MED

DOI: 10.1002/cmdc.200800136

Rational Design and Synthesis of 2,2-Bisheterocycle Tandem Derivatives as
Non-Nucleoside Hepatitis B Virus Inhibitors

Hai-Jun Chen,” Wen-Long Wang,” Gui-Feng Wang,"” Li-Ping Shi,”” Min Gu,” Yu-Dan Ren,” Li-Fei Hou,® Pei-
Lan He,” Feng-Hua Zhu,” Xian-Gen Zhong,™ Wei Tang,” Jian-Ping Zuo,*™ and Fa-Jun Nan*®

Despite the existence of an effective vaccine against the hepa-
titis B virus (HBV), chronic infection still poses a huge health
burden on the global community." Current clinical therapies
for the treatment of chronic hepatitis B include interferon a,
and the nucleoside-derived, viral polymerase inhibitors lamivu-
dine (3TC), adefovir, entecavir, and telbivudine. Unfortunately,
resistance of the virus to nucleoside-derived inhibitors, and the
adverse effects of interferon a, limit the clinical application of
these drugs. Therefore, the development of potent non-nu-
cleoside anti-HBV agents is urgently required.”

Natural products have been a rich source of medicines; their
structural diversity has served as a source of inspiration in the
search for pharmacologically active molecules.” Our strategy
focuses on the discovery of therapeutic agents inspired by
small-molecule natural products with unique structural motifs,
such as heterocyclic tandem subunits.”) Heterocyclic tandem
pairs have been found in a few natural products, and play a
pivotal role in their bioactivity through specific interactions
with DNA or other targets.”’ Leucamide A is a cyclic heptapep-
tide containing a mixed 4,2-bisheterocycle tandem pair isolat-
ed from the Australian marine sponge Leucetta microraphis,
and is moderately cytotoxic in several tumor cell lines.” The
mixed 4,2-bisheterocycle tandem pair represents a novel scaf-
fold worthy of further investigation. Following our first total
synthesis of leucamide A,”! we synthesized a library of 4,2-bish-
eterocycle tandem derivatives consisting of a methyloxazole
and a thiazole subunit (Figure 1). These compounds were
screened in several in vitro assays to determine their antiviral
activities against influenza virus, herpes simplex virus (HSV),
and HBV. Several compounds showed moderate activity
against influenza A virus,® HSV-2, and HBV, whereas leucami-
de A itself showed no antiviral activity. Of these derivatives,
compound 1, which has an ICs, value of 76.4 um against HBV
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Figure 1. Discovery of the anti-HBV lead compound (1) from the natural
product Leucamide A and the design of a focused library of tandem substi-
tuted 2,2-bisheterocycles.

DNA replication, represents a novel chemical scaffold unlike
any known non-nucleoside inhibitors. Though compound 1
showed relatively weak inhibitory activity against HBV DNA
replication, it was considered to be a good lead for further op-
timization. To diversify the bisheterocyclic scaffold, several
series of compounds were designed and synthesized, including
24 and 2,2 tandem pairs in which the latter proved more
potent (Figure 1).!
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Scheme 1. Synthesis of compounds 5-11; Reagents and conditions:

a) MeONa/MeOH, R'CHO, Et,0, 0°C; b) (H,N),CS, MeOH, reflux, 6 h, 40-83 %;
) CuBr,, tBUONO, CH;CN, 0°C, 1 h, 45-81%; d) Pd(PPh;),, THF, reflux, 63—
80%; e) LiOH, MeOH/H,0 (v/v 1:1), 0°C to RT, 1 h, 97-98 %.
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To understand their structure-activity relationship, simple
2,2-bisheterocycle compounds without substitutions on the
thiazole A ring were synthesized (Scheme 1). The Darzens reac-
tion of methyl dichloroacetate (2) with aldehydes produced a
mixture of a-chloroglycidic esters and [-chloro-a-oxo-esters.
These esters or ethyl bromopyruvate were reacted with thiour-
ea to form the 2-aminothiazole-4-carboxylic esters (3a-d) or
3¢,"? followed by diazotization and bromination at the 2-posi-
tion to give the thiazole ester compound (4a-e)."" Coupling
of the 2-bromothiazole-4-carboxylates (4a-e) with 2-thiazole-
zinc bromide, which was prepared by treating 2-bromothiazole
with activated zinc in THF'? using the Negishi method afford-
ed products 5-9. Saponification of 5 and 6 with lithium hy-
droxide in aqueous methanol gave the corresponding carbox-
ylic acids 10 and 11, respectively.

