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A B S T R A C T

Plasmodium falciparum dihydroorotate dehydrogenase (PfDHODH) has been clinically validated as a target
for antimalarial drug discovery, as a triazolopyrimidine class inhibitor (DSM265) is currently undergoing clin-
ical development. Here, we have identified new hydroxyazole scaffold-based PfDHODH inhibitors belonging
to two different chemical series. The first series was designed by a scaffold hopping strategy that exploits the
use of hydroxylated azoles. Within this series, the hydroxythiadiazole 3 was identified as the best selective
PfDHODH inhibitor (IC50 11.0μM). The second series was designed by modulating four different positions
of the hydroxypyrazole scaffold. In particular, hydroxypyrazoles 7e and 7f were shown to be active in the low
μM range (IC50 2.8 and 5.3μM, respectively). All three compounds, 3, 7e and 7f showed clear selectivity over
human DHODH (IC50 > 200μM), low cytotoxicity, and retained micromolar activity in P. falciparum-infected
erythrocytes. The crystallographic structures of PfDHODH in complex with compounds 3 and 7e proved their
binding mode, supplying essential data for future optimization of these scaffolds.

© 2018.

1. Introduction

Malaria is one of the world's “biggest three infectious diseases”
(HIV/AIDS, tuberculosis, and malaria) that kill millions of people
every year. Effective vaccines have not been developed; thus,
chemotherapy remains the mainstay of prevention and treatment. Un-
fortunately, drug resistance to almost every known antimalarial agent
has compromised the effectiveness of control programs: the anti

Abbreviations: pfDHODH, Plasmodium falciparum dihydroorotate dehydroge-
nase; hDHODH, human dihydroorotate dehydrogenase; BOC anhydride,
di-tert-butyl dicarbonate; NBS, N-bromosuccinimide; TFA, trifluoroacetic acid
∗ Corresponding author. Department of Science and Drug Technology, University of
Turin, via Pietro Giuria 9, 10125, Turin, Italy.
Email address: marco.lolli@unito.it (M.L. Lolli)

malarial drugs reported so far effectively worked only for certain peri-
ods of time until resistance was developed [1]. This justified the search
for new approaches for the pharmacological treatment of malaria [2].
One of these approaches was found to be the targeting of Plasmod-
ium falciparum dihydroorotate dehydrogenase (PfDHODH), an en-
zyme involved in the catalysis of the fourth step in de novo pyrimi-
dine biosynthesis. [3,4] The de novo pyrimidine biosynthesis pathway
is crucial to the survival of the parasite: unlike human cells, which
are able to utilize the salvage pathway for pyrimidine acquisition,
Plasmodium species can only access de novo-synthesized pyrimidines.
Several scaffolds were investigated in the design of new PfDHODH
inhibitors (Fig. 1) [3,4]. Among them, the triazolopyrimidine DSM265
was developed by Phillips and co-workers starting from a scaffold dis-
covered in a high-throughput screening [5].

DSM265, a potent inhibitor of the P. falciparum and P. vivax
DHODH with excellent selectivity towards the P. falciparum en

https://doi.org/10.1016/j.ejmech.2018.11.044
0223-5234/ © 2018.
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Fig. 1. Structure of DSM265 and other PfDHODH inhibitors.

zyme, as compared to human DHODH (hDHODH), is the first
PfDHODH inhibitor to reach clinical development for the treatment
of malaria [5]. Showing both a good safety profile and a long half-life
[6], this compound reached phase 2a studies in patients with un-
complicated P. falciparum or P. vivax malaria infection [7]. Dur-
ing these trials, DSM265 showed single-dose efficacy for the treat-
ment of P. falciparum malaria while lower efficacy against P. vi-
vax. Unfortunately, recurrent parasites were found in three patients,
two of which had mutations in the dhodh gene (dhodh Cys276Tyr
and Cys276Phe respectively). These mutations were shown to be
associated with higher EC50 values for DSM265 in in vitro resis-
tance analysis. This fact emphasizes the need of adding PfDHODH
inhibitors with different chemical scaffolds to the human pharma-
copoeia. Following this aim, Phillips and co-workers presented re-
cently PfDHODH inhibitors based on an isoxazolopyrimidine scaffold
(Fig. 1) [8].

In recent years we have been focusing on targeting hDHODH
[9–12]. By improving the strategy of scaffold hopping to replace
the acidic moieties by acidic hydroxylated azoles in the biologically
active lead brequinar, we successfully designed a new class of

hDHODH inhibitors [13–17]. Starting from four acidic hydroxyazoles
with a wide range of pKa values (thiadiazole, pyrazole, triazole and
1,2,5-oxadiazole) [16,18], we first identified compounds with activity
in the micromolar range [15,19]. In the following optimization cycle,
which involved the 2-hydroxypyrazolo[1,5-a]pyridine scaffold, a lead
compound with high on-target activity (sub nanomolar IC50) and low
toxicity was identified [20]. In the light of the promising results ob-
tained for the hDHODH, and following the same strategy of scaffold
hopping, the authors herein applied a similar strategy to design new
inhibitors of PfDHODH. Hydroxyazole-4-carboxamides 2–6 were ini-
tially designed in an attempt to mimic the phenol moiety present in
the previously described salicylamide 1 (Fig. 2), [21] an inhibitor that
showed low micromolar activity and good selectivity towards the P.
falciparum enzyme, as compared to hDHODH. Compound 1 itself
was the result of an extensive SAR study on salicylamides, conducted
through the use of various substituents in the salicylic phenyl ring.
The study showed the existence of an inverse correlation between the
pKa of the phenolic function and the activity on the enzyme. Com-
pound 1 has the lowest calculated pKa (6.9) and the highest potency
(IC50 = 7.0μM) among tested compounds. Here we will change its ben-
zene scaffold with the aim to improve the acidity of the hydroxyl
group and consequently the activity of the resulting compounds. Three
acidic hydroxyazoles (hydroxy-1,2,5-oxadiazole, hydroxythiadiazole
and hydroxypyrazole), with a range of pKa values [16,22] near or be-
low 6.9, were included in this first series (Fig. 2).

Of the acidic hydroxyazoles involved, hydroxypyrazole had the
weakest acidic profile (pKa in the range of 6–7), although highly de-
protonated at physiological pH. During hit optimization, the two pyra-
zole ring positions available for substitution provide an opportunity
for a better exploration of the chemical space, which allows for ac-
cessing additional binding areas of the target protein [23]. For these
reasons, and in order to identify new hits besides 1, a series of pyra-
zoles that were already present in our library [24,25], were initially
assayed for PfDHODH activity. This screening identified 7a (Fig. 3),
as the best PfDHODH inhibitor in the μM range. Pyrazole 7a is char-
acterized by the presence of a bulky substitution at position 5 and a
carboxylic acid function at position 4. With the aim of more extensive
study of its SAR, in the following the 7a structure was extensively in-
vestigated by modulating four different positions (Series 2, Fig. 3).

Fig. 2. Structures of compounds 2–6 (series 1), derived from a scaffold hopping approach to the salicylamide scaffold of 1.
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Fig. 3. Modulation of 7a for the SAR evaluation of series 2.

The synthetic strategies used for obtaining the two designed series
of compounds are presented here and fully discussed together with
the compounds’ biological profile in enzymatic and cell-based assays.
The X-ray crystallography structures of the ligand - PfDHODH com-
plexes of the most representative compounds were also determined in
order to identify experimentally the binding poses.

