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ABSTRACT: We have designed and synthesized a series of new imidazole-based

compounds structurally related to an antiprotozoal agent with nanomolar activity which

we identified recently. The new analogs possess micromolar activities against 7. b.

rhodesiense and L. donovani and nanomolar potency against P. falciparum. Most of

the analogs displayed the ICsy, within the low nanomolar range against 7. cruzi; with

very high selectivity towards the parasite. Discussion of structure-activity relationships

and /n vitro biological data for the new compounds are provided against a number of

different protozoa. The mechanism of action for the most potent derivatives (5i, 6a-c,

8b) was assessed by a target-based assays using recombinant 7. cruzi CYP51.

Bioavailability and efficacy of selected hits was assessed in a 7. cruzi mouse model,

where 6a and 6b reduced parasitemia in animals >99% following intraperitoneal

administration of 25 mg/kg/day dose for four consecutive days.
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INTRODUCTION

Plasmodium and trypanosomatid parasites cause vector-borne infections producing a

great deal of chronic diseases and affecting hundreds of millions people mainly in

developing countries. However, in the last years, due to several factors including

vector and human migrations or co-infections in immunosuppressed patients, such

diseases are dramatically spreading worldwide." Malaria is the most challenging and

deadly parasitic disease since nearly half of the world’s population is at risk of being

infected with roughly 216 million cases and an estimated 445.000 deaths in 2016.

Among the five species of Plasmodium parasites causing human disease, P.

falciparum is the most deadly.2 Human trypanosomatid diseases, including

leishmaniasis, Chagas disease and human African trypanosomiasis (HAT), are

classified by WHO as the most challenging among the Neglected Tropical Diseases

since they cause morbidity and mortality mainly in tropical and sub-tropical countries

hindering their economic development.34 Due to economic reasons, they do not

represent an attractive market for pharmaceutical companies which sharply contrasts

with the disproportional number of people at risk, affected patients and related

fatalities.>® Human trypanosomatid infections are becoming a severe global health

concern affecting more than 20 million people.” Parasites of the genus Leishmania
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cause three main forms of leishmaniasis, with the visceral form (VL) being life-

threatening and the second most deadly parasitic disease. Estimated numbers of VL

cases are 700.000-1 million new cases per year, with approximately 30.000 deaths

each year, although it is not often recognized or reported.8® Chagas disease is

caused by T7rypanosoma cruzi representing a major cause of morbidity and mortality

in Latin America with as many as 7 million people infected worldwide.'® 7. brucei

gambiense and T. brucei rhodesiense are the causative agents of HAT or sleeping

sickness, one of the most complex endemic tropical diseases restricted to Africa.!

No vaccines are available and the current antiprotozoal therapies are unsatisfactory

due to their low efficacy (especially in the late stage disease), high toxicity and due

to the appearance of resistant parasitic strains. Therefore, there is an urgent need to

develop new effective, safe and affordable antiprotozoal drugs.!39.12.13

Azole-based compounds are known effective antifungal agents targeting sterol 14a-

demethylase (CYP51), a pivotal enzyme involved in ergosterol biosynthesis representing

the major component of fungal cytoplasmic membranes and playing both structural

and functional roles.'*> This enzyme is a member of the cytochrome P450

superfamily (CYP51), catalyzing oxidative removal of the 14a -methyl group from

post-squalene sterol precursors. Similar to fungi, trypanosomatid parasites also
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produce ergosterol and ergosterol-like molecules which are essential for membrane

functioning in parasite growth, development and division.’™®' Via drug repurposing

strategy, antifungal azole drugs showed promising antileishmanial and anti-7. cruz/

activities with miconazole (1) being the first antifungal agent tested against 7. cruz/

showing potent growth inhibition.’>17-20 Experimental CYP51 inhibitors have been

developed that demonstrated encouraging results in both /n wvitro and in vivo

models.”-1517.21-31 Recently, the triazole drugs posaconazole (2) and ravuconazole (3)

(Figure 1) were tested in clinical trials for Chagas disease.!®17.32ac Based on the

positive PCR read-out, 70-80% treatment failure was reported.32d¢ Inferiority of both

CYP51 inhibitors to benznidazole (Bz) in these clinical trials put on hold development

of the azole inhibitors for the treatment of diseases caused by protozoan

parasites.32ef

In support of the CYP51 target, the limited efficacy and lack of translation from /n

vitro and /n vivo models was attributed to the short duration of treatment and sub-

optimal doses administered during human clinical trials. Particularly, it has been

argued that the dose employed in clinical trials corresponded to only the 10-20% of

the curative dose in mice. The short follow-up time did not permit the evaluation of

the long-term effects and assessment of clinical symptoms. Due to the pivotal role
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played by CYP51 in 7. cruzi and Leishmania spp. biology, it is critical not to reject

this drug target before investigating CYP51 utility for the treatment of both acute and

chronic Chagas disease in more details.’®23.25320- These considerations drive our

search for new CYP51 inhibitors with pharmacological properties, high efficacy and

low toxicity, making them amenable for long-term administration.”.1523-25

Recently, we evaluated the anti-trypanosomatid and antiplasmodial activities of our

in-house antifungal 1-[(aryl)(4-aryl-1A-pyrrol-3-yl)methyl]-1A-imidazole and 1-(phenyl(1-

phenyl-1Hpyrrol-3-yl)methyl)-1Atimidazole derivatives, with the former compounds

being endowed with higher potency against 7. cruzi and P. falcjparum.33a-h34

The most promising compounds proved to inhibit 7. cruz/ CYP51 (TcCYP51) in an

orthogonal target-based assay. On the other hand, given that P. falciparum lacks a steroidogenic

pathway, inhibition of P. falciparum was via yet unknown target. Among them, derivative RDS

416 (4) (Figure 2) proved to be one of the most promising compounds, showing

nanomolar anti-7. cruzi activity, submicromolar antiplasmodial activity and micromolar

activity against L. donovani and 7. brucei. In vitro, 4 was two orders of magnitude

more active than the reference drug Bz and also displayed high selectivity towards 7.

cruzi (Sl = 275).
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In this work, starting from the promising scaffold 4, we designed and synthesized

the new imidazole derivatives ba-l, 6a-c, 7a-f and 8a-c (Figure 2), with the aim of

improving the structure-activity relationships (SARs) within this new class of

antiprotozoal compounds. In particular, we designed 1-[(aryl)(4-aryl-1H-pyrrol-3-

yl)methyl]-1AH-imidazoles 5a-l and 1-(phenyl(1-phenyl-1A-pyrrol-3-yl)methyl)-1+-

imidazoles 7a-f, as derivatives of the recently discovered 1-[(aryl)(1(or 4)-aryl-1H-

pyrrol-3-yl)methyl]-1A-imidazoles related to 4. Moreover, we decided to further study

the effect of the position of the phenyl substituent on the pyrrole ring by designing 1-

(phenyl(5-phenyl-1A-pyrrol-3-yl)methyl)-1Aimidazoles 6a-¢ and 1-(phenyl(1-phenyl-14-

pyrrol-2-yl)methyl)-1A-imidazoles 8a-c.

Furthermore, the racemic mixture of 4, that was one of the most potent

antiprotozoal compounds previously identified by us, was separated by HPLC on

chiral stationary phase to obtain single enantiomers (+)-4 and (-)-4. The enantiomers

were characterized and separately tested against protozoa to define the effect of the

chiral center on the antiprotozoal activities.

Thus, the newly synthesized derivatives 5a-l, 6a-c, 7a-f, 8a-c and the enantiomers

(+)-4 and (-)-4 were tested against the kinetoplastids 7. cruzi, L. donovani and 7. b.
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rhodesiense, and the apicomplexan P. falcjparum, in order to evaluate their

antiprotozoal activities and analyze their SARs.
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Figure 1. Chemical structures of some azole antifungal agents displaying antiprotozoal activities.

Derivatives ba-l, 6a-c, 7a-f, 8a-c and the enantiomers (+)-4 and (-)-4 displayed

potency against the tested parasites in a broad range of concentrations. The highest

potencies were achieved by (-)-4 and 6a-c against 7. cruzi. /n vivo activity of 6a,b in

animal model of 7. cruzi infection was also demonstrated. The orthogonal target-

based assay using recombinant target suggested that activity of compounds toward 7.

cruzi was via inhibition of CYP51.
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Figure 2. Structures of the reference compound 4 and the new derivatives Sa-l, 6a-c, 7a-f and 8a-c. For

substituents, see Table 1.

RESULTS AND DISCUSSION

Chemistry. The synthesis of the new derivatives 5a-k is depicted in Schemes 1 and 2, while

derivative 51 has been synthesized as previously reported®3¢. The aldehydes used as starting materials
were commercially available (9a-d,h) or were synthesized as reported in literature (9e,g,i)3>37 with the
exception of 9f that was obtained through a microwave assisted Suzuki reaction of 2.4-
dichlorobenzaldehyde with thien-2-yl-boronic acid (Scheme 2). Noteworthy, by means of this
procedure, we also obtained by-products 9j and 9k. Benzaldehyde 9k was separated by column
chromatography and a mixture of isomers 9f and 9j (4:1 ratio) was obtained and employed for the next

step.
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Compounds 9a-j underwent a Claisen-Schmidt reaction with the properly substituted acetophenone in
the presence of NaOH as base furnishing chalcones 10a,d***° and 10b,c,e-j (Scheme 1). Such a,f-
unsatured derivatives underwent to ring closure by reacting with toluene-4-sulfonylmethylisocyanide
(TosMIC) in the presence of sodium hydride to obtain the corresponding 3-aroylpyrroles 11a-j.
Reduction of the carbonyl group of 11a-j in the presence of lithium aluminum hydride furnished the
corresponding alcohols 12a-j, which were reacted with N,N’-carbonyldiimidazole (CDI) to afford the
final imidazoles 5a-j. Finally, the sulfone derivative Sk was obtained by oxidation with oxone of the

already reported imidazole 5133¢34 .

Scheme 1. Synthetic Route to 5a-k Derivatives?

CHO 3 o) QR
CHO . N Ar \_/
or “ | ay Y i R
—_—
R R1 i / \ N
9a-g,j 9h,i 10aj “— R» H 11a4
Vi
NN
4CS N \ Cl Q HO  — R
O “ DA 7
O CI O Cl Ar \ iv Ar \_/
7\ ]\
/N N
H 5k H 5a H  12a

2 Reagents and conditions: (i) NaOH, EtOH, room temp, 15 h, 50-100 % yield; (ii)
TosMIC, NaH, DMSO, Et,0, room temp, 15-60 min, 18-85% yield; (iii) LiAlHs, THF, O
°C to room temp, 30 min-3 h, 96-100 % yield; (iv) CDI, CH3CN dry, room temp, 45
min-20 h, 24-100 % yield; (v) oxone, H,O, MeOH, 0 °C to room temp, 18 h, 100 %
yield. For substituents, see Table S1 in Supporting Information.

Scheme 2. Synthetic Route to 9f Derivative?
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@ Reagents and conditions: (i) Pd(dba),/PCy;, K,PO4H,0, DMF, 100 W, 100 psi, 80 °C, 1 h, 44 %
(9f), 11 % (9j), 21 % (9k) yields.

Azoles 6a-c were synthesized as reported in Scheme 3. The preparation of the crucial intermediate 14
was achieved by cycloaddition of isocyanide 13 with 3-chloro-1-(4-chlorophenyl)propan-1-one in the
presence of NaH. The pyrrole 14 that formed was alkylated by reaction with the appropriate alkyl halide
in the presence of K,COj; to obtain N-alkylpyrroles 15b,e. The methanones 14 and 15b,c were then
reduced to the corresponding alcohols 16a-¢, which underwent to reaction with CDI to give imidazoles
6a-c.

Scheme 3. Synthetic Route to 6a-c Derivatives?

)

0 0..0
S N=C _
cl [
S
& 13 cl 14

i yi

0
\\\N HO o
oY W Wa
B v /N\ ii /N\
N ] |
o O & 6a-c Cl O R 16a-c Cl O R 15b,c

¢ Reagents and conditions: (i) NaH, DMSO, Et,0, room temp, 50 min, 33 % yield; (ii) proper alkyl
halide, K,CO3, DMF, 90 °C, 3.5-54 h, 44-92 % vyield; (iii) NaBH4, THF, room temp or reflux, 4.5-23
h, 100 % vyield; (iv) CDI, CH3;CN dry, room temp, 80 min-15 h, 67-82 % yield. For substituents,
see Table S1 in Supporting Information.
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The known intermediate 13 necessary as the starting material was prepared

according to Scheme 4 through a procedure modified with respect of the one already

reported in the literature*® achieving high yields in shorter reaction times. In particular,

compound 13 was prepared by a Mannich reaction of formamide with p-toluenesulfinic

acid and 4-chlorobenzaldeheyde in the presence of trimethylsilyl chloride (TMSCI) to

give A-[(4-chlorophenyl)(tosyl)methyllformamide*® (17) that was then dehydrated by

reaction with POCIl; and EtsN at -10 °C for 45 min.