The anti-HBV activity of these compounds was evaluated in
HBV-transfected HepG2.2.15 cells (Table 1)."* Of these com-
pounds, derivative 6 showed dramatically increased inhibition
of HBV DNA replication (ICs,=2.4 um), which was ~30 times
more potent than the lead compound 1. Conversely, com-
pound 7, which has a 5-benzyl group on the thiazole B ring,
showed only a slight increase in inhibitory activity (IC5o=
31.3 um), and compound 9, with no substitution at the 5-posi-
tion, had no activity against HBV DNA replication. These results
suggest that a bulky aliphatic group at the 5-position of the
heterocycle B ring has an advantageous effect on the activity
of the compounds against HBV DNA replication. The inhibitory
activities of acids 10 and 11 were substantially diminished
compared with their ester analogues 5 and 6, respectively
(IC5,=125 (10) and 60 (11) vs. 19.4 (5) and 2.4 pm (6)). This
loss of activity might be partially explained by pharmacokinetic
effects. These results strongly indicate that an ester group is

crucial for the effective inhibition of HBV DNA replication.
Compound 8, which only differs structurally from compound 5
in the side chain where one CH, group is replaced by an
oxygen atom to give the ether, had similar potency against
HBV DNA replication, with an ICs, value of 2.5 pm. A cytotoxici-
ty assay showed that 2,2-bisthiazole derivatives have relative
low cytotoxicity, with CCq, values >100.0 pm.

Initial SAR data for the B ring indicate that compound 6
(where R is isobutyl and R? is an ester) is the most potent de-
rivative with significant inhibitory activity against HBV DNA
replication. We then investigated the effects of varying the het-
eroatom at position X on the B ring and the substitution of
the A ring. Compounds 16a-d, 17 a-e, and 18a-d were syn-
thesized, where R' and R? were fixed as 5-isobutyl and 4-ethox-
ycarbonyl, respectively (Scheme 2). Ethyl-5-isobutyl-oxazole-4-
carboxylate 13 was easily obtained from ethyl isocyanoacetate
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Scheme 2. Synthesis of compounds 16a-d, 17 a-e and 18a-d Reagents and
conditions: a) isobutyric anhydride, DBU, THF; b) 3 m HCI/EtOH; c) EDC,
DMARP, pyridine, different heterocycle 2-carboxylic acids; d) NH,OAc, NaOAc,
140°C; e) Lawesson’s reagent, THF, reflux; f) POCl;, reflux.

Table 1. Anti-HBV activity of 2,2-disubstituted thiazole-thiazole derivatives (5-11).%! 12" by reaction with isobutyric
. anhydride in the presence of
[S SI DBU. Subsequent acid hydrolysis
Pan .
N N"Nco.r? gave the ethyl-2-amino-5-
2
methyl-3-oxo-hexanoate 14 in
Compound R' R2 CCso™ [um] 1Cso [um] St Y I .
good yield. The corresponding
1 - - >3500 764 651 N-acyl derivatives 15a-e were
P VN A .
5 ;Tr Me 600.0 19.4 309 | obtained by coupling compound
Y\_y’r 14 with thiazole-2-carboxylic
6 M 600.0 24 248.9 . . .
¢ acid,"™  thiophene-2-carboxylic
s_; acid, benzothiophene-2-carbox-
7 Me 173.6 31.3 5.6 . . .
ylic acid, 5-methylthiophene-2-
o carboxylic acid,”"® or 5-ethylthio-
8 - \/\:f" Me 3286 25 129.9 y or o-ethy
phene 2-carboxylic acid, respec-
[e] . .
o /\ﬂ\ Bt 614 NA tively. The N-acylamino ketones
10 _‘.s: H 256.7 125.0 2.1 15a-e were converted into the
:s_,. three desired heterocyclic
n W/\ H 4373 60.0 73| cores;"” for example, the reac-
3TC - - 1714.7 0.26 6595 tion of 15a with ammonium
[a] The data shown here are from a representative experiment repeated three times with similar results. acetate and sodium acetate re-
[b] Concentration of compounds required for 50% extinction of HepG 2.2.15 cells. [c] Concentration of com- sulted in its cyclization to the
pounds achieving 50% inhibition of extracellular HBV-DNA replication. [d] Selectivity index (SI) was determined imidazole 16a, thiation of 15a
= ivi 9 i . ,
as the CC,/ICs, value. [e] NA=no activity up to 50% concentration of the CCs, value. using Lawesson'’s reagent gener-
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ated thiazole 17a, dehydration of 15a with phosphoryl chlo-
ride gave oxazole 18a.

