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ABSTRACT: We discovered three diimidazolines with high antiplasmodial selectivity that had IC50 values of 1.9−28 nM against
cultured Plasmodium falciparum. We also identified a gem-dimethyl diimidazoline with high antitrypanosomal selectivity that had
an IC50 value of 26 nM against cultured Trypanosoma brucei rhodesiense. Two 2-imidazoline heterocycles in a para orientation on
a N-phenylbenzamide or similar core structure were required for high antiprotozoal activity. Ring expansion of the imidazoline as
well as heterocyclic variants with pKa values of <7 all decreased activity significantly.
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Diamidines, diimidazolines, and their structural analogues
are well-known for their high activity against human

African trypanosomiasis (HAT), also known as sleeping
sickness. Many of these same compounds also have high
activities against malaria, another vector-borne protozoal
disease.1,2 Pentamidine (1) (Figure 1) is the only clinically

approved diamidine, although much effort has been directed to
identifying an orally active next-generation drug with a better
therapeutic index. As reviewed by Werbovetz,2 diamidines seem
to inhibit the growth of HAT and malaria species by different
mechanisms. For HAT, diamidines selectively accumulate in
the parasite by way of the P2 nucleoside transporter and
subsequently concentrate in the mitochondrion, where they
bind to kinetoplast DNA. For malaria, diamidines selectively
concentrate in infected red blood cells, possibly by a choline
transporter and by binding to hematin, where they then inhibit
hemozoin formation.

Our initial interest in diimidazolines arose from their
potential as inhibitors of botulinum neurotoxin.3 Recently, we
identified several diimidazoline mono- and diamides that were
as potent as pentamidine against HAT, but were less cytotoxic.4

As a follow-up to this investigation, we discovered that
diimidazoline N-phenylbenzamide 2 also had potent antima-
larial activity with an IC50 value of 1.9 nM against the NF54
strain of Plasmodium falciparum. The molecular weight,
aromatic ring count,5 and calculated6 Log P value of 1.9 ±
1.0 for 2 suggest that this prototype is an attractive medicinal
chemistry starting point. Thus, we set out to further investigate
the antiprotozoal activity of 2 and begin to define its structure−
activity relationship (SAR) by the synthesis of 3−24.

■ RESULTS AND DISCUSSION
As shown in Scheme 1, diimidazolines 3, 5, 10, and 11 and
monoimidazolines 23 and 24 were obtained by treatment of the
commercially available or known7−9 dinitrile or nitrile
precursors 25−30 with ethylenediamine and sodium hydro-
sulfide10 in dimethylacetamide (DMA). The first four of these
were isolated as their mesylate (3) or dimesylate (5, 10, 11)
salts by treatment with methanesulfonic acid (MSA) (31−81%
overall reaction yields).
As shown in Scheme 2, carboxyphthalimide 3111 was

amidated to form 4-cyanoanilide 32, deprotected with
hydrazine to form 33, and then transformed10 into amino
imidazoline 9 as described above. Diimidazole 12 was obtained
by high-temperature Pd-catalyzed dehydrogenation12 of 2.
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Figure 1. Structures of pentamidine (1) and diimidazoline 2.
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As shown in Scheme 3, thiazoline 13 and oxazoline 14 were
obtained in low to moderate yields from the common dintrile
precursor 34 by reaction with cysteamine hydrochloride or 2-
amino-2-methyl-1-propanol with a ZnCl2 catalyst13 in hot
DMA. Diimidazolines 15 and 16 and tetrahydropyridines 17
and 18 were obtained from a mixture of 34 and the
corresponding diamines with sodium hydrosulfide10 in hot
DMA in 37−60% yields. Compounds 16 and 18 were isolated
as their dimesylate and mesylate salts by treatment with MSA.
Dibenzylamine 19 was obtained by hydrogenation of 34 with a
Raney Ni catalyst.14