2. Result and discussion

2.1. Chemistry

The synthetic methodologies for the preparation of compounds
2–6 (series 1) are shown in Scheme 1. To obtain the 1,2,5-oxadia-
zole derivative 2, the benzyloxy moiety was removed from the known
methyl ester 8 [26] by catalytic hydrogenation and the obtained crude
methyl 4-hydroxyfurazancarboxylic ester was directly treated with the
2,2-diphenylethanamine at 60°C. A similar strategy was used also for
the synthesis of thiadiazole amides 3 and 4. The nitrile group in the
known intermediate 9 was therefore transformed into the correspond-
ing methyl ester 10 by a Pinner reaction. The ester was then allowed to
react with the specific amines, which act both as reagents and solvents,
at 60°C, in order to generate the desired amides 3 and 4. The amides
5 and 6 were obtained from known acids 11 [27] and 12 [15] by cou-
pling with 2,2-diphenylethanamine and reducing by catalytic hydro-
genation the obtained benzyl-protected amides 13 and 14.

Scheme 2 describes the strategies used in the synthesis of the 3-hy-
droxy-N(1)methyl-1H-pyrazole-4-carboxylic acid analogues 7a-f of
the series 2. The hydroxy group in position 3 of the known com-
pound 15 [15] was protected via treatment with BOC anhydride giv-
ing 16. The bromination of methyl substituent in 16 was performed
using N-bromosuccinimide (NBS) and benzoyl peroxide, as the cata-
lyst agent, giving compound 17 (48% yield), which is the key inter-
mediate in the production of the following series. In fact, the corre-
sponding alkylated analogues (18a-f), were obtained via the reaction
of 17 with a variety of nucleophiles. The hydroxy group on 18a-f was

subsequently restored via treatment with trifluoroacetic acid (TFA),
yielding the series 19a-f. In the following step, the ester functions pre-
sent in 19a-f were finally hydrolysed giving the corresponding acids
7a-f.

The synthetic strategies used to obtain the O-alkylated pyrazoles
22a-c and the amide 24 are shown in Scheme 3. Since the 3-hydrox-
ypyrazole 19a can present two tautomeric forms (Scheme 3) [28],
both O and N alkylation patterns must be taken into account
when considering its reactivity. The alkylation pattern in similar hy-
droxyazole systems is usually governed by the choice of the alky-
lating agent and the heteroatoms present in the heteroazole system
[29]. The treatment of 19a with three different alkylating agents pro-
duced compounds 21a-c, as the only reaction products in each case.
The three compounds, characterized using diagnostic 1H 13C NMR
chemical shifts, were identified as O-alkyl isomers. The methylene
chemical shifts of the added substituents appear in 1H NMR spectra
above 4ppm (21a δ= 4.29ppm; 21b δ= 4.07ppm; 21c δ= 5.32ppm),
while in 13C NMR spectra between 65 and 71ppm (21a δ= 64.9ppm;
21b δ= 73.6ppm; 21c δ= 70.3ppm) (Fig. 4). This behaviour is incom-
patible with the upfield N-alkylation pattern found in known N-sub-
stituted hydroxypyrazoles, such as 1,2-diethylpyrazolidine-3,5-dione
20a [30], (Fig. 4) but is in accordance with the downfield O-alkylation
pattern found in known O-substituted hydroxyazoles, such as 3-hy-
droxytriazole 20b [31] (Fig. 4).

In the following step, the ester moieties present in 21a-c were
hydrolysed in aqueous NaOH giving the corresponding acids 22a-c.
Acid 22c was transformed into the corresponded acyl chloride which
reacted with aqueous ammonia in THF to produce protected amide 23.
The benzyl moiety of 23 was then removed using catalytic hydrogena-
tion at atmospheric pressure, giving the desired amide 24.

2.2. Inhibition of PfDHODH and structure-activity relationships
(SAR)

The inhibitory activity of the compounds 2–6, 7a-f, 19a, 22a-c
and 24 was initially evaluated on recombinant PfDHODH assay
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Scheme 1. Reagents and conditions: i) H2, Pd/C, dry THF; ii) 2,2-diphenylethanamine, 60°C; iii) a) NaH, MeOH; b) 2M H2SO4; iv) benzylamine, 60°C. v) HBTU, 4-(dimethy-
lamino)pyridine (DMAP), 2,2-diphenylethanamine, dry DMF.

(Table 1). An analysis of the compounds in series 1 showed how com-
pounds 2–4 present an interesting micro-molar activity while com-
pounds 5 and 6 were totally inactive. Compound 3 is the most active,
although it was not able to give better results than compound 1 in ei-
ther PfDHODH or hDHODH/PfDHODH ratio. These data indicates
that the hydroxy-1,2,5-oxadiazole moiety present in compound 2, and
the hydroxythiadiazole moiety present in 3 and 4, are both able to suc-
cessfully mimic the phenolic moiety present in 1. Hydroxypyrazole in-
stead, present in compounds 5 and 6, was not able to efficiently mod-
ulate the same portion of compound 1.

In series 2 (7a-f, 19a, 22a-c, 24) the presence of broader chemodi-
versity allows a more extensive SAR evaluation. Thus, the presence
of the 3-hydroxy and 4-carboxy functions on the pyrazole ring is es-
sential for activity as shown by 7a (IC50 = 19μM). Every alkylation of
the 3-hydroxy group of 7a (compounds 22a-c) resulted in the absence
of activity. Also compounds 19a and 24, bearing 4-ethyl carboxylate
and 4-amidic function, respectively, are inactive. Successively, main-
taining the 3-hydroxy and 4-carboxy functions, the 5-substitution of
the pyrazole ring was investigated in compounds 7b-f. The replace-
ment of the ethereal oxygen of 7a with its isosters NH (7b,c), and
sulphur (7d), was well accepted by the target, although no relevant

activity benefit could be observed. However, trifluoromethyl substi-
tution in the 3 and 4 positions of the phenoxy group moved the IC50
to the low μM range making 7e and 7f the most active and inter-
esting compounds in the series. In order to check for selectivity, the
compounds that show activity against PfDHODH (2, 3, 4, 7a-f), were
also assayed for activity on recombinant hDHODH (Table 1). Both
series have IC50 > 200μM on hDHODH, thus proving high selectivity
towards PfDHODH. In particular, compound 7e showed the highest
hDHODH/PfDHODH activity ratio (ratio >71).

2.3. Binding mode analysis of PfDHODH co-crystallized in complex
with compounds 3 and 7e

Structure determination of PfDHODH in complex with a range of
chemo-diverse inhibitors has recently offered valuable insights into
the structural basis of inhibition of the enzyme (see Pavadai et al.
[33] and references within). In order to experimentally evaluate the
binding modes of the various compounds in this paper and to support
SAR studies, the crystal structures of PfDHODH in complex with the
two series' most significant inhibitors, thiadiazole 3 and hydroxypyra-
zole 7e, have been determined. The structures were determined using
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Scheme 2. Reagents and conditions: i) Cs2CO3, BOC anhydride, dry THF, reflux; ii) NBS, benzoyl peroxide, dichloroethane, reflux; iii) R-(Ph)-XH, Cs2CO3, dry DMF; iv) TFA,
DCM; v) 5M NaOH, EtOH; vi) R1X, K2CO3, acetonitrile; vii) a) oxalyl chloride, dry DMF, dry THF, 0°C; b) aq NH3, THF; viii) H2, Pd/C, dry THF.

