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Abstract—Synthesis and evaluation of the activity of a new family of 1,4-bis(3-aminopropyl)piperazine derivatives against a
chloroquine-resistant strain of Plasmodium falciparum, and as inhibitors of B-hematin formation, are described. The highest anti-
malarial activities were obtained for compounds displaying the highest predicted vacuolar accumulation ratios and the best poten-
cies as inhibitors of B-hematin formation. The most potent compound displayed an activity 3-fold better than chloroquine for a
comparable selectivity index upon MRC-5 cells. Therefore, in this series, the replacement of the 7-chloroquinoline group can con-

stitute a strong rationale for further investigation.
© 2003 Elsevier Ltd. All rights reserved.

Introduction

Among antimalarial standard therapies, chloroquine
(CQ) is believed to exert its antimalarial activity mainly
by inhibiting hemozoin formation in the food vacuole of
the parasite where it accumulates by pH gradient.!”3
However, CQ uptake has been demonstrated to be
saturable and energy-dependent, suggesting thereby an
additional concentration mechanism.* CQ readily forms
a complex with free Fe (IINFPIX in vitro® and the idea
that such an interaction could contribute to the specific
accumulation of CQ is now well-accepted.®

Biochemical studies have indicated that CQ-resistant
isolates accumulate less drug than their more sensitive
counterparts.” However opinion remains divided upon
the mechanistic explanation for this lower accumula-
tion.®® Several works suggest that an enhanced CQ
efflux by a multidrug-resistance mechanism may be
involved.!%!! It has been recently reported that CQ-
resistance could result from mutations in a new vacuo-
lar transporter, PfCRT.!?
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The antimalarial activities of 4-amino-quinoline-type
drugs are supposed to be a function of both the ability
of the drug to accumulate relevant pharmacological
concentrations in the acidic vacuole and the ability to
interfere with the haemozoin formation.'>!'# The 7-
chloroquinoline moiety may contribute both to the
accumulation by its basic nitrogen atom and by the
inhibition of hemozoin formation involving a m—n
stacking interaction with the porphyrin ring system. In
this respect, the influence of an electron-donating or
withdrawing group at the 7-position as well as the posi-
tion of the amino group have been recently ana-
lyzed.'>!¢ However, despite the development of these
SAR for CQ, an important question, particularly in
terms of resistance phenomenon, remains unanswered:
the effect of replacing the quinoline moiety as a whole.

We have previously reported SAR of a series of 60
compounds with a common N!-(7-chloro-4-quinolyl)-
1,4-bis(3-aminopropyl) piperazine moiety displaying
both variable vacuolar accumulation and efficiency to
inhibit B-hematin formation.'” Amongst them, com-
pound 1 (Fig. 1) containing a diisobutyl group dis-
played the highest activity against the CQ-resistant
strain FcB1 (0.9 nM) and the highest selectivity index
towards MRC-5 cells.
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Scheme 1. Reagents and conditions: (a) Boc,O, CH,Cl,, rt, 16 h,

45%; (b) (CH3),CH-CHO, NaHB(OAc);, CH,Cl,, rt, 3 h, 80%; (c)
HCl, ethanol, reflux, 1.5 h, 100%.

Therefore, with the aim of analyzing the role and the
importance of the quinoline moiety, a family of
analogues corresponding to a common N!,N!-diisobu-
tyl-1,4-bis(3-aminopropyl) piperazine motif linked to a
variety of aromatic entities, was designed. Three series
of compounds: arylamines (Series 1), benzylamines
(Series 2) and amides (Series 3) (Fig. 2) were synthesized
in order to study simultancously, influence of the nature
of the chemical link upon inhibition of B-hematin
formation, vacuolar accumulation ratio (VAR) and
antimalarial activity against the CQ-resistant strain
FcBI. This preliminary work on the replacement of the
quinoline moiety in our series, was aimed at finding new
leads for design and synthesis of new antimalarials.