Imidazoles 16a-d, thiazoles 17a-e, and oxazoles 18a-d
were examined for their anti-HBV activity, and the results are
summarized in Table 2. The nature of the heterocycle had a
significant effect on antiviral potency. Oxazoles 18a-d were
completely inactive against HBV DNA replication, while imida-
zoles 16a-d showed a slight decrease in activity compared
with the corresponding thiazole congeners 17 a-d. These re-
sults suggest that thiazoles, where X is S, are the optimal B
heterocycle. Comparing thiophene-thiazoles 17b, 17d and
17 e, the methyl-substituted thiophene-thiazole 17d was ~ 13-
fold more potent than the unsubstituted derivative 17 b, how-
ever, the ethyl-substituted compound 17 e showed significant
loss of activity. These results indicate that a small substituent
at the 5-position of ring A was tolerated in the thiophene-thia-
zole series.

To better understand the substitution effects of heterocycle
A, the 2,2'-bisthiazole 20, where the C3 position of the thio-

Br.
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Scheme 3. Synthesis of compound 20; Reagents and conditions: a) Br,,
CH,Cl,, 18h, 63%; b) MeZnl, CI,Ni (PPh,),, DMA, 3 h, RT, 96%.

pene ring of compound 17d was replaced with a nitrogen
atom, was synthesized by the bromination of 17 a, followed by
cross-coupling with methylzinc iodide™ in the presence of 5
mol% CLNi (PPhs), (Scheme 3). Compound 20 showed the
greatest potency (ICs,=0.14 um) in inhibiting HBV DNA replica-
tion, and was ~500-fold more potent than the lead compound
(1, IC5,=76.4 um), and even more potent than Lamivudine
(IC50=10.26 pum).

In summary, we discovered a series of potent, novel, non-nu-
cleoside HBV inhibitors, through structural diversification of a
substructure of the natural product leucamide A. We estab-
lished the primary structure-activity relationships, defining the
structural requirements for biological activity through structur-
al modifications. Notably, the compounds reported here were
inactive at 200 ugmL™" in HBV polymerase assays, indicating
no activity against known anti-HBV drug targets, such as poly-
merase. These results present an opportunity for the develop-
ment of novel non-nucleoside small-molecule anti-HBV chemo-
therapeutic agents with a potentially new mechanism of
action. Further SAR studies are needed for structural optimiza-

1318

www.chemmedchem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion of these compounds, as is the identification of their mo-
lecular targets; continued investigation into new bisheterocy-
cle tandem pairs is actively underway in our laboratory.

Experimental Section
Synthesis

General experimental details including reagent grades, instrument
and software details, HPLC conditions, and general methods in-
cluding intermediate compounds and work-up procedures referred
to in the Experimental Section, are in the Supporting Information.

General procedure (5-9): A suspension of activated Zn (3.0 mmol)
in THF (1.5 mL) was treated slowly under N, with a solution of 2-
bromothiazole (2.8 mmol) in THF (2.8 mL) and heated at reflux for
3 h. The reaction was cooled to RT before Pd(PPh,), (5 mol%) and
the appropriate thiazole (4a-e, 2 mmol) were added, and then
stirred at reflux until completion. The reaction was concentrated in
vacuo and the crude material was partitioned between aq EDTA
and EtOAc. The organic phase was processed in the usual way
(Supporting Information) and purification by flash chromatography
gave compounds 5-9.

Methyl-5-butyl-[2, 2']bithiazolyl-4-carboxylate (5): White power
(70%); mp: 116-118°C; 'H NMR (300 MHz, CDCl,): 6=0.92 (t, J=
7.5Hz, 3H), 145 (tg, J=7.5Hz, 2.0Hz, 2H), 1.70 (tt, J=7.5Hz,
2.0 Hz, 2H), 3.25 (t, J=7.5Hz, 2H), 3.92 (s, 3H), 7.43 (d, J/=3.3 Hz,
1H), 7.84 ppm (d, J=3.3 Hz, 1H); *CNMR (75 MHz, CDCly): 6=
13.6, 22.2, 27.3, 33.5, 52.2, 121.3, 141.2, 143.7, 153.1, 157.4, 160.8,
162.4 ppm; HRMS (El) calcd for C;,H,,N,0,5, [M*] 282.0497; found
282.0498.

Methyl-5-isobutyl-[2,2']bithiazolyl-4-carboxylate (6): White power
(75%); mp: 102-103°C; "H NMR (300 MHz, CDCl,): 6=0.99 (d, J=
6.6 Hz, 6H), 1.95-1.23 (m, TH), 3.15 (d, J=6.9 Hz, 2H), 3.96 (s, 3H),
746 (d, J=33Hz, 1H), 7.86 ppm (d, J=33Hz, T1H); *CNMR
(75 MHz, CDCl,): 6=21.9, 30.6, 35.8, 51.9, 121.3, 141.5, 143.5, 151.2,
157.3, 160.4, 162.1 ppm; HRMS (El) calcd for Ci,H.,N,0,S, [M']
282.0497; found 282.0487.

