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1-(4-Benzoylpiperazin-1-yl)-2-(1H-indol-3-yl)ethane-1,2-dione (1a) has been characterized as an inhib-
itor of HIV-1 attachment that interferes with the interaction of viral gp120 with the host cell receptor
CD4. In previous studies, the effect of indole substitution pattern on antiviral activity was probed. In this
Letter, the effect of structural variation of the benzamide moiety is described, a study that reveals the
potential or the phenyl moiety to be replaced by five-membered heterocyclic rings and a restricted tol-
erance for the introduction of substituents to the phenyl ring.

� 2009 Elsevier Ltd. All rights reserved.
We have recently described the preliminary structure–activity
relationships associated with a series of HIV-1 inhibitors derived
from the indole glyoxamide 1a, a compound discovered by
screening the Bristol-Myers Squibb compound collection using a
pseudotype virus assay.1–6 Mechanistic studies suggest that these
compounds act by stabilizing a conformation of the HIV-1 glyco-
protein gp120 that is poorly recognized by the host cell receptor
CD4, thereby interfering with a specific cell attachment event, one
of the initial steps in virus entry.6–8 However, under different
experimental conditions, these compounds appear to be capable
of forming a ternary complex with gp120 and CD4 in a fashion
that blocks CD4-mediated exposure of the gp41 fusion apparatus,
providing an additional mechanistic facet.9,10 In previous articles,
we have described fundamental aspects of the structure–activity
relationships (SAR) associated with the introduction of relatively
simple substituents to the indole ring, a survey that established
the patterns conferring optimal antiviral activity.2 In this Letter,
we describe the results of a complementary survey conducted
after discovering 1a in which the effect of structural variation
of the benzamide moiety on HIV-1 inhibitory activity was probed.
The objective of this exercise was straightforward and focused
simply on defining the basic structural parameters required for
All rights reserved.
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optimal antiviral activity in a novel pharmacophore. Whilst the
substrate selected for the initial phase of this work was the sim-
ple unsubstituted indole moiety found in 1a, the discovery that
the 4-fluoro derivative 1an exhibited over 50-fold improved po-
tency led to the inclusion of this indole moiety into the latter
stages of the study.
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The target compounds were synthesized by the straightforward
process depicted in Scheme 1. Coupling of 2-(1H-indol-3-yl)-2-

oxoacetyl chloride or the 4-F derivative (3) with tert-butyl-1-pip-
erazinecarboxylate in CH2Cl2 or THF using iPr2NEt or Et3N as the
base afforded the piperazinamide 4.4,11 The Boc protecting element
was removed from 4 by stirring with 20% CF3CO2H in CH2Cl2 and
the resulting amine 5 coupled with a carboxylic acid using either
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) or the
polymer-supported version of this reagent as the dehydrating
agent in DMF to afford compounds 1a–1aag, compiled in Table 1.
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Scheme 1. Reagents and conditions: (a) tert-butyl-1-piperazinecarboxylate/iPr2NEt or Et3N in CH2Cl2 or THF; (b) 20% CF3CO2H/CH2Cl2; (c) R1CO2H/1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide (EDC) or polymer-supported 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (P-EDC)/DMF.
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The antiviral properties of target compounds were assessed in a
pseudotype virus infection system using an engineered virus. A
proviral clone of LAI virus with the env gene replaced by the firefly
luciferase gene1–5 was co-transfected into HEK-293 cells with a
plasmid expressing the envelope of the JRFL virus, a CCR5-specific
virus. After 48 h, supernatant containing the recombinant pseudo-
virus, designated as JRFL-LucDEnv, was harvested and the titer
determined by performing serial dilutions in HeLa67 cells, which
express the primary HIV-1 receptor CD4 and the coreceptor
CCR5. Virus growth was quantified by measuring luciferase activity
(Luciferase Gene Reporter Assay Kit by Roche) three days post-
infection. For the analysis of the antiviral activity of test com-
pounds, fourfold serial dilutions of compounds were added to
JRFL-LucDEnv-infected HeLa67 cells at the time of infection. After
three days, the extent of luciferase activity was compared to con-
trols where no compound was added and used to calculate the
EC50 values for individual compounds. The cytotoxicity of test com-
pounds was determined in parallel on HeLa67 cells and an XTT as-
say performed three days after compound addition. The results are
presented in Table 1 where individual results are provided as a
measure of assay variability when the data reported are the aver-
age of only two experiments.