Chemistry
Synthesis

Compound 2 obtained by Boc monoprotection of 1,4-
bis(3-aminopropyl)-piperazine followed by bis-alkyl-
ation and Boc deprotection (Scheme 1), was used as a
precursor for synthesis of all compounds. Compounds
3-8 were obtained by nucleophilic aryl substitution
(Scheme 2). Synthesis of benzylamines 9-13 was
achieved by reductive amination from appropriate
aldehyde and amine 2 using sodium borohydride as
reducing agent. Amides 14-17 were prepared by reac-
tion of amine 2 with various carboxylic acids in CH,Cl,,
using HBTU as coupling agent and DIEA as a base.

Biological and physico-chemical assays

Antimalarial activity and cytotoxicity. The antimalarial
activities of the three series of compounds were
determined by their inhibition of parasite growth using
the CQ-resistant strain FcB1 (ICsy chloroquine=126
nM).!819 Results are given in Table 1.

In parallel, all compounds were tested for cytotoxicity
upon a human diploid embryonic lung cell line (MRCS5
cells) using the colorimetric MTT assay.?’

In vitro inhibition of 3-hematin formation

Compounds were tested for their ability to inhibit for-
mation of f-hematin (synthetic equivalent of hemozoin)
induced by 1-monooleoyl glycerol (MOG).?!-22
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Figure 1. Chloroquine and compound 1.
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Scheme 2. Reagents and conditions: (a) appropriate aromatic chlor-
ide, n-pentanol, DIEA, reflux, 16-48 h, 11-19%; (b) propan-2-ol,
TEA, reflux, 1648 h, 10%; (c) n-butanol, TEA, reflux, 48 h, 8%;
(d) EtOH, TEA, reflux, 48 h, 47-57%; (e) appropriate aldehyde, TEA,
CH;0H, rt, 4 h then NaBHy, 12-96%:; () appropriate carboxylic acid,
DIEA, HBTU, HOBT, CH,Cl,, rt, 4 h, 37-99%.
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Results and Discussion

The following SAR model for CQ has recently been
proposed: !¢ (i) the 4-aminoquinoline nucleus alone pro-
vides an Fe(III)PPIX complexing template but is not
sufficient for inhibition of hemozoin formation; (ii)
introduction of a 7-chloro group is responsible for inhib-
ition of hemozoin formation but has probably little
influence on the strength of association with Fe(III)-
PPIX; and (iii) the aminoalkyl side chain is required for
strong antimalarial activity by facilitating drug accu-
mulation in the food vacuole. Further study with a
family of derivatives of CQ!'® showed a linear depen-
dence of the IC5y normalized by vacuolar accumulation
ratio (VAR) on B-hematin inhibitory activity. This
study supports that both pH trapping and B-hematin
inhibition are the basis of antiplasmodial activity of
aminoquinolines.

Evaluation of the three parameters: inhibition of B-
hematin formation, vacuolar accumulation ratio
(VAR)* and antiplasmodial activity could allow an
analysis of this SAR in our three series of compounds.

Antimalarial activities against the FcB1 strain range
from 0.9 nM to 5.27 uM (Table 1). In Series 1, quinoline
3 prepared to analyze the influence of the chloro sub-
stituent, and the benzimidazole derivative 8 were the
only compounds to display better activities than CQ.
Replacement of the chlorine atom in 1 with a hydrogen

R\H/\/\NCN/\/\N/Q RAN/\/\NCN/\/\N/Y
Series 1 Series 2 %
1 —
R H/\/\N\_/N/\/\N/Y
Series 3 \Y
Figure 2.
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atom in 3 induced a 20-fold decrease of activity while it
plays a minor role for inhibition of hemozoin formation.
Replacement of a 2-benzimidazole moiety (compound 8)
with a benzoxazole (compound 7) lead to a large
increase of the ICso value (1.33 uM). The large reduc-

tion in the inhibition of B-hematin formation is also
noteworthy.