Scheme 3. Reagents and conditions: vi) R1X, K2CO3, acetonitrile; vii) a) oxalyl chloride, dry DMF, dry THF, 0°C; b) aq NH3, THF; viii) H2, Pd/C, dry THF.

molecular replacement and were refined to 1.95Å (3, PDB id: 6I55),
and 1.98Å resolution (7e, PDB id: 6I4B), with good stereochem-
istry. X-ray data collection and refinement statistics are summarised
in Table S2. The three-dimensional fold of PfDHODH in the in-
hibitor bound complexes is similar to previously reported structures
of PfDHODH in complex with A77-1726, and with other triazolopy-
rimidine-related compounds (Deng et al. [34] and references within).
Deng et al. [34] have elucidated the structural basis of the species-se-
lective binding of triazolopyrimidines to PfDHODH, and identified
the key amino acid residues that confer selectivity. A comparison of
hDHODH and PfDHODH crystal structures revealed that the replace

ment of Ala59 and Pro364 residues in hDHODH by the bulkier
Phe188 and Met536, which are found in PfDHODH, makes inacces-
sible the hydrophobic pocket that binds the biphenyl moiety of bre-
quinar in hDHODH [34]. A comparison of PfDHODH structure in
complex with compounds 3 and 7e (Fig. 5), shows that both com-
pounds are able to occupy the lipophilic pocket formed by Phe171,
Leu172, Leu187, Phe188 and Met536 using a phenyl in 3 and the
3-(trifluoromethyl)phenyl moiety in 7e. Noteworthy, the biggest dif-
ferences in the human and P. falciparum DHODH enzymes are found
in the same hydrophobic pocket, meaning that this region is crucial for
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Fig. 4. Comparison of NMR chemical shifts for compounds 21a, 20a and 20b.

selectivity [35] (the PfDHODH-7e complex with the non-conserved
residues of the binding site highlighted is depicted in Fig. S1).

The different roles played by the hydroxyazole moieties in com-
pounds 3 and 7e are quite interesting. In order to better understand
the role of the acidic moiety, the pKa values of compounds 2–6 were
determined (Table S1). The hydroxy group in 3 (Fig. 5A), which
is deprotonated at physiological pH (misured pKa = 3.72, Table S1),
is pointing toward His185 and makes a key polar interaction. Hy-
droxy-1,2,5-oxadiazole 2 has the lowest pKa value (3.33), followed by
thiadiazole derivative 4 (3.69), and the hydroxypyrazole derivatives 5
and 6 (pKa of 6.42 and 6.54, respectively; see Table S1), these latter

being the weakest acids. This polar interaction is presumed to be lost
in pyrazoles 5 and 6 for their higher pKa values. The sulphur present
in the 3 thiadiazole ring was found to be pointing toward a relatively
lipophilic area, associated with Ile272 and Ile263, where it is able to
form interactions. The polar feature of 1,2,5-oxadiazole oxygen in 2 is
unable to play such a role, meaning that the affinity of 2 is lower. Al-
though pyrazoles 5 and 6 are probably able to project a methyl group
in the right direction, however, due to their reduced acidity the in-
teraction with His185 should be much weaker. In 3, the carbonyl of
the amide moiety appears to interact effectively with the side chain of
Arg265, being at a distance of 2.75Å.

Binding of the hydroxypyrazole compound 7e (Fig. 5B) shows
how the free carboxylate is necessary for the interaction with His185.
The deprotonation of this group under physiological conditions sup-
ports the hypothesis obtained from SAR studies, that neutral carboxy-
late analogues (19a and 24) are inactive. A comparison of 7e with
3 shows that the presence of the carboxylate totally changes the ori-
entation of the hydroxy group in the active site. Compound 7e es-
tablishes an interaction with Arg265 side chain via its N(2) nitrogen,
while its hydroxy group is pointing toward the sub-pocket, associated
with Ile272 and Ile263. The alkylation/benzylation of the hydroxyl
group resulted in an absence of activity of compounds 22a-c, meaning
that ethyl, cyclopropylmethyl and benzyl substituents are probably too
bulky to fit the abovementioned sub-pocket (Ile272 and Ile263).

2.4. Growth inhibition assays in P. falciparum-infected erythrocytes
and mammalian cells

The three most potent compounds against PfDHODH (3, 7e and
7f), were assayed in whole cell P. falciparum 3D7 (cloroquine-sen-
sitive strains). The results are summarized in Table 1. Moreover, the
three compounds were also assayed in fibroblast-like cell lines de-
rived from monkey kidney tissue (COS-7cells), to test their cytotox-
icity in mammalian cells (Table 1). Importantly, the cytotoxicity val

Table 1
Biological activity of synthesized compounds on isolated DHODHs and cells.

Compound
PfDHODHaIC50 ± SE
(μM)

hDHODHbIC50 ± SE
(μM)

Ratio IC50 value (h- vs Pf-
ratio)

P. falciparum 3D7 cellsc

EC50 ± SE (μM)
COS-7 cellsd CC50 μM (CI
95%)e

DSM1 0.065 n.d. n.d. n.d. n.d.
1 7.0f >200f >29 n.d. n.d.

Serie 1 2 75± 19 >200 >3 n.d. n.d.
3 12± 1 >200 >17 35.9± 5.96 189.9 (181.0–199.2)
4 35± 1 >200 >6 n.d. n.d.
5 >250 n.d. n.d. n.d. n.d.
6 >250 n.d. n.d. n.d. n.d.

Serie 2 7a 19± 1 >250 >13 n.d. n.d.
7b 16± 1 >250 >16 n.d. n.d.
7c 23± 1 >250 >10 n.d. n.d.
7d 25± 3 >250 >10 n.d. n.d.
7e 2.8± 0.3 ≥200 >71 40.7± 9.58 166.7 (133.9–207.5)
7f 5.3± 1.2 ≥200 >38 26.7± 7.09 152.1 (137.0–168.8)
19a >250 n.d. n.d. n.d. n.d.
22a >250 n.d. n.d. n.d. n.d.
22b >250 n.d. n.d. n.d. n.d.
22c >250 n.d. n.d. n.d. n.d.
24 >250 n.d. n.d. n.d. n.d.

Effect of the compounds on.
a P. falciparum DHODH (PfDHODH) recombinant enzyme; DSM-1 was used as a reference compound; the measured IC50 is comparable to a previously-reported IC50 value, [32].
b hDHODH recombinant enzyme.
c growth inhibition assay on Plasmodium falciparum 3D7 (cloroquine-sensitive strain).
d cytotoxicity assay on fibroblast-like cell lines derived from monkey kidney tissue (COS-7cells).
e error represents the 95% confidence interval of the fit.
f data previously reported [21]. The “n.d.” notation indicates that the compound was not tested in that specific assay.
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Fig. 5. Structure of PfDHODH co-crystallised with compound 3 (Fig. 5A, PDB id: 6I55) and 7e (Fig. 5B, PDB id: 6I4B). Nitrogen, fluorine, oxygen and sulphur atoms are depicted in
blue, green, red and yellow, respectively. H-Bond are represented by dash line. The figure was produced using the UCSF Chimera package [36]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

ues for mammalian cells were very low (CC50 > 100μM), which is
in agreement with the compounds' inactivity in hDHODH (Table 1).
It can therefore be stated that the compounds were highly selective
against the parasite, although they did not exhibit the low micromolar
activity that will inevitably be required for new antimalarial candidate
compounds. The anti-plasmodial activity data for these new deriva-
tives is interesting for the novelty of their scaffolds.