The data presented in Table 1 provide essential insights into the
structural requirements of the benzamide phenyl element in this
series of HIV-1 attachment inhibitors. In the context of the simple
indole 1a, substitution of the benzamide phenyl ring with halo-
gens, alkyl, alkoxy or dialkylamino moieties, examined in the con-
text of compounds 1b–1u, invariably resulted in reduced antiviral
potency. Only the 2-F derivative 1b maintained an EC50 of less than
1 lM in the pseudotype assay, with larger substituents generally
providing compounds 20–200-fold weaker than the parent, irre-
spective of the site of deployment on the phenyl ring. This result
is interpreted as a limited tolerance for sterically demanding sub-
stituents in this element of the pharmacophore, an aspect con-
firmed with the series of polysubstituted analogs 1v–1af that
focused specifically on assessing patterns of fluorine and chlorine
substitution. Fusion of an additional ring (1ah) or homologation
to the phenylacetic acid derivatives 1ag and 1ao provided inactive
compounds whilst saturation of the phenyl ring (1al) resulted in a
22-fold reduction in antiviral potency that was further eroded by
homologation, as probed with compound 1am.

With these results in hand, attention was focused on exploring
the effect of ring systems that would more subtly alter the silhou-
ette cast by the phenyl ring. Within the pyridyl series captured by
compounds 1ai, 1aj, 1ap–1ar, a 2-pyridyl moiety is superior to the
more exposed 3- and 4-isomers, best exemplified in the context of
indole 4-fluoro-substitution where 1ap exhibits potency approach-
ing that of the prototype 1an. That the potency of the 2-pyridyl
derivative is largely retained in the context of the 4-fluoroindole
series 1ap but leads to a 10-fold reduction in the unsubstituted
parent 1ai may be a function, in part, of the intrinsically more po-
tent background provided by the substituted indole analogue or
the increased lipophilicity. A smaller furan ring is well tolerated,
with the 2-furanyl derivative 1as fourfold more potent than the
3-isomer 1aw, and potent antiviral activity is preserved with the
introduction of small substituents in the 2-substituted series
(1at–1av). The 2- and 3-thienyl analogues 1ax and 1aab are also
potent HIV-1 attachment inhibitors but activity in the former ser-
ies is abrogated by 4-, 17- and 24-fold when Br (1aaa), Cl (1az) or
CH3 (1ay) substituents, respectively, are introduced at C-3. Within
the series of azoles examined in the context of 1aac–1aag, the 4-
thiazole 1aaf is optimal, with the more basic imidazolyl derivative
1aae proving to be the weakest representative of this subset of
compounds.

Collectively, these results define the scope of substitution toler-
ated by the benzamide element as somewhat limited, with the
most effective structural modifications restricted to isosteric
replacement of the phenyl ring by either pyridyl or select five-
membered ring heterocycles.12 Based on resistance mapping
experiments, this series of HIV-1 attachment inhibitor is thought
to bind to a conserved, recessed pocket within gp120 that recog-
nizes Phe43 of CD4.5–10,13,14 The sensitivity of the benzamide moi-
ety to modification reflects the notion that this element of the
pharmacophore may bind to a hydrophobic cavity of defined
dimensions.13,14 These structure–activity findings are similar to
that reported for a related series of HIV-1 attachment inhibitors
based on an indole-3-sulfonamide scaffold that appears to be
inherently less potent and for which benzamide replacements
were examined in a less systematic fashion.15 Although we were
unable to identify benzamide derivatives or replacements that of-
fered markedly enhanced potency compared to the prototype 1a,
these results provided a clear definition of the optimal amide moi-
eties. Consequently, the simple benzamide was included in BMS-
377806 (6), an inhibitor of HIV-1 attachment that has been shown
to protect macaques from vaginal SHIV challenge,1,16 and BMS-
488043 (7), a related compound that has demonstrated antiviral
activity in early clinical trials conducted in HIV-1-infected sub-
jects.17–21 These studies have established the viability for this
mechanistic class of HIV-1 inhibitor to function effectively in a pre-
clinical model of prophylaxis and as a therapeutic agent in HIV-1
infected subjects.
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Table 1
Structure, HIV pseudotype virus inhibitory activity and cytotoxicity associated with indole glyoxamide derivatives 1a–1aag.
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Compound # R R1 EC50
a (lM) CC50 (lM)