In Series 2, replacement of the phenyl ring of compound
11 (IC50=454 nM) by a naphtyl moiety (compound 9)

Table 1.
No. R ICs of parasite ICsp of B-hematin VAR x103P CCsg (UM)© Selectivity index (CCso/ICs0)
growth (nM)? formation (uM)*
Chloroquine 126 (+£26) 76.5 53 50 397
Series 1
1 = 0.9 (£0.1) 43.4 597.2 8.5 9444
Cl N/
3 ©f% 18.9 (£0.6) 62.3 882.2 30 1587
N/
4 KLN 531 (+£93) ~200 3.6 80 151
N
5 oY b 1233 (+58) 5394 6.2 82 67
6 o;~@~ 758 (+68) 5394 3.8 49 65
0]
7 @:,}» 1333 (£57) >200 298.1 ~100 ~75
N
y
8 @[ o 87.3 (£12.8) 63.6 387.8 16 183
N
Series 2
9 121 (+10) 98%¢ 475.0 6.5 54
10 ) 842 (+97) ~200 504.0 30 36
1 @ 454 (+130) Nde 4763 21 46
12 a©~ 40.6 (£4.7) 94.7 475.0 13 320
13 \OOV 111 (£19) 170 4758 12 108
Series 3
14 672 (+£38) 5494 33 44 ~65
15 D 1550 (+50) 0%¢ 32 ~100 65
16 - Q/ 4433 (£153) ~200 3.1 577 13
(o)
17 Q 5267 (£472) 0%¢ 34 93 18
CI

21Csq values were obtained from triplicate experiments performed on the FcBI strain. Standard error is given in parentheses.

®Vacuolar accumulation ratio.

*MRC-5 cells.

dPercentage of inhibition of B-hematin formation at 200 uM of compound.
°Nd, not determined.
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and especially its substitution by a chloro and a meth-
oxy group (compounds 12 and 13), were favourable,
resulting in a 4- and 10-fold increase in activity for
derivatives 9 and 12, respectively. Conversely, com-
pound 10 with a heteroatom in the ring was found to be
2-fold less active than the phenyl compound 11.

In Series 3, introduction of an amide link provided
compounds with heavily diminished antimalarial activ-
ity. For instance, activities of the chlorophenyl and
methoxyphenyl compounds 16 and 17 were found to be,
respectively, 130- and 40-fold inferior to those of their
counterparts amines 12 and 13 belonging to Series 2.

The highest antimalarial activities were obtained for
compounds displaying both the highest predicted VAR
values and the highest potencies as inhibitors of -
hematin formation (compounds 1, 3, 8, 9, 12, 13).
Compounds 12 and 13 were found to be weaker inhibi-
tors of B-hematin formation than CQ but displayed a
better inhibition of parasite growth, which could be
explained by their better accumulation in the food
vacuole. Conversely, for the benzimidazole compound 8
(in contrast to its benzoxazole analogue 7), the efficiency
towards inhibition of B-hematin formation counter-
balanced a moderate VAR.

The weak antimalarial activities of Series 3 can be
attributed both to low VAR values and weak potencies
as inhibitors of B-hematin formation.

The cytotoxicity of compounds upon MRC-5 cells ran-
ges from 6.5 pM to more than 100 uM (Table 1). Ben-
zimidazole compound 8 and especially chlorophenyl
compound 12 displayed a selectivity index close to that
of CQ. The encouraging result obtained for compound
8 was the starting point for the synthesis of a new series
of benzimidazole derivatives with the aim of improving
antimalarial activity, that will be reported in due course.

Conclusion

Recent works suggest that resistance to CQ could be a
structure-based process that could be overcome by
structural modifications.'®?? In this regard, compounds
which do not display any quinoline-based structure
could provide an alternative solution for therapy on
chloroquine-resistant strains. Even if we cannot rule out
the possibility that additional targets might be involved
in the mechanism of action, the results show that a simple
benzimidazole moiety can advantageously replace the 7-
chloroquinoline against a CQ-resistant strain. They also
provide consistent elements of correlation since in this
family of N',N'-diisobutyl-1,4-bis(3-aminopropyl) piper-
azine derivatives, both a good predicted VAR value and a
good efficiency to inhibit B-hematin formation lead to
good antimalarial activities. In this respect, the rational
replacement of the 7-chloroquinoline group can be
envisaged particularly in the most chemically accessible
benzylamine series, especially since that a more con-
venient quantitative assay of P-hematin inhibitory
activity has been recently described.!>23
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pH,=pH externally (assumed to be pH 7.4)
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