The synthesis of diimidazolines 20−22 began with the
synthesis of their dinitrile amide precursors 39−41 from
combinations of acid chloride 35, acid 36, and 4-amino-
benzonitriles 37 and 38 in 50−67% yields (Scheme 4). Nitrile
to imidazoline followed by formation of the dimesylate salts
proceeded as already described to afford 20−22. Known
diimidazolines 2,4 4,15 6,16 7,17 and 817 (Table 1) were

obtained by reaction sequences similar to those described in
Schemes 1−3.
In vitro antiprotozoal activity (Tables 1−3) was measured

using the chloroquine-sensitive NF54 strain of P. falciparum18

and the STIB900 strain of T. brucei rhodesiense.19 As previously
described,19 in vitro cytotoxicity was assessed using the rat
myoblast L6 cell line. Replacing the central carboxamide of 2
with ethylene (3) or ether (4) substructures reduced activity
against both protozoa by an order of magnitude (Table 1). In 5,
activity was reduced still further by insertion of a methylene
carbon α to the NH of the carboxamide; in contrast, potency
was restored in 6, the isosteric urea. This suggests that the
aniline nitrogen para to a 2-imidazoline substituent in both 2
and 5 is a key structural element associated with high
antiprotozoal activity. Yet, this same substructure is present in
imidazoline 7 and aminomethyl imidazoline 9, but the data
from these and imidazoline 8 clearly show that two imidazo-
lines are required for high activity. Furthermore, the weak
activity of meta regioisomers 10 and 11 shows that two
imidazolines in a para orientation are required for optimal
activity. For the compounds depicted in Table 1, there was no
clear correlation between antiprotozoal activity and cytotox-
icity.
The SAR of the 2-imidazoline substructure of 2 is shown in

Table 2. Diimidazole 12, dithiazoline 13, and dioxazoline 14
show that decreasing the basicity of the imidazoline in 2 from
the estimated pKa value of 10

15,20,21 to 4−720,22 reduced activity
against both protozoa by 2−4 orders of magnitude. Similarly, it
was demonstrated23 that the tetrazole (acidic) analogue of 1
had no activity against T. b. rhodesiense and was 2 orders of
magnitude less potent than 1 (pKa = 11.4)24 against P.
falciparum. However, for 15−19, the SARs for the two
protozoans diverged. Against P. falciparum, both alkyl
substitution (15, 16) and ring expansion (17, 18) of the
imidazoline decreased activity significantly as did replacement
of the imidazoline with a benzylamine (19). Compounds 15−
19, with estimated pKa values in the range of 9−12,20 show that
two weak base functional groups are insufficient for high
antiplasmodial activity and demonstrate the unique contribu-
tion of the two imidazoline heterocycles in 2 to its high activity.
On the other hand, against T. b. rhodesiense, we found that 15,
with its gem-dimethyl imidazolines, was 3-fold more potent
than 2 and had high antitrypanosomal selectivity. Similarly, the
ring-fused imidazoline 16 had modest HAT selectivity,
although it was 2-fold less potent than 2. Lastly, 17−19 were
1−2 orders of magnitude less potent than 2.

Scheme 1a

aReagents and conditions: (a) ethylenediamine, NaSH, DMA, 120 °C,
2 h; (b) MSA, CH3CN, 50−70 °C, 0.5 h.

Scheme 2a

aReagents and conditions: (a) SOCl2, DMF, CH2Cl2 then 4-aminobenzonitrile, TEA, CH2Cl2, room temperature, 24 h; (b) hydrazine hydrate,
MeOH/CHCl3 1:7, 50 °C, 24 h; (c) ethylenediamine, NaSH, DMA, 120 °C, 2 h; (d) 5% Pd/C, 120 °C, 20 h.
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Scheme 3a

aReagents and conditions: (a) cysteamine hydrochloride, ZnCl2, DMA, 120 °C, 24 h; (b) 2-amino-2-methyl-1-propanol, ZnCl2, DMA, 130 °C, 24 h;
(c) 2-methyl-1,2-propanediamine, NaSH, DMA, 100 °C, 2 h; (d) (±)-trans-1,2-diaminocyclohexane, NaSH, DMA, 120 °C, 20 h, then MsOH,
CH3CN, 50 °C, 0.5 h; (e) 1,3-propanediamine, NaSH, DMA, 100 °C, 2 h; (f) 1,3-diamino-2-propanol, NaSH, DMA, 120 °C, 20 h, then MSA,
CH3CN, 50 °C, 0.5 h; (g) H2 60 psi, Raney Ni, NH4OH/EtOH 1:20, 60 °C, 20 h.