Scheme 4. Synthetic Route to 13 Derivative?

GHO S0 s NH P Nec
T
B B
cl
cl cl
17 13

¢ Reagents and conditions: (i) formamide, TMSCI, toluene, CH;CN, 50 °C, 5 h, 80 % Yyield; (ii) POCl;,
Et:;N, DME, -10 °C, 45 min, 91 % yield.

The synthetic pathway to obtain derivatives 7a-f and 8a-c is reported in Scheme 5. The N-
phenylpyrroles 18a-e*!-+3 underwent a Friedel-Craft acylation in the presence of the properly substituted
benzoyl chloride to give mixture of - and B-isomers 19a-c¢ and 20a-f, respectively, that were separated

by column chromatography. After separation, ketones 19a-¢ and 20a-f were reduced with NaBH, to
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alcohols 21a-c and 22a-f, that were then reacted with CDI to obtain the imidazole derivatives 7a-f and

8a-c.

Scheme 5. Synthetic Route to 7a-f and 8a-c Derivatives?

Ry Q
//\ R4
ﬂ |\ = / \
N : N

i N 5
= " = |
\\| XN
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i i Lii
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//\ R4 N
U = /\ i Ri
ii N N > ]\
N

8a-c R 21a-c 22a-f

[\
N
N I OH
Qv
N\ N 2\
R 7a-f
R

¢ Reagents and conditions: (i) substituted benzoyl chloride, AlCl;, DCM, room temp, 15 h, 4-21 %
yield; (ii) NaBHy4, THF, room temp or reflux, 2.5-48 h, 88-100 % Yyield; (iii) CDI, CH;CN dry, room
temp 40 min-15 h, 20-100 % yield. For substituents, see Table S1 in Supporting

Information.

Enantiomeric Separation of Racemic Mixture of 4. Racemate 4 was chosen to perform an
enantiomeric separation of the single enantiomers generated by the stereogenic center that characterizes
these series of antiprotozoal agents. Accurate semipreparative enantioselective HPLC of racemate 4 was
carried out on the Chiralcel OD chiral stationary phase (CSP) and enabled us to isolate tens of mg of
enantiopure samples of (-)-4 and (+)-4, in 90% isolation yields. The enantiomeric purity of the collected

enantiomers (-)-4 and (+)-4 was checked and demonstrated both by analytical HPLC and polarimetric
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and circular dichroism (CD) analysis. As shown in Figure 3, the chiroptical properties of the

enantiopure antipodes isolated on mg-scale were perfectly specular.

20 — (+)-4
' — ()4
15
?D 10
Q
S
g 5
=
£ o-
.S
% 5 20
m 99 (¢ 0.1, EtOH
SE. [a]D (¢ 0.1, EtOH)
-15 4
-20 T T T T T T T T T T T T T 1
200 220 240 260 280 300 320 340
Wavelength (nm)

Figure 3. CD spectra and specific rotations of the enantiomers (-)-4 and (+)-4

recorded in ethanol.

The absolute configuration of the (-)-4 (second eluted enantiomer on the Chiralcel OD CSP using the
mixture 70:30 n-hexane/EtOH as a mobile phase) was unequivocally determined by X-ray analysis.
Suitable crystals of the enantiomer were obtained by crystallization from methanol/water. An ORTEP

view of (R)-(-)-4 is illustrated in Figure 4.
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O

é\@f
"
Vi

23 Figure 4. An ORTEP view of the molecular structure of (R)-(-)-4.

Evaluation of Biological Activities. In vitro phenotypic studies. All the newly designed

33 and synthesized derivatives 5a-k, 6a-c, 7a-f and 8a-c were tested against 7. cruz/

36 amastigotes, L. donovani/ axenic amastigotes, 7. b. rhodesiense trypomastigotes and

apicomplexan P. falciparum blood stage forms.

43 The results are reported in Table 1. The compounds showed anti-7. cruz/ and

46 antiplasmodial activities within the submicromolar and nanomolar range, proving to be

50 also able in inhibiting L. donovani and 7. b. rhodesiense at micromolar concentration.

60 ACS Paragon Plus Environment
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Due to these different ranges, the /in vitro activities as well as the SARs of the

imidazole-based compounds ba-k, 6a-c, 7a-f and 8a-c will be discussed separately

for each parasite.

Although most compounds exhibit a certain cytotoxicity, many of them displayed

high to very high selectivity towards 7. cruzi showing ICsy, values within the

nanomolar range and SI > 100. Additionally, four compounds showed selective

submicromolar-nanomolar inhibitory potencies against P. falciparum parasite.

In vitro activity against Trypanosoma brucei and Leishmania donovani. The tested imidazole
derivatives Sa-k, 6a-c, 7a-f and 8a-c displayed lower activities against 7. b. rhodesiense and L.
donovani compared to their anti-7. cruzi and antiplasmodial activities, according to the trend previously
described by us for 3-arylpyrrole derivative 4 and congeners34.

In fact, Sa-k, 6a-c, 7a-f and 8a-c showed micromolar ICs, values in the range 7.39 - 89.25 uM on the
trypomastigote bloodstream form of 7. b. rhodesiense with SI ranging from 1 to 13. Only two
compounds (5f, 6a) highlighted 1C5y < 10uM with the a-phenyl pyrrole compound 6a being the most
active (6a, ICsp=7.39 uM) but about 800 times less active than the reference drug (MEL).

Otherwise, the newly synthesized derivatives displayed higher inhibitory potencies against axenic L.
donovani amastigotes compared to 7. b. rhodesiense, showing ICs, in the range 2.04 - 84.43 uM and SI
ranging from 1 to 9. Notably, more than 50% of the tested compounds showed ICsy < 10 uM, with the
tetrachloro derivative 8c being the most active (8¢, ICso = 2.04 uM), about 4 times less potent than

reference drug MF.
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In vitro activity against Plasmodium falciparum. Although P. falciparum does not have

sterol biosynthesis pathway neither CYP51, we investigated the antiplasmodial

activities of the compounds since some azole derivatives have been reported in the

literature as promising antimalarial agents.*+-8 Moreover, according to this, we recently

reported a series of imidazole-based compounds endowed with notable antiplasmodial

potencies within the submicromolar range.3*

The biological evaluation on the erythrocytic stage of P. falciparum gave from good to excellent
results since the tested derivatives were active in the range 0.059-4.99 uM with SI ranging from 9 to
253.

Among the 23 newly synthesized compounds, 14 (61%) displayed submicromolar or nanomolar
antiplasmodial activities, whereas the remaining 9 showed ICs, in the low micromolar range (ICso < 5
uM). In particular, 11 out of 14 derivatives (5a-d,f,i,j, 6a,c, 8a,b) resulted active at submicromolar
concentrations whereas 3 of them (5g,h, 8c) highlighted nanomolar potencies, proving to be up to 3
times more active than the reference drug chloroquine (CHQ). On the other hand, none of the new
compounds resulted more active than artemisinin (ART).

It is noteworthy that the antiplasmodial activities are well correlated with the intramolecular distance
between the benzyl-imidazolyl moiety and the phenyl ring bound to the pyrrole core. In fact, it seems
that the higher is the gap (1,3-relative positions) the lower are the inhibitory potencies. According to
this, derivatives of series 6 and 7, displaying micromolar or high submicromolar inhibitory potencies,
resulted less active than 1,2-substituted series S5 and 8 which are endowed with submicromolar up to
nanomolar  potencies.  Interestingly, 1-(phenyl(1-phenyl-1H-pyrrol-3-yl)methyl)-1H-imidazole
derivatives (7a-f) proved to be the less encouraging antiplasmodial compounds of the series, according

to the trend we described previously.3*
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The chlorine atom in 4-position of the phenyl ring linked to the pyrrole core of 4 was replaced with
alkyl, methoxy, thiomethyl and methylsulphonyl groups, leading to derivatives Sa-d,l. These
compounds were comparable or less active than the parent compound 4. In particular, we observed
activities decreasing in the following order: SCH; > CH(CHj3;), > CH; > C,Hs > OCH; > SO,CHj;. The
most active compounds 5a, 5b, 5¢ and 51 (IC5p= 0.29 uM; IC5o= 0.30 uM; IC5o= 0.28 uM; IC5o= 0.24
uM, respectively) were derivatives characterized by lipophilic groups. Conversely, the replacement of
methyl with methoxy or methylthio with methylsulphonyl moieties gave more polar derivatives
endowed with decreased activities (compare 5a with 5d and 51 with Sk, respectively). This trend is
respected comparing the more polar methoxy derivative 5d (ICso = 0.46 uM) with the more lipophilic
isoster 51 (ICso=0.24 uM).

The introduction of an aryl or heteroaryl substituents in 2’-position of the 4-phenyl group linked to the
pyrrole ring of 4 proved to be a useful approach. In fact, although the introduction of a pyrrole group
gave compound Se that was 28 times less potent than the parent compound (ICsy = 4.53 uM vs 1Cso =
0.16 uM, respectively), the introduction of a 2-thienyl or phenyl rings gave very good results. In fact,
the thienyl derivative 5f was active at submicromolar concentration (ICsy = 0.27 pM) resulting
comparable to 4, and even more, the phenyl derivative Sg (ICso= 96 nM) was 3 times more potent than
Se and also 2 times more active than CHQ and the reference compound 4.

Very interestingly, the removal of the 2-chloro substituent from the 3-(2/4-
dichlorophenylmethylimidazole) moiety of the trichloro derivative 5g led to the dichloro counterpart Sh
that showed an increased activity if compared to the parent compound (ICsy= 59 nM vs ICso = 96 nM)
resulting 2 times more active than Sg and 3 times more potent than the reference azole 4. It is worthy to
note that compound Sh proved to be the best antiplasmodial compound of this series resulting 3 times
more active than CHQ (ICsyp= 59 nM vs ICso= 0.174 uM).

Finally, the replacement of the 4-phenyl ring linked to position 4 of the pyrrole core of 4 with

naphthyl groups was exploited. In particular, the introduction of a 2-naphthyl and 4-chloro-1-naphthyl
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led to derivatives 5i, and 5j which showed I1Cso= 0.34 uM and 1Csy= 0.33 puM, respectively, that were 2
times less active than 4.

Excellent antiplasmodial activities have been highlighted by N-phenyl pyrroles 8a-c. These

compounds are structurally related with derivatives of series 5§ and reference compound 4. In fact, they

oNOYTULT D WN =

share a joint geometry between the benzylimidazole moiety and the phenylpyrrole portions, since the
12 last ones have both a 1,2-substitution pattern (Figure 5). Thus, compound 8b can be directly compared
14 to reference derivative 4, and very interestingly, these compounds showed similar activity (ICso= 0.18
uM and ICso = 0.16 uM, respectively). The replacement of the 2,4-dichloro substituent of 8b with a 4-
19 tert-butyl group gave derivative 8a that showed similar activity (ICso = 0.19 uM). It is worthy to note
21 that the introduction of a further chlorine atom in 2’ position of the N-phenyl ring of the 4 isomer 8b
caused an increase of the inhibitory potency. In particular, the tetrachloro-compound 8c showed ICs, =

26 80 nM, proving to be 2 times more potent than the parent compound and CHQ.

41 4, 5a-h,k,| . 8a-c
42 1,2-substitution pattern

43
44

46 Submicromolar-nanomolar antiplasmodial activities

50 Figure 5. 1,2-Substitution pattern on pyrrole ring and related antiplasmodial activity.
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Notably, all the compounds (5g,h, 8¢) active at nanomolar concentration displayed higher selectivity
towards the parasite (SI range, 149-253) compared to the reference compound 4 (SI=60) with the most
active derivative Sh being also the most selective (SI = 253).

Finally, the separation of enantiomers of 4 led to the conclusion that the eutomer in this series of

antiplasmodial agent is the R isomer (R)-(-)-4 that showed ICsy = 92 nM.

In vitro activity against Trypanosoma cruzi. The biological outcomes on the amastigote

form of 7. cruzi were excellent. In fact, with the exception of derivative 7d, the newly

designed and synthesized azole derivatives proved to be highly active showing ICs, in

the range 0.002-11.95 uM and Slis ranging from 6 to 4030. Notably, 19 derivatives,

representing 86% of the tested compounds, displayed interesting activities with ICs

ranging from micromolar to nanomolar concentrations.