Methyl-5-benzyl-[2,2']bithiazolyl-4-carboxylate (7): Yellow power
(63%); mp: 124-125°C; 'H NMR (300 MHz, CDCl;): =3.98 (s, 3H),
4.60 (s, 2H), 7.25-7.35 (m, 5H), 7.43 (d, J=3.3 Hz, 1H), 7.82 ppm (d,
J=30Hz, TH); PCNMR (75 MHz, CDCl,): 6=33.8, 52.3, 1215,
127.2, 1287, 1289, 138.7, 141.2, 14338, 1523, 1583, 160.6,
162.5 ppm; HRMS (EI) calcd for C;sH;,N,0,S, IM*]1 316.0340; found
316.0334.

Methyl-5-(2-methoxyethyl)-[2,2']bithiazolyl-4-carboxylate (8):
White power (70%); mp: 120-121°C; 'H NMR (300 MHz, CDCl;):
0=3.41 (s, 3H), 3.55 (t, J=6.6 Hz, 2H), 3.68 (t, J=6.6 Hz, 2H), 3.96
(s, 3H), 746 (d, J=3.3Hz, 1H), 788 ppm (d, J=3.0Hz, 1H);
BCNMR (75 MHz, CDCly): 6=28.6, 52.6, 58.9, 71.7, 121.7, 1420,
144.1, 149.2, 159.1, 161.2, 1629 ppm; HRMS (El) calcd for
CyH,N,055, [M*] 284.0289; found 284.0283.

Ethyl-[2,2']bithiazolyl-4-carboxylate (9): White power (80%); mp:
128-130°C; 'HNMR (300 MHz, CDCly): 6=1.38 (t, J=7.2 Hz, 3H),
440 (g, J=6.9 Hz, 2H), 7.48 (d, J=3.3Hz, 1H), 7.86 (d, J=3.3 Hz,
1H), 820 ppm (s, 1H); *CNMR (75 MHz, CDCl;): 6=14.4, 61.8,
122.2, 128.9, 144.0, 148.2, 160.5, 161.1, 162.2 ppm; HRMS (El) calcd
for CsHgN,0,S, [M*] 240.0027; found 240.0031.

ChemMedChem 2008, 3, 1316 - 1321


www.chemmedchem.org

Table 2. Anti-HBV activity of 2,2-tandem five-member heterocycle derivatives.?
Compound Structure CCso™ [um] 1Cso [um] St
H
S N
16a [ | 785.7 NA®
N N”“co,Et
S S
17a [ /> <\ I >100 1.1 >90.9
N N7 co,Et
S (o}
18a [ | >100 NA®
N N “co,Et
H
S N
16b [/)—<\ [ >100 NA®
N™ “co,Et
S S
17b E/)_<\ | >100 9.9 >10.1
N™ “co,Et
S (0]
18b [/)_<\ | >100 NA®™
N™ “co,Et
H
S N
16¢ PanY >100 137 >73
N “co,Et
S S
17c¢ / N\ | > 88.1 1.3 >66.7
N™ “co,Et
S, 0O
18¢ VAR | > 100 NA®
N™ “co,Et
H
S N
16d | )— | 1206 43 29
N™ “co,Et
S, S
17d | / \ I 97.7 0.78 1253
N™ “co,Et
S (0]
18d | Y/ \ l >50 NA®
N™ “co,Et
S S
17e | VAR | >50 34.9 >14
N™ “co,Et
S S
20 \[ /> <\ I\( 118.2 0.14 844.3
N N™ “co,Et
3TC - 1714.7 0.26 6595
[a]l The data shown here are from a representative experiment repeated three times with similar results.
[b] Concentration of compounds required for 50% extinction of HepG 2.2.15 cells. [c] Concentration of com-
pounds achieving 50% inhibition of extracellular HBV-DNA replication. [d] Selectivity index (SI) was determined
as the CC/ICs, value. [e] NA=no activity up to 50% concentration of the CCs, value.

