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Abstract—In continuation of our structure–activity relationship studies on anti-HCV activity of the title imidazo[4,5-e][1,3]diazepine
ring system, we report here the synthesis and effect on biological activity of introducing hydrophobic substituents at the 2-position of
the heterocycle. Our results suggest that there is no particular advantage to that end as the observed antiviral activity of the test
compounds was lower than that of the unmodified 2-bromo derivative used for comparison. The activity/toxicity profile of all target
compounds, however, was still better than that of the reference compound ribavirin used in the antiviral assay, but not as good as
that of interferon-a, the other reference compound used in the assay.
� 2007 Elsevier Ltd. All rights reserved.
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With nearly three percent of the world population infect-
ed with, and at risk of developing liver cancer from, hep-
atitis C virus (HCV) is one of the most dreadful viruses
currently threatening the global health.1–8 While a new
T-cell HCV genetic vaccine capable of protecting chim-
panzees from acute hepatitis virus challenge has recently
been reported,2 there still appears to be no prospect of
an effective human vaccine on the horizon.3 The existing
therapeutic treatment options are limited, and include a
combination therapy with interferon-a and a non-selec-
tive and toxic drug ribavirin.9 While a few drugs are cur-
rently in clinical trials,4,6,8,10,11 none has yet been
approved by FDA. Therefore, the search must continue
for an efficacious and non-toxic therapeutic as well as
for an effective vaccine to combat this deadly virus.

A number of ring-expanded (‘fat’) nucleoside analogues
containing the title ring system I, recently synthesized
in this laboratory, have exhibited potent in vitro inhibi-
tory activity against viral NTPase/ helicase, a crucial
enzyme involved in the replication of not only HCV,
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but also of other notorious viruses belonging to the same
Flaviviridae family such as the West Nile virus (WNV)
and the Japanese encephalitis virus (JEV).12,13 We also
fortuitously discovered that the sugar moiety in these
nucleoside analogues is not always necessary for activity,
provided that the N-1 position in I is substituted by an
appropriate aralkyl group. A compound identified as
ZP-33 (I; R = C8H17, R 0 = Br, R00 = p-methoxybenzyl)
showed a promising in vitro anti-HCV activity in a
human (Huh7 ET) cell line, using an HCV RNA replicon
assay with a stable luciferase (LUC) reporter.14 The
present work is an attempt to enhance the antiviral
potency of this lead heterocyclic compound through
further structure–activity relationship studies.
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Most of our previous studies were directed at exploring
the 1- and 6-positions of I by substitutions, for example,
with various deoxy/oxy sugar moieties and a- or b-con-
figurations at position-1 or with various alkyl or aralkyl
chains at position-6, while position-2 remained largely
unexplored. In this regard, the bromo group at posi-
tion-2 of ZP-33 provides an excellent opportunity for
substitution of both hydrophobic and hydrophilic sub-
stituents. In the current preliminary study, we focused
on three compounds, including two with hydrophobic
(phenyl and p-methoxyphenyl) and one with semi-hy-
drophobic/hydrophilic (alkynol) substituents. The
choice of a x-alkynol group was based on the reported
antiviral activities of ampipathic oligo- and polyribonu-
cleotides.15 The molecular modeling studies have sug-
gested that the distance between the C-2 and the OH
of the alkynol group in imidazole nucleosides is approx-
imately the same as that between the C-2 and the 5 0-OH
of purine nucleosides.16 Therefore, the OH group of an
alkynol moiety may play the role of a 5 0-OH in
nucleosides.
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Scheme 1.
Synthesis of the target compounds (Scheme 1) is
straightforward and started with a precursor to ZP-33,
namely ZP-74, reported earlier.14 The Suzuki coupling
reaction17 was employed for conversion of the bromo
group of ZP-33 to the desired phenyl derivatives
ZP-91 and ZP-100, while the Sonogashira alkyne syn-
thesis16,18,19 provided the required alkynol precursor
ZP-92. The final step involved the condensation of the
above precursors with octylguanidine, which in turn
was prepared by the reaction of 3,5-dimethylpyrazole-
1-carboxamidinium nitrate with n-octylamine in metha-
nol at reflux, using the procedure of Scott et al.20 The
target 5:7 fused products ZP-94, ZP-101, and ZP-95
were isolated and fully characterized by spectroscopic
and microanalytical data.21,22

The target compounds were screened against HCV
through contractual arrangements with the National
Institute of Allergy and Infectious Diseases (NIAID),
employing standard protocols, published on NIAID-
AACF website.23 Anti-HCV activity and toxicity were
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Table 1. Anti-HCV activity of ring-expanded heterocycles in vitroa

Compound ID Antiviral activity

HCV RNAb %

Control

Toxicity

b-actin RNAc %

Control

Selectivity

index (SI)d

Toxicity/

antiviral

activity

ZP-94 88 ± 9 82 ± 4 0.932

ZP-101 54 ± 2 79 ± 1 1.463

ZP-95 90 ± 6 52 ± 6 0.578

ZP-33 32 ± 13 69 ± 3 2.155

Interferon-a
(10 IU/mL)