In particular, with the exception of 7b, 7¢ and 7e that displayed micromolar activities within the same
order of magnitude of Bz used as the reference drug (ICso = 3.60 uM, ICso = 6.18 uM, ICso= 3.90 uM,
respectively), the remaining 16 compounds were active at submicromolar and nanomolar
concentrations, resulting from one to three orders of magnitude more active than Bz. In particular, three
derivatives (5g, Sh and 8a) proved to be active within the submicromolar range resulting 4-12 times
more active than Bz (5g, 1C5o = 0.142 uM; 5h, ICso = 0.203 puM; 8a, ICso = 0.390 uM), whereas the
remaining 13 compounds displayed inhibitory potencies at nanomolar concentrations. In particular, nine
derivatives proved to be 25-92 times more active than the reference drug Bz, with derivatives 5f,i,k
being up to 2 times more active than 4 (5f, ICso= 27 nM; Si, IC5o = 18 nM; 5k, 1C5p = 29 nM). Finally,
the other four compounds (8b and 6a-c) showed excellent anti-7. cruzi activities within the low

nanomolar range, resulting not only 2-3 order of magnitude (330-825 times) more active than Bz but
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also one order of magnitude (7-175 times) more active than the internal reference compound 4 (6a, 1Cs,
=3 nM; 6b, ICso= 3 nM; 6¢, IC50=2 nM; 8b, IC50= 5 nM).

Notably, all the submicromolar/nanomolar active compounds displayed high or very high selectivity
against the parasite (SI range, 74-4030). In particular, derivatives showing inhibitory potencies at low
nanomolar concentrations highlighted SI > 2000, thus being far more selective than 4.

With the exception of derivative Se, all the analogues of 4 (5a-d,f-1) displayed good submicrolar-
nanomolar activities highlighting also high selectivity against the parasite.

The replacement of the 4’-chlorine atom of 4 with methyl, ethyl, isopropyl, thiomethyl,
methylsulfonyl or methoxy substituents led to derivatives 5a-d,k,l active at nanomolar concentration. In
particular, Sa, Sb, Sc 5d, and 51, showed ICs, in the range 43-66 nM, while Sk, was the most potent
within this group with ICsp =9 nM and proved to be 57 times more potent than Bz. It is worthy to note
that, contrary to what has been observed for P. falciparum, the oxidation of the methylsulphide group of
51 into the corresponding methylsulphone led to the more potent derivative Sk, which resulted also more
active than reference 4. In the end, it is possible to observe that the activity can be described in the
following order SO,Me > CI > SMe > OMe > i-Pr > Et (Sk > 4 > 51 > 5d > Sa > 5b,c).

The introduction of an aryl or heteroaryl group in position 2 of the phenyl ring linked to the pyrrole
core on the 4-phenyl ring of 4 led to derivatives Se-h endowed with a wider range of activities. In fact,
depending on the nature of the (hetero)aryl substituent, the inhibitory potencies ranged from micromolar
to nanomolar concentrations.

In particular, the introduction of a 1-pyrrolyl group caused a substantial decrease of activity since
compound Se resulted nearly 340 times less active than the reference compound 4 being also one order
of magnitude less active than Bz (IC5p= 11.95 uM). On the contrary, the introduction of a phenyl group
in that position led to compounds active at submicromolar concentration. In particular, both biphenyl
derivatives 5g,h proved one order of magnitude more active than Bz and 4-6 times less potent than the
reference compound 4 (5g, ICso= 0.142 uM; Sh, ICso= 0.203 uM). Notably, the trichloro derivative 5g

was more active than the dichloro counterpart Sg.
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Finally, the introduction of a 2-thienyl substituent on the phenyl linked to the pyrrole moiety led to
compound 5f that proved active at nanomolar concentration (ICso = 27 nM), was 61 times more active
than Bz and also slightly more potent than 4.

Thus, concerning the nature of the 2’-substituent linked to the 4-phenyl ring of 4 analogues it is
possible to observe that the activity has the following order: 2-thienyl > H > Ph >> 1-pyrrolyl (5f > 4 >
5g >> Se).

Finally, the replacement of the 4-phenyl ring of 4 with naphthyl groups led to compounds active at
nanomolar concentrations. In particular, the introduction of a 4-chloro-1-naphthyl group (5j) caused a
slight decrease of the inhibitory potency (ICsyo = 48 nM). On the contrary, the replacement with a 2-
naphthyl moiety led to derivative 5i, which showed very good activity (ICso = 18 nM). Notably, this
compound resulted 2 times more active than 4, proving to be also the most active anti-7. cruzi derivative
of series 5.

The shift of the phenyl ring of compounds of series S from position 4 to the positions 5 and 1 of the
pyrrole core, led to phenyl pyrroles of series 6 and 7, respectively. Concerning the compounds of series
7, we obtained derivatives endowed with micromolar inhibitory potencies against 7. cruzi, with the
exception of 7d, which was inactive. In particular, 7a-c,e,f proved to be from 2 to 6 times less active
than Bz displaying SI values ranging from 6 to 44. Among them, the most active compound was the
dinitro derivative 7b, which showed a nearly 2 times lower anti-7. cruzi activity in respect of Bz
proving to be also the most selective compound of this group (ICso= 3.60 uM; SI = 44).

Generally, among the newly designed and synthesized azoles, 1-(phenyl(1-phenyl-1H-pyrrol-3-
yl)methyl)-1H-imidazole derivatives 7a-e proved to be endowed with the lowest inhibitory potencies
and selectivity, confirming the trend previously described by us.3*

Conversely, the a-phenyl pyrroles 6a-c, obtained by shifting the 4-phenyl ring of 4 from position 4- to
position 5- of the pyrrole moiety, showed excellent potencies against 7. cruzi. In fact, derivatives 6a-c
proved to be active within the low nanomolar range and presented the best anti-7. cruzi activities among

the newly synthesized antiprotozoal agents. They are 550-825 times more active than Bz and 12-18
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times more potent than the internal reference compound 4. The selectivity of these agents was also very
good since 6a-c showed Sls values ranging from 2217 to 4030, resulting 8-15 times more selective than
4.

The substituent on the pyrrole nitrogen seems not to influence the activity of these compounds. In
fact, derivatives 6a,b showed the same anti-7. cruzi activities (6a,b, ICso = 3 nM), suggesting that the
presence of an hydrogen or a methyl group in such position does not affect the antiprotozoal activity.
Further, the N-alkylation of the nitrogen pyrrole with an allyl group gave 6c¢ that was just slightly more
effective than compounds 6a and 6b, with a nearly 2-times improvement of the inhibitory potency.
However, it is worthy to note that among the azole compounds described, derivative 6¢ was the most
active one, highlighting an 1Cs, of 2 nM. Notably, this derivative proved to be 825 times more potent
than Bz, and 18 times more active than 4 showing also a very high selectivity towards the 7. cruzi
parasite (SI = 3880).

A further shift of the phenyl ring was realized obtaining N-phenyl pyrroles 8a-c. These compounds
are isomers of derivatives 7 but are strictly related to azoles of series 5 since the relative position of the
benzylimidazole moiety and the phenyl ring is 1,2 in both cases.

Derivatives 8a-c highlighted inhibitory potencies at submicromolar up to nanomolar concentrations,
resulting from 4 to 330 times more active than Bz and showing also high selectivity towards the parasite
with SI values ranging from 119 to 2776.

Since 8b and 4 have the same substituents and also the same geometry, a direct comparison can be
addressed. Noteworthy 8a displayed excellent inhibitory potency and resulted the most active and
selective compound of the 8 series (ICsp = 5 nM, SI = 2776), proving to be not only 3 orders of
magnitude more active than Bz but also 7 times more active than 4. The replacement of the chlorine
atom linked to the N-phenyl group with a tert-butyl substituent, gave derivative 8a, which showed a
decrease in activity (ICso = 0.39 uM) if compared to both the parent compound 8b and 4. In fact,
although it resulted 4 times more potent than Bz, it resulted 11 times less active than 4 being also

endowed with 2 order of magnitude lower potency in respect of derivative 8b. Conversely, the
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introduction of a further chlorine atom in 2’ position of the N-phenyl moiety of 8b led to compound 8c,
which, although active at nanomolar concentration, resulted less active than the parent compound. In
particular, 8c (IC5o = 62 nM) was 27 times more active than Bz, 2 times less active than 4 and 12 times
less potent than 8b.

In vitro activity of enantiomers of compound 4. Finally, separated enantiomers of the potent reference
derivative 4 have been tested against the protozoa panel.

(8)-(+)-4 isomer displayed higher activity against 7. b. rhodesiense and comparable antileishmanial
potency in respect of the racemate 4. Additionally, it displayed promising submicromolar antiplasmodial
activity, resulting slightly more active than 4 (4, ICso= 0.16 uM; (S)-(+)-4, IC5o= 0.11 uM) and nearly 2
times more potent than CHQ. Further, it showed very good potency against 7. cruzi, resulting 2 orders
of magnitude more potent than Bz and 2 times more potent than the racemate 4 ((S)-(+)-4, ICso= 17 nM;
4, 1C50= 35 nM).

However, the levorotatory isomer (R)-(-)-4 showed the highest inhibitory potency proving to be the
eutomer, being from 2 to 39 times more active than racemate 4 against all parasites. In particular, it
resulted 2 times more potent than 4 against 7. b. rhodesiense and comparable to it against L. donovani.
Moreover, (R)-(-)-4 showed promising nanomolar potency against P. falciparum proving to be 2 times
more active than 4 ((R)-(-)-4, ICso= 92 nM; 4, ICso= 0.16 uM) and the reference drug CHQ. Finally, it
is worthy to note that the eutomer (R)-(-)-4, showed subnanomolar activity against 7. cruzi, (ICso= 0.9
nM), being 40 times more active than 4, 1833 times more potent than Bz and highly selective towards

the parasite with SI = 2844.
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1

2 Table 1. Antiprotozoal activity (7. b. rhodesiense, T. cruzi, L. donovani, and P. falciparum) and cytotoxicity of the tested compounds 5a-1, 6a-c 7a-
3

: f and 8a-c.

6

7 a b
8 ICSO CC50
9 (LM) (uM)
10

1 Cpds R R, R, Tbe SI¥ Tce SV Lde ST Pf SV

12

13 5a CH; H 2,4-Cl, 18.83 - 0.050 367 5.64 3 0.29 63 18.36
1‘5‘ 5b CH,CH, H 24-Cl, 2251 i 0.066 202 487 3 0.30 45 13.35
1? 5¢ (CH;),CH H 2,4-Cl, 24.22 - 0.066 192 5.22 2 0.28 45 12.70
18 5d OCH; H 2,4- Cl, 28.37 - 0.050 296 5.51 3 0.46 32 14.79
19

20 Se Cl Py* 2,4-Cl, 11.89 - 11.95 - 10.75 - 4.53 2 7.67
21

22 5f Cl Tioph!  2,4-Cl, 8.31 - 0.027 183 2.78 2 0.27 18 493
;i Sg Cl Ph™ 2,4- Cl, 29.03 - 0.142 101 13.89 1 0.096 149 14.31
25 5h Cl Ph 4-Cl 34.43 - 0.203 74 1501 - 0.059 253 14.92
26

27 5i 2-Np” 2,4- Cl, 15.58 - 0.018 363 6.41 1 0.34 19 6.54
28

29 5j 4-Cl-1-Np” - 2,4-Cl, 16.47 - 0.048 102 4.83 1 0.33 15 4.90
30

31 5k SO,CH; H 2,4-Cl, 33.02 2 0.029 2344 10.15 7 1.30 52 67.98
gg 534 SCH; H 2,4- Cl, 15.81 - 0.043 168 5.12 1 0.24 30 7.22
34 6a H - - 7.39 - 0.003 2217 3.01 2 0.78 9 6.65
35

36 6b CH; - - 40.02 - 0.003 4030 5.70 2 1.41 9 12.09
37

38 6¢ CH,CH=CH, - - 38.69 - 0.002 3880 2.16 4 0.63 12 7.76
39

40

41

42
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7a NO, H

7b NO, NO,

Tc N02 Cl

7d CF; Cl

Te Cl CN

7f CN CN

8a 4-C1 4-Bu
8b 4-Cl 2,4-Cl,
8c 2,4-Cl, 2,4-Cl,
4 Cl H
MEL~

Bz9

MF~

CHQs®

ART?