3. Conclusions

We herein describe the synthesis of two series of new PfDHODH
inhibitors based on the hydroxyazole scaffold. In the first series of
compounds, the 2-hydroxy-3,5-dichlorophenyl moiety of 1 [21], was
replaced with three different hydroxyazole systems (3 as best com-
pound). The second series includes a modulation of a 3-hydroxypyra-
zol-4-carboxylic acid, a scaffold that had never before been explored
in the field of PfDHODH inhibition. This led to the identification of
7e, which selectively inhibited PfDHODH in vitro and achieved a sin-
gle digit μM IC50 value. 7e was also active on the parasite (40.7μM).
The crystal structures of the complexes between the most interesting
compounds in the two series (compounds 3 and 7e), and PfDHODH
led to the identification of their binding modes, which is essential for
the subsequent application of a hit-to-lead process necessary to im-
prove their activity and drug-like properties. These studies are under
development and will be the subjects of forthcoming publications.

4. Experimental section

4.1. Chemistry

General methods. All chemical reagents were obtained from com-
mercial sources (Sigma Aldrich, Alfa Aesar), and used without fur-
ther purification. Thin-layer chromatography (TLC), was performed
to monitor the reaction processes. Analytical grade solvents (acetoni-
trile, diisopropyl ether, diethyl ether, dichloromethane [DCM], di-
methylformamide [DMF], ethanol 99.8% v/v, ethyl acetate, methanol
[MeOH], petroleum ether b.p. 40–60°C [petroleum ether]), were used
without further purification. When required, solvents were dried on
4Å molecular sieves. Tetrahydrofuran (THF), was distilled from Na
and benzophenone under N2 immediately prior to use. Thin layer
chromatography (TLC), was carried out on silica gel on 5× 20cm
plates with a 0.25mm layer thickness. Anhydrous MgSO4 was used
as a drying agent for the organic phases. Compound purification was
achieved using flash column chromatography on sil

ica gel (Merck Kieselgel 60, 230–400 mesh ASTM), and the eluents
indicated by CombiFlash Rf 200 (Teledyne Isco), at 5–200mL/min,
200 psi (with automatic injection valve), in RediSep Rf Silica columns
(Teledyne Isco) with the eluents indicated below. Compounds synthe-
sized in our laboratory generally varied between 90% and 99% pu-
rity. Biological experiments were carried out on compounds with a pu-
rity of at least 95%. Purity was checked using two analytical methods.
HPLC analyses were performed on a UHPLC chromatographic sys-
tem (Perkin Elmer, Flexar). The analytical column was a UHPLC Ac-
quity CSH Fluoro-Phenyl system (2.1× 100mm, 1.7μm particle size)
(Waters). Compounds were dissolved in either acetonitrile or MeOH
and injected through a 20μL loop. The mobile phase consisted of ace-
tonitrile/water with 0.1% trifluoroacetic acid; two mobile phase gradi-
ent profiles were used to assay the purity of each compound. UHPLC
retention times were obtained at flow rates of 0.5mL/min and the col-
umn effluent was monitored at 215 and 254nm, referenced against a
360nm wavelength. Melting points (m.p.), were measured on a cap-
illary apparatus (Büchi 540). Final m.p. determination was achieved
by placing the sample at a temperature that was 10°C below the m.p.
and applying a heating rate of 1°C min−1. All compounds were rou-
tinely checked using 1H and 13C NMR and mass spectrometry. The
IR spectra of the target compounds (2–6, 19a, 7a - f, 22a – c and
24), were recorded on FT-IR (PerkinElmer SPECTRUM BXII, KBr
dispersions), using diffuse reflectance apparatus DRIFT ACCY. MS
spectra were performed on a Finnigan-Mat TSQ-700 system (70 eV,
direct inlet for chemical ionization [CI]), while 1H and 13C NMR spec-
tra were performed on a Bruker Avance 300 instrument. The follow-
ing abbreviations are used for coupling patterns: br = broad, s = singlet,
d= doublet, dd= doublet of doublets, t = triplet, q= quartet, m = multi-
plet. Chemical shifts (δ), are given in parts per million (ppm). The
HRMS spectra of the final compounds (2–6, 19a, 19e, 19f, 7a – 7f,
22a - 22c and 24), were recorded on a LTQ Orbitrap XL plus (Thermo
Fisher Scientific, Waltham, MA USA), equipped with an ESI ioniza-
tion source, with positive or negative ions (Spray capillary voltage:
3000 V (+), 2500 V (−)). Compounds 7 [26], 9 [37], 11 [27], 12 [15]
and 15 [15] were prepared according to procedures that have already
been described.

4.1.1. N-(2,2-diphenylethyl)-4-hydroxy-1,2,5-oxadiazole-3-
carboxamide (2)

Pd/C (0.050 g), was added to a solution of methyl 4-(benzy-
loxy)-1,2,5-oxadiazole-3-carboxylate (compound 8 [26], 200mg,
0.854mmol), in dry THF and the suspension was stirred at room tem-
perature under a hydrogen atmosphere for 2h. The reaction mixture
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was filtered off through a short layer of celite and the layer was
washed with methanol. The solvent was evaporated, taken with
methanol and re-evaporated under reduced pressure (this step was re-
peated three times). The residue was directly used in the next step;
it was mixed with 337mg (1.71mmol), of 2,2-diphenylethan-1-amine
and the mixture was heated at 60°C until the melting of the amine oc-
curred. The mixture was stirred and heated at 60°C overnight, then
cooled to room temperature and diluted with 15mL of 1N NaOH. The
aqueous solution was washed twice with diethyl ether, then acidified
with 3N HCl to pH 2 and extracted with DCM (3 × 25mL). The or-
ganic layers were collected, dried over anhydrous Na2SO4 and con-
centrated under reduced pressure to afford 2 as a white solid (m.p.
136.6–137.1 °C; with diisopropylethyl ether). Yield 61%; 1H NMR
(300 MHz, DMSO‑d6, ppm), δ 3.92 (dd, 2H, J = 7.7Hz, J = 5.9Hz,

CH2CH(Ph)2); 4.36 (t, J = 7.9Hz, 1H, CH2CH(Ph)2); 7.37–7.14
(m, 10H, aromatic protons), 8.75 (t, J = 5.3Hz, 1H, CH2NHCO
). Exchangeable proton signals overlapped with the water signal. 13C
NMR (75 MHz, DMSO‑d6, ppm), δ 43.2, 49.6, 126.3, 127.8, 128.4,
142.3, 142.6, 156.2, 161.8. MS (CI): m/z = 310 [M+H]+. IR (KBr,
cm-1), ν: 3399.1, 3026.4, 1684.0, 1607.8, 1560.0, 1272.4, 1199.7,
706.2. EI-HRMS (M + H)+ found 310.1188, calculated for
C17H16N3O3 310,1186.

4.1.2. Methyl 4-hydroxy-1,2,5-thiadiazole-3-carboxylate (10)
A 60% dispersion of sodium hydride in mineral oil (315 mg), was

added to a solution of 9 (500mg, 3.93mmol), in dry methanol (30 mL).
The reaction mixture was stirred under a nitrogen atmosphere at 0 °C
for 15min, then allowed to reach room temperature and further stirred
for 60min 2M H2SO4 (10 mL), was slowly added and the reaction
mixture was cooled to 0 °C. The resulting suspension was extracted
twice with DCM. The organic layers were collected, dried and con-
centrated under reduced pressure. The crude material was purified by
flash chromatography using DCM/MeOH 90:10 v/v as the eluent to
afford the title compound as a white solid (m.p. 90.6–91.2°C). Yield
55%. 1H NMR (300 MHz, DMSO‑d6, ppm), δ 3.86 (s, 3H, CH3O-),
13.13 (br s; 1H; OH). 13C NMR (75 MHz, DMSO‑d6, ppm), δ 52.3,
138.1, 159.3, 164.8; MS (CI): m/z = 161 [M+H]+. IR (KBr, cm-1), ν:
3306.0, 1690.0, 1526.9, 1379.4, 1130.2, 945.0, 684.9.