10 ± 1 108 ± 4 11.3

Ribavirin 89 ± 10 12 ± 1 0.42

a The antiviral activity is based on a primary assay employing 10 lM

concentrations of the test compound for determination of both

antiviral activity and toxicity. The assay was performed using an

Huh7 ET cell line, which contains the HCV RNA replicon with a

stable luciferase (LUC) reporter.
b HCV RNA-derived LUC activity is used as an indirect measure of

HCV RNA levels.
c b-Actin RNA level is used as a positive control for cellular RNA in

order to compute cytotoxicity.
d Selectivity index (SI) is represented as a ratio of the levels of b-actin

RNA/HCV RNA.
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assessed by the HCV RNA Replicon assay.24 The results
are collected in Table 1. All three compounds were
found to be less active and had lower selectivity index
(SI) than ZP-33. Nevertheless, the SI values of all four
compounds are still better than that of ribavirin, one
of the reference compounds used, although not as good
as that of interferon-a, the other reference compound
employed in the assay.

In conclusion, there appears to be no specific advantage
in replacing the bromo group at the 2-position of ZP-33
with a hydrophobic substituent. It remains to be seen if
a hydrophilic substituent at the same position or a
smaller hydrophobic group than phenyl, such as alkyl
substituents, would enhance the antiviral activity, and
the work is currently in progress to that end. Studies
on the mechanism of action of ZP-33 are also underway,
which are anticipated to further assist in accelerating
and properly steering the undertaken SAR studies.
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methoxybenzylimidazole-4,5-di carboxylate (ZP-92). To a
solution of ZP-74 (0.66 g, 1.41 mmol) in dry THF
(20 mL), diisopropylamine (0.24 mL, 1.7 mmol), CuI
(0.06 g), trans-dichlorobis(triphenyl phosphine)palladi-
um(II) (0.03 g), and 3-butyn-1-ol (0.11 mL, 1.41 mmol)
were added successively under N2 protection. The reaction
system was degassed several times whenever necessary.
The obtained mixture was heated at 45 �C for 36 h, cooled
down, and concentrated to dryness. The residue was
purified by silica gel flash chromatography, eluting with a
mixture of chloroform:methanol (100:1). The appropriate
fractions (Rf =0.39, chloroform:methanol = 30:1) were
collected and evaporated to give 0.2 g of brown liquid
(31%). 1H NMR (CDCl3) d 7.13, 6.82 (2 m, 4H, Ar-H),
5.43 (s, 2H, NCH2Ph), 4.28 (t, J = 6.6 Hz, 2H, OCH2 of
Butyl), 4.20 (t, J = 7.6 Hz, 2H, OCH2 of Butyl), 3.82 (m,
2H, CH2OH), 3.78 (s, 3H, OCH3), 2.72 (t, J = 6.2 Hz, 2H,
CH2) 2.22 (br, 1H, OH, exchangeable with D2O), 1.71,
1.58, 1.42, 1.30 (4 m, 8H, (CH2)2 of 2 Butyl), 0.93, 0.89 (2
t, J = 7.3 Hz, 6H, CH3 of Butyl). Anal.(C25H32N2O6Æ1/
2H2O) C, H, N. General Method for Ring Closure
Condensation Reactions of Diesters with Substituted Gua-
nidine to Synthesize ZP-94, ZP-95, and ZP-101. Hemisul-
fate or nitrate salt of octylguanidine (4 mmol) was
suspended in anhydrous methanol (6.0 mL) and cooled
to 0 �C. A solution of sodium methoxide (25 wt%, 2.1 mL,
9.2 mmol) was added. The resulting mixture was stirred in
an ice bath for 30 min. The precipitated sodium chloride
was removed by filtration, and the filtrate was poured into
a methanolic solution (20 mL) of the appropriate diester
precursor (1 mmol) (ZP-91, ZP-92 or ZP-100). The
mixture was stirred at room temperature for 16–72 h and
was monitored by frequent TLC analysis to check for the
completion of reaction. The reaction mixture was filtered
if necessary and the clear solution was evaporated to
