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We evaluated the Hepatitis C virus (HCV) NS5B polymerase and HCV NS3/4A protease inhibition activities
of a new set of proline-type fullerene derivatives. All of the compounds had the potential to inhibit both
the enzymes, indicating that the fullerene derivatives may be dual inhibitors against NS5B and NS3/4A
and could be novel lead compounds for the treatment of HCV infections.
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Hepatitis C virus (HCV) was identified as non-A, and non-B hep-
atitis virus in 1989.1 HCV belongs to the Flaviviridae family and has
a 9.6 kb positive-sense single-strand RNA. HCV genome encodes a
large precursor polyprotein, which is cleaved by viral or host pro-
teases into three structural proteins and seven non-structural (NS)
proteins. It is estimated that more than 150 million people are
infected with HCV worldwide. HCV infection is one of the most
serious problems in public health, leading to the development of
chronic hepatitis, liver fibrosis, cirrhosis, and hepatocarcinoma.
The traditional treatment for HCV infection was the combination
therapy of interferon-a and ribavirin, but this treatment was dis-
continued due to serious side effects. Urgent work for the discovery
of agents that prevent HCV NS protein for viral replication has been
widely undertaken, and novel NS3/4A protease, NS5A protein and
NS5B polymerase inhibitors have been recently developed and
commercially used.

Fullerene (C60), discovered by Kroto et al. in 1985,2 was the
third allotrope of the carbon atom after graphite and diamond.
Fullerene has been attractive to many fields due to its unique
structure and physical properties. However, insolubility of fullere-
nes in aqueous media is one of the major problems for medicinal
applications. To overcome this issue, a number of fullerene deriva-
tives with hydrophilic substituents have been synthesized. There
have been reports that various water-soluble fullerene derivatives
exhibit a range of biological activities, including antioxidant,3 anti-
cancer,4 antibacterial,4–6 and antiviral activities.7–10 In our previ-
ous work, we screened the synthesized fullerene derivatives that
included anionic, cationic and amino acid types for inhibitory
activity of NS5B polymerase.8,9 Among these derivatives, the pro-
line-type fullerene derivative 1a (Fig. 1) had strong NS5B inhibitory
activity without potential cytotoxicity in the low micromolar
range.9 In the present work, to improve the inhibitory activities
of NS5B, we introduced various substituents at the methine posi-
tion of the derivative 1a. Moreover, we also examined whether
the fullerene derivatives inhibit NS3/4A protease, as these deriva-
tives would be promising multi-target agents for the treatment
of HCV infection if they exhibited inhibition activity toward both
the enzymes.

The synthetic routes of derivatives 1a–e are shown in Scheme 1.
Di-tert-butyl L-tartrate (2) was synthesized from L-tartaric acid and
O-tert-butyl-N,N’-diisopropylisourea,11 which was readily pre-
pared from the inexpensive reactants, tert-butyl alcohol and N,N0-
diisopropylcarbodiimide. Oxidative carbon–carbon bond cleavage
of 1,2-diol on the tartrate 2 by (diacetoxyiodo)benzene gave
tert-butyl glyoxylate (3). The precursors 4a–e of novel proline-type
fullerene derivatives 1a–e were synthesized via 1,3-dipolar
cycloaddition of azomethine ylides, generated from various amino
acid esters and the prepared glyoxylate 3, onto C60 in a similar
manner to previous work by Prato et al.12 Diastereomers formed
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Figure 1. Structure of fullerene derivatives 1a–e.
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in this reaction were separated by silica gel column chromatogra-
phy. To identify cis/trans isomerism, 1H NMR analysis was
performed. In the NOESY experiments for cis-4d and cis-4e, a
cross-peak between the methine proton on C-5 position of the
pyrrolidine ring and the proton on the substituent (R) introduced
to C-2 position was observed. Conversely, in the case of trans-4d
and trans-4e, the cross-peak between the corresponding protons
in cis isomer was not observed. Furthermore, the observation that
the methine proton on C-5 of the pyrrolidine ring in the trans iso-
mer was downfield shifted compared to the cis isomer, which was
consistent with the report Salvatore et al. previously described.13

This downfield shift led us to identify the cis/trans isomerism of
the other precursors more easily. In these reactions, the cis isomers
of 4a–e were generated more dominantly than the trans isomers,
which would be due to the stability of azomethine ylides generated
in situ. The synthesized precursors 4a–e were subsequently trea-
ted with the strong Brønsted acid, trifluoromethanesulfonic acid,
for the deprotection of tert-butyl esters to afford the target pro-
line-type derivatives 1a–e.