4.1.3. N-(2,2-diphenylethyl)-4-hydroxy-1,2,5-thiadiazole-3-
carboxamide (3)

10 (100 mg, 0.624mmol), was mixed with 2,2-diphenylethanamine
(246.4 mg, 1.249mmol), and the mixture was heated at 60°C (melting
of start material), overnight. The mixture was cooled to room temper-
ature and diluted with 2N HCl (10mL). The solution was extracted
using DCM (4 × 15mL), the organic layers were collected, dried over
anhydrous Na2SO4 and concentrated under reduced pressure to afford
3 as a white solid (m.p. 117.6–118.0°C with isopropanol). Yield 83%;
1H NMR (300 MHz, CDCl3, ppm), δ 4.10 (dd, J = 7.7, 6.3Hz, 2H;

CH2CH(Ph)2), 4.30 (t, J = 7.9Hz, 1H, CH2CH(Ph)2), 6.96 (br s;
1H CH2NHCO ), 7.21–7.40 (m; 10H, aromatic protons), 10.87
(br s; 1H, OH). 13C NMR (75MHz, CDCl3, ppm), δ 43.7, 50.5,
127.2, 127.9, 129.0, 136.6, 141.0, 161.7, 165.2; MS (CI): m/z = 326
[M+H]+. IR (KBr, cm−1), ν: 3396.7, 1647.8, 1570.0, 1438.6, 1221.4,
1221.4, 862.2, 701.9. EI-HRMS (M + H)+ found 326.0958, calculated
for C17H16N3O2S 326,0958.

4.1.4. N-benzyl-4-hydroxy-1,2,5-thiadiazole-3-carboxamide (4)
Obtained using the same procedure as for 3, but using benzy-

lamine instead of 2,2-diphenylethanamine and by heating the reaction

mixture at 60°C¶. Pale yellow solid (m.p. 105.3–106.0°C from with
diisopropyl ether). Yield 83%; 1H NMR (300 MHz, CDCl3, ppm), δ
4.65 (d, J = 6.1Hz, 2H CH2Ph), 7.49–7.29 (m, 5H). Exchangeable
proton signals overlapped with the water signal.; 13C NMR (75MHz,
CDCl3, ppm), δ 43.5, 127.9, 128.1, 129.0, 136.5, 136.7, 161.7, 165.3;
MS (CI): m/z = 236 [M+H]+.IR (KBr, cm-1), ν: 3395, 3367, 1653,
1559, 1437, 1319, 1185, 986, 854, 733. EI-HRMS (M + H)+ found
236.0488, calculated for C10H10N3O2S 236,0488.

4.1.5. 3-Benzyloxy-N-(2,2-diphenylethyl)-1-methyl-1H-pyrazole-4-
carboxamide (13)

A solution of 3-(benzyloxy)-1-methyl-1H-pyrazole-4-carboxylic
acid (compound 11 [27], 100mg, 0.431 mmol),
2,2-diphenylethanamine (85.0 mg, 0.431mmol), DMAP (52.6mg,
0.431mmol), and HBTU (327 mg, 0.862mmol), was stirred at room
temperature overnight in dry DMF (15 mL). The solution was concen-
trated under reduced pressure, resuspended with diethyl ether (50 mL),
and washed with 2N HCl (2 × 30mL). The organic layer was dried
over anhydrous Na2SO4 and concentrated under reduced pressure to
afford the title compound as a pale yellow solid (m.p. 90.2–91.4°C
with diisopropyl ether). Yield 89%. 1H NMR (300 MHz, CDCl3, ppm)
δ 3.71 (s; 3H NCH3), 3.97 (dd, J = 7.7Hz and J = 5.8 Hz; 2H
CH2CH(Ph)2), 4.19 (t, J = 7.9Hz; 1H CH2CH(Ph)2), 5.13 (s; 2H
OCH2Ph), 6.75 (t, J = 5.1Hz; 1H, CH2NHCO ), 7.12–7.41 (m;
15H, aromatic protons), 7.69 (s; 1H, pyrazole aromatic proton). 13C
NMR (75 MHz, CDCl3, ppm), δ 39.3, 43.4, 50.6, 71.1, 102.8, 126.7,
127.9, 128.0, 128.2, 128.5, 128.6, 134.3, 136.2, 142.1, 159.2, 162.2.
MS (CI): m/z = 412 [M+H]+. IR (KBr, cm−1), ν: 3402.0, 1646.2,
1577.0, 1485.4, 1273.1, 1172.5, 965.1.

4.1.6. 3-Benzyloxy-N-(2,2-diphenylethyl)-1,5-dimethyl-1H-pyrazole-
4-carboxamide (14)

Obtained using the same procedure as 13, starting from 3-(ben-
zyloxy)-1,5-dimethyl-1H-pyrazole-4-carboxylic acid (compound 12,
[15])White solid (m.p. 112.3–114.7°C with diisopropyl ether). Yield
87%. 1H NMR (300 MHz, CDCl3, ppm) δ 2.50 (s, 3H, CH3), 3.59
(s, 3H, NCH3), 3.97 (dd, J = 7.7Hz and J = 5.7Hz; 2H
CH2CH(Ph)2), 4.19 (t, J = 7.8Hz; 1H CH2CH(Ph)2), 5.13 (s; 2H
OCH2Ph), 6.95 (t, J = 5.0Hz, 1H, CH2NHCO ), 7.11–7.46 (m,
15H, aromatic protons). 13C NMR (75 MHz, CDCl3, ppm), δ 11.0,
35.4, 43.4, 50.6, 70.7, 98.6, 126.0, 126.6, 127.9, 128.0, 128.5, 128.6,
136.3, 142.1, 144.2, 159.0, 163.8. MS (CI): m/z = 426 [M+H]+. IR
(KBr, cm−1), ν: 3389.0, 2941.6, 1639.1, 1560.2, 1438.1, 1310.2,
1095.0, 976.5.

4.1.7. N-(2,2-diphenylethyl)-3-hydroxy-1-methyl-1H-pyrazole-4-
carboxamide (5)

Pd/C (15mg), was added to a solution of compound 13 (0.100g,
0.243mmol), in dry THF (10 mL), and the reaction mixture was stirred
under a hydrogen atmosphere for 24h. The reaction mixture was
filtered off through a short layer of celite. The filtrate was evapo-
rated and the resulting product was purified using flash chromatog-
raphy (eluent DCM/MeOH 95:5 v/v), to give 26 as a white solid
(m.p. 239.6–239.8°C with diisopropyl ether). Yield 88%. 1H NMR
(300 MHz, DMSO‑d6, ppm) δ 3.65 (s; 3H NCH3), 3.92 (dd
J = 7.4Hz and J = 6.1Hz, 2H CH2CH(Ph)2), 4.27 (t, J = 7.6Hz, 1H

CH2CH(Ph)2), 7.17–7.29 (m, 10H aromatic protons), 7.69 (s, 1H,
pyrazole aromatic proton), 7.92 (s, 1H, CH2NHCO ), 10.56
(very br s, 1H, OH). 13C NMR (75 MHz, DMSO‑d6, ppm), δ 38.8,
43.0, 50.5, 100.9, 126.4, 127.9, 128.4, 132.5, 142.4, 159.6, 162.9. MS
(CI): m/z = 322 [M+H]+. IR (KBr, cm−1), ν: 3380.3, 3027.8, 1637.2,
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1595.6, 1498.1, 1277.8, 1182.7, 1015.8. EI-HRMS (M + H)+ found
322.1550, calculated for C19H20N3O2 322.1550.