PPTv

2,4-Cl,

14.52
11.84
40.65
31.11
35.67
27.76
89.25
37.0

31.11

17.33

0.0088

3284.1
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10.25
3.60
6.18
>74.66
3.90
Dnp?
0.39
0.005
0.062

0.035

1.65

6
44

13

11

119

2776

149

275

>233.3

31.07
17.72
25.16
21.28
30.38
84.43
9.54
5.34
2.04

3.77

0.56

244.6

4.99
2.33
4.57
1.81
2.18
4.09
0.19
0.18
0.080

0.16

0.174

0.007

12
68
18
22
19
34
244
77
116

60

533.3

>5000
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60.40
158.97
82.36
40.07
42.36
139.10
46.42
13.88
9.26

9.61

28.9
>385
137
92.8

>350

aConcentration

0.007  of compound
required to
decrease
parasite

viability by 50% compared to the number of parasites grown in the absence of the test compound; *Cytotoxicity measurement for L6 cells;
<Trypanosoma brucei rhodesiense, STIB900 trypomastigote; “Calculated as (CCs,)/(ICs for T.b. rhodesiense); ¢Trypanosoma cruzi, Tulahuen C2C4
amastigote; /Calculated as (CCso)/(ICs for T. cruzi); eLeishmania donovani, MHOM/ET/67/L82 axenic amastigote; "Calculated as (CCs)/(ICsq for
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L. donovani); ‘Plasmodium falciparum K1 erythrocytic stage; /Calculated as (CCs)/(ICsy for P. falciparum); *Py = 1-pyrrolyl; ‘Tioph = 2-thienyl,
"Ph = phenyl; "Np = naphtyl; °Determination not possible; 7melarsoprol; Bz; "miltefosine; ‘chloroquine; ‘artemisinin; “podophyllotoxin.

28
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Table 2. Antiprotozoal activities (7. b. rhodesiense, T. cruzi, L. donovani, and P. falciparum) and

cytotoxicity of (R)-(-)-4 and (S)-(+)-4.

ICso (UM)* CCso?
(uM)

CPD R Ri R Tbe Sl Tce Sl Ld¢ SI”  Pf/ SV

(9(+)- C H 24 1219 - 0017 327 502 1 011 51 556

4 Cl

(R-(- C H 24 921 - 0000 2844 377 - 0.092 28 256

4 Cl 9

(4 C H 24- 1733 - 0035 275 377 3 016 60  9.61
Cl

aConcentration of compound required to decrease parasite viability by 50% compared to the number
of parasites grown in the absence of the test compound 2Cytotoxicity measurement for L6 cells;

cTrypanosoma brucei rhodesiense, STIB900 trypomastigote; “Calculated as (CCsg)/(ICsq
for T7.b. rhodesiense), €Trypanosoma cruzi, Tulahuen C2C4 amastigote; Calculated as
(CCs0)/(ICs¢ for T. cruz); 9Leishmania donovani, MHOM/ET/67/L82 axenic amastigote;
"Calculated as (CCso)/(ICso for L. donovani); 'Plasmodium falciparum K1 erythrocytic
stage; /Calculated as (CCs)/(ICso for P. falciparum).

Target-based studies. Binding affinity of five compounds was assessed in the 96-

well format, where four of the five derivatives (5i, 6b, 6¢c and 8b) saturated 5 uM

TcCYP51 at equimolar concentrations; no further changes occurred upon doubling

compound concentration (Figure 6). All five compounds bound to TcCYP51 produced

type Il low-spin difference spectra with a trough at 388 nm and a peak at 426 nm

(Figure 6), indicative of heterocycle coordination to the heme iron.#® Notably,

compound 4 and analogues were recently proven to have a similar behavior, showing
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high affinity towards TcCYP51 within the nanomolar

range.3

Differently, one

compound, 6a, did not reach saturation even at 10 uM, suggesting lower binding

affinity. To determine dissociation constant, Kp, spectral titration of 2 uM TcCYP51

with 6a was performed manually in 1-cm split chamber tandem spectrophotometer

cuvette (Figure 7). The dissociation constant of 5.5+1.6 uM was extrapolated from the

binding isotherm (Figure 7, Inset) using the quadratic Morrison equation. The dissociation

constants could not be calculated for the tighter binding compounds due to enzyme

saturation reached after the addition of a molar equivalent of the inhibitor to 2 puM

TcCYP51. When sub-stoichiometric concentrations of compounds were titrated into the

enzyme solution, a linear increase in signal was observed up until the equivalence

point, after which no further increase in signal was detected.
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Figure 6. UV-vis binding assay in 96-well format shows overlap of the difference

spectra at 5 uM (dashed line) and 10 uM (solid line) for 5i, 6b, 6¢c and 8b, indicating

target saturation at 1:1 molar enzyme: inhibitor ratio. TcCYP51 concentration was 5

uM.

0.02

Absorbance (AU)

350 400 450 500
Wavelength (nm)

Figure 7. UV-vis spectral analysis of TcCYP51-6a interactions in 1-cm quartz cuvette.

Type Il UV-vis difference spectra resulted from adding 6a in 500 nM increments to 2

uM TcCYP51. Inset: binding isotherm for 6a was generated by plotting the differences

between the absorbance minimum at 388 nm and the absorbance maximum at 425

nm as a function of drug concentration.

Inhibition of human CYPs in vitro. Five compounds have been selected and assayed

against relevant CYP enzymes /n vitro to evaluate cross-reactivity of these azole
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compounds with human drug-metabolizing proteins. In particular, derivatives endowed

with the most promising /n vitfro nanomolar potencies against 7. cruz/ (6a-c, 8b) and

the reference compound 4 were tested against cytochromes P450 CYP3A4, CYP1A2

and CYP2D6, representing the major human CYPs involved in the oxidative

metabolism of vast majority of drugs in clinical use and drug-drug interactions.27-30 The

rate of metabolite formation of CYP450-specific probes (See Table S5 Supporting Information) by

CYP3A4, CYP1A2, CYP2D6 and enzymes was measured in the presence and absence of increasing

concentrations of 4, 6a-c and 8b. Results of the inhibitory potential of our azole compounds

toward this panel of CYPs are reported in Table 3 and expressed as [Csy, in

comparison with the inhibitory potencies of prototypical CYP inhibitors (ketoconazole for

CYP3A4; furafylline for CYP1A2; quinidine for CYP2D6).

Compounds inhibited all CYP450 enzymes in the low micromolar range, with the exception of 8b that

showed ICso > 30 uM for CYP1A2. 6a-c, 8b proved to be the weakest CYP2D6 inhibitors

resulting from 200 to 600 times less active in respect of the potent 2D6 inhibitor

quinidine.

Differently, although CYP3A4 was inhibited to a higher extent by tested azole

compounds, all derivatives proved to be less effective in inhibiting the enzyme in

respect of ketoconazole. The most promising results were highlighted by compounds
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6a,b which showed a 3-4 times lower interfering activity in respect of the reference

3A4 inhibitor.

Regarding the interference with CYP1A2, despite derivatives 6a-c proved to affect

the enzymatic activity at submicromolar-micromolar concentrations, it is worthy to note

that the reference compound 4 displayed a 3 times lower inhibition in respect of the

reference 1A2 inhibitor furafylline. Noteworthy, the new derivative 8b did not inhibit

such enzyme even at the high concentration employed in the assay (ICso > 30 pM).

Overall, concerning their potencies against human CYPs, derivatives 4, 8b and 6b

resulted the less interfering and thus, the most encouraging compounds. In particular,

the first two proved to be less potent than the respective reference inhibitors against

each human CYP enzymes, while derivative 6b, despite showing ICsg comparable

with furafylline against CYP1AZ2, inhibited all the three CYP enzymes only at

micromolar concentrations. The importance of this data is further strengthen by the

proven /n vio efficacy of this compound in mice model (see following paragraph).

It is worthy to note that the inhibitory potencies against human CYPs ranged

between the micromolar and submicromolar range, whereas all of these compounds

proved to inhibit 7. cruzi growth from one to three order of magnitude Ilower

concentrations in /n vitro assays.
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Moreover, except of compound 6a and similarly to the previously reported

analogues34, all derivatives displayed very high affinities against TcCYP51 estimated

in the nanomolar range, that, notably, correlate with the anti-7. cruz/ inhibitory

potencies.

Taken together, these biological results indicate that our azole compounds show

higher affinity towards TcCYP51 in respect of human CYPs, proving to inhibit parasite

enzyme and growth at much lower concentrations in respect of the ones useful to

disrupt human metabolic enzymes. According to this, it can be stated that negligible

interference on human enzymes is expected at the very low concentrations required

to exert antiprotozoal effects.

Finally, although cross-reactivity with human CYPs need further optimization, these

preliminary data highlighted promising results indicating that there is still room for

further improvement of selectivity for such antiprotozoal agents.
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Table 3. Enzymatic inhibition of human CYPs /n vitro.

ICs0
(nM)?
CPD CYP3A CYP1A2 CYP2D
4 6
6a 1.4 0.4
4.0
6b 1.1 2.0
6¢ 0.9 1.2
3.0
8b 0.9 >30
4 0.8 7.0 2.0
KET 0.4
b 6.0
2.3
FUR
c 1.3
Quld
0.01
aConcentration of compound required to decrease enzymatic

50%;%etoconazole; qurafylline; “quinidine.
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38 Figure 8. Luminescence in 7. cruzFinfected mice measured upon luciferin injection 3

41 days post-infection (dpi) prior to treatment and 7 dpi after four days of treatment. Bz

was used as reference drug. Bz, 6a and 6b significantly inhibited 7. cruz/

48 parasitemia, 99.9%, 99.5% and 99.4%, respectively; values significantly different from

51 vehicle-treated controls (p < 0.05 in Student t-test). 8b showed no /n vivo activity.

55 In vivo studies. 6a, 6b and 8b, that were three of the most potent compounds found active in vitro
against 7. cruzi were assessed in mice infected with 7. cruzi expressing the luciferase marker. The
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treatment begun 3 days post-infection (dpi) and compounds were administered at 25 mg/kg, i.p., b.i.d.
for 4 consecutive days. General animal health was monitored daily. No adverse clinical symptoms
indicative of toxicity (hunched posture, lack or grooming, reduced mobility, loss of weight) were
observed during the experiment. Mice were imaged at 7 dpi, bioluminescence was quantified and

plotted for each group of five animals as indicated in Figure 8. The treatment with 6a and 6b reduced

parasitemia by 99.5% and 99.4%, respectively, while the reference drug, Bz, administered at 50 mg/kg,

induced 99.9% of inhibition (Figure §). On the other hand, treatment with compound 8b did not affect
parasitemia in mice, despite that 8b displayed 5 nM ICs, against 7. cruzi in cell-based assay. The lack of
in vivo activity indicates low bioavailability of 8b.

CONCLUSIONS

In this paper we described the design, synthesis and biological evaluation as antiprotozoal agents of
novel imidazole-based derivatives 5a-l, 6a-¢, 7a-f and 8a-c that were designed starting from the hit
compounds recently reported by our group.>* The most potent newly synthesized analogs displayed
double-digit micromolar activity against 7. brucei, single-digit micromolar activity against L. donovani
and range of nanomolar activities against P. falciparum and T. cruzi (Table 1). Some of the new
compounds proved to be endowed with improved anti-7. cruzi and antiplasmodial activities compared to
their analogs previously reported by us.>* Although none of new derivatives resulted more potent than
ART, compound 5h displayed the best antiplasmodial activity proving to be 3 times more potent than
the reference drug CHQ with high selectivity index (SI = 253).

Derivatives 5i, 6a-c and 8b displayed anti-7. cruzi activities in the low nanomolar range and are
endowed with high selectivity indices (373 < SI < 4030). The role of stereochemistry in the inhibitory
activity, was assessed by enantiomeric separation of a racemic mixture of 4. In fact, the enantiomer (R)-
(-)-4 had the highest anti-7. cruzi activity (eutomer), with I1Csy of 0.9 nM. Effective binding of these
azoles to recombinant 7. cruzi CYP51 suggests that this enzyme may be targeted within 7. cruzi

parasite, although 6a shows a lower affinity if compared to the remaining tested compounds.
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Preliminary evaluation of selectivity towards relevant drug-metabolizing enzymes showed

promising results, although cross-reactivity with human CYPs require further

optimization for such antiprotozoal agents.