In our previous Letter, we evaluated various biological activities
of 1a as diastereomeric mixtures.9 In the present study, we sepa-
rately prepared cis-4a and trans-4a to compare the inhibition activ-
ities between both diastereomers. According to the synthetic route
indicated in Scheme 1, the major isomer, cis-4a was purified by
silica gel column chromatography; however, the minor isomer,
trans-4a was obtained as an inseparable mixture with cis-4a.
Therefore, as shown in Scheme 2, trans-1a was synthesized alter-
natively, using N-(p-methoxybenzyl)glycine tert-butyl ester (5).14
Scheme 1. Synthesis of novel prol
In the case of a primary amine such as an amino acid ester, (E,E)-
azomethine ylide (W-shape) is generated in situ by the reaction
with an aldehyde, which gives a cis isomer. In contrast, in the case
of a secondary amine such as 5, (E,Z) or (Z,E) azomethine ylide,
which produces a trans isomer, would be generated dominantly
due to the steric stability. According to the synthetic route indi-
cated in Scheme 2, the dominancy between cis/trans conformation
in the 1,3-dipolar cycloaddition was completely inversed, thus we
obtained trans-6 as the major product. Subsequent co-deprotection
of tert-butyl esters and p-methoxybenzyl group with the acid
afforded trans-1a as expected.

The compounds cis-1a–e and trans-1a were identified by 1H
NMR and HRMS. The purity was verified by 1H NMR. All the prod-
ucts except cis-1a were synthesized as racemic mixtures.

NS5B inhibitory activities of the synthesized derivatives were
examined in a manner similar to our previous Letter with several
modifications.8 The examined fullerene derivatives 1a–e signifi-
cantly inhibited NS5B with IC50 values in the submicromolar range
(Table 1). The introduction of various substituents on the pyrro-
lidine ring of 1a, or cis/trans isomerism of 1a appears to have no
impact on NS5B inhibitory activity, although further investigation
is required to determine the structure–activity relationships in
detail. In our previous Letter, IC50 for the diastereomeric mixture
of 1a was determined to be 2.0 lM.9 The lower IC50 values
observed for each isomer of 1a in the present study may be due
to different experimental conditions.

In addition, the NS3/4A inhibition assay was performed in a
manner reported by Sudo et al. previously with some modifica-
tions.15 All fullerene derivatives we examined inhibited NS3/4A
significantly in the submicromolar range (Table 1). Similar to the
results of NS5B inhibition assay, there is no remarkable difference
in the inhibitory activities of 1a–e, while cis-1a has slightly more
potent than other derivatives.

In conclusion, the present study demonstrates, for the first time,
that the fullerene derivatives inhibit HCV NS3/4A protease in addi-
tion to NS5B polymerase. The inhibition activities against the
enzymes were weaker than a known selective NS5B inhibitor,
VX-222, and a clinically used NS3/4A inhibitor, telaprevir,
ine-type fullerene derivatives.



Scheme 2. Synthesis of trans-1a.

Table 1
NS5B and NS3/4A inhibition activities of fullerene derivatives

Compound R NS5B inhibitory
activity (IC50, lM)

NS3/4A inhibitory
activity (IC50, lM)

cis-1a H 0.29 0.15
trans-1a H 0.23 0.85
cis-1b Me 0.48 0.37
cis-1c i-Pr 0.29 0.87
cis-1d Bn 0.26 0.43
cis-1e CH2COOH 0.28 0.87
VX-222 — 0.052 —
Telaprevir — — 0.024
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respectively (Table 1), but we propose that the fullerene deriva-
tives synthesized in this work are dual inhibitors acting against
both NS5B and NS3/4A that may strongly inhibit HCV replication
by the synergistic effect and novel compounds for the treatment
of HCV infections.
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