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ABSTRACT: The chikungunya virus (CHIKV) is a mosquito-
transmitted alphavirus, and it is the causative agent of chikungunya
fever (CHIKF). Although it has re-emerged as an epidemic threat,
so far there are neither vaccines nor pharmacotherapy available to
prevent or treat an infection. Herein, we describe the synthesis and
structure−activity relationship studies of a class of novel small
molecule inhibitors against CHIKV and the discovery of a new
potent inhibitor (compound 6a). The starting point of the
optimizat ion process was N -ethyl -6-methyl-2-(4-(4-
fluorophenylsulfonyl)piperazine-1-yl)pyrimidine-4-amine (1) with
an EC50 of 8.68 μM, a CC50 of 122 μM, and therefore a resulting selectivity index (SI) of 14.2. The optimized compound 6a,
however, displays a much lower micromolar antiviral activity (EC50 value of 3.95 μM), considerably better cytotoxic liability (CC50
value of 260 μM) and consequently an improved SI of greater than 61. Therefore, we report the identification of a promising novel
compound class that has the potential for further development of antiviral drugs against the CHIKV.
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■ INTRODUCTION

The chikungunya virus (CHIKV) is a member of the
Togaviridae, genus alphavirus and was first described in East
Africa (southern province of Tanzania) in 1952−1953.1,2 This
mosquito-transmitted alphavirus (mainly by Aedes spp.) is the
causative agent of chikungunya fever (CHIKF), a disease
characterized by myalgia, polyarthralgia, fever, nausea, head-
aches, maculopapular rash, and complications including
lymphopenia, lethal hepatitis, dermatologic lesions, and
encephalitis.3−5 Although chikungunya fever is rarely fatal,
symptoms such as myalgia and arthralgia have been reported to
last for years after clearance of the infection, resulting in an
impaired quality of life.6−8 Since the re-emergence of the virus
in 2005, outbreaks have occurred in more than 40 countries
throughout the world, not only in Southeast Asia and Africa
but also in Europe (Italy and France) as well as America.9−11

Currently, neither vaccines nor pharmacotherapy are available
to prevent or treat an infection.12−14 To date, the only
available treatment is the alleviation of symptoms by using
NSARs like ibuprofen, naproxen, or acetaminophen. Occa-
sionally, corticosteroids are administered to patients to relieve
symptoms like fever and pain.15−17 Up to now, the antiviral
activity of small molecules, compounds from natural sources,
and immune modulators on the replication of chikungunya
virus have been investigated. Several compounds, ranging from
antivirals with a broad spectrum like ribavirin to harringtonine
(a cephalotaxine alkaloid) and IFN-α, were found to be active,

targeting different stages in the alphavirus life cycle. Despite
the demonstrated effectiveness and, in some cases, potent
antiviral activity in vitro, none of these drugs passed the clinical
trial phase.18−25 Also, the utilization of the already known
antimalaria drug chloroquine as possible antiviral treatment is
highly discussed regarding the potential risks and benefits for
the patients.26−30 Therefore, the development of safe and
effective new antivirals against CHIKV is highly desirable.31

This problem was addressed within the EU FP7 collaborative
project SILVER. In this project, the small molecular hit
CIM016321 (later referred as 1, Figure 1), which was
identified previously by high-throughput screening by the
Center for Innovation and Stimulation of Drug Discovery
(CISTIM) and the University of Leuven (KU Leuven), was
further investigated and a hit to lead program was initiated.
To optimize 1, we divided the structure of this compound

into five parts suitable for systematic variation (shown in
Figure 1). The aim of the optimization was to achieve (i) an
increase in antiviral activity and (ii) a decrease in cytotoxicity,
therefore resulting in a compound exhibiting an improved
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selectivity index (SI). As guidance for systematic structural
variations of the molecule, approaches like the concept of
bioisosterism and the Topliss decision tree were applied.32−35

In this study, we have identified that analogues of 1 are
potent and safe inhibitors of chikungunya virus in vitro.
Moreover, structure−activity relationship studies unveiled the
molecular requirements for highly active and safe antiviral
compounds.