Very interstingly, 6a and 6b displayed remarkable efficacy in the 4-day animal model of infection
resulting in >99% reduction of 7. cruzi parasitemia in mice, with no acute toxicity observed in this
animal model. Notably, compound 8b was inactive in in vivo assays, suggesting that it is endowed with
low bioavailability. Conversely, a comparison between the activities of 6a and 6b suggests that, both
compounds are potent and bioavailable anti-7. cruzi agents, but while 6b is probably targeting CYP51,
6a could act via a yet unknown target. A different possibility is that 6a has a so high bioavailability that

can overcome its low potency against the CYP51 target.

EXPERIMENTAL SECTION

Chemistry. General. Reagents were purchased from Sigma-Aldrich and were used as received.
Reaction progress was monitored by TLC using Merck silica gel 60 F,s4 (0.04-0.063 mm) with
detection by UV (214 or 254 nm). Merck silica gel 60 or aluminum oxide 90 (active neutral) were used
for column chromatography. Melting points (uncorrected) were determined in open Pyrex capillary
tubes using a Buchi 510 melting point apparatus. Compounds purity were always > 95% determined by
combustion analysis. Analytical results agreed to within £ 0.40% of the theoretical values. Nuclear
Magnetic Resonance Spectroscopy ('"H NMR) were obtained using a Bruker Avance system, operating
at 400 MHz. Concentration of solution after reactions and extractions involved the use of a rotary
evaporator operating at reduced pressure of approximately 20 Torr. Dimethylsulfoxide-ds 99.9% (code
44,139-2), deuterochloroform 98.8% (code 41,675-4) and acetone-ds 99.9% (code 44,486-3) of isotopic
purity (Aldrich) were used. Solvents were reagent grade and, when necessary, were purified and dried

by standard methods. Organic solutions were dried over anhydrous sodium sulfate (Merck).
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Microwave irradiation experiments. Microwave reactions were conducted using a CEM Discover
system unit (CEM. Corp. Matthews, NC). The machine consists of a continuous focused microwave-
power delivery system with operator selectable power output from 0 to 300 W. The temperature of the
contents of the vessel was monitored using a calibrated infrared temperature control mounted under the
reaction vessel. All experiments were performed using a stirring option whereby the contents of the
vessel are stirred by means of a rotating magnetic plate located below the floor of the microwave cavity
and a Teflon-coated magnetic stir bar in the vessel.

Chemical, physical, analytical and spectroscopic data for derivatives 5a-k, 6a-c, 7a-f and 8a-c are as
follows. 4-Methylbenzaldehyde (9a), 4-ethylbenzaldehyde (9b), 4-isopropylbenzaldehyde (9¢), 4-
methoxybenzaldehyde (9d), 2-naphthaldehyde (9h) are commercially available. Syntheses and
characterization of compounds 4-chloro-2-(1H-pyrrol-1-yl)benzaldehyde (9e), 5-chloro-[1,1'-biphenyl]-
2-carbaldehyde (9g), 4-chloro-1-naphthaldehyde (9i) are described in literature 33-37. A mixture of
aldehydes 9f and 9j (4:1 ratio) was employed for the synthesis of the chalcone 10f. For chemical,
physical, analytical and spectroscopic data of intermediates 9f,j,k, 10b,c,e-j, 11a-j, 12a-j, 15b,c, 16a-c,
19a-c, 20a-f, 21a-c, 22a-f, see Supporting Information. Chemical and physical data for derivatives 13,
14 and 17 are as follows. Spectroscopic data for intermediate 14 are in Supporting Information, while
for 13 and 17 are previously reported*’. Syntheses and characterization of compounds 10a,d, 18a-e are
described in literature,38-3941-43

General procedure A (GP-A) to obtain Imidazoles 5a-j, 6a-c, 7a-f and 8a-c. 1,1’-
Carbonyldiimidazole (19.3 mmol) was added portionwise to a solution of the proper carbinol 12a-j,
16a-c, 21a-c and 22a-f (4.8 mmol) in anhydrous acetonitrile (100mL). The reaction mixture was stirred
at room temperature for the proper time. The solvent was removed and the residue was dissolved in
ethyl acetate. The organic solution was washed with brine and dried over anhydrous Na,SO,4. Removal
of the solvent afforded crude imidazole derivatives Sa-j, 6a-c, 7a-f and 8a-c¢, which were purified by

column chromatography using aluminum oxide as stationary phase.
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For each compound yield (%), melting point (°C), recrystallization solvent, reaction time, eluent,

IR spectra, "TH-NMR and elemental analysis are reported.

General procedure B (GP-B) to obtain Chalcones 10a-j. A solution of the appropriate
benzaldehyde 9a-e,i or a mixture of isomers 9f and 9j, (26.5 mmol) and 2’,4’-dichloroacetophenone (or
4’-dichloroacetophenone for derivative 10h) (26.5 mmol) in 65 mL of ethanol was added to a solution
of NaOH (65 mmol) in 55 mL of H,O was added. The mixture was stirred at room temperature for 15 h.
The ethanol was removed at reduced pressure and the reaction mixture was neutralized with acetic acid
and extracted with ethyl acetate. The combined organic phases were washed with 1 N HCI, brine, dried

over Na,SO, and evaporated at reduced pressure to obtain pure compounds 10a-d,i or crude products

10e-h that were purified by column chromatography using aluminum oxide as stationary phase. For

each compound yield (%), melting point (°C), recrystallization solvent, eluent, IR spectra, 'TH-NMR

and elemental analysis are reported in Supporting Information.

General procedure C (GP-C) to obtain Pyrroles 11a-j. To a suspension of NaH 60% (55 mmol) in
55 mL of anhydrous diethyl ether under argon stream was added dropwise a solution of 10a-j (25
mmol) and TosMIC (25 mmol) in diethyl ether/DMSO 2:1 (165 mL) at room temperature. After the
addition, the reaction mixture was stirred at room temperature for the proper time.

For derivative 11¢, the reaction was diluted with water and the solid that formed was filtered, washed
with water, petroleum ether to give the pure product 11c¢ as solid.

For derivatives 11a,b,d-j, the mixture was diluted with water and extracted with ethyl acetate. The
combined organic phases were washed with brine, dried over Na,SO, and evaporated at reduced

pressure. The crude products were purified by column chromatography (aluminum oxide/ chloroform)

to furnish the pure derivatives 11a,b,d-j. For each compound yield (%), melting point (°C),

recrystallization solvent, reaction time, IR spectra, 'H-NMR and elemental analysis are reported in
Supporting Information.
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General procedure D (GP-D) to obtain Carbinoles 12a-j. A solution of the proper ketones 11a-j
(4.4 mmol) in THF anhydrous (55 mL) was added dropwise to a suspension of LiAlH,4 (6.6 mmol) in the
same solvent (30 mL) cooled at 0 °C under argon atmosphere.

For derivatives 12a-f,i an additional amount of of LiAlH4 (6.6 mmol) was added after 1h and the
mixture was stirred at room temperature for the proper time, while for derivatives 12g,h,j complete
reduction was achieved after 30-45 min without further reactant additions.

The mixture was carefully treated with crushed ice/water and the inorganic precipitate that formed
was removed. The solution was concentrated at reduced pressure and extract with chloroform. The

organic solution was washed with brine, dried and evaporated. Crude carbinols 12a-j were used for the

next reaction without further purification. For each compound yield (%), melting point (°C),

recrystallization solvent, reaction time, IR spectra, are reported in Supporting Information.

General procedure E (GP-E) to obtain N-alkyl pyrroles 15b,c. The proper alkyl halide (25 mmol;
iodomethane for derivative 15b and allyl bromide for derivative 15¢) was added to a suspension of 14
(3.16 mmol) and potassium carbonate anhydrous (6.3 mmol) in DMF (5.2 mL) and the reaction was
stirred at 90°C for 3.5 h.

For derivative 15b, the mixture was diluted with water and extracted with ethyl acetate. The organic
layer was washed with brine, dried over anhydrous Na,SO,, filtered, and evaporated in vacuum to
achieve crude 15b.

For derivative 15¢, additional amounts of allyl bromide (12.64 mmol) and potassium carbonate (3.16
mmol) were added after 3.5 h and the mixture was stirred at 90°C for 2.5 hours and then at room
temperature for 2 days. The reaction was diluted with water and extracted with ethyl acetate. The
organic phase was washed with brine, dried and the solvent was evaporated under reduced pressure to
obtain crude 15c¢.

Crude products 15b,¢ were purified on column chromatography using alumina as stationary phase and

chloroform as eluent yielding pure derivatives 15b,c.
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For each compound yield (%), melting point (°C), recrystallization solvent, IR spectra, 'H-NMR

and elemental analysis are reported in Supporting Information.

General procedure F (GP-F) to obtain Alcohols 16a-c, 21a-c and 22a-f. NaBH, (13 mmol) was
added to a well-stirred solution of the appropriate ketones 14, 15b,c, 19a-c¢ or 20a-f (2.6 mmol) in 17
mL of anhydrous THF and the mixture was stirred at room temperature and/or reflux for the proper
time. Additional amounts of sodium borohydride were added for the syntheses of derivatives 21a,b,
22a,d,e.

The reaction was treated with water and the mixture was concentrated at reduced pressure and extract
with ethyl acetate. The organic solution was washed with brine, dried and evaporated. Crude carbinols

16a-c, 21a-c and 22a-f were used for the next reaction without further purification.

For each compound yield (%), melting point (°C), recrystallization solvent, reaction time and

temperature, additional amounts of sodium borohydride (if necessary), IR spectra are reported in
Supporting Information.

General procedure G (GP-G) to obtain Ketones 19a-c and 20a-f. A solution of the proper benzoyl
chloride (121 mmol) in DCM (107 mL) was added to a suspension of aluminium trichloride (121 mmol)
in the same solvent (107 mL). The clear solution was slowly dropped into a well-stirred solution of the
appropriate pyrrole (56.3 mmol) in 26 mL of DCM. The reaction was stirred at room temperature
overnight and then poured into crushed ice (300 g) and acidified by adding concentrated HCI (16 mL).
The organic layer was separated and the aqueous phase was extract with chloroform. The extracts were
collected, washed with brine and Na,COj; saturated solution, brine again and dried over anhydrous
Na,SO,4. After evaporation of the solvent, the residue was purified by column chromatography using

aluminum oxide as stationary phase to furnish pure derivatives 19a-c and 20a-f.

For each compound yield (%), melting point (°C), recrystallization solvent, chromatographic

system, IR spectra, "TH-NMR and elemental analysis are reported in Supporting Information.
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1-[(2,4-Dichlorophenyl)[4-(p-tolyl)-1 H-pyrrol-3-yl|methyl]-1 H-imidazole (5a). Compound 5a was
prepared from 12a by means of GP-A. 55% as orange solid; 197-200 °C; ethanol/petroleum ether; 15 h;
ethyl acetate; IR v 3120 (NH) cm!. 'H NMR (CDCls) 6 2.38 (s, 3H, CH3), 6.33 (s, 1H, pyrrole C5-H),
6.80 (s, 1H, imidazole H), 6.84 (d, 1H benzene H), 6.91-6.94 (m, 2H, pyrrole C2-H and CH), 7.04 (d,
2H, benzene H), 7.13-7.14 (m, 3H, imidazole H and benzene H), 7.23 (d, 1H, benzene H), 7.43 (d, 1H,
benzene H), 7.54 (s, 1H, imidazole H), 9.07 (br s, 1H, NH). Anal. Calcd for C,;H;;CI;N3: C, 65.98; H,
4.48; N, 10.99; Cl, 18.55 %. Found C, 66.06; H, 4.49; N, 11.03; Cl, 18.57%.

1-[(2,4-Dichlorophenyl)[4-(4-ethylphenyl)-1H-pyrrol-3-yljmethyl]-1H-imidazole (5b). Compound
5b was prepared from 12b by means of GP-A. 49% as yellow solid; 194-197 °C; toluene/cyclohexane;
15 h; ethyl acetate IR v 3126 (NH) cm™'. '"H NMR (CDCl;) & 1.28 (q, 3H, CH,CHj;), 2.69 (t, 2H,
CH,CH;), 6.33 (s, 1H, pyrrole C5-H), 6.80 (s, 1H, imidazole H), 6.84 (d, 1H benzene H), 6.92 (s, 1H,
CH), 6.94 (t, 1H, pyrrole C2-H), 7.06 (d, 2H, benzene H), 7.14-7.18 (m, 3H, benzene H and imidazole
H), 2.24 (dd, 1H, benzene H), 7.43 (d, 2H, benzene H), 7.51 (s, 1H, imidazole H), 8.65 (br s, 1H, NH).
Anal. Calcd for C,,HoCLN3: C, 66.67; H, 4.83; N, 10.60; Cl, 17.89 %. Found C, 66.56; H, 4.82; N,
10.56; Cl, 17.86%.

