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Figure 1. Structures of DKA, meta-(3,5-dichloro-2-cyanophenylmethyloxy) DKA (1), ortho-4-chlorobenzyloxy DKA (2), and elvitegravir. 
The metal-binding unit is represented as thick lines.

Chronic hepatitis C virus (HCV) infection, which affects more 
than 180 million patients worldwide, is one of the leading causes 
of cirrhosis and liver failure. Since the discovery of the HCV 
in 1989,1 significant progress has been made towards the de-
velopment of HCV therapy. Nevertheless, until now, combi-
nation of pegylated interferon α-2a and ribavirin is the only 
approved anti-HCV treatment,2 and the combination therapy 
suffers from low sustained antiviral response and significant 
side effect.3 Therefore, the combination drug doses and treat-
ment duration are restricted and more effective and better-toler-
ated treatment options for HCV infection are urgently needed.4

1,3-Diketo acid (DKA, Fig. 1) is one of the potent anti-HCV 
agents. In particular, a DKA derivative with a 3,5-dichloro-2- 
cyanophenylmethyloxy substituent at the meta position of the 
aromatic ring (1, Fig. 1) was reported to be a nanomolar (i.e., 
45 nM) in vitro inhibitor of the HCV RNA-dependent RNA 
polymerase (RdRp).5 Previously, through molecular modeling6,7 
and structure-activity relationship study,8 we have also iden-
tified that a 4-chlorobenzyloxy group substituted ortho to the 
aromatic ring provided the resulting aromatic DKA derivative 
with potent antiviral activity [2, Fig. 1 (EC50 = 0.54 μM)]. How-
ever, DKAs suffer from unfavorable physicochemical as well 
as pharmacokinetic properties such as chemical instability, 
irreversible covalent binding to protein and poor stability in 
plasma.9 As a result, in spite of potent inhibition of the target 
enzyme, most DKAs show suboptimal antiviral activity (EC50 = 
23 ± 8 μM for compound 1) in cell-based assay.10 Therefore, 
studies on the structural modification of DKAs have been fo-
cused on optimization of the antiviral activity in cell-based assay 
through extensive structure-activity relationship study. As the 

aThese authors contributed equally to this work.

mode of action of DKAs is known to involve chelation of the 
metal ions present in the active site of the HCV RdRp,9 optimi-
zation of antiviral activity of DKAs has been actively performed 
through structural modification of the metal-binding ‘keto-enol 
acid’ unit of DKA. Isosteric replacement of the free carboxylic 
acid with triazole (S1360),11 tetrazole (5CITEP),12 pyridine 
(L-870,810),12-15 and a neutral carbonyl group (Raltegravir)16 
have been reported to give potent anti-HCV agents, and it was 
also found that even a ‘monoketo acid’ functionality (Elvite-
gravir, Fig. 1) can mimic the metal-binding function of the 
DKA.17

However, it has not been attempted to reverse the order of 
the metal-binding unit, ‘keto-enol acid’ or ‘monoketo acid’, to 
‘enol-keto’ functionality. In this study, we reasoned that a 
5-hydroxychromone would serve as an excellent scaffold for 
this purpose, and a novel 5-hydroxychromone derivative (3, 
Fig. 2) with 3-substituted benzyloxy and phenyl substituents at 
6 and 7 position, respectively, would provide a structural mimic 
for anti-HCV DKA 2. The superimposed structure of 2 and 3 
supports this idea by showing atom-by-atom match of the metal- 
binding units (shown in thick lines) as well as the aromatic 
ether linkage (Fig. 2).

Herein, we report synthesis of novel 6-arylmethyl-5-hydroxy- 
7-phenyl-chromone derivatives (3) with various aromatic sub-
stituents (R = Cl, Br, CN, NO2, CF3, Me, OMe) and evaluation 
of their anti-HCV activities.