4.1.8. N-(2,2-diphenylethyl)-3-hydroxy-1,5-dimethyl-1H-pyrazole-4-
carboxamide (6)

Obtained using the same procedure as 5, but from 14White solid
(m.p. 245.8–246.5°C, from diisopropyl ether). Yield 51%. 1H NMR
(300 MHz, DMSO‑d6, ppm), δ 2.40 (s, 3H, CH3), 3.48 (s; 3H
NCH3), 3.80–3.94 (m; 2H, CH2CH(Ph)2), 4.25 (t, J = 7.8 Hz; 1H

CH2CH(Ph)2), 7.19–7.39 (m, 10H, aromatic protons); 11.05 (very
br s, 1H, OH). 13C NMR (75 MHz, DMSO‑d6, ppm), δ 10.3, 35.8,
42.1, 50.3, 97.5, 126.3, 127.8, 128.5, 142.5, 142.7, 158.0, 162.8. MS
(CI): m/z = 336 [M+H]+. IR (KBr, cm−1), ν: 3385.7, 3027.2, 1645.9,
1578.1, 1522.5, 1492.1, 1276.0, 1187.7. EI-HRMS (M + H)+ found
336.1707, calculated for C20H22N3O2 336.1706.

4.1.9. Ethyl 3-((tert-butoxycarbonyl)oxy)-1,5-dimethyl-1H-pyrazole-
4-carboxylate (16)

Cs2CO3 (0.885g, 2.72 mmol), and tert-butoxycarbonyl anhydride
(0.593 g, 2.72mmol), were added to a solution of 15 [15], (0.500g,
2.72mmol), in dry THF (35 mL). The reaction mixture was stirred un-
der reflux for 4h and allowed to reach room temperature. The sol-
vent was concentrated under reduced pressure and the residue was dis-
solved in water (50 mL), and extracted with diethyl ether (3× 50mL).
The combined organic layer was washed with brine, dried over anhy-
drous Na2SO4 and concentrated under reduced pressure. The residue
was purified by column chromatography (petroleum ether/ethyl ac-
etate 80:20 v/v), to afford the title compound 16 as a white solid
(m.p. 87.9–89.0°C). Yield 72%. 1H NMR (300 MHz, CDCl3, ppm), δ:
1.33 (t, J = 7.14Hz, 3H, CH2CH3), 1.56 (s, 9H, C(CH3)3), 2.52
(s, 3H, CH3), 3.74 (s, 3H, NCH3), 4.27 (q, J = 7.14Hz, 2H,
CH2CH3).

13C NMR (75 MHz, CDCl3, ppm), δ: 11.22, 14.35, 27.63,
36.27, 59.92, 84.03, 101.78, 144.94, 150.73, 153.78, 162.30; MS (CI):
m/z = 285 [M+H]+; MS (EI): m/z = 284, 211, 184, 138 (100%). IR
(KBr, cm−1), ν: 2989.9, 1763.1, 1705.9, 1558.0, 1482.2, 1366.4,
1314.2, 1251.5, 1153.7.

4.1.10. Ethyl 5-(bromomethyl)-3-((tert-butoxycarbonyl)oxy)-1-
methyl-1H-pyrazole-4-carboxylate (17)

N-bromosuccinimide (2.16 g, 12.13mmol), and benzoyl peroxide
(0.242 g, 1.06mmol), were added to a solution of 16 (3.00g,
10.55mmol), in dichloroethane (180mL). The solution was stirred
at reflux, under an inert atmosphere for 24h and the solvent was
then evaporated under reduced pressure. The residue was purified
by column chromatography (gradient of petroleum ether/ethyl ac-
etate), to afford 17 as a white solid (m.p. 72.0–74.0°C). Yield: 48%.
1H NMR (300 MHz, CDCl3, ppm), δ: 1.36 (t, J = 7.14Hz, 3H,
CH2CH3), 1.56 (s, 9H, C(CH3)3), 3.85 (s, 3H, NCH3), 4.32
(q, J = 7.14Hz, 2H, CH2CH3), 4.77 (s, 2H, CH2Br). 13C NMR
(75 MHz, CDCl3, ppm) δ: 14.25, 17.98, 27.60, 36.72, 60.49, 84.41,
102.29, 142.59, 150.39, 153.66, 161.41; MS (CI): m/z = 363 [M+H]+;
MS (EI): m/z = 364, 362, 264–262, 183 (100%), 137. IR (KBr, cm−1),
ν: 2983.0, 1761.4, 1704.0, 1559.2, 1262.2, 1155.7.

4.1.11. General procedure for the synthesis of 18a - f
Substituted phenols, aniline N-methylaniline and tiophenol

(6.61 mmol), were added separately to make solutions with 17 (2.00g,
5.51mmol), and caesium carbonate (2.15 g, 6.61mmol), in dry DMF
(50 mL). The reaction mixture was stirred at room temperature, un-
der an inert atmosphere, until the starting material (compound 17),
disappeared and water was then added to the reaction mixture. The
resulting precipitate was isolated by filtration, washed with cold

hexane and dried to give the desired product. When no precipita-
tion occurred, the mixture was extracted with diethyl ether. The com-
bined organic layer was washed with brine, then dried over anhydrous
Na2SO4 and concentrated under reduced pressure to afford a crude
residue that was purified by column chromatography.

4.1.11.1. Ethyl 3-((tert-butoxycarbonyl)oxy)-1-methyl-5-
(phenoxymethyl)-1H-pyrazole-4-carboxylate (18a)

Obtained by precipitation from water. White solid (m.p.
102.3–103.1°C). Yield 75%. 1H NMR (300 MHz, CDCl3, ppm), δ:
1.33 (t, J = 7.14Hz, 3H, CH2CH3), 1.56 (s, 9H, C(CH3)3)), 3.91
(s, 3H, NCH3), 4.30 (q, J = 7.14Hz, 2H, CH2CH3), 5.43 (s, 2H,

CH2OPh), 6.97–7.05 (m, 3H, aromatic protons), 7.31 (t,
J = 8.23Hz, 2H, aromatic protons); 13C NMR (75 MHz, CDCl3, ppm),
δ: 14.26, 27.62, 37.81, 58.88, 60.41, 84.27, 103.08, 114.68, 121.77,
129.65, 142.29, 150.51, 153.64, 157.68, 161.82; MS (CI): m/z = 377
[M+H]+; MS (EI): m/z = 376, 276, 183 (100%), 137. IR (KBr, cm−1),
ν: 2986.1, 1778.3, 1708.5, 1598.1, 1562.4, 1495.6, 1369.2, 1311.5,
1247.0, 1151.9, 1111.4, 1033.4.