1-[(2,4-Dichlorophenyl)[4-(4-isopropylphenyl)-1 H-pyrrol-3-yljmethyl]-1H-imidazole (5c¢).
Compound Sc was prepared from 12¢ by means of GP-A. 41% as yellow solid; 205-208 °C;
toluene/cyclohexane; 15 h; ethyl acetate; IR v 3126 (NH) cm!. 'H NMR (CDCl;3) 6 1.30 (d, 6H,
CH(CHj3)5), 2.93 (m, 1H, CH(CHj;),), 6.33 (s, 1H, pyrrole C5-H), 6.81 (s, 1H, imidazole H), 6.84 (d, 1H
benzene H), 6.92 (s, 1H, CH), 6.85 (t, 1H, pyrrole C2-H), 7.06 (d, 2H, benzene H), 7.14 (s, 1H,
imidazole H), 7.19 (d, 2H, benzene H), 2.23 (dd, 1H, benzene H), 7.43 (d, 2H, benzene H), 7.51 (s, 1H,
imidazole H), 8.74 (br s, 1H, NH). Anal. Calcd for C»;H,;CLN5: C, 67.32; H, 5.16; N, 10.24; CI, 17.28
%. Found C, 67.40; H, 5.17; N, 10.25; Cl, 17.30%.

1-[(2,4-Dichlorophenyl)[4-(4-methoxyphenyl)-1H-pyrrol-3-yljmethyl]-1H-imidazole (5d).

Compound 5d was prepared from 12d by means of GP-A. 51% as brown solid; 183-185 °C; ethanol;
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100 min; ethyl acetate; IR v 3124 (NH) cm-'. 'TH NMR (CDCls) 6 3.82 (s, 3H, CH3), 6.32 (s, 1H, pyrrole
C5-H), 6.77-6.91 (m, 6H, benzene H, pyrrole C2-H, CH and imidazole H), 7.02 (d, 2H, benzene H),
7.15 (s, 1H, imidazole H), 7.22 (d, 1H, benzene H), 7.44 (d, 1H, benzene H), 7.56 (s, 1H, imidazole H),
8.80 (br s, 1H, NH). Anal. Calcd for C,;H7Cl,N;0: C, 63.33; H, 4.30; N, 10.55; CI, 17.80 %. Found C,
63.46; H, 4.31; N, 10.56; Cl, 17.85%.
1-[[4-[4-Chloro-2-(1H-pyrrol-1-yl)phenyl]-1H-pyrrol-3-yl](2,4-dichlorophenyl)methyl]-1H-
imidazole (5¢). Compound 5e was prepared from 12e by means of GP-A. 24 % as yellow solid; 158-
160 °C; n-hexane; 15 h; n-hexane: ethyl acetate 5:2; IR v 3331 (NH) cm™'. 'TH NMR (DMSO-dy) 6 5.44
(s, 1H, pyrrole C5-H), 6.15-6.21 (m, 3H, imidazole H and pyrrole B-proton), 6.82 (t, 1H, pyrrole C2-H),
6.94 (s, 1H, CH), 7.03-7.20 (m, 6H, pyrrole a-proton and benzene H), 7.37 (s, 1H, imidazole H), 7.44
(d, 2H, benzene H), 7.55 (s, 1H, imidazole H), 11.14 (br s, 1H, NH). Anal. Calcd for C,4H;;CI3Ny4: C,
61.62; H, 3.66; N, 11.98; Cl, 22.74 %. Found C, 61.52; H, 3.65; N, 12.01; Cl, 22.69%.
1-[[4-[4-Chloro-2-(thiophen-2-yl)phenyl]-1H-pyrrol-3-yl|(2,4-dichlorophenyl)methyl]-1H-
imidazole (5f). Compound 5f was prepared from 12f by means of GP-A. 95 % as brown oil; 15 h ; ethyl
acetate; IR v 3303 (NH) cm'!. 'TH NMR (Acetone-ds) 6 6.11 (s, 1H, CH), 6.15 (m, 1H, pyrrole H), 6.53
(m, 1H, pyrrole H), 6.59-6.62 (m, 2H, imidazole H and benzene H), 6.69 (d, 1H, benzene H), 6.79-6.85
(m, 2H, imidazole H and tiophene B-proton), 6.93-6.97 (m, 2H, benzene H and tiophene B-proton),
7.06-7.11 (m, 2H, benzene H), 7.19 (d, 1H imidazole H), 7.26 (dd, 1H, tiophene a-proton), 7.32 (d, 1H,
benzene H), 10.2 (br s, 1H, NH). Anal. Calcd for C4H;sCI3N3S: C, 59.46; H, 3.33; N, 8.67; Cl, 21.94;
S, 6.61%. Found C, 59.50; H, 3.32; N, 8.66; Cl, 21.90; S, 6.60%.
1-[[4-(5-Chloro-[1,1'-biphenyl]-2-yl)-1H-pyrrol-3-yl](2,4-dichlorophenyl)methyl]-1H-imidazole
(5g). Compound 5g was prepared from 12g by means of GP-A. 100% as yellow solid; 250 °C; toluene;
20h; ethyl acetate; IR v 3100 (NH) cm'!. 'TH NMR (DMSO-dy) 6 6.19-6.22 (s, 1H, pyrrole C5-H and
CH), 6.62-7.71 (m, 15H, imidazole H, pyrrole C2-H and benzene H), 10.95 (s, 1H, NH). Anal. Calcd for
CysH1sCI5N3: C, 65.22; H, 3.79; N, 8.78; Cl, 22.21 %. Found C, 65.19; H, 3.78; N, 8.77; Cl, 22.19%.
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1-[[4-(5-chloro-[1,1'-biphenyl]-2-yl)-1H-pyrrol-3-yl](4-chlorophenyl)methyl]-1H-imidazole (5Sh).
Compound 5h was prepared from 12h by means of GP-A. 77% as yellow solid; 79-80 °C; toluene 15 h;
ethyl acetate; IR v 3413 (NH) cm!. '"H NMR (CDCls) 8 5.53 (s, 1H, CH), 6.09 (m, 1H, pyrrole C5-H),
6.51-6.53 (m, 3H, benzene H and imidazole H), 6.76 (t, 1H, pyrrole C2-H), 6.93 (t, 1H, imidazole), 7.1
(d, 1H, benzene H), 7.14-7.19 (m, 5H, benzene H), 7.29-7.38 (m, 4H, benzene H),7.76 (s, 1H, imidazole
H), 8.40 (br s, 1H, NH). Anal. Calcd for C,sH9CILN;3: C, 70.28; H, 4.31; N, 9.46; Cl, 15.96 %. Found C,
70.32; H, 4.30; N, 9.47; Cl, 15.94%.

1-[(2,4-Dichlorophenyl)[4-(naphthalen-2-yl)-1H-pyrrol-3-yl|methyl]-1 H-imidazole (51).
Compound 5i was prepared from 12i by means of GP-A. 77% as brown oil; 45 min; ethyl acetate; IR v
3303 (NH) cml. "TH NMR (CDCl;) 6 6.36 (s, 1H, pyrrole C5-H), 6.84 (s, 1H, imidazole H), 6.95 (s, 1H,
CH), 7.04 (t, 1H, imidazole H), 7.16-7.21 (m, 2H, benzene H and pyrrole C2-H), 7.26-7.46 (m, 5H,
benzene H, imidazole H and naphthalene H), 7.55 (m, 2H, naphthalene H), 7.68 (m, 1H, naphthalene
H), 7.80 (m, 2H, naphthalene H), 8.90 (br s, 1H, NH). Anal. Calcd for C,4H;C,N;: C, 68.91; H, 4.10;
N, 10.05; CI, 16.95 %. Found C, 68.92; H, 4.11; N, 10.01; Cl, 16.89%.

1-[[4-(4-Chloronaphthalen-1-yl)-1H-pyrrol-3-yl](2,4-dichlorophenyl)methyl]-1 H-imidazole (5j).
Compound 5j was prepared from 12j by means of GP-A. 49% as brown solid; 197-200 °C; n-hexane;
15 h; ethyl acetate: ethanol 10:0.5; IR v 3310 (NH) cm™!. 'TH NMR (CDCls) 8 6.42-6.46 (m, 2H, CH and
pyrrole C5-H), 6.72-6.74 (m, 2H, benzene H and imidazole H), 6.90-6.99 (m, 3H, imidazole H, pyrrole
C2-H and naphthalene H), 7.12 (dd, 1H, benzene H), 7.32-7.47 (m, 4H, benzene H, imidazole H and
naphthalene H), 7.58 (m, 1H, naphthalene H), 7.86 (m, 1H, naphthalene H), 8.29 (m, 1H, naphthalene
H), 9.29 (br s, 1H, NH). Anal. Calcd for Cp4HcCl3N3: C, 63.67; H, 3.56; N, 9.28; Cl, 23.49 %. Found C,
63.62; H, 3.55; N, 9.29; Cl, 23.51%.

Synthesis of 1-[(2,4-dichlorophenyl)[4-[4-(methylsulfonyl)phenyl]-1H-pyrrol-3-yljmethyl]-1H-
imidazole (5k). To a cooled solution of 51 (1.12 mmol) in methanol (32 mL) was added a solution of

oxone (1.82 mmol) in water (8 mL) and the mixture was stirred at room temperature for 18 h. The
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reaction was poured into water, concentrated at reduced pressure, extract with ethyl acetate. The
combined organic phases were washed with brine, dried over Na,SO, anhydrous, concentrated at
reduced pressure afforded pure imidazole 5k as yellow solid (quantitative yield). 201-203 °C, iPrOH; IR
v 3131 (NH), 1301 and 1147 (SO,) cm!. "TH NMR (CDCls) 6 3.11 (s, 3H, CHj3), 6.43 (s, 1H, pyrrole C5-
H), 6.85 (d, 1H, benzene H), 6.90 (s, 1H, imidazole H), 6.99 (s, 1H, pyrrole C2-H), 7.12 (s, 1H, CH),
7.24-7.37 (m, 4H, benzene H and imidazole H), 7.49 (d, 1H, benzene H), 7.77 (s, 1H, imidazole H),
7.90 (d, 2H, benzene H), 9.37 (br s, 1H, NH). Anal. Calcd for C,;H;C,N;0,S: C, 56.51; H, 3.84; N,

9.41; Cl, 15.89; S, 7.18%. Found C, 56.70; H, 3.83; N, 9.40; Cl, 15.87; S, 7.19%.

1-[(4-Chlorophenyl)[5-(4-chlorophenyl)-1A-pyrrol-3-yllmethyl]-1 A#-imidazole (6a).

Compound 6a was prepared from 16a by means of GP-A. 67% as yellow solid; 289-

291 °C; toluene; 80 min; ethyl acetate:methanol 5:1; IR v 3113 (NH) cm'. 'TH NMR

(DMSO-d,) & 6.44 (s, 1H, pyrrole H), 6.46 (s, 1H, CH), 6.57 (s, 1H, pyrrole H), 6.63

(d, 1H, J, = 8 Hz, imidazole H), 6.84 (d, 1H, J, = 8 Hz, imidazole H), 7.11 (d, 2H,

J, = 8.8 Hz benzene H), 7.29-7.35 (m, 4H, benzene H), 7.53 (d, 2H, J, = 8.8 Hz

benzene H), 7.62 (s, 1H, imidazole H), 8.52 (s, 1H, NH pyrrole). Anal. Calcd for

CyH15CIoN3: C, 65.23; H, 4.11; N, 11.41; ClI, 19.25%. Found C, 65.20; H, 4.12; N,

11.43; Cl, 19.27%.

1-[(4-Chlorophenyl)[5-(4-chlorophenyl)-1-methyl-1 A-pyrrol-3-yllmethyl]-1 A-imidazole

(6b). Compound 6b was prepared from 16a by means of GP-A. 72% as yellow oil;

100 min; chloroform; 'H NMR (DMSO-dy) & 3.53 (s, 3H, CH3), 5.97 (s, 1H, pyrrole
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H), 6.42 (s, 1H, pyrrole H), 6.49 (s, 1H, CH), 7.01-7.07 (m, 3H, imidazole H and

benzene H), 7.19-7.33 (m, 7H, imidazole H and benzene H), 8.32 (s, 1H, imidazole

H). Anal. Calcd for C,1H{;CIoN3: C, 65.98; H, 4.48; N, 10.99; Cl, 18.55%. Found C,

65.93; H, 4.49; N, 11.02; CI, 18.57%.