General procedure (10-11): A solution of ester (5-6, 0.25 mmol) in

MeOH/H,0 (4:1,

1 mL) was cooled to 0°C, treated with LiOH-H,O

(1 mmol) and stirred while warming to RT for 1 h and stirring was
continued until complete. The reaction was concentrated and the
residue was partitioned between EtOAc and H,0O. The organic

ChemMedChem 2008, 3, 1316 - 1321

phase was separated, and the
aqueous phase was acidified to
pH 2 with ag HCl (10%) and then
extracted with EtOAc. The com-
bined organic phases were then
processed in the usual way to
obtain the carboxylic acid (10-11).

5-Butyl-[2,2']bithiazolyl-4-carbox-
ylic acid (10): White solid (989%);
mp: 135-137°C; 'H NMR (300 MHz,
CDCly): 6=0.76 (t, J=7.5Hz, 3H),
1.13 (m, 2H), 1.33-1.41 (m, 2H),
247 (t, J=7.5Hz, 2H), 7.36 (d, J=
33 Hz, 1H), 7.74 ppm (d, J=3.3 Hz,
1H); “CNMR (75 MHz, [D;]DMSO):
0=13.5, 21.7, 26.6, 33.2, 123.0,
1424, 144.1, 1515, 156.3, 160.1,
162.7 ppm; HRMS (El) calcd for
C;;H5N,0,5, [M*] 268.0340; found
268.0346.

5-Isobutyl-[2,2']bithiazolyl-4-car-
boxylic acid (11): Yellow power
(97%); mp: 133-134°C; 'HNMR
(300 MHz, CDCly): 6=1.01 (d, J=
6.6 Hz, 6H), 1.98-2.07 (m, 1H), 3.33
(d, J=6.6Hz, 2H), 740 (d, J=
3.0 Hz, 1H), 7.80 ppm (d, J=3.0 Hz,
TH); *C NMR (75 MHz, [DJDMSO):
0=21.9, 30.6, 353, 123.0, 143.1,
1441, 149.8, 156.7, 160.1,
162.9 ppm; HRMS (El) calcd for
C1H:,N,0,5, [IM*] 268.0340; found
268.0340.

General procedure (16a-d): Com-
pound 15(a-d, 0.26 mmol) was
mixed with ammonium acetate
(1.09) and sodium acetate
(500 mg), and the mixture was
heated at 140 °C for 6 h. After cool-
ing, the residue was dissolved in
water (50 mL) and extracted with
EtOAc; the EtOAc phase was pro-
cessed in the usual way (Support-
ing Information). Purification by
flash chromatography (petroleum
ether/EtOAc) afforded compound
16 (a-d).

Ethyl-5-isobutyl-2-thiazol-2-yl-

1(3)H-imidazole-4-carboxylate

(16a): White power (37%); mp:
135-137°C;  'HNMR (300 MHz,
CDCly): 6=0.86 (d, J=6.6 Hz, 6H),
134 (t, J=7.2Hz, 3H), 1.90-1.98
(m, 1H), 2.79 (d, J=7.2Hz, 2H),
433 (q, J=7.2Hz 2H), 7.39 (d, J=

33Hz, 1H), 778 ppm (d, J=3.3 Hz, 1H); HRMS (El) calcd for
CigH50N,0,S [M*] 279.1041; found 279.1033.

Ethyl-5-isobutyl-2-thiophen-2-yl-1(3)H-imidazole-4-carboxylate
(16b): White soild (38%); mp: 245-246°C; 'HNMR (300 MHz,

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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CDCly): 6=0.95 (d, J=5.7 Hz, 6H), 1.35 (t, J=6.9 Hz, 3H), 2.04-2.12
(m, TH), 2.83 (br s, 2H), 4.34 (q, J=6.9 Hz, 2H), 7.26 (d, J=0.6 Hz,
1H), 7.78 (d, J=3.6 Hz, 1H), 755-7.60 ppm (m, 1H); HRMS (El)
caled for C;gH,0N,0,S [M*] 278.1089; found 278.1087.

Ethyl-2-benzo[blthiophen-2-yl-5-isobutyl-1(3)H-imidazole-4-car-
boxylate (16c): White power (41%); mp: 217-218°C; 'H NMR
(300 MHz, CDCl;): 6=0.80 (d, J=6.6 Hz, 6H), 1.23 (t, J=6.9 Hz, 3H),
1.85-1.94 (m, 1H), 2.66 (d, J=7.2 Hz, 2H), 419 (q, J=7.2 Hz, 2H),
7.16-7.19 (m, 2H), 7.60-7.67 ppm (m. 3H); CNMR (75 MHz,
CDCly/CD;0D): 6=14.0, 22.1, 29.1, 29.5, 60.3, 121.9, 122.2, 123.9,
124.5, 125.0, 127.6, 128.7, 131.0, 132.3, 139.8, 141.8, 163.4 ppm;
HRMS (El) calcd for C;gH,0N,0,S [M*] 328.1245; found 328.1238.