4.1.11.2. Ethyl 3-((tert-butoxycarbonyl)oxy)-1-methyl-5-
((phenylamino)methyl)-1H-pyrazole-4-carboxylate (18b)

Obtained after extraction and column chromatography (gradient
of petroleum ether/ethyl acetate). White solid (m.p: 114.2–115.0°C).
Yield 78%. 1H NMR (300MHz, CDCl3, ppm), δ: 1.31 (t, J = 7.12Hz,
3H, CH2CH3), 1.55 (s, 9H, C(CH3)3), 3.85 (s, 3H, NCH3), 4.17
(br s, 1H, NH), 4.28 (q, J = 7.12Hz, 2H, CH2CH3), 4.54 (s, 2H,
CH2NHPh), 6.71 (d, J = 8.50Hz, 2H, aromatic protons), 6.79 (t,
J = 7.36Hz, 1H, aromatic protons), 7.20 (t, J = 7.92Hz, 2H, aromatic
protons). 13C NMR (75 MHz, CDCl3, ppm), δ: 14.31, 27.64, 37.16,
38.64, 60.44, 84.33, 102.79, 113.78, 118.91, 129.39, 145.12, 147.34,
150.61, 153.74, 162.07. MS (CI): m/z = 376 [M+H]+. MS (EI):
m/z = 375, 275, 228 (100%), 137. IR (KBr, cm−1), ν: 3395.9, 2983.4,
1752.4, 1702.3, 1603.7, 1551.3, 1519.7, 1371.4, 1327.5, 1277.8,
1153.3, 1052.0, 906.4, 870.0, 784.4, 748.8, 690.0, 665.8, 513.5.

4.1.11.3. Ethyl 3-((tert-butoxycarbonyl)oxy)-1-methyl-5-
((methyl(phenyl)amino)methyl)-1H-pyrazole-4-carboxylate (18c)

Obtained after extraction and column chromatography (gradient
of petroleum ether/ethyl acetate). Yellow solid (m.p: 79.0–80.4°C).
Yield: 74%. 1H NMR (300 MHz, CDCl3, ppm), δ: 1.34 (t, J = 7.13Hz,
3H, CH2CH3), 1.56 (s, 9H, C(CH3)3), 2.81 (s, 3H,
NCH3Ph), 3.72 (s, 3H, NCH3), 4.29 (q, J = 7.13Hz, 2H,
CH2CH3), 4.75 (s, 2H, CH2NCH3Ph), 6.85 (t, J = 7.30Hz, 1H,
aromatic protons), 6.91 (d, J = 7.95Hz, 2H, aromatic protons), 7.30
(t, J = 7.39Hz, 2H, aromatic protons). 13C NMR (75 MHz, CDCl3,
ppm), δ: 14.36, 27.66, 37.68, 37.84, 46.33, 60.30, 84.22, 103.46,
114.58, 118.92, 129.39, 144.47, 150.08, 150.61, 153.74, 162.10. MS
(CI): m/z = 390 [M+H]+. MS (EI): m/z = 389, 289, 228, 137 (100%).
IR (KBr, cm-1), ν: 2991.5, 1769.1, 1707.7, 1506.3, 1368.1, 1253.1,
931.7, 892.4, 749.9, 693.0, 643.7, 516.0, 462.4.

4.1.11.4. Ethyl 3-((tert-butoxycarbonyl)oxy)-1-methyl-5-
((phenylthio)methyl)-1H-pyrazole-4-carboxylate (18d)

Obtained after extraction and column chromatography (gradient
of petroleum ether/ethyl acetate). White solid (m.p: 113.0–114.0°C).
Yield 64%. 1H NMR (300 MHz, DMSO‑d6, ppm) δ: 1.26 (t, J = 7.06,
3H, CH2CH3), 1.55 (s, 9H, C(CH3)3), 3.60 (s, 3H, NCH3),
4.06 (q, J = 7.10Hz, 2H, CH2CH3), 4.34 (s, 2H, CH2SPh),
7.17–7.47 (m, 5H, aromatic protons). 13C NMR (75MHz, DMSO‑d6,
ppm), δ: 14.02, 27.12, 27.47, 36.62, 59.78, 83.99, 101.27, 127.87,
129.11, 132.10, 133.16, 143.85, 149.66, 152.86, 160.93. MS (CI):
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m/z = 393 [M+H]+. MS (EI): m/z = 392, 292, 246, 183, 137 (100%).
IR (KBr, cm−1), ν: 2983.9, 1759.3, 1711.0, 1551.6, 1496.1, 1372.1,
1257.5, 1138.6, 880.2, 763.8, 694.7.

4.1.11.5. Ethyl 3-((tert-butoxycarbonyl)oxy)-1-methyl-5-((3-
(trifluoromethyl) phenoxy) methyl)-1H-pyrazole-4-carboxylate (18e)

Obtained after extraction and column chromatography (gradient of
petroleum ether/ethyl acetate). White solid (m.p: 87.3–88.3°C). Yield:
78%. 1H NMR (300 MHz, CDCl3, ppm) δ: 1.25 (t, J = 7.13Hz, 3H,

CH2CH3), 1.48 (s, 9H, C(CH3)3), 3.84 (s, 3H, NCH3), 4.23
(q, J = 7.13Hz, 2H, CH2CH3), 5.41 (s, 2H, CH2OPh), 7.11 (d,
J = 7.21Hz, 1H, aromatic protons), 7.19–7.20 (m, 2H, aromatic pro-
tons), 7.34 (t, J = 7.96Hz, 1H, aromatic protons). 13C NMR (75MHz,
CDCl3, ppm), δ: 14.37, 27.75, 37.90, 59.03, 60.75, 84.57, 103.53,
111.66 (q, J = 3.8Hz), 118.32, 118.63 (q, J = 3.9), 123.90 (q, J = 272.4),
130.41, 141.22 (q, J = 32.4Hz), 141.71, 150.61, 153.89, 157.81,
161.98. MS (CI): m/z = 445 [M+H]+. MS (EI): m/z = 344, 183 (100%),
137.

4.1.11.6. Ethyl 3-((tert-butoxycarbonyl)oxy)-1-methyl-5-((4-
(trifluoromethyl) phenoxy)methyl)-1H-pyrazole-4- carboxylate (18f)

Obtained after extraction and column chromatography (gradient
of petroleum ether/ethyl acetate). White solid (mp: 100.6–103.2°C).
Yield: 55%. 1H NMR (300 MHz, CDCl3, ppm), δ: 1.32 (t, J = 7.12Hz,
3H, CH2CH3), 1.55 (s, 9H, C(CH3)3), 3.90 (s, 3H, NCH3),
4.30 (q, J = 7.12Hz, 2H, CH2CH3), 5.48 (s, 2H, CH2OPh), 7.08
(d, J = 8.65Hz, 2H, aromatic protons), 7.56 (d, J = 8.72Hz, 2H, aro-
matic protons). 13C NMR (75 MHz, CDCl3, ppm), δ: 14.40, 27.76,
37.91, 59.00, 60.73, 84.59, 103.48, 114.80, 124.10 (q, J = 33Hz),
124.34 (q, J = 271.9Hz) 127.27 (q, J = 3.7Hz), 141.68, 150.63, 153.73,
160.14, 161.98. MS (CI): m/z = 445 [M+H]+. MS (EI): m/z = 344, 183
(100%), 137.

4.1.12. General procedure for the synthesis of 19a-f
The appropriate protected compound 18a-f (2.00 mmol), was dis-

solved in dry DCM (40 mL). Trifluoroacetic acid (10.00mmol), was
added and the reaction mixture was stirred until the disappearance of
starting material was observed. The reaction mixture was quenched
with water, the layers were separated and the organic phase was
washed with brine and dried with MgSO4. The solvent was evaporated
to give the series 19 compounds.