Methylation followed by Suzuki coupling of the commer-
cially available 5-bromovanillin (4, Scheme 1) provided 5,6- 
dimethoxybiphenyl-3-carbaldehyde 6 in 83% combined yield. 
The benzaldehyde 6 was then oxidized by mCPBA to the co-
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Scheme 1. Synthesis of 6-arylmethyl-5-hydroxy-7-phenyl-chromone derivatives (3a-3g)

Table 1. Anti-HCV activity and cytostatic effect of 6-arylmethyloxy-
5-hydroxy-7-phenyl-chromone (3) derivativesa

Compd R EC50 (μM)b,c CC50 (μM)c,d SIe

3a Cl 22 54 2.5
3b Br 18 39 2.2
3c CN 20 55 2.8
3d CF3 24 71 2.9
3e NO2 14 35 2.5
3f Me 85 45 0.5
3g OMe 85 45 0.5

1f - 23 ± 8 - -
aInterferon α-2b was used as a reference compound at 10000 units/well 
and reduced the signal in the viral RNA (luciferase) assay to background 
levels without any cytotoxic activity. bConcentration required to inhibit 
HCV RNA replication by 50%. cThe values obtained as the average of 
triplicate determinations. dConcentration required to reduce cell prolifera-
tion by 50%. eSelectivity index: ratio of CC50 to EC50. fReference 10.
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Figure 2. Superimposed structures of ortho-4-chlorobenzyloxy DKA
(2) and 6-arylmethyloxy-5-hydroxy-7-phenyl-chromone (3) around 
the common metal-binding unit.

rresponding formate which, without purification, was hydro-
lyzed to the phenol 7 in 61% yield. The ortho-hydroxy aceto-
phenone 9 was obtained by acetylation of 7 followed by Fries 
rearrangement (92% yield). Treatment of 9 with NaH and ethyl 
formate resulted in construction of the chromone scaffold to 
afford 10 in 90% yield. Lewis acid-promoted demethylation 
followed by alkylation with various 3-substituted benzyl bro-
mides provided the desired 6-arylmethyloxy-5-hydroxy-7- 
phenyl-chromone derivatives (3a-3g) in 54 - 79% yield.

The synthesized hydroxychromone derivatives (3a-3g) were 
evaluated for their ability to inhibit HCV replication in Huh-5-2 
cells, which was kindly provided by Prof. R. Bartenschlager, 
University of Heidelberg, Germany.18-20 The cytostatic effect of 
the test compounds was also evaluated in the same cell line. 
Antiviral effect and cytostatic effect are summarized as EC50 
and CC50, respectively, in Table 1.

The 5-hydroxychromone derivatives (3a-3g) showed, albeit 
moderate, antiviral activity with EC50 values of 14 to 85 μM, 
which indicates that the novel ‘enol-keto’ scaffold indeed mimic 
the chelating function of the DKAs. Structure-activity relation-
ship was clear in that hydroxychromone derivatives (3a-3e) 

with electron withdrawing substituents (Cl, Br, CN, CF3, NO2) 
were more potent than those (3f and 3g) with electron donat-
ing groups (Me, OMe). In particular, the two substituents with 
similar size but different electronic property, CF3 and CH3, 
provided the resulting hydroxychromone derivatives 3d and 
3f, respectively, with significantly different EC50 values (24 
μM and 85 μM, respectively). In contrast, among the series of 
electron withdrawing group-substituted derivatives (3a-3e), the 
structure-activity relationship was not clear. Also, the hydroxy-
chromone derivatives showed similar cytostatic effect against 
the hepatoma cell line regardless of type of the substituent (CC50 
values, Table 1).

Taking the low solubility associated with the common chro-
mone scaffold into account, lack of potent antiviral activity in 
cell-based assay as well as complicated structure-activity re-
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lationship might be attributed to the suboptimal physicochemical 
property of the hydroxychromone derivatives which limits its 
effective concentration inside the cell. In this respect, it is worth 
to note that DKAs also suffer from unfavorable physicochemical 
property,9 resulting in low antiviral activity in cell-based assay.10 
However, with the proven mechanism for inhibition of the 
target viral enzyme, extensive structure-activity relationship 
around the metal-binding unit of DKA was performed to im-
prove its unfavorable physicochemical as well as pharmaco-
kinetic property.16,21 By the same token, optimization of the 
antiviral activity of the novel ‘enol-keto’ metal chelators is 
anticipated by structural modification of the hydroxychromone 
scaffold.

In summary, in this proof-of-concept study of finding an alter-
native to DKA, we observed moderate but significant inhibition 
of HCV replication (EC50 = 14 ~ 85 μM) by 5-hydroxychro-
mone derivatives in cell-based assay. This result proposes the 
novel ‘enol-keto’ scaffold in hydroxychromone as a novel iso-
stere for DKA and warrants extensive structure-activity rela-
tionship study for optimization of the physicochemical property 
and thereby antiviral activity of the ‘enol-keto’ metal chelators.