Scheme 4a

aReagents and conditions: (a) TEA, DMA, 0−25 °C, 24 h; (b) SOCl2, DMF in CH2Cl2, room temperature, 24 h, then TEA, DMA, room
temperature, 24 h; (c) HOBt, EDCl, TEA, DMA, room temperature, 24 h; (d) ethylenediamine, NaSH, DMA, 120 °C, 2 h; (e) MSA, CH3CN, 50
°C, 0.5 h.

Table 1. In Vitro Antiprotozoal Activity of 2−11 against P. falciparum and T. brucei rhodesiense and in Vitro Cytotoxicity against
the L6 Cell Line

IC50 (nM)

compd X Y P. falciparuma T. b. rhodesienseb L6

2c CONH 1.9 86 68000
3d CH2CH2 22 2300 11000
4d O 97 590 55000
5c CONHCH2 5700 91000 >150000
6 NHCONH 5.7 60 23000
7 H Im 11000 49000 130000
8d Im H 8900 13000 >150000
9 CH2NH2 Im 1000 2100 40000
10c 4-Im 800 760 >150000
11c 3-Im 700 1200 140000
chloroquine 5.8 >100000 >100000
pentamidinee(1) 56 1.5 5100

aNF54 strain. bSTIB900 strain. cIsolated and tested as the dimesylate salt. dIsolated and tested as the mesylate salt. eData from Dong et al.4 and
Athri et al.29
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Data for 20−22, the three 2-pyridyl isosteres of 2, and their
monoimidazoline controls 23 and 24 are shown in Table 3.
The electronegative pyridine nitrogen atoms in 20−22 are
predicted to decrease the pKa values of the adjacent imidazoline
heterocycles by ≥1 pKa unit.

20 Compared to 2, we note that 20
and 21 were only slightly less potent and 22 was 148-fold less
potent against T. b. rhodesiense but that all three 2-pyridyl
isosteres were only 11−15-fold less potent against P. falciparum.
In contrast to these SAR trends, Bakunova et al.19 found that
the 2-pyridyl analogue of pentamidine was 3- and 6-fold more
potent than parent drug against T. b. rhodesiense and P.
falciparum, respectively. Interestingly, a monopyridyl benza-
mide with an IC50 of 45 nM against T. b. rhodesiense was
recently discovered.25 Finally, as we had previously observed for
7 and 8 (Table 1), monoimidazolines 23 and 24 had very weak
activities despite their pyridyl nitrogen atoms.
To summarize, we identified three diimidazolines (2, 6, and

22) with high antiplasmodial selectivity; of these, N-phenyl-
benzamide 2 and N,N′-diphenylurea 5 were as potent as
chloroquine against cultured P. falciparum. We also identified

N-phenylbenzamide 15, with its gem-dimethyl imidazolines, as a
new compound with high antitrypanosomal selectivity. We
found that two 2-imidazoline heterocycles in a para orientation
on a N-phenylbenzamide or similar core structure were
required for high antiprotozoal activity. Ring expansion of the
imidazoline as well as heterocyclic variants with pKa values <7
all decreased activity significantly. Future work will further
define the SAR of this compound series with a goal to increase
antiprotozoal efficacy and selectivity.26−28

■ METHODS
Target Compound Characterization. Melting points are

uncorrected. 1H and 13C NMR spectra were recorded in
DMSO-d6 on a 500 MHz spectrometer. All chemical shifts are
reported in parts per million (ppm) and are relative to internal
(CH3)4Si (0 ppm) for 1H or DMSO-d6 (39.7 ppm) for 13C
NMR. Combustion and HPLC analysis confirmed that all
target compounds possessed purities ≥95%. As indicated in the
Supporting Information, starting materials were commercially
available or were prepared according to known procedures.

In Vitro Activity Assays. As previously described,4,18 in
vitro antiprotozoal activities were measured using the
chloroquine-sensitive NF54 strain of P. falciparum and the
STIB900 strain of T. brucei rhodesiense.
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