Ethyl-5-isobutyl-2-(5-methylthiophen-2-yl)-1(3)H-imidazole-4-car-
boxylate (16d): White soild (32%); mp: 133-134°C; 'HNMR
(300 MHz, CDCl,): 6=0.90 (d, J/=6.6 Hz, 6H), 1.31 (t, J=7.2 Hz, 3H),
1.96-2.05 (m, 1H), 2.46 (s, 3H), 2.78 (d, J=7.2 Hz, 2H), 430 (q, /=
7.2 Hz, 2H), 6.67 (d, J=3.6 Hz, 1H), 7.37 ppm (d, J=3.6 Hz, TH);
HRMS (El) calcd for C;5H,N,0,S [M*]292.1245; found 292.1252.

General procedure (17 a-e): Compound 15 (a-e, 0.14 mmol) was
dissolved in THF (5 mL) and Lawesson'’s reagent (0.22 mmol) was
added. The mixture was stirred at reflux for 5 h. The reaction was
concentrated in vacuo and redissolved in EtOAc (100 mL) then
washed with saturated aq NaHCO;, H;PO, (1 N), and brine, dried
(MgSO,), filtered and concentrated in vacuo. Purification by flash
chromatography (petroleum ether/EtOAc) gave compounds
17 a-e.

Ethyl-5-isobutyl-[2,2']bithiazolyl-4-carboxylic acid ethyl ester
(17a): White solid (75%); mp: 118-119°C; 'HNMR (300 MHz,
CDCl;): =1.00 (d, J=6.6 Hz, 6H), 1.44 (t, J=6.9 Hz, 3H), 1.96-2.04
(m, 1H), 3.15 (d, J=6.9 Hz, 2H), 443 (9, /=6.9 HZ, 2H), 7.46 (d, J=
3.3 Hz, 1H), 7.87 ppm (d, J=3.3 Hz, TH); *C NMR (75 MHz, CDCl;):
0=144, 223, 31.0, 36.2, 61.3, 121.6, 142.4, 143.8, 150.9, 157.6,
160.9, 162.1 ppm; HRMS (El) calcd for Ci3H4sN,0,S, [M™] 296.0653;
found 296.0663.

Ethyl-5-isobutyl-2-thiophen-2-ylthiazole-4-carboxylate (17b):
Yellow oil (65%); '"H NMR (300 MHz, CDCl;): §=1.00 (d, J=6.6 Hz,
6H), 143 (t, J=7.2 Hz, 3H), 1.94-2.00 (m, 1H), 3.12 (d, J=6.9 Hz,
2H), 441 (g, J/=7.2 Hz, 2H), 7.07 (dd, J=3.6 Hz, 48 Hz, 1H), 7.40
(dd, J=0.9 Hz, 4.8 Hz, 1H), 749 ppm (d, J=3.9 Hz, TH); *C NMR
(75 MHz, CDCly): 6=14.3, 22.2, 30.9, 35.9, 61.0, 127.1, 127.7, 128.0,
136.5, 141.8, 148.3, 157.9, 162.2 ppm; HRMS (El) calcd for
CysH1sNO,S, [M*] 295.0701; found 295.0712.

Ethyl-2-benzo[blthiophen-2-yl-5-isobutylthiazole-4-carboxylate
(17 ¢): White solid (78%); mp: 80-81°C; '"H NMR (300 MHz, CDCl,):
0=1.00 (d, J/=6.6 Hz, 6H), 1.44 (t, J=7.2Hz 3H), 1.99 (dq, J=
6.6 Hz, 6.9 Hz, 1H), 3.13 (d, J/=7.2 Hz, 2H), 443 (g, J=7.2 Hz, 2H),
7.34-7.39 (m, 2H), 7.40 (s, TH), 7.76-7.79 (m, 1H), 7.81-7.84 ppm
(m, TH); *CNMR (75 MHz, CDCLy): d=14.5, 22.5, 31.2, 36.2, 61.4,
122.7, 123.7, 1244, 125.0, 125.9, 136.5, 139.7, 140.5, 142.3, 149.6,
158.1, 162.4 ppm; HRMS (El) calcd for C,zH,oNO,S, [M*] 345.0857;
found 345.0852.