4.1.12.1. Ethyl 3-hydroxy-1-methyl-5-(phenoxymethyl)-1H-pyrazole-
4-carboxylate (19a)

White solid (m.p: 147.5–148.3°C, from diethyl ether). Yield: 79%.
1H NMR (300 MHz, CDCl3, ppm), δ: 1.34 (t, J = 7.14Hz, 3H,
CH2CH3), 3.82 (s, 3H, NCH3), 4.37 (q, J = 7.14Hz, 2H,
CH2CH3), 5.30 (s, 2H, CH2OPh), 6.95–7.07 (m, 3H, aromatic pro-
tons), 7.32 (t, J = 7.68Hz, 2H, aromatic protons), 7.52 (br s, 1H,
OH). 13C NMR (75 MHz, CDCl3, ppm), δ: 14.21, 37.07, 59.05, 60.71,
96.18, 114.69, 121.82, 129.61, 139.36, 157.64, 162.20, 164.95. MS
(CI): m/z = 277 [M+H]+. MS (EI): m/z = 276, 183, 137 (100%). IR
(KBr, cm−1), ν: 2981.7 (broad), 1695.0, 1549.3, 1347.0, 1239.9,
1124.5. ESI-HRMS (m/z) [M + H]+ found 277.1181, calculated for
C14H17N2O4 277.1183.

4.1.12.2. Ethyl 3-hydroxy-1-methyl-5-((phenylamino)methyl)-1H-
pyrazole-4-carboxylate (19b)

White solid (m.p: 159.5–161.0°C, from ethanol). Yield: 96%. 1H
NMR (300 MHz, CDCl3, ppm), δ: 1.33 (t, J = 7.12Hz, 3H,
CH2CH3), 3.77 (s, 3H, NCH3), 4.05 (br s, 1H, NH ), 4.35
(q, J = 7.12Hz, 2H, CH2CH3), 4.47 (s, 2H, CH2NHPh), 6.70 (d,

J = 7.88Hz, 2H, aromatic protons), 6.80 (t, J = 7.35Hz, 1H, aromatic
protons), 7.21 (t, J = 7.9Hz, 2H, aromatic protons), 8.37 (br s, 1H,
OH). 13C NMR (75 MHz, CDCl3, ppm), δ: 14.35, 36.69, 38.76, 60.76,
95.79, 113.62, 118.95, 129.42, 142.21, 147.25, 162.36, 165.16. MS
(CI): m/z = 276 [M+H]+. MS (EI): m/z = 275, 246, 228 (100%), 137.
IR (KBr, cm−1), ν: 3362.5, 2982.1, 1706.1, 1603.9, 1522.3, 1378.1,
1324.0, 1278.2, 1161.2, 1123.6, 1017.1, 831.7, 785.9, 758.1, 699.3,
636.0, 509.9. ESI-HRMS (m/z) [M + H]+ found 276.1344 calculated
for C14H19N3O3 276.1343.

4.1.12.3. Ethyl 3-hydroxy-1-methyl-5-((methyl(phenyl)amino)methyl)-
1H-pyrazole-4-carboxylate (19c)

White solid (m.p: 136.7–138.0°C, from diethyl ether). Yield: 89%.
1H NMR (300 MHz, CDCl3, ppm), δ: 1.35 (t, J = 7.13Hz, 3H,
CH2CH3), 2.80 (s, 3H, NCH3Ph), 3.64 (s, 3H, NCH3), 4.36 (q,
J = 7.13Hz, 2H, CH2CH3), 4.62 (s, 2H, CH2NCH3Ph), 6.74–7.00
(m, 3H, aromatic protons), 7.18–7.39 (m, 2H, aromatic protons), 8.44
(br s, 1H, OH). 13C NMR (75 MHz, CDCl3, ppm), δ: 14.41, 37.10,
37.82, 46.66, 60.69, 96.55, 114.57, 119.00, 129.39, 141.40, 150.01,
162.50, 165.62. MS (CI): m/z = 290 [M+H]+. MS (EI): m/z = 289,
274, 228 (100%), 137. IR (KBr, cm−1), ν: 2982.2, 1699.8, 1541.4,
1375.7, 1347.3, 1272.4, 1116.0, 1027.6, 949.6, 840.2, 794.0, 769.9,
751.0, 691.0, 666.2, 626.3, 523.6. ESI-HRMS (m/z) [M + H]+ found
290.1504 calculated for C15H20N3O3 290.1499.

4.1.12.4. Ethyl 3-hydroxy-1-methyl-5-((phenylthio)methyl)-1H-
pyrazole-4-carboxylate (19d)

White solid (m.p: 128.4–130.0°C from diethyl ether). Yield: 90%.
1H NMR (300 MHz, DMSO‑d6, ppm), δ: 1.18 (t, J = 7.0Hz, 3H,
CH2CH3), 3.49 (s, 3H, NCH3), 4.08 (q, J = 7.1Hz, 2H, CH2CH3),
4.45 (s, 2H, CH2SPh), 7.30–7.38 (m, 5H, aromatic protons), 10.03
(bs, 1H, OH). 13C NMR (75 MHz, DMSO‑d6, ppm), δ: 14.23, 27.40,
35.89, 59.05, 95.87, 127.47, 129.05, 131.41, 133.90, 141.08, 160.04,
162.65. MS (CI): m/z = 293 [M+H]+. MS (EI): m/z = 292, 183, 137
(100%). IR (KBr, cm−1), ν: 2978.6, 1695.9, 1541.0, 1505.4, 1479.4,
1413.9, 1375.2, 1350.3, 1271.5, 1226.9, 1194.0, 1137.9, 1103.2,
1019.9, 852.9, 790.0, 748.2, 689.9, 653.9, 490.4. ESI-HRMS (m/z) [M
+ H]+ found 293.0959 calculated for C14H18N2O3S 293.0954.

4.1.12.5. Ethyl 3-hydroxy-1-methyl-5-((3-
(trifluoromethyl)phenoxy)methyl)-1H-pyrazole-4-carboxylate (19e)

White solid (m.p: 127.7–128.4°C, from diethyl ether). Yield: 64%.
1H NMR (300 MHz, CDCl3, ppm), δ: 1.35 (t, J = 7.14Hz, 3H,
CH2CH3), 3.84 (s, 3H, NCH3), 4.39 (q, J = 7.14Hz, 2H,
CH2CH3), 5.37 (s, 2H, CH2OPh), 7.17 (d, J = 9.05Hz, 1H, aro-
matic proton), 7.29–7.30 (d and s, 2H, aromatic protons), 7.44 (t,
J = 8.21Hz, 1H, aromatic proton), 8.35 (br s, 1H, OH). 13C NMR
(75 MHz, CDCl3, ppm), δ: 14.32, 37.27, 59.29, 61.10, 96.51, 111.51
(q, J = 3.9Hz), 118.59, 118.71 (q, J = 3.9Hz), 123.90 (q, J = 271.2Hz),
130.42, 132.17 (q, J = 28.5Hz), 138.64, 157.82, 162.36, 164.94. MS
(CI): m/z = 345 [M+H]+. MS (EI): m/z = 344, 183, 155, 137 (100%).
IR (KBr, cm−1), ν: 2993.81, 2638.56, 1699.17, 1340.31, 1164.30,
1123.08, 1031.61, 881.73, 794.04, 782.53, 695.80. EI-HRMS [M+H]+

found 345.1047, calculated for C15H16F3N2O4 345.1057.

4.1.12.6. Ethyl 3-hydroxy-1-methyl-5-((4-
(trifluoromethyl)phenoxy)methyl)-1H-pyrazole-4-carboxylate (19f)

White solid (m.p: 145.4–146.3°C, from diethyl ether). Yield: 84%.
1H NMR (300 MHz, CDCl3, ppm), δ: 1.33 (t, J = 7.12Hz, 3H,
CH2CH3), 3.81 (s, 3H, NCH3), 4.37 (q, J