dryness. The residue was purified by flash chromatogra-
phy on a silica gel column. The appropriate fractions were
combined and evaporated to obtain the product. The
latter was recrystallized from an appropriate solvent when
necessary. The spectral and analytical data, along with
solvent of recrystallization and/or solvent of elution for
chromatography, are collected as below. 7,8-Dihydro-4H-
1-(p-methoxy benzyl)-6-N-octylamino-2-phenylimidazo[4,5-
e][1,3]diazepine-4,8-dione (ZP-94). The precursor ZP-91
was condensed with octylguanidine hemisulfate using the
General Procedure given above. Yield 69%, Rf = 0.21
(chloroform:methanol (30:1)), purified by silica gel flash
chromatography, eluting with chloroform/methanol
(30:1). 1H NMR (CDCl3) d 10.67, 7.92 (2 br, 2H, NH,
exchangeable with D2O), 7.46, 7.45, 6.82, 6.70 (4 m, 9H,
Ar-H), 5.69 (s, 2H, CH2), 3.73 (s, 3H, OCH3), 3.19 (m, 2H,
NHCH2), 1.49–1.78 (2 m, 12H, C6H12), 0.85 (t, J = 7.3 Hz,
3H, CH3). Anal. (C28H33N5O3Æ5/4H2O) C, H, N. 2-
(But-3-yn-1-ol)-7,8-dihydro-4H-1-(p-methoxy benzyl)-6-
N-octylaminoimidazo[4,5-e][1,3]diazepine-4,8-dione (ZP-
95). The precursor ZP-92 was condensed with octylgua-
nidine hemisulfate using the General Procedure given
above. Yield: 30%, Rf = 0.06 (chloroform: methanol
(30:1)), mp 212 �C, purified by silica gel flash chromatog-
raphy, eluting with a mixture of chloroform: methanol
(30:1). 1H NMR (DMSO-d6) d 10.50, 7.10 (2 br, 2H, NH,
exchangeable with D2O), 7.19, 6.86, (2 m, 4H, Ar-H), 5.61
(s, 2H, CH2), 5.06 (1H, OH, exchangeable with D2O), 3.71
(s, 3H, OCH3), 3.60 (q, J = 5.8 Hz, 2H, CH2OH) 3.20 (t,
J = 5.5 Hz, 2H, NHCH2), 2.68 (t, J = 5.9 Hz, 2H, CH2)
1.45, 1.25 (2 m, 12H, C6H12), 0.85 (t, J = 6.5 Hz, 3H,
CH3). 13C NMR (75 MHz, DMSO-d6) d 162.7, 159.2,
158.7, 155.1, 151.2, 147.7, 143.4, 137.6, 129.0, 129.0, 123.5,
113.9, 60.2, 58.9, 50.0, 40.6, 31.1, 28.6, 28.5, 26.2, 23.1,
22.0, 13.8; Anal. (C26H33N5O4) C, H, N.Butyl 1-p-Meth-
oxybenzyl-2-(p-methoxy phenyl)imidazole-4,5-dicarboxy-
late (ZP-100). Experimental procedure is the same as
that given for ZP-91, except that p-methoxyphenyl
boronic acid is used in place of phenylboronic acid. Yield:
74%, Rf = 0.21 (chloroform), purified by silica gel flash
chromatography, eluting with a mixture of chloro-
form:methanol (100:1). 1H NMR (CDCl3) d 7.48, 6.92,
6.82 (3 m, 8H, Ar-H), 5.39 (s, 2H, NCH2Ph), 4.33 (t,
J = 7.3 Hz, 2H, OCH2 of Butyl), 4.16 (t, J = 6.6 Hz, 2H,
OCH2 of Butyl), 3.83, 3.77 (2 s, 6H, OCH3), 1.74, 1.55,
1.44, 1.27 (4m, 8H, (CH2)2 of 2 Butyl), 0.95 (t, J = 7.7 Hz,
3H, CH3 of Butyl), 0.88 (t, J = 7.7 Hz, 3H, CH3 of Butyl).
Anal. (C28H34N2O6) C, H, N.7,8-Dihydro-4H-1-(p-meth-
oxybenzyl)-2-(p-methoxy phenyl)-6-N-octylamino imi-
dazo[4,5-e][1,3]diazepine-4,8-dione (ZP-101). The
precursor: ZP-100 was condensed with octylguanidine
hemisulfate. Yield: 53%, Rf = 0.16 (chloroform:methanol
(30:1)), purified by silica gel flash chromatography, eluting
with a mixture of chloroform: methanol (30:1). 1H NMR
(CDCl3) d 10.96, 8.02 (2 br, 2H, NH, exchangeable with
D2O), 7.41, 7.38, 6.94, 6.86, 6.72 (5 m, 8H, Ar-H), 5.68 (s,
2H, CH2), 3.85, 3.73 (2 s, 6H, OCH3), 3.20 (m, 2H,
NHCH2), 1.42–0.8 (m, 15H, C7H15). 13C NMR (75 MHz,
CDCl3) d 162.8, 161.4, 159.2, 153.3, 147.9, 134.4, 132.4,
131.2, 129.2, 128.8, 128.4, 121.2, 114.5, 114.3, 55.5, 55.4,
49.1, 42.2, 32.0, 29.5, 29.4, 29.1, 27.0, 22.8, 14.2. Anal.
(C29H35N5O4. H2O) C, H, N.

22. The observed C, H, and N microanalyses were within 0.4%
of the theoretical values (see Suppl. Data).
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