Experimental Section

General procedure for 6-arylmethyloxy-5-hydroxy-7-phe-
nyl-chromen-4-one (3a-3g) synthesis. To a solution of 11 (60 
mg, 0.24 mmol) and K2CO3 (30 mg, 0.22 mmol) in DMF (5 mL) 
was added arylmethyl bromide (0.22 mmol). The reaction 
mixture was stirred at room temperature for 4 h. The resulting 
solution filtered with acetone and concentrated under reduced 
pressure. The crude compound was purified by column chro-
matography on silica gel (Hexanes:Acetone = 2:1) to afford 
3a-3g.

6-(3-Chloro-benzyloxy)-5-hydroxy-7-phenyl-chromen-4-
one (3a): 67% yield as a white powder: 1H NMR (400 MHz, 
DMSO-d6) δ 8.07 (d, J = 5.8 Hz, 1H), 7.70 (s, 1H), 7.53-7.40 
(m, 6H), 7.10 (d, J = 7.5 Hz, 2H), 5.98 (d, J = 5.8 Hz, 1H), 5.38 
(s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 175.9, 154.6, 152.0, 
151.4, 142.5, 139.0, 137.5, 133.6, 130.7, 129.8, 128.4, 128.0, 
127.9, 127.3, 126.7, 126.3, 116.7, 113.2, 101.2, 69.6; LC/MS 
(ESI) m/z Found: 379.3 (M+H)+; Calcd for C22H15ClO4: 378.1.

6-(3-Bromo-benzyloxy)-5-hydroxy-7-phenyl-chromen-4-
one (3b): 75% yield as a white powder: 1H NMR (400 MHz, 
DMSO-d6) δ 8.72 (s, 1H), 8.07 (d, J = 5.9 Hz, 1H), 7.83 (s, 
1H), 7.57-7.54 (m, 2H), 7.40-7.36 (m, 1H), 7.32-7.25 (m, 
4H), 7.10-7.08 (m, 2H), 5.98 (d, J = 5.9 Hz, 1H), 5.37 (s, 2H); 
13C NMR (100 MHz, DMSO-d6) δ 174.3, 153.0, 152.9, 150.4, 
149.8, 140.8, 137.6, 135.9, 129.6, 129.4, 129.2, 129.1, 128.2, 
125.7, 125.4, 124.7, 120.5, 115.1, 111.5, 99.6; LC/MS (ESI) 
m/z Found: 423.2 (M+H)+; Calcd for C22H15BrO4: 422.0.

3-(5-Hydroxy-4-oxo-7-phenyl-4H-chromen-6-yloxyme-
thyl)-benzonitrile (3c): 71% yield as a white powder: 1H NMR 
(400 MHz, DMSO-d6) δ 8.36 (s, 1H), 8.29 (d, J = 8.3 Hz, 1H), 
8.11-8.04 (m, 2H), 7.86 (t, J = 7.8 Hz, 1H), 7.58-7.47 (m, 4H), 
7.39-7.32 (m, 2H), 6.22 (d, J = 5.9 Hz, 1H), 5.63 (s, 2H) ; 13C 
NMR (100 MHz, DMSO-d6) δ 176.0, 154.6, 152.1, 151.3, 142.4, 
138.1, 137.5, 132.7, 132.1, 131.6, 130.0, 129.8, 127.5, 127.3, 
126.4, 119.0, 116.8, 113.2, 111.8, 101.3, 69.4; LC/MS (ESI) 

m/z Found: 370.3 (M+H)+; Calcd for C22H15NO4: 369.1.
5-Hydroxy-6-(3-nitro-benzyloxy)-7-phenyl-chromen-4- 

one (3d): 79% yield as a white powder: 1H NMR (400 MHz, 
DMSO-d6) δ 8.48 (s, 1H), 8.23-8.20 (m, 1H), 8.08 (d, J = 5.9 
Hz, 1H), 8.05-8.03 (m, 1H), 7.75-7.71 (m, 1H), 7.32-7.25 (m, 
4H), 7.11-7.09 (m, 2H), 5.99 (d, J = 5.9 Hz, 1H), 5.51 (s, 2H); 
13C NMR (100 MHz, DMSO-d6) δ 176.0, 154.7, 152.0, 151.3, 
148.3, 142.5, 138.8, 137.5, 134.7, 130.4, 129.8, 127.3, 126.4, 
126.3, 123.4, 122.9, 116.8, 113.2, 101.3, 69.3; LC/MS (ESI) 
m/z Found: 390.3 (M+H)+; Calcd for C22H15NO6: 389.1.