■ RESULTS AND DISCUSSION
The initial hit 1 was prepared using a four-step-synthesis and
was also established to give access to the entire compound
series. The synthesis of these compounds is summarized in
Scheme 1, starting from 2-chloro-N-ethyl-6-methylpyrimidin-
4-amine (2a), which was synthesized following the procedures
reported by Martyn et al.36 The reaction with tert-butyl
piperazine-1-carboxylate, obtained according to the protocol
from Moussa et al.,37 under microwave conditions gave a high
yield of 85% of the desired Boc-protected piperazine−
pyrimidine intermediate. The following deprotection and the
N-sulfonamidation of piperazine were performed according to
Martyn et al.,36 but with additional THF. The fourth step of
the synthesis with p-fluorobenzenesulfonyl chloride afforded
the desired target in a moderate yield of 32%.
The first alteration was performed using modifications on, or

replacement of, the 4-fluorophenyl ring (Group A). All
compounds from this group (5a−5s), except 5s, were
synthesized following Scheme 2. Synthesis of 5s was achieved
by reducing the nitro group using tin(II) chloride 5f to the
corresponding amine. The first three steps of the synthesis
remained the same as for 1, as well as the reaction conditions
as described before. For the preparation of analogues, in the
fourth step, instead of the 4-fluorobenzenesulfonyl chloride, a
suitable sulfonyl chloride was used. The conditions for the
reaction remained unchanged and provided analogues in 13−
92% yield.
The synthesis of the analogues 6a and 6b from Group B,

replacing the sulfonamide linker with an amide or a methyl

group was carried out with the established synthesis route. The
conditions and reagents remained the same as for 1 and Group
A, however, with 4-fluorobenzoyl chloride or 4-fluorobenzyl
chloride instead of the benzenesulfonyl chlorides (Scheme 2).
Substituents of the piperazine linker (Group C) where

introduced to investigate the function of this group. The
reaction for Group C (7a and 7b) followed the established
synthesis route, with a small alteration for 7b: 2-chloro-N-
ethyl-6-methylpyrimidin-4-amine (2a) was reacted directly
with the tetrahydroquinoxaline (as modified linker) under
microwave irradiation to access 4c. This reaction was
performed without protecting one of the two amino groups
before and gave still a high yield of 75%. The third step of the
synthesis was identical to the fourth step of the previously used
standard procedure−performed with 4-fluorobenzenesulfonyl
chloride and triethylamine as a base in dichloromethane at
room temperature for 24 h (7a: 55% yield, 7b: 28% yield;
Scheme 3).
For Group D, the target compounds were accessed via the

alteration of the first synthesis step. Instead of ethylamine as
reactant, propane-2-amine, 2-methylpropan-2-amine, sodium
ethoxide, or pyrrolidine were used to prepare the analogue
compounds 8a−8d. The successive reaction between the
substituted pyrimidine and the piperazine, following the
sulfonamidation as the last step, was adopted according the
established synthesis route (Scheme 4).
Compounds of Group E (9a−9d) were synthesized

following Scheme 4. The synthesis remained the same as for
1, as well as the reaction conditions. To prepare the analogues
of this group, a differently substituted pyrimidine building
block was used as starting reactant in the first step of the
synthesis. The pyrimidine ring 2f (4-chloro-N-ethyl-6-methyl-
pyrimidin-2-amine), used to prepare 9a, was obtained as a
product out in the first step of the synthesis of 1 in a moderate
yield of 17%.
Finally, the modifications with the most promising antiviral

activities were combined, utilizing the established synthesis
route described above (Scheme 4 and Scheme 5).
All compounds were evaluated for their potential antiviral

activity against CHIKV by determining the inhibition of
CHIKV-induced cytopathogenic effect (CPE) in Vero cells
(Table 1).
The purpose of Group A was to investigate if a fluorine atom

as substituent is essential, which turned out not to be the case:
the analogue with the nonsubstituted phenyl ring (5a) also
showed antiviral activity, although 5a was less active than 1
(EC50 = 14 ± 3 μM). In a next step, para fluorine was replaced
by other halogens such as chlorine (5b), bromine (5c), and
iodine (5d). All these compounds were more active than the
initial hit: the chlorine-substituted 5b gave the best result with
an EC50 of 5.3 μM, the iodine-substituted 5d showed similar
antiviral activity with an EC50 of 5.9 μM, while the bromine-

Figure 1. For optimization, we divided the initial hit 1 into five parts.
Compounds with modifications at the same part of the molecule are
summarized to “Groups”.