Ethyl-5-isobutyl-2-(5-methylthiophen-2-yl)-thiazole-4-carboxyl-

ate (17d): White power (60%); mp: 65-66°C; '"H NMR (300 MHz,
CDCly): 6=0.95 (d, J=6.6 Hz, 6H), 1.38 (t, J=7.2 Hz, 3H), 1.87-1.96
(m, 1H), 2.46 (s, 3H), 3.05 (d, J=7.2 Hz, 2H), 436 (q, J=7.2 Hz, 2H),
6.67 (d, J=3.6Hz, 1H), 7.24ppm (d, J=3.6Hz, TH); *CNMR
(75 MHz, CDCl,): 6=14.4, 15.6, 22.3, 31.1, 36.0, 61.2, 126.2, 127.3,
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134.2, 141.6, 143.3, 1480, 1583, 162.5 ppm; HRMS (El) calcd for
C,sH,sNO,S, [M*] 309.0857; found 309.0859.

Ethyl-2-(5-ethylthiophen-2-yl)-5-isobutylthiazole-4-carboxylate
(17 e): Yellow oil (91%); 'H NMR (300 MHz, CDCl,): 6=0.96 (d, J=
6.9 Hz, 6H), 1.29 (t, J=7.8 Hz, 3H), 1.39 (t, J=7.2 Hz, 3H), 1.88-1.96
(m, 1H), 2.82 (q, J=7.8 Hz, 2H), 3.06 (d, J=7.2 Hz, 2H), 437 (g, J=
7.2Hz, 2H), 6.71 (d, J=3.6 Hz, 1H), 7.27 ppm (d, J=3.6 Hz, TH);
BCNMR (75 MHz, CDCly): 6 =14.4, 15.9, 22.4, 23.8, 31.1, 36.1, 61.2,
124.4, 127.2, 133.9, 141.7, 148.0, 151.1, 158.5, 162.6 ppm; HRMS (EI)
caled for C;5H,gNO,S, [IM*]1 323.1014; found 323.0995.

General procedure (18a-d): Compound 15(a-d, 0.1 mmol) was
dissolved in POCI; (0.5 mL), and the mixture was stirred at reflux
for 2 h. The solution washed with saturated ag NaHCO,, and ex-
tracted with EtOAc. The organic phases were then processed in
the usual way (Supporting Information) and purified by flash chro-
matography (petroleum ether/EtOAc) to afford compound
18(a-d).

Ethyl-5-isobutyl-2-thiazol-2-yloxazole-4-carboxylate (18a): White
power (80%); mp: 80-81°C; "H NMR (300 MHz, CDCl,): 6=0.96 (d,
J=6.9Hz, 6H), 1.36 (t, J/=6.9 Hz, 3H), 2.12-2.19 (m, 1H), 2.99 (d,
J=7.5Hz, 2H), 439 (q, J=7.2Hz, 2H), 751 (d, /=33 Hz, 1H),
7.94 ppm (d, J=3.0Hz, TH); *CNMR (75 MHz, CDCl,): 6=14.2,
22.2, 283, 348, 61.1, 122.3, 129.4, 144.4, 154.0, 154.2, 160.4,
161.6 ppm; HRMS (El) calcd for C,gH;sNO,S [M*] 280.0882; found
280.0890.

Ethyl-5-isobutyl-2-thiophen-2-yloxazole-4-carboxylate (18b):
White power (92%); mp: 66-67°C; 'H NMR (300 MHz, CDCl,): 6 =
0.99 (d, J=6.6 Hz, 6H), 1.41 (t, J=7.2 Hz, 3H), 2.01-2.08 (m, TH),
2.96 (d, J=7.2 Hz, 2H), 440 (q, J=7.2 Hz, 2H), 7.10 (dd, /=3.9 Hz,
48Hz, 1H), 744 (dd, J=1.2Hz, 51Hz, 1H), 7.10 ppm (dd, J=
1.2 Hz, 3.9 Hz, TH); CNMR (75 MHz, CDCl,): 6=14.3, 22.3, 28.3,
34.7,61.2,128.1, 128.3, 128.5, 129.3, 129.6, 156.2, 158.9, 161.8 ppm;
HRMS (El) caled for CigH,sNO;S [M*] 279.0929; found 279.0922.

Ethyl-2-benzo[blthiophen-2-yl-5-isobutyloxazole-4-carboxylate
(18¢): White power (76%); mp: 102-103°C; 'H NMR (300 MHz,
CDCl;): 0=1.00 (d, J=6.6 Hz, 6H), 1.40 (t, J=7.2 Hz, 3H), 2.13 (dq,
J=6.6 Hz, 6.9 Hz, 1H), 2.97 (d, J=6.9 Hz, 2H), 440 (q, J=7.2 Hz,
3H), 7.33-7.39 (m, 2H), 7.79-7.84 (m, 2H), 7.93 ppm (s, T1H);
BCNMR (75 MHz, CDCly): 6=14.4, 22.4, 284, 349, 61.2, 1226,
124.7, 125.0, 125.3, 126.1, 128.7, 129.4, 139.3, 140.7, 156.0, 159.6,
162.2 ppm; HRMS (El) calcd for C,gH;NO5S [M*] 329.1086; found
329.1092.