1-[[1-Allyl-5-(4-chlorophenyl)-1 A-pyrrol-3-yl](4-chlorophenyl)methyl]-1 A#imidazole

(6¢c). Compound 6¢c was prepared from 16a by means of GP-A. 82% as brown oil;

15h; chloroform; 'TH NMR (DMSO-dp) 6 4.48 (s, 2H, CHy), 4.76 (d, 1H, Jyans = 17.2

Hz, CH), 5.03 (d, 1H, Jus = 10.4 Hz, CH), 5.83 (m, 1H, CH=), 6.08 (s, 1H, pyrrole

H), 6.59 (s, 1H, pyrrole H), 6.64 (s, 1H, CH), 6.84 (s, 1H, imidazole H), 7.10-7.14

(m, 3H, imidazole H and benzene H), 7.30-7.37 (m, 6H, benzene H), 7.62 (s, 1H,

imidazole H). Anal. Calcd for Cy3H19CloN3: C, 67.65; H, 4.69; N, 10.29; CI, 17.37%.

Found C, 67.75; H, 4.70; N, 10.28; Cl, 17.40%.

1-[[1-(4-Nitrophenyl)-1 A-pyrrol-3-yl](phenyl)methyl]-1 A#-imidazole (7a). Compound 7a

was prepared from 22a by means of GP-A. 71% as yellow-orange oil; 15 h ;

chloroform; IR v 1520, 1335 (NO;) cm'. 'TH NMR (Acetone-dy) & 6.33 (s, 1H, pyrrole

C4-H), 6.70 (s, 1H, CH), 6.95 (s, 1H, imidazole H), 7.11 (s, 1H, imidazole H), 7.26-

7.39 (m, 6H, benzene H and pyrrole C5-H), 7.53 (s, 1H, pyrrole C2-H), 7.62 (s, 1H,
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imidazole H), 7.81 (d, 2H, benzene H), 8.30 (d, 2H, benzene H). Anal. Calcd for

Co0H16N4O2: C, 69.76; H, 4.68; N, 16.27%. Found C, 69.70; H, 4.69; N, 16.32%.

1-[(4-Nitrophenyl)[1-(4-nitrophenyl)-1 Apyrrol-3-ylmethyl]-1 A-imidazole (7b).

Compound 7b was prepared from 22b by means of GP-A. 58% as yellow solid; 181-

182 °C; ethanol; 16h; ethyl acetate; IR v 1508, 1332 (NO,) cm'. 'TH NMR (Acetone-

ds) & 6.40 (q, 1H, pyrrole C4-H), 6.94 (s, 1H, CH), 7.00 (s, 1H, imidazole H), 7.19

(s, 1H, imidazole H), 7.42 (t, 1H, pyrrole C5-H), 7.50 (d, 2H, benzene H), 7.58 (dd,

1H, pyrrole C2-H), 7.69 (s, 1H, imidazole H), 7.84 (d, 2H, benzene H), 8.24 (d, 2H,

benzene H), 8.33 (d, 2H, benzene H). Anal. Calcd for CyH5Ns04: C, 61.69; H, 3.88;

N, 17.99%. Found C, 61.77; H, 3.87; N, 17.91%.

1-[(4-Chlorophenyl)[1-(4-nitrophenyl)-1A-pyrrol-3-yllmethyl]-1 A~-imidazole (7c¢).

Compound 7c¢ was prepared from 22c¢ by means of GP-A. 61% as brown oil; 40 min;

chloroform; IR v 1530,1340 (NO,) cm. 'TH NMR (Acetone-d;) & 6.35 (s, 1H, pyrrole

C4-H), 6.74 (s, 1H, CH), 6.96 (s, 1H, imidazole H), 7.13 (s, 1H, imidazole H), 7.27

(d, 1H, benzene H), 7.34 (s, 1H, pyrrole C5-H), 7.40 (d, 1H, benzene H), 7.55 (i,

1H, pyrrole C2-H), 7.65 (s, 1H, imidazole H), 7.83 (d, 2H, benzene H), 8.32 (d, 2H,

benzene H). Anal. Calcd for CyH1sCIN4O,: C, 63.41; H, 3.99; N, 14.79; Cl, 9.36%.

Found C, 63.56; H, 3.98; N, 14.81; Cl, 9.37%.
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1-[(4-Chlorophenyl)[1-[4-(trifluoromethyl)phenyl]-1 A-pyrrol-3-ylimethyl]-1 A-imidazole

(7d). Compound 7d was prepared from 22d by means of GP-A. 100% as green oil;

15 h; chloroform; IR v 1330 (CF3) cm'. 'TH NMR (Acetone-dy) & 6.31 (s, 1H, pyrrole

C4-H), 6.73 (s, 1H, CH), 6.97 (s, 1H, imidazole H), 7.13 (s, 1H, imidazole H), 7.25-

7.28 (m, 3H, benzene H and pyrrole C5-H), 7.40 (d, 2H, benzene H), 7.47 (t, 1H,

pyrrole C2-H), 7.66 (s, 1H, imidazole H), 7.77 (m, 4H, benzene H). Anal. Calcd for

C,1H45CIF3Ns: C, 62.77; H, 3.76; N, 10.46; CI, 8.82; F, 14.18%. Found C, 62.70; H,

3.75; N, 10.45; CI, 8.81; F, 14.16%.

4-[[1-(4-Chlorophenyl)-1A-pyrrol-3-yl](1 #-imidazol-1-yl)methyl]benzonitrile (7e).

Compound 7e was prepared from 22e by means of GP-A. 49% as brown oil; 100

min; ethyl acetate; IR v 2230 (CN) cm'. 'TH NMR (Acetone-dy) & 6.28 (t, 1H, pyrrole

C4-H), 6.83 (s, 1H, CH), 6.98 (s, 1H, imidazole H), 7.14 (s, 1H, imidazole H), 7.19

(t, 1H, pyrrole C5-H), 7.39 (t, 1H, pyrrole C2-H), 7.40 (d, 2H, benzene H), 7.47 (d,

2H, benzene H), 7.55 (d, 2H, benzene H), 7.67 (s, 1H, imidazole H), 7.77 (d, 2H,

benzene H). Anal. Calcd for Cy1HsCINg: C, 70.29; H, 4.21; N, 15.61; Cl, 9.88%.

Found C, 70.31; H, 4.22; N, 15.59; CI, 9.87%.

4-[3-[(4-Cyanophenyl)(1A-imidazol-1-yl)methyl]-1 A#-pyrrol-1-yl]benzonitrile (71).

Compound 7f was prepared from 22f by means of GP-A. 20% as yellow solid ; 184-
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185°C; ethanol ; 2h; ethyl acetate IR v 2232 (CN) cm. 'TH NMR (Acetone-dj) §

6.36 (g, 1H, pyrrole C4-H), 6.86 (s, 1H, CH), 6.98 (t, 1H, imidazole H), 7.16 (t, 1H,

imidazole H), 7.35 (t, 1H, pyrrole C5-H), 7.42 (d, 2H, benzene H), 7.53 (dd, 1H,

pyrrole C2-H), 7.67 (s, 1H, imidazole H), 7.77-7.81 (m, 4H, benzene H), 7.87 (d, 2H,

benzene H). Anal. Calcd for CoHisNg: C, 75.63; H, 4.33; N, 20.04%. Found C,

75.67; H, 4.34; N, 19.99%.

1-[[4-(tertButyl)phenyl][1-(4-chlorophenyl)-1 A-pyrrol-2-yllmethyl]-1 A~imidazole  (8a).

Compound 8a was prepared from 21a by means of GP-A. 66% as yellow solid; 182-

183 °C; cyclohexane; 1h; ethyl acetate: n-hexane 2:1; 'TH NMR (DMSO-dp) § 1.17 (s,

9H, CHj), 5.66 (s, 1H, pyrrole H), 6.13 (s, 1H, pyrrole H), 6.55 (s, 1H, CH), 6.74 (s,

1H, imidazole H), 6.80 (s, 1H, imidazole H), 6.89 (s, 1H, pyrrole H), 6.95 (d, 2H,

benzene H), 7.12 (d, 2H, benzene H), 7.26-7.27 (m, 3H, benzene H and imidazole

H), 7.35 (d, 2H, benzene H). Anal. Calcd for Cy4H24CINs: C, 73.93; H, 6.20; N,

10.78; CI, 9.09%. Found C, 73.97; H, 6.21; N, 10.79; CI, 9.12%.

1-[[1-(4-Chlorophenyl)-1AH-pyrrol-2-yl](2,4-dichlorophenyl)methyl]-1 #-imidazole  (8b).

Compound 8b was prepared from 21b by means of GP-A. 89% as orange solid; 129-

130 °C; cyclohexane; 105 min; chloroform; '"H NMR (DMSO-dj) & 5.66 (s, 1H, pyrrole

H), 6.13 (s, 1H, pyrrole H), 6.59 (d, 1H, benzene H), 6.63 (s, 1H, CH), 6.86 (s, 1H,
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imidazole H), 6.91 (s, 1H, imidazole H), 6.96 (s, 1H, pyrrole H), 7.05 (d, 2H,

benzene H), 7.34 (d, 1H, benzene H), 7.40-7.42 (m, 3H, benzene H), 7.54 (s, 1H,

imidazole H). Anal. Calcd for Cy0H4CIsN3: C, 59.65; H, 3.50; N, 10.43; Cl, 26.41%.

Found C, 59.57; H, 3.49; N, 10.41; CI, 26.31%.

1-[[1-(2,4-Dichlorophenyl)-1A-pyrrol-2-yl](2,4-dichlorophenyl)methyl]-1 Aimidazole

(8¢c). Compound 8c was prepared from 21a by means of GP-A. 73% as brown oil; 15

h ; ethyl acetate: n-hexane 1:1; 'TH NMR (CDCl3) & 5.84 (s, 1H, pyrrole H), 5.91 (s,

1H, pyrrole H), 6.24 (d, 1H, benzene H), 6.37 (s, 1H, CH), 6.45 (s, 1H, imidazole H),

6.70-6.82 (m, 4H, imidazole H, pyrrole H and benzene H), 7.13-7.27 (m, 2H, benzene

H), 7.35 (d, 1H, benzene H), 7.47 (s, 1H, imidazole H). Anal. Calcd for CyoH13Cl4Ns:

C, 54.95; H, 3.00; N, 9.61; CIl, 32.44%. Found C, 54.90; H, 3.01; N, 9.62; CI,

32.37%.

Synthesis of 4-chloro-2-(thiophen-2-yl)benzaldheyde (9f). Pd(dba), (0.05 g, 0.09

mmol) and PCy; (0.05 g, 0.16 mol) were added into a vial under magnetical stirring

and purged with argon atmosphere for 10 minutes to form the Pd(dba),/PCy;

complex. Thiophen-2-ylboronic acid (0.5 g, 2.86 mmol), K,PO4H,O (1.73 g, 7.8

mmol), DMF (3 mL) and the commercially available 2,4-dichlorobenzaldheyde (3

mmol) were added onto the vial under argon atmosphere. The vial was placed into
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the microwave cavity (80 °C, 100 W, 100 PSI, 1 h). The reaction mixture was

poured into H,O and extracted with ethyl acetate. The combined organic phases were

washed with brine, dried over Na,SO4, evaporated under reduced pressure to obtain

1.5 g of crude 9f as brown oil. The raw material composed by a mixture of

derivatives 9f, 9j and 9k was purified by column chromatography (silica gel/

petroleum ether: chloroform 2:1 as eluent) to furnish the derivative 9f in mixture with

its 4-chloro isomer 9j. Yield (%), melting point (°C), recrystallization solvent, IR, 'H-

NMR and elemental analysis data are reported in Supporting Information.

Synthesis of 1-chloro-4-(isocyano(tosyl)methyl)benzene (13). To a cooled

suspension of 17 (2.0 g, 6.2 mmol) in 12 mL of DME was added dropwise in 5

minutes POCI3; (1.4 mL) and then in 10 minutes a solution of triethylamine (4.3 mL)

in 3.1 mL of DME. The reaction was stirred at -5 °C for 45 minutes, pured into

NaHCO; saturated solution (62 mL). The formed solid was filtered and washed with

water, solved in DCM and dried over Na,SO, anhydrous obtaining 2.10 g of crude

13 as brown solid. Crude 13 was purified by column chromatography (silica gel/ ethyl

acetate) to furnish pure 13 (91%; m.p. 108-110 °C; recrystallized from cyclohexane).