Scheme 1. Synthesis of the Initial Hit 1a

aReagents and conditions: (a) EtOH, 24−48 h, rt; (b) EtOH, microwave, 3 min, 155 °C, 250 W, 12 bar, tert-butyl piperazine-1-carboxylate; (c) 4.5
M HCl, dioxane/THF, 24 h rt; (d) DCM, N(CH2CH3)3, 24 h rt, 4-fluorobenzenesulfonyl chloride.
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substituted 5c was less active (EC50 = 7.1 μM). The nitro-
substituted 5f (EC50 = 14 ± 3 μM) and the methyl-substituted
5i (EC50 = 15 ± 2 μM) were also less active than 1. On the
contrary, the trifluoromethyl substituted 5e was inactive, as
well as 5g with CN substitution. The other para-substituted

compounds (5h and 5s) showed less antiviral activity than the
initial hit 1.
Shifting the para fluorine atom to other positions on the

benzene ring resulted in less active compounds than the initial
hit 1 (5j and 5k). Also, combining the ortho or meta to the

Scheme 2. Synthesis of the Compounds from Group A (5a−5r) and Group B (6a, 6b)a

aReagents and condition: (a) DCM, N(CH2CH3)3, 24 h rt.

Scheme 3. Synthesis of the Compounds from Group C (7a, 7b)a

aReagents and conditions: (a) EtOH, microwave, 3 min, 155 °C, 250 W, 12 bar; 3b, tert-butyl 1,4-diazepane-1-carboxylate; 4c, 1,2,3,4-
tetrahydroquinoxaline; (b) 4b, 4.5 M HCl, dioxane/THF, 24 h rt; (c) DCM, N(CH2CH3)3, 24 h rt, 4-fluorobenzenesulfonyl chloride.

Scheme 4. Synthesis of the Compounds from Group D (8a−8d), from Group E (9a−9d), and 10a, 10ba

aReagents and conditions: (a) EtOH, 24−48 h rt; 2b/2j, propan-2-amine; 2c, 2-methylpropan-2-amin; 2d, sodium ethoxide; 2e, pyrrolidine; 2f−i,
ethylamine; (b) EtOH, microwave, 3 min, 155 °C, 250 W, 12 bar, tert-butyl piperazine-1-carboxylate; (c) 4.5 M HCl, dioxane/THF, 24 h rt; (d)
DCM, N(CH2CH3)3, 24 h rt, 4-fluorobenzenesulfonyl chloride.
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para substitution did not result in an additive antiviral effect
compared to 1: 5l with two fluorine atoms on the meta and
para position and 5m with an ortho/para disubstitution pattern
were less active than 1. Additionally, neither of the triple
substituted compounds showed an improved additive antiviral
effect (5n, 5o, and 5p). 5q, in which all hydrogen atoms on the
phenyl ring were replaced by fluorine, was found to be poorly
active. Conclusively, concerning the antiviral activity of the
monosubstituted analogues, the 4-F substituted analogue is
more active than the 3-F-substituted one, which is more active
than the 2-F-substituted compound. Concerning the double-
and triple-substituted compounds, the 3,4-F substituted 5l and
the 2,3,4-F-substituted 5o are active; while the compounds
with 2,4-F (5m) and 3,4,5-F substitution patterns (5n) are
both only moderately active compared to 1.
To investigate if the double substitution on the aromatic ring

with different halogens would also decrease the antiviral
activity, 5r was prepared. It showed moderate activity against
the virus, confirming our previous observation, that the
chloride substitution enhances the antiviral activity. Never-
theless, the doubly substituted ring also showed a weaker
antiviral effect using chlorides (5r) than the matching single
substituted ring (5b).
Summarizing the results from Group A, 17 out of the 19

compounds were active against CHIKV, with three com-
pounds being more potent than 1 (5b, 5c, and 5d). In those
three compounds, other halogens replaced the fluorine at the
para position. Therefore, replacing fluorine on the benzene
ring by another halogen leads to an improvement in antiviral
activity (chlorine > iodine > bromine > fluorine). 5b with the
chlorine atom as substituent on the para position of the
benzene ring showed the best test results; therefore, the
fluorine/chlorine replacement should be considered for further
optimization.
In Group B, both compounds showed impressive test