Ethyl-5-isobutyl-2-(5-methylthiophen-2-yl)-oxazole-4-carboxylate
(18d): Yellow oil (77%); "H NMR (300 MHz, CDCl;): 6=0.94 (d, J=
6.9 Hz, 6H), 1.36 (t, J/=7.2 Hz, 3H), 2.03-2.10 (m, 1H), 2.47 (s, 3H),
2.90 (d, J/=7.2Hz, 2H), 434 (q, J/=7.2 Hz, 2H), 6.70 (d, J=3.9 Hz,
1H), 7.47 ppm (d, J=3.9Hz, 1H); ®CNMR (75 MHz, CDCl,): 6=
14.4, 15.5, 22.4, 28.3, 34.7, 61.0, 126.3, 126.5, 128.6, 128.8, 144.2,
156.1, 158.6, 162.4 ppm; HRMS (El) calcd for CisH,gNOS [M™]
293.1086; found 293.1091.

Ethyl-5-isobutyl-5'-methyl-[2,2']bithiazolyl-4-carboxylate (20): A
solution of intermediate 19 (48 mg, 0.13 mmol) and CLNi(PPh,),
(4.2 mg, 5 mol%) in anhyd DMA (2 mL) was treated with a solution
of MezZnl"® in DMA (0.25 mL, 0.26 mmol, 1 N) and the mixture was
stirred for 3 h at RT. The reaction was quenched with aq HCl (1 N),
and the mixture was extracted with EtOAc (50 mL). The organic
phase was washed with brine, dried (Na,SO,), filtered and concen-
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trated. Purification by flash chromatography gave the cross-cou-
pling product 20 as a pale yellow power (38 mg, 96%); mp:74-
75°C; "H NMR (300 MHz, CDCly): 6=0.97 (d, J=6.6 Hz, 6H), 1.40 (t,
J=7.2Hz, 3H), 1.93-2.00 (m, TH), 2.50 (s, 3H), 3.12 (d, /=6.9 Hz,
2H), 440 (q, J=7.2 Hz, 2H), 7.48 ppm (s, TH); *C NMR (75 MHz,
CDCly): =123, 14.4, 224, 31.1.9, 36.3, 61.4, 137.0, 141.8, 1424,
150.5, 158.1, 159.1, 162.3 ppm; HRMS (El) calcd for C;gH;sNO;S (M)
310.0810; found 310.0800.

Cell culture and antiviral assays

The antiviral procedure and the growth conditions for HepG 2.2.15
cells have been previously described.'” Briefly, confluent cultures
in 96-well culture plates were treated with varying doses of the
compounds in minimal essential medium (MEM) supplemented
with 10% fetal bovine serum (FBS). Fresh MEM with the same con-
centration of compounds was replaced at day 4, and the superna-
tants were harvested at day 8, then the extracellular (virion) HBV
DNA copies were measured by real-time fluorescent PCR. The
purity of the compounds was assessed by HPLC before biological
testing (Supporting Information).

Cytotoxicity measurements: Cytotoxicity was assessed using a
MTT assay as previously described." Briefly, HepG 2.2.15 cells were
cultured for 8 days with the test compound. Cells incubated with
media alone were used as controls. MTT (5gL™") reagent was
added 4 h before the end of culture, and then cells were lysed
with 10% sodium dodecyl sulfate (SDS), 50% DMF, pH 7.2. O.D.
values were read at 570 nm 6 h later and the percent cell death
was calculated.

Real-time fluorescent PCR: The supernatants of HepG2.2.15 cells,
collected on day 8 after the compounds were added, were extract-
ed for HBV DNA and quantified by real-time fluorescent PCR. Brief-
ly, 50 uL of the supernatants were added into the extraction buffer,
heated at 100°C for 10 min and centrifuged for 5 min. Aliquots
(2 pL) were used for the fluorescent PCR. PCR primers were: P1: 5'-
ATC CTG CTG CTA TGC CTC ATCTT-3’, P2: 5-ACA GTG GGG AAA
GCC CTA CGAA-3'. The probe was 5-TGG CTA GTT TAC TAG TGC
CAT TTTG-3'. PCR reactions were run at MJ Research PTC-200, and
results were analyzed using OpticonMonitor v2.01.
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