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Synthesis and Anti-Hepatitis B Virus Activity of Novel Benzimidazole Derivatives
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A series of novel benzimidazole derivatives was synthesized and evaluated for their anti-hepatitis B virus
(HBV) activity and cytotoxicity in vitro. Strong activity against HBV replication and low cytotoxicity were
generally observed in these benzimidazoles. The most promising compound2aaral12b, with similar

high antiviral potency (I = 0.9 and 0.7«M, respectively) and remarkable selectivity indicesl(11 and

714, respectively). They were selected for further evaluation as novel HBV inhibitors.

Introduction NH;
Hepatitis B virus (HBV) can cause both acute and chronic NH N A N\>

infections, and constitutes the ninth leading cause of death in z kN” N

the world?! Of the approximately two billion people who have )N\/ | 2 o 0\)

been infected with HBV worldwide, an estimated 3580 o7N \f/lo/\o"{\/

million are chronically infected, with 0:51.2 million deaths wo” j—H (°

annually from the resulting cirrhosis, liver failure, and hepato- S o}

cellular carcinomad. Although new HBV infections can be Lamivudine (3-TC) O Adefovir dipivoxil

prevented by vaccination, the present vaccine is not effective o

for chronic carriers. There remain millions of chronically N . 3

. . . HN

infected patients, who will eventually succumb to the sequela I o 5 N\>2_/—N>;:©
of the infection unless treated with currently available therapies. HNN" N “ N} s©[N1 K

The major therapeutic options for HBV carriers ar@nterferon 7 so,

(IFN-a), lamivudine (3-TC), and adefovir dipivoxil (Figure 1).
However, they have limited efficacy in a significant proportion
of patients and often have severe adverse effeEtstecavir Entecavir
was approved by the US Food and Drug Administration in 2005 Figure 1. Structures of known HBV agents and compound

for the treatment of chronic hepatitis B infection. However,

because its chemical structure is similar to that of lamivudine  Chemistry. The benzimidazole scaffolds,> 4b, and4cwere
and adefovir dipivoxil, it may exert its effects via the same prepared by condensation ofphenylenediamine2g), 4,5-
biological mechanism and encounter the same problems asdifluoro-o-phenylenediamine 2f),6 and 4,5-dichloras-phe-
lamivudine and adefovir dipivoxil. Although the combination nylenediamineZc),” respectively, with 3-phthalimidopropionic
therapy of lamivudine with adefovir dipivoxil, or antiviral drugs  acid @) in polyphosphoric acid (PPA). The first subseries of
together with immunomodulators such asnterferon might derivatives5a—I, together withl, were prepared with good
be more effective and safer in the therapeutic context, much yields via the reaction of the appropriate sulfonyl chloride with
more study is requiretiTherefore, there is a tremendous clinical benzimidazole scaffoldda—c in CH,Cl, using 4-(dimethyl-
need to develop novel classes of antiviral agents for the amino)pyridine (DMAP) as the catalyst (Scheme 1). Clem-

HO  \
HO
O,N 1

treatment of HBV infection. mensen reductiénof the phthalimide group of4c with
When we screened an in-house collection of compounds for amalgamated zinc in hydrochloric acid yielded the corresponding
anti-HBV activity, 2{2-[1-(4-nitro-benzenesulfonyl)H-ben- lactam6, which was then converted to tiNeTs product7. The

zoimidazol-2-yl]-ethy} -isoindole-1,3-dione, Figure 1) was amine8, resulting from the hydrazinolysis of phthalimide,
identified as a modest inhibitor of HBV, with an 4gof 14.2 was treated with maleic anhydride in dry acetic ad¢alyield
#M in inhibiting HBV DNA replication and low cytotoxicity  the maleimided, which was also sulfonylated with tosyl chloride
(CCso = 200 uM) in vitro. In view of its novel structural to produce theN-Ts derivativel0.