results: 6a has an EC50 of 4.0 ± 1 μM, and 6b has an EC50 of
2.5 μM. Conclusively, both compounds are more than twice as
active as 1. Although 6b is even more active than 6a,
compound 6a should be considered for further optimization
due to cytotoxicity reasons (1, CC50 = 122 μM, SI = 14.2; 6a,
CC50 = 260 μM, SI = 60.9; 6b, CC50 = 69.3 μM, SI = 19.7).
Therefore, compared to 1, the modification in 6a led to an
improvement in activity, cytotoxicity, and selectivity, while the
modification in 6b led to a higher cytotoxicity.
In Group C, the prepared analogues were less active than 1.

Conclusively, 1,4-piperazine as a linker has proven to be the
better choice to reach a potent antiviral activity.

The replacement of the ethylamine side chain with
isopropylamine (8a) or tert-butylamine (8b) demonstrated
good activity against the CHIKV, which unfortunately was
accompanied by increased cytotoxicity (8a, CC50 = 66.4 μM,
SI = 9.83; 8b, CC50 = 18.6 μM, SI = 1.17). In addition, it was
investigated whether the nitrogen or the hydrogen atom of the
ethylamine side chain is essential for activity and whether the
antiviral activity of the compound would increase with higher
molecular lipophilicity. Therefore, 8c was prepared in which an
ethoxy side chain replaced the ethylamine side chain. However,
8c did not show any antiviral activity. To understand whether
this loss of activity depends on the missing nitrogen atom or
the absence of the hydrogen bond donor function, 8d was

Scheme 5. Synthesis of 11a−11ca

aReagents and conditions: (a) DCM, N(CH2CH3)3, 24 h rt; 11a/
11b, 4-chlorobenzoyl chloride; 11c, 4-fluorobenzoyl chloride.

Table 1. Antiviral Evaluation of 1 and Analogues against
CHIKV in Vero Cellsa

compound EC50 (μM)b EC90 (μM)c CC50 (μM)d

1 8.7 ± 1 14 ± 1 122 ± 24
5a 14 ± 3 28 ± 6 156 ± 35
5b 5 ± 0.4 7 ± 1 51 ± 19
5c 7.1 ± 0.01 13 ± 2 44 ± 19
5d 5.9 ± 0.2 8.7 ± 1 19 ± 2
5e >233 >233 45 ± 1
5f 14 ± 3 24 ± 7 62 ± 1
5g >259 >250 ND
5h 82 ± 11 125 ± 3 178 ± 31
5i 15 ± 2 22 ± 2 95 ± 74
5j 27 ± 9 52 ± 17 91 ± 7
5k 20 ± 3 31 ± 2 131 ± 43
5l 12 ± 5 19 ± 10 53 ± 7
5m 16 ± 6 16 ± 4 67 ± 13
5n 19 ± 5 ND 29 ± 3
5o 10 ± 0.2 17 ± 5 181 ± 0.4
5p 28 ± 5 36 ± 14 55 ± 3
5q 75 ± 19 >166 122 ± 23
5r 10 ± 1 13 ± 3 15 ± 3
5s 22 ± 3 51 ± 16 183 ± 17
6a 4.0 ± 1 20 ± 8 >260
6b 2.5 ± 1 5 ± 1 69 ± 7
7a 77 ± 5 123 ± 0.2 202 ± 18
7b 16 ± 1 29 ± 8 106 ± 69
8a 9.5 ± 2 17 ± 4 66 ± 6
8b 12 ± 2 ND 19 ± 3
8c >197 >197 ND
8d 33 ± 7 34 ± 1 50 ± 8
9a 3.2 ± 0.2 14 ± 4 59 ± 18
9b 48 ± 9 98 ± 34 >329
9c 14 ± 3 29 ± 2 91 ± 10
9d 70 ± 0.2 124 ± 1 217 ± 3
10 37 ± 4 55 ± 8 76 ± 16
11a 32 ± 2 108 ± 3 202 ± 27
11b 51 ± 7 88 ± 17 204 ± 1
11c 92 ± 9 102 ± 17 159 ± 31