5-Hydroxy-7-phenyl-6-(3-trifluoromethyl-benzyloxy)-chro-
men-4-one (3e): 71% yield as a white powder: 1H NMR (400 
MHz, DMSO-d6) δ 8.75 (s, 1H), 8.07 (d, J = 7.3 Hz, 1H), 7.99 
(s, 1H), 7.87 (d, J = 9.4 Hz, 1H), 7.72 (d, J = 9.7 Hz, 1H), 7.68- 
7.66 (m, 1H), 7.32-7.25 (m, 4H), 7.11-7.09 (m, 2H), 5.99 (d, 
J = 7.3 Hz, 1H), 5.46 (s, 2H); 13C NMR (100 MHz, DMSO-d6) 
δ 175.5, 154.4, 151.6, 151.0, 142.0, 137.5, 137.1, 132.7, 131.9, 
131.8, 129.6, 129.5, 126.8, 125.9, 124.7, 124.4, 116.3, 112.8, 
112.6, 100.9, 69.6; LC/MS (ESI) m/z Found: 413.3 (M+H)+; 
Calcd for C23H15F3O4: 412.1.

5-Hydroxy-6-(3-methyl-benzyloxy)-7-phenyl-chromen-4- 
one (3f): 71% yield as a white powder: 1H NMR (400 MHz, 
DMSO-d6) δ 8.05-8.04 (m, 1H), 7.38-7.24 (m, 7H), 7.17-7.15 
(m, 1H), 7.10-7.08 (m, 2H), 5.97 (d, J = 5.9 Hz, 1H), 5.32 (s, 
2H), 2.33 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 174.3, 
153.0, 150.4, 150.0, 140.9, 136.4, 135.9, 135.4, 134.7, 128.2, 
127.5, 127.1, 125.7, 124.7, 124.5, 123.6, 114.9, 111.5, 99.6, 
69.0, 19.7; LC/MS (ESI) m/z Found: 359.3 (M+H)+; Calcd for 
C23H18O4: 358.1.

5-Hydroxy-6-(3-methoxy-benzyloxy)-7-phenyl-chromen- 
4-one (3g): 63% yield as a white powder: 1H NMR (400 MHz, 
DMSO-d6) δ 8.06-8.04 (m, 1H), 7.34-7.24 (m, 5H), 7.15-7.08 
(m, 4H), 6.92-6.90 (m, 1H), 6.00-5.97 (m, 1H), 5.34 (s, 2H), 
3.77 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 176.0, 159.8, 
154.6, 152.0, 151.5, 142.5, 138.0, 137.5, 130.0, 129.8, 127.3, 
126.4, 126.2, 120.1, 116.6, 113.9, 113.7, 113.1, 101.3, 70.4, 55.4; 
LC/MS (ESI) m/z Found: 375.3 (M+H)+; Calcd for C23H18O5: 
374.1.

Anti-HCV assay. The human hepatoma cell line Huh-5-2 
carrying the subgenomic HCV genotype 1 replicon with the 
luc-ubi-neo (reporter/selective) fusion gene, was kindly pro-
vided by Dr. Ralf Bartenschlager (University of Heidelberg, 
Heidelberg, Germany). Huh-5-2 cells were seeded at a density of 
5 × 103 per well in a tissue culture-treated white 96-well view 
plate in complete DMEM supplemented with 500 µg/mL G418. 
After incubation for 24 h at 37 oC (5% CO2), medium was re-
freshed (with G418) and DMSO stock of test compounds were 
added. After 4 days of incubation at 37 oC, cell culture medium 
was removed and luciferase activity was determined using the 
Steady-Glo luciferase assay system (Promega, Leiden, The 
Netherlands).

Cytostatic effect. Huh-5-2 cells were seeded at a density of 
5 × 103 per well of a 96-well plate in complete DMEM with the 
appropriate concentrations of G418. Serial dilutions of the test 
compounds in complete DMEM without G418 were added 24 h 
after seeding. Cells were allowed to proliferate for 3 days at 
37 oC, after which the cell number was determined by WST-1 
assay.
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