Spectroscopic data are reported in literature°.
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Synthesis of (4-chlorophenyl)[5-(4-chlorophenyl)-1A-pyrrol-3-yllmethanone (14). To

a suspension of NaH 60% (6.5 g, 160 mmol) in 205 mL of anhydrous diethyl ether

under argon stream was added dropwise a solution of 3-chloro-1-(4-

chlorophenyl)propan-1-one (10 g, 49 mmol) and 13 (16.5 g, 54 mmol) in diethyl

ether/DMSO 2:1 (615 mL) at room temperature. The reaction mixture was stirred at

room temperature for 50 min, diluted with water and extract with ethyl acetate. The

combined organic phases was washed with brine, dried over Na,SO, and evaporated

at reduced pressure to obtained crude product 14 as brown solid. Crude 14 was

purified by column chromatography (aluminum oxide/ ethyl acetate: chloroform 1:1) to

furnish pure 14 as yellow solid (33%; m.p. 229-231 °C; recrystallized from toluene).

IR, 'TH-NMR and elemental analysis data are reported in Supporting Information.

Synthesis of A-[(4-chlorophenyl)(tosyl)methyllfformamide (17). A mixture of 4-

chlorobenzaldehyde (6 g, 43 mmol), ptoluenesulfinic acid (10.15 g, 65 mmol),

formamide (4.95 g, 110 mmol), and TMSCI (5.11 g, 47 mmol) in toluene/acetonitrile

1:1 (46 mL) were stirred at 50 °C for 5 h. The mixture was cooled at 0 °C, diluted

with PrOH (21 mL) and water (85 mL), and stirred for 30 min. The solid that formed

was filtered and washed with petroleum ether obtaining 10.5 g of 17 as white solid
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(80%; m.p. 118-120 °C; recrystallized from benzene). Spectroscopic data are reported

in literature.40

Biological methods. /n vitro antjprotozoal assay. The in vitro activities against T. b.

rhodesiense, T. cruzi, L. donovani, and P. falciparum (K1 strain) and cytotoxicity assessment using L6
cells (rat skeletal myoblasts) were determined as previously described.’® The following strains, parasite
forms and reference drugs were used: 7. b. rhodesiense, STIB900, trypomastigote form, melarsoprol
(MEL); T. cruzi, Tulahuen C2C4, amastigote form in L6 rat myoblasts, Bz; L. donovani,
MHOM/ET/67/L82, axenic amastigote form, miltefosine (MF); P. falciparum, K1 (chloroquine and

pyrimethamine resistant strain) erythrocytic stage, chloroquine (CHQ).

UV-vis binding assay in 96-well format. Compounds 5i, 6a-c and 8b were tested for binding

to TcCYPS51 in a 96-well plate using Multiskan Go Microplate spectrophotometer (Thermo-Scientific).
TcCYP51 was obtained as previously described.’! Purified TcCYP51 was diluted to 5 uM in 50 mM
phosphate buffer (pH 7.4) and 10% glycerol buffer. Two hundred microliters of either protein or buffer
alone was dispensed into wells of the 96-well plate. To each well, either 5 uM or 10 uM of each
compound dissolved in DMSO was added and mixed with the protein solution or the buffer blank. A
protein blank was made up by adding the equivalent volume of buffer, instead of compound or DMSO.
Spectra of each well were recorded at 25 °C between 350 nm and 500 nm. Spectra of the respective
buffer-compound and protein-buffer blanks were subtracted from the spectra of protein-compound
samples. These difference spectra were plotted and interpreted based on the positions of a peak and a

trough.

UV-vis spectroscopy in 1-cm quartz split chamber cuvette. Spectra were recorded using a

Cary 1 E (Varian) dual beam UV-visible spectrophotometer. Spectral binding titrations were performed

in the split chamber tandem spectrophotometer cuvette at 25 °C. Compound 6a was dissolved in
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DMSO. For each titration, 2 ml of 2 uM TcCYP51 in 20 mM potassium phosphate, pH 7.4, was titrated
in the split chamber sample cuvettes with the inhibitor being added in 500 nM increments. After each
addition, the cuvette was inverted multiple time to facilitate inhibitor distribution to both chambers. To
compensate for the 6a own absorbance, 1 mL of 4 uM TcCYP51 was added to one chamber of the
reference cuvette, while 1 ml of buffer alone was added to the adjacent chamber. 6a was titrated into the
buffer-containing chamber and was mixed-in by pipetting to avoid contamination of the protein

compartment.

Spectra were recorded from 350 to 500 nm. A binding isotherm for 6@ was generated by plotting the

difference between the absorbance minimum at 388 nm and the absorbance maximum at 426 nm as a
function of drug concentration. The spectral dissociation constant, K, was extrapolated using the Curve
Fitting Tool in MATLAB (MathWorks, Natick, MA) by fitting the binding isotherm using the quadratic
Morrison equation AA = (AAn./ 2[ED((Kp+ [L] + [E]) - ((Kp + [E] + [L])?— 4[E][L])%?), where AA is
the difference between absorbance maximum and minimum, AA;,.x is the extrapolated maximum
absorbance difference, [L] is the ligand concentration and [E] is the enzyme concentration.

Inhibition of human CYPs in vitro assay. CYP450 screening systems were based on bioluminescent
detection technique where the activity of firefly luciferase is coupled to the metabolism of pro-luciferin
substrates (P450-Glo™ Assays, Promega Corporation) as reported in Figure S1 Supporting
Information. The substrates used for each isoform are shown in Table S5 Supporting Information while
the ICs, values for tested compounds and positive controls used are reported in Table 3. All incubations
were performed in a single plate format at 37°C. Incubation contained phosphate buffer, microsomal
protein (variable concentration depending on the assay), appropriate substrate (at the approximate Km
value) and either solvent vehicle or test compound. All incubations were initiated by adding NADPH.
The total amount of organic solvent was <1%. Since significant inhibition was observed as a result of

this screen, an ICs, value was derived from the dose-response profiles for the specific CYP450
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reaction(s). ICsy values were determined through nonlinear regression curve fitting analysis, with the
software program XLfit 5.2.0.0 (IDBS LtD).

In vivo T. cruzi assay- Parasites. Transgenic T. cruzi CL Brener parasites expressing a red-shifted
luciferase that emits light in the tissue-penetrating orange-red region of the spectrum was a gift from Dr.
John Kelly, London School of Hygiene and Tropical Medicine, London, United Kingdom.>?

In vivo T. cruzi assay- Animals. In vivo experiments were performed at the University of California
San Diego (UCSD), La Jolla, California, USA. Six weeks old female BALB/c mice weighting 18-20 g
were purchased from Jackson Laboratories (Farmington, CT, USA). Mice were housed in a maximum
number of 5 animals per cage and kept in a conventional room at 20-24 °C under a 12 h/12 h light/dark
cycle. The animals were provided with sterilized water and chow ad libitum.

In vivo T. cruzi assay- Infection and Treatment. Mice were infected by intraperitoneal injection with
10* T. cruzi CL Brener trypomastigotes prepared as described elsewhere.? Only mice with detectable
luminescence at day 3 post-infection were used for treatment. Compounds 6a, 6b and 8b were
administered for 4 days intraperitoneally at 25 mg/kg b. i.d. as a 10% solution in Kolliphor HS 15
(Sigma no. 42966), also known as solutol. Two control groups included vehicle control, which received
10% solutol, and the positive control group, which received Bz, 50 mg/kg, both b.i.d., i. p.

In vivo T. cruzi assay- Bioluminescent Imaging. BALB/c mice infected with parasites carrying a
bioluminescent marker were imaged before treatment (3 days post-infection) and after 4 days of
treatment (7 days post injection) as previously described.?” Briefly, mice were injected i. p. with 150
mg/kg D-luciferin potassium salt in PBS (Gold Biotechnology, St. Louis, MO), and 5 min later,
anesthetized by isofluorane inhalation (3e5%) and imaged using IVIS Lumina in vivo imaging system
(Perkin Elmer, Waltham, MA) with 180s exposure time. Data acquisition and analysis were performed
with the Livinglmage V4.1 software (Perkin Elmer, Waltham, MA). Uninfected controls were imaged
in parallel to establish a negative threshold. The absolute numbers of photons/s/cm? were measured in
all five mice in each group and compared directly between compound-treated mice and the control

groups. Two-tailed paired Student t-test was used to assess statistical significance between
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luminescence values of vehicle-treated and compound-treated groups at day 7 post-infection; values are
statistically significant when p < 0.05.

Ethics Statements. Research performed at UC San Diego was conducted in compliance with the
Animal Welfare Act and other federal statutes and regulations relating to animals and experiments
involving animals and adheres to the principles stated in the Guide for the Care and Use of Laboratory
Animals, National Research Council, 2011. The facility where this research was conducted is fully
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
International. Animal research was conducted under approved protocol S14187 from the Institutional
Animal Care and Use Committee, University of California, San Diego. Euthanasia was accomplished by
CO, inhalation or by sodium pentobarbital overdose (60 mg/kg), followed by cervical dislocation. These
methods of euthanasia have been selected because they cause minimal pain and distress to animals, are
relatively quick, and do not adversely impact interpretation of the results of studies. All methods are in
accord with the recommendations of the Panel on Euthanasia of the American Veterinary Medical

Association.

Enantiomer separation of 4. HPLC resolution of 4. HPLC enantioseparation of 4

was performed by using the stainless-steel Chiralcel OD (250 mm x 4.6 mm i.d. and

250 x 10 mm id.) (Chiral Technologies Europe, llikirch, France) columns. All

chemicals solvents for HPLC were purchased from Aldrich (ltaly) and used without

further purification. The analytical HPLC apparatus consisted of a Perkin-Elmer

(Norwalk, CT, USA) 200 Ic pump equipped with a Rheodyne (Cotati, CA, USA)

injector, a 20-uL sample loop, a HPLC Dionex CC-100 oven (Sunnyvale, CA, USA)

and a Jasco (Jasco, Tokyo, Japan) Model CD 2095 Plus UV/CD detector. For
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semipreparative separations a Perkin-Elmer 200 LC pump equipped with a Rheodyne
injector, a 1 mL sample loop, a Perkin-Elmer LC 101 oven and Waters 484 detector
(Waters Corporation, Milford, MA, USA) were used. The signal was acquired and
processed by Clarity software (DataApex, Prague, The Czech Republic).

Circular dichroism. The circular dichroism (CD) spectra were measured by using a
Jasco Model J-700 spectropolarimeter. The optical path and temperature were set at
0.1 mm and 20°C, respectively. The spectra are average computed over three
instrumental scans and the intensities are presented in terms of ellipticity values
(mdeg).

Polarimetry. Specific rotations were measured at 589 nm by a PerkinElmer
polarimeter model 241 equipped with a Na/Hg lamp. The volume of the cell was 1
cm? and the optical path was 10 cm. The system was set at 20 °C.

Crystal  structure determination for compound (R)-(-)-4. 2x(CyoH14N3Cl3)+0,
M=821.38, Monoclinic, space group P 2y, a=11.967(5), b=7.646(2), c=21.750(9)A,
B=93.51(4), V=1986(1)A3, Z=2 D.=1.373, u=4.269mm-!, F(000)= 840. 6532 reflections
were collected with a 4.11<6< 63.19 range with a completeness to theta 93.9%; 4249
were unique, the Goodness-of-fit on F2 was 1.017; the parameters were 479 and the

final R index was 0.1061 for reflections having I>2cl. A colourless prismatic shaped
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crystal (0.08x0.07x0.03) was used for data collection. Asymmetric unit contains two

molecules and a water co-crystallized.

Hydrogen atoms were assigned in calculated positions, except for the two on oxygen

of solvent and the one on N3, whose position were not assignable. They were

impossible to find in the Fourier difference map too.

RX-analysis was carried out with a Goniometer Oxford Diffraction KM4 Xcalibur2 at

room temperature. Cu/Ko radiation (40mA/-40KV), monochromated by an Oxford

Diffraction Enhance ULTRA assembly, and an Oxford Diffraction Excalibur PX Ultra

CCD were used for cells parameters determination and data collection.

The integrated intensities, measured using the w scan mode, were corrected for

Lorentz and polarization effects.53

Direct methods of SIR2004° were used in solving the structures and they were

refined using the full-matrix least squares on F2 provided by SHELXL97.5

Multi-scan symmetry-related measurement was used as experimental absorption

correction type.

The non-hydrogen atoms were refined anisotropically whereas hydrogen atoms were

refined as isotropic.
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The X-ray CIF file for this structure has been deposited at the Cambridge

Crystallographic Data Center and allocated with the deposition number CCDC

1030509.

Copies of the data can be obtained, free of charge, from CCDC, 12 Union Road,

Cambridge, CB2 1EZ UK (e-mail: deposit@ccdc.cam.ac.uk;

internet://www.ccdc.cam.ac.uk).
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