aEC50, EC90, and CC50 data represent median values ± standard
deviation from at least three independent experiments. ND = not
detectable. bThe 50% effective concentration (EC50) is the
concentration of compound that is required to inhibit virus-induced
cell death by 50%. cThe 90% effective concentration (EC90) is the
concentration of compound that is required to inhibit virus-induced
cell death by 90%. dThe 50% cytostatic/cytotoxic concentration
(CC50) is the concentration of compound that reduces the overall
metabolic activity of the uninfected, compound-treated cells by 50%
as compared to the untreated, uninfected cell.
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synthesized, in which a pyrrolidine ring replaced the
ethylamine side chain. The result from 8d (EC50 of 33 ± 7
μM) indicated that the hydrogen bond donor is not essential
for actively enhancing the antiviral activity, although its pure
absence seemed to decrease the activity. Taken together with
the results from Group D, the nitrogen atom of the ethylamine
side chain seems to be essential for antiviral activity, while the
hydrogen bond donor is not. Also, a bifurcation at the
ethylamine side chain may be taken into consideration with
caution.
In Group E, in a first step the optimal positions for the

nitrogen atoms in the pyrimidine ring were investigated. In a
second step, it was investigated whether the methyl group as a
substituent on the pyrimidine ring is essential or not. The
nitrogen at position R1 seemed to be necessary for good
antiviral activity. Shifting the nitrogen from position R1/3 (as in
the initial hit 1) to position R1/2 (9a) resulted in an improved
antiviral activity.
Finally, the most interesting modifications were combined to

either reach a higher antiviral activity (11a and 11c) or to
deepen the knowledge of the chosen variation (10, 11b). The
result of 10 and 11b underline the importance of the methyl
group on the pyrimidine ring and the shifting of the nitrogen
to position R1/2. Moreover, the decrease of activity with the
cyclopropylamine side chain (10) , although its size is
comparable to the original ethylamine, can possibly be
explained by his impaired flexibility and different three-
dimensional geometry.
Surprisingly, the combination of the most promising

alterations (Group B:, amide; Group E, shifted N to position
R1/2) in combination with either the best alteration of Group A
(para chloride, 11a) or with the introduction of an isopropyl
side chain (Group D, 11c) did not give the desired gain of
antiviral activity.

■ CONCLUSION

In this study, we present several 2-(4-(phenylsulfonyl)-
piperazine-1-yl)pyrimidine and analogues as selective and
potent inhibitors of CHIKV. All compounds described are
easily accessible in a four-step synthesis route: starting from the
required substituted pyrimidine reacting with the Boc-
protected piperazine or other suitable nitrogen-containing
functional groups under microwave irradiation, followed by
deprotection and finally reaction with a benzenesulfonyl
chloride. Additionally, the structural requirements for a
significant anti-CHIKV activity have been determined on all
five structural molecular subgroups. During this optimization
process, 6a was identified as a potent and selective inhibitor of
CHIKV, demonstrating a much better profile than the starting
point, hit 1, and a selectivity index greater than 61.
Furthermore, the optimized compound showed a wide-
spectrum antiviral activity against all tested strains of CHIKV
(data will be published elsewhere). Further structure−activity
studies and optimization of the antiviral activity are ongoing
and mechanism of action studies are being performed to
determine the molecular target of this novel class of anti-
CHIKV compounds. These studies point toward the viral
capping machinery and more specifically to the viral protein
nsP1 as the antiviral target of these compounds. Cross-
resistance with another class of capping inhibitors, the
MADTP series, was confirmed in antiviral assays (data not
shown). As other classes of inhibitors that target the viral

capping have been reported, the capping machinery of
alphaviruses might be a hot spot for antiviral molecules.
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■ DEDICATION

This paper is dedicated to the memory of Prof. Maurizio Botta,
who passed away much too early in August 2019.

■ ABBREVIATIONS

THF, tetrahydrofuran; EtOAc, ethyl acetate; TEA, triethyl-
amine; DIPE, diisopropyl ether; DMSO-d6, deuterated
dimethyl sulfoxide; dia, diazepane; Ph, phenyl; pyr, pyrimidine;
pip, piperazine; ipr, isopropyl; qu, quinoxaline; TLC, thin layer
chromatography; ND, not detectable.
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