the antiviral assay with an acceptable window versus
cytotoxicity and, importantly, showed no shift when the wild type
and double mutant assay results were compared.

The synthetic scheme we used to prepare analog 48 is shown in
Scheme 3.16,17 A salient feature of the route included the relatively
short sequence from commercially available ethyl ester 49. Impor-
tantly, there are a plethora of commercially available phenyl acetic
acid building blocks, which will allow for the rapid introduction of
diversity at the 3-position.

In conclusion, we have used our capsid assembly assay to
screen a focused collection of compounds and identified a hit series
based on a 1,5-dihydrobenzo[b][1,4]diazepine-2,4-dione scaffold.
Hit-to-lead activity based on hit compound 1 established struc-
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Scheme 3. Synthesis of 3-phenylbenzodiazepine analog 48. Reagents and condi-
tions: (a) NC–CO2Et, NaHMDS; (b) 50 + 51, lW @ 160 �C, 25 min; (c) Ph3Bi,
Cu(OAc)2, Pyr, DCM.
ture–activity relationships at several positions on the molecular
framework. Furthermore, rationally designed replacements of the
potentially reactive enamine functional group led to the potent
imidazole and pyrazole series of capsid assembly inhibitors. Unfor-
tunately, these two new series displayed a mixed mechanism of ac-
tion in viral replication assays that involved inhibition of HIV
reverse transcriptase.18 Finally, reinvestigation of the bicyclic ben-
zodiazepine scaffold identified the 3-phenylbenzodiazepine lead
candidate showing similar potency to the original hit compound
in the capsid assembly assay, a >5-fold improvement in antiviral
potency and no inhibition of reverse transcriptase. Importantly,
this series is devoid of the enamine functional group, a potential
liability from the perspective of in vivo toxicity due to its electro-
philic nature. Efforts to optimize this new lead with the objective
of identifying a direct-acting antiretroviral that operates through
a novel mechanism of action and with a unique resistance profile
will be reported in due course.
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