1a H C6H5 0.153 ± 0.119 (n = 21) 338.8 ± 50.7 (n = 21)
1b H 2-F–C6H4 0.391 ± 0.025 (n = 3) 101 (n = 1)
1c H 2-Cl–C6H4 35 (n = 1) >300 (n = 1)
1d H 2-Br–C6H4 10.5 (n = 1) >300 (n = 1)
1e H 2-CH3O–C6H4 >10 (n = 3) >300 (n = 1)
1f H 2-HO–C6H4 3.65 (n = 1) 194 (n = 1)
1g H 2-(CH3)2N–C6H4 >0.50 (n = 2) 89.0 (82.4, 95.7)
1h H 3-F–C6H4 2.76 ± 0.08 (n = 4) 200 (n = 1)
1i H 3-Cl–C6H4 17.5 (n = 1) 117 (n = 1)
1j H 3-Br–C6H4 6.70 ± 3.61 (n = 3) 76 (n = 1)
1k H 3-CH3O–C6H4 > 56.0 (n = 3) >300 (n = 1)
1l H 3-(CH3)2N–C6H4 >0.50 (n = 2) 230 (199.1, 260.9)
1m H 4-F–C6H4 8.91 ± 5.63 (n = 3) 280 (n = 1)
1n H 4-Cl–C6H4 65.80 ± 18.31 (n = 3) 92 (n = 1)
1o H 4-Br–C6H4 30 (n = 1) >240 (n = 1)
1p H 4-CH3O–C6H4 30.18 (31.75, 28.60) 129 (n = 1)
1q H 4-HO–C6H4 2.49 ± 1.94 (n = 3) 136.1 ± 46.1 (n = 3)
1r H 4-(CH3)2N–C6H4 >100 (n = 1) >300 (n = 1)
1s H 4-CH3–C6H4 8.38 ± 4.3 (n = 3) >99 (n = 3)
1t H 4-nPr–C6H4 82 (n = 1) 48 (n = 1)
1u H 4-tBu–C6H4 9 (n = 1) 31 (n = 1)
1v H 2,4-Di-F–C6H3 6 (n = 1) >300 (n = 1)
1w H 3,4-Di-F–C6H3 8.3 (n = 1) >300 (n = 1)
1x H 2,6-Di-F–C6H3 6.7 (n = 1) >300 (n = 1)
1y H 2,4,5-Tri-F–C6H2 36.5 (n = 1) >300 (n = 1)
1z H 3,4,5-Tri-F–C6H2 55 (n = 1) >300 (n = 1)
1aa H 2,4,6-Tri-F–C6H2 >54 (n = 1) >300 (n = 1)
1ab H 2,3,4,5-Tetra-F–C6H >100 (n = 1) >300 (n = 1)
1ac H 2,3-Di-Cl–C6H3 18 (n = 1) 235 (n = 1)
1ad H 2,4-Di-Cl–C6H3 37 (n = 1) 111 (n = 1)
1ae H 3,4-Di-Cl–C6H3 14.5 (n = 1) 123 (n = 1)
1af H 2-F,3-Cl–C6H3 3.5 (n = 1) >300 (n = 1)
1ag H C6H5CH2 >100 (n = 1) >300 (n = 1)
1ah H 1-Naphthyl >100 (n = 1) >300 (n = 1)
1ai H 2-Pyridyl 1.55 (n = 1) >300 (n = 1)
1aj H 3-Pyridyl 4.2 (n = 1) >300 (n = 1)
1ak H 4-CH3-3-Pyridyl 86.5 (n = 1) >300 (n = 1)
1al H C6H11 3.5 (n = 1) >300 (n = 1)
1am H C6H11CH2 >100 (n = 1) 158 (n = 1)
1an F C6H5 0.0026 ± 0.0025 (n = 17) >300 (n = 7)
1ao F C6H5CH2 >50 (n = 1) >300 (n = 1)
1ap F 2-Pyridyl 0.0045 (0.0042, 0.0049) >300 (n = 2)
1aq F 3-Pyridyl 0.154 ± 0.071 (n = 3) >300 (n = 3)
1ar F 4-Pyridyl 0.0237 ± 0.006 (n = 3) >205 (n = 1)
1as F 2-Furanyl 0.0054 ± 0.0016 (n = 3) >300 (n = 3)
1at F 3-Cl-2-Furanyl 0.0031 ± 0.0017 (n = 4) 250.2 (250.3, 250.2)
1au F 3-Br-2-Furanyl 0.0014 ± 0.0007 (n = 4) 236.4 (198.2, 274.6)
1av F 3-CN-2-Furanyl 0.007 (0.008, 0.005) 187.3 (257.3, 117.4)
1aw F 3-Furanyl 0.0204 ± 0.0116 (n = 4) >300 (n = 4)
1ax F 2-Thienyl 0.0007 ± 0.0005 (n = 3) >300 (n = 1)
1ay F 3-CH3-2-Thienyl 0.0173 ± 0.0016 (n = 4) 260 (n = 1)
1az F 3-Cl-2-Thienyl 0.0119 ± 0.001 (n = 4) 50.5 (43.4, 57.6)
1aaa F 3-Br-2-Thienyl 0.0032 (0.0040, 0.0025) 69.7 (47.6, 91.8)
1aab F 3-Thienyl 0.0004 ± 0.0003 (n = 4) >300 (n = 2)
1aac F 5-Isoxazolyl 0.1558 ± 0.032 (n = 3) >300 (n = 3)
1aad F 3-Pyrazolyl 0.0718 ± 0.027 (n = 3) >300 (n = 3)
1aae F 4-Imidazolyl 1.23 (1.50, 0.97) >300 (n = 2)
1aaf F 4-Thiazolyl 0.0087 ± 0.0034 (n = 3) >250 (n = 1)
1aag F 2-CH3-4-thiazolyl 0.0228 ± 0.0124 (n = 4) >300 (n = 2)

vidual data provided for those experiments conducted twice.
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