template, which differs from those of all reported anti-HBV 1 ootment of4c with 4-methylbenzoyl chloride in the
agents, we were interested to study further the struetacgvity presence of DMAP in CkCl, formed theN-benzoyl derivative
relationships of the related class of compounds. Thus, with 11. N-Methylation of the benzimidazole of compouadwith

compou_nd_l as the stgrtin_g point, we deV.eIOped a r_10v_e| se_ries iodomethane in the presence of potassium carbonate in DMF
of benzimidazole derivatives and investigated their biological produced theN-methyl product12a Compound12b was

activities as potential HBV inhibitors. obtained through the reaction of compoudiwith 4-methyl-
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aReagents and conditions: (a) PPA, +AB0 °C; (b) substituted benzenesulfonyl chloride (foand5a—k) or MsCI (for 51), DMAP, CH,Cl,, 50 °C;
(c) p-toluoyl chloride, DMAP, CHCI,, 50°C; (d) Zn, HgCh, HCI, reflux; (e) TsCl, DMAP, CHCI,, 50 °C; (f) hydrazine hydrate, EtOH, reflux; (g) maleic
anhydride, AcOH, reflux; (h) Mel, KCOs, DMF, rt (for 124), or 4-methylbenzyl chloride, NaOH, GBN, reflux (for 12b).
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aReagents and conditions: (a) PPA, ¥®0 °C; (b) o-phthaloyl dichloride, dry pyridine, reflux; (c) TsCl, DMAP, G8l,, 50 °C.

The benzimidazole scaffoltB was synthesized by condensa- 5,6-dichlorobenzimidazole with 2-furaldehyde at 740 °C
tion of N-phthaloylglycine 16) with 2cin PPA. Similarly, the afforded compound24, which was dehydrated in a mixed
reaction of 4-phthalimidobutyric acidl{) with 2c produced solution of acetic acid and acetic anhydride to provii

compound19. Compound14’ was treated witho-phthaloyl Hydrogenation of compoung6 with Raney nickel in ethanol
dichloride in dry pyridiné® to afford compound15. N- under a hydrogen atmosphere produced a mixtur28efand
Sulfonylation of the benzimidazole scaffoltlS, 18, and19with 28f. Similarly, compound7 was derived fron25, which was
tosyl chloride in the presence of DMAP in GEl, produced  prepared by the condensation of 2-methyl-5,6-dichlorobenzimi-
the derivative20a—c (Scheme 2). dazole with 2-thiophenecarboxaldehyde. Reduction of the
Compound28a—c were obtained by condensation in PPA unsaturated alkyl linker in compoura¥, following the method
of 2c with 3-(4-pyridinyl)propionic acidZ1), butyric acid 22), of Fry et al.}?2 produced benzimidazoR8gas the sole product.
and cyclohexanepropionic aci@3), respectively (Scheme 3).  N-Methylation of the free benzimidazole nitroger2&a—g with
Applying the method of Yang et al!, the benzimidazol28d iodomethane in the presence of potassium carbonate in DMF

was prepared with a good yield. Condensation of 2-methyl- at room temperature afforde?®a—g.
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=Me 28a R = 4-pyridyl 29a R = 4-pyridyl
23R = cyclohexyl 28bR-Ma 29b R = Me
28¢ R = cyclohexyl 29c¢ R = cyclohexyl
28d R = phenyl 29d R = phenyl

28e R = 2-furanyl
28f R = 2-tetrahydrofuranyl|
28g R = 2-thiophenyl

29e R = 2-furanyl
29f R = 2-tetrahydrofuranyl
299 R = 2-thiopheny!
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aReagents and conditions: (a) PPA, +AB0 °C; (b) 1IN NaS;04 EtOH, 70 °C; (c) Mel, KoCOs;, DMF, rt; (d) 2-furaldehyde (for24) or
2-thiophenecarboxaldehyde (f28), 170-180°C; (e) AcOH, AcO, reflux; (f) Hp, Ra—Ni, EtOH, rt (for 28eand28f), or I, H3PO,, AcOH, reflux (for28g).

Results and Discussion Table 1. Anti-HBV Activity and Cytotoxicity of Analoguesa—I in

Vitro
The potential anti-HBV activity and cytotoxicity of the o]
synthesized benzimidazoles, together with those of the reference o N N ] o)
antiviral drugs lamivudine (3-TC) and adefovir, were evaluated j@ \>_/_ - N N>\>;©
in HepG2.2.15 cells. The results are summarized in Tabtes 1 R N o :@[ \>_f
The anti-HBV activity of each compound was expressed as the SO,

R N o
concentration of compound that achieved 50% inhibitiond)C X sak H C,SOz 5
of HBV DNA synthesis. The cytotoxicity of each compound 7 a s
was expressed as the concentration of compound required to Y

kill 50% (CC50) of the HepG 2.2.15 cells. The SE|.eCtiVity inde>§ compd R X % z IGe* (M)  CCso? (M) Sle
(S1), a major pharmaceutical parameter that estimates possibleg; TR TR 2 28 13
future clinical development, was determined as the ratio ahCC sp H H H CH; 2.2 164 75
to ICso. The bioactivity of each compound was evaluated by gg E : ﬁFz : 38-‘114 %8 72-3
the combination of its Igg and SI. 5e F NO, HOZ H 0.64 77 120
The subseries of compoun@ia—k has different patterns of ~ 5f F H H Ck 3.2 11 3
substitution on the fused phenyl ring of the benzimidazole gﬂ (le E E gﬂz %;S 8%% 2%%
pharmacophore. As shown in Table 1, these compounds 5i Cl H H OCH 7.2 189 26
ibi ivi i 5§ ClH H iPr 0.7 17 24
generally exhibited good antiviral potency, w_|th5ts of less = & H H No 509 181 "
than 4 uM, except compound$c and 5k, which had only 5| al - . N NAd 175 -
moderate activities (1§ = 30 and 5uM, respectively). This lamivudine - - i i 0'38 >lOzoc?a >26326
- - - - 1. 15

result indicates that a range of substituents with different 2defovir
lipophilic, electronic, and steric characters is tolerated at the HBaVCIgrlllC:ntrattir?ns'ot’ %)mpou?d? achie¥ing 50%ingibiti0n of %ygopleé%fg}ic
benzenesulfonyl group at the N-1 position of the .ben2|rr.1|(_jazole extinction o?yé'epees'zsjz,1§"c°§|r‘§.r§‘éf§§iv?ty?r?(?ério(usr?) \?veig?iueltrgrmigred as
core. The three tosylat&b, 5g, and5h showed similar antiviral the CGy/ICso value.d Not active.

activities (IGo = 1.2—2.9uM), but the Cl analogudh appeared

to be less toxic than the corresponding 5b)Y and F 6g) with 1Cses of less than 0.7%M. Of these,5e had higher
analogues. The most potent compound in this subseries wasselectivity (SI= 120) compared to that of adefovir (S1156).
compoundbd (ICso = 0.14uM), which was nearly three times ~ The introduction of a methanesulfonyl moiety to the N-1
more potent than the reference drug lamivudine{l€ 0.38 position of the benzimidazole core 4€ produced an inactive
uM) and nine times more potent than adefovir{d& 1.3 uM). compound %l). It is noteworthy that compoun8h showed
However, it had pronounced cytotoxicity (6= 10 uM), potent antiviral activity (IGo = 2.9 uM) and the highest SI
resulting in a relatively small selectivity index (St 71). (299). Thus, compoundh was selected as the benchmark
Compoundse and5j demonstrated similar antiviral potency, compound for subsequent optimization.
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Table 2. Anti-HBV Activity and Cytotoxicity of Analogues?, 10, and

20a—c) in Vitro
Cl N
I;f S—(CHn—R
cl N

Ts

compd n R ICsc? (uM) CCsc? (uM) Sle
7 2 N-phthalimidino 3.4 23 7
10 2 N-maleimide 0.68 33 49
20a 0 N-phthalimido 19.4 122 6
20b 1 N-phthalimido 0.5 90 180
20c 3 N-phthalimido 0.34 13 38

a Concentrations of compounds achieving 50% inhibition of cytoplasmic
HBV-DNA synthesis.? Concentrations of compounds required for 50%
extinction of HepG 2.2.15 cell$.Selectivity index (SI) was determined as
the CGy/ICsp value.

Table 3. Anti-HBV Activity and Cytotoxicity of Analogues4c, 11,
and12ab) in Vitro

(o}
Cl N N
eeag e
cl N o
R
compd R 1G (uM) CCsd® (uM) Slke

4c H 300 330 1
11 4-methylbenzoyl 53.2 >1000 >19
12a CHs 0.9 >1000 >1111
12b 4-methylbenzyl 0.7 >500 >714

a Concentrations of compounds achieving 50% inhibition of cytoplasmic
HBV-DNA synthesis.? Concentrations of compounds required for 50%
extinction of HepG 2.2.15 cell$.Selectivity index (SI) was determined as
the CGy/ICsp value.

Little change in antiviral potency was observed with the
reduction of the phthalimidgh to the corresponding lactaih
(Scheme 1, Table 2), whereas compounhd a small SI (7),
suggesting that the carbonyl group of the phthalinbties an
important feature in conferring relatively low cytotoxicity.
Replacement of the phthalimide group St with maleimide
(10) yielded a 4-fold improvement in antiviral potency. The Si
of compound10 was below 50, because of its significantly
greater cytotoxicity (Ce = 33 uM) compared with that obh
(CCsp = 867 uM). This result suggests that the phenyl moiety
in the phthalimide group of compourith plays less important
role in its potent inhibitory activity, although conferring an
advantageous Sl obh. To identify the optimal chain length
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Table 4. Anti-HBV Activity and Cytotoxicity of Analogues 13 and

29a—g) in Vitro
Cl R
-
cl N

R4
13, 29a-g
ICs¢? CGCso?
compd R R, (uM) (uM) Sle

13 4-methylbenzyl NH 1.4 4 3
29a CH;s 4-pyridyl 4.6 35.8 8
29b CHs CHjs 3.9 24.6 6
29c CHs cyclohexyl 18.5 >500 >27
29d CHs phenyl NA¢ 15.3 -
29%e CHs 2-furanyl NA 5.9 -
29f CHs 2-tetrahydrofuranyl 10.3 56 5
299 CHs 2-thiophenyl NA 16 -

a Concentrations of compounds achieving 50% inhibition of cytoplasmic
HBV-DNA synthesis.? Concentrations of compounds required for 50%
extinction of HepG 2.2.15 cell$.Selectivity index (SI) was determined as
the CG/ICsp value.d Not active.

noncytotoxic derivativd1 (CCso > 1000uM), which had only
moderate activity (I6o= 53.2uM). An important advance was
made when the N-1 position of the benzimidazole core was
substituted with methyl or 4-methylbenzyl. Th¥-methyl
analoguel?a (ICso = 0.9 uM, Sl > 1111) and the 4-methyl-
benzyl derivativel2b (ICsp = 0.7 uM, Sl > 714) exhibited
more highly potent anti-HBV activities and much higher Si
values than those d&h (ICso = 2.9uM, SI = 299) or adefovir
(ICso = 1.3 uM, SI = 156).

It is worth noting that analogues of the phthalimidghy
lactam {), and maleimide X0) all exhibited potent activity
against HBV (IGy = 0.68-3.4 uM). The presence of amides
at the end of the alkyl linker seems to be important for anti-
HBYV activity. To extend this result, we prepared another group
of new benzimidazole derivatives that differ at the right-hand
side of the structure (Scheme 3). A methyl group, which
characterized one of the optimal analogd@s, was used as
the N-1 substituent. The free amih&was derived from another
optimal derivativel2b (Scheme 1). The anti-HBV activity and
cytotoxicity of analogued3 and 29a—g are summarized in
Table 4.

The free amind.3 (ICso = 1.4uM) displayed a slight decrease
in antiviral potency compared with that of compoutzb (ICso
= 0.7 uM), whereas its antiviral activity was poorly separated

between the benzimidazole and phthalimide moieties, different from its cytotoxicity (CGy = 4 uM). Replacement of the

alkyl linkers of variable length were introduced between the

phthalimide group ofl2a with different types of functional

benzimidazole and the phthalimide, producing the three deriva- groups led to significant decreases in antiviral potency and Sl

tives20a—c (Scheme 2). CompourzDa, with no linker between

relative to those oi2a In particular, replacing the phthalimide

the benzimidazole and phthalimide moieties, showed moderategroup of 12a with phenyl, 2-furanyl, or 2-thiophenyl resulted

activity (ICsp = 19.4 uM), suggesting that the alkyl linker is
important for potent antiviral activity. The methylene analogue
20b was nearly six times more potent than the corresponding
ethylene analogugh, whereas an increase in cytotoxicity was
also noted, resulting in a relatively small selectivity index (SI
= 180). The propylene analogu0¢ with similar antiviral
potency to that of the methylene analog2@b, displayed an
increase in cytotoxicity of about 7-fold relative to that2iib.

The effects of introducing different kinds of substituents to
the N-1 position of the benzimidazole core were then studied.
Replacement of the benzenesulfonyl moietpbfwith a simple
benzoyl, alkyl, or benzyl group produced the derivatitésnd
12ab (Scheme 1). As shown in Table 3, removal of the N-1
substituent4c) resulted in a tremendous loss of activity £4C
= 300uM), suggesting that the N-1 substituent is an important
determinant of antiviral activity. Introducing 4-methylbenzoy!
to the N-1 position of the benzimidazole core resulted in the

in a complete loss of inhibitory activity, as seen in compounds
29d, 29¢ and29g These findings suggest that the presence of
amides at the end of the alkyl linker plays an important role in
potent anti-HBV activity.

In summary, a series of novel benzimidazole analogues based
on 1 was synthesized and assessed for their anti-HBV activity
in vitro, using lamivudine and adefovir as reference controls.
Most proved to be potential HBV inhibitors ({¢< 4 uM) with
high selectivity indices. Compoundsb, 5d, 5e 5h, 10, 123
12b, 20b, and 20c displayed optimal profiles, with 1§s of
0.14-2.9uM and Sls of 38-1111. The most promising results
were observed for compounti2aand12b, with potent antiviral
activities (1Go = 0.9 and 0.7:M, respectively) and extraordi-
narily high selectivity (S 1111 and 714, respectively). Such
activity and cytotoxicity profiles and their ease of preparation
make them attractive candidate compounds for further assess-
ment in vivo as anti-HBV agents.
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Experimental Section (2C), 120.33, 110.77, 46.76, 35.20, 26.14, 20.71; MS (#1463
(M™), 358, 303, 105. HRMS (EI): cal. fordgH;4Cl,N30, 463.0854,
found 463.0855. Purity: HPLC analysis.
2-[5,6-Dichloro-1-(toluene-4-sulfonyl)- H-benzoimidazol-2-
yl]-isoindole-1,3-dione (20a) Compound20awas prepared from
15 and tosyl chloride using general procedure B as a pale yellow
solid. Yield= 69%;H NMR (CDCl) 6 8.03—-8.06 (m, 2H), 8.00
(s, 1H), 7.88-7.91 (m, 3H), 7.78 (d, 2H) = 8.4), 7.31 (d, 2H)
= 8.4), 2.41 (s, 3H)13C NMR (CDCk) 6 165.60 (2C), 147.12,
139.63, 138.68, 135.25 (2C), 133.70, 131.59 (2C), 131.51, 130.74,
130.39 (2C), 129.78, 127.68 (2C), 124.69 (2C), 122.44, 115.15,
21.77; MS (El)m/z 485 (M*), 421, 330, 155, 104, 91, 76; HRMS
(EI): cal. for GyH13CI,N30,4S 485.0004, found 485.0008. Purity:
HPLC analysis.

General Procedure A: Synthesis of Benzimidazole Scaffolds.
The appropriately substituteatphenylenediamine (1 equiv) and
the appropriate carboxylic acid (1 equiv) were suspended in PPA
(12 g/mmol) under nitrogen. The suspension was heated in an all
bath at 176-180°C for 6 h. The reaction mixture was cooled and
poured into ice water (10 mL/mmol). The resulting mixture was
neutralized to pH 8 with 25% NYDH. The formed precipitate was
filtered, washed with water, and dried to give the crude product.

General Procedure B: N-Sulfonylation of Benzimidazole
Scaffolds. To a suspension of the appropriate benzimidazole
scaffold (1 equiv) and the appropriate sulfonyl chloride (1 equiv)
in dry CH,Cl, (20 mL/mmol) was added DMAP (1 equiv), and a

clear solution was obtained at once. The resulting solution was

5,6-Dichloro-1-methyl-2-(2-pyridin-4-yl-ethyl)-1H-benzoimi-

stirred at 50°C for 10 h, cooled to room temperature, and partitioned 4570l (29a) Compound29awas prepared fror@8ausing general
between chloroform and water. The organic layer was washed wit procedure C as an orange solid. Yietd76%;H NMR (CDCly)

water and brine, dried over N8&Q,, and concentrated in vacuo.

8.51 (d, 2H,J = 6.0), 7.80 (s, 1H), 7.38 (s, 1H), 7.16 (d, 28,

The residue was subjected to silica gel chromatography or crystal-— g o) 3.57 (s, 3H), 3.133.28 (m, 4H);2*C NMR (DMSO-dg) o

lization to give the target compound.

General Procedure C: N-Methylation of Benzimidazole
Scaffolds.To a solution of the appropriate benzimidazole scaffold
(1 equiv) in DMF (15 mL/mmol) were added,RO; (1 equiv) and
iodomethane (1.1 equiv). The reaction mixture was stirred overnight
at room temperature and poured into water (100 mL/mmol). The

157.15, 149.84, 149.53 (2C), 141.63, 135.49, 124.16, 124.05 (2C),
123.82,119.50, 111.76, 31.32, 29.94, 26.96; MS (#)305 (M*),

276, 227, 213, 149; HRMS (EI): cal. for;13CI-N3 305.0487,
found 305.0473. Purity: HPLC analysis.
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Supporting Information Available: Experimental details for

intermediates4a, 4b, 6, 8, 9, 15, 18, 19, 24—27, and28a—g) and
target compoundsl(5a—g, 5i—1, 7, 10, 11, 13, 20b—c, and29b—
g). HPLC purity data for target compounds; 5a—1, 7, 10, 12ab,

(2C), 154.81, 142.99, 134.39 (2C), 133.69, 131.64 (2C), 124.05 13, 20a—c, and29a—g. This material is available free of charge

123.57, 123.06 (2C), 119.38, 112.45, 36.07, 27.59; MS (1)
359 (M"), 212, 200, 160. Anal. (GH1;CIoN3O,) C, H, N.
2-{2-[5,6-Dichloro-1-(toluene-4-sulfonyl)-H-benzoimidazol-
2-yl]-ethyl} -isoindole-1,3-dione (5h)Compoundsh was prepared
from 4c and tosyl chloride using general procedure B as a white
crystalline solid. Yield= 75%;H NMR (CDCl) ¢ 8.13 (s, 1H),
7.80-7.86 (m, 4H), 7.7%7.74 (m, 2H), 7.67 (s, 1H), 7.34 (d, 2H,
J=28.1),4.24 (t, 2HJ = 7.2), 3.52 (t, 2HJ = 7.2), 2.41 (s, 3H);
13C NMR (CDCHk) 0 167.97 (2C), 153.21, 146.67, 141.22, 134.68,
134.01 (2C), 132.00 (2C), 131.96, 130.56 (2C), 129.16, 128.92,
126.86 (2C), 123.32 (2C), 121.07, 114.97, 35.51, 28.62, 21.69; MS
(El) m'z 513 (MY), 449, 358, 324, 160, 91; HRMS (El): cal. for
Co4H17CI,N304S 513.0317, found 513.0307. Purity: HPLC analysis.
2-[2-(5,6-Dichloro-1-methyl-1H-benzoimidazol-2-yl)-ethyl]-
isoindole-1,3-dione (12a)Compoundl2awas prepared frordc
using general procedure C as a white solid. Yiel86%;H NMR
(CDCly) 6 7.71-7.85 (m, 5H), 7.42 (s, 1H), 4.21 (t, 2H,= 7.2),
3.77 (s, 3H), 3.26 (t, 2H) = 7.2); 13C NMR (CsDsN) ¢ 168.21
(2C), 154.75, 142.81, 134.27 (2C), 132.55 (2C), 125.71, 125.31,
123.25 (2C), 120.62, 111.73, 35.56, 29.85, 26.50; MS ((f£1)373
(M*), 227, 160; HRMS (El): cal. for gH;5CI,N;O, 373.0385,
found 373.0396. Purity: HPLC analysis.
2-{2-[5,6-Dichloro-1-(4-methyl-benzyl)- H-benzoimidazol-2-
yl]-ethyl}-isoindole-1,3-dione (12b)A mixture of compoundic
(315 mg, 0.87 mmol) and NaOH (40 mg, 1.0 mmol) in £
(100 mL) was heated until a nearly clear solution was obtained.
4-Methylbenzyl chloride (167 mg, 1.19 mmol) was added in one
portion, and the resulting mixture was refluxed for 10 h. The
reaction mixture was filtered while hot and washed with,CN
(30 mL). The combined filtration was concentrated under reduced

via Internet at http://pubs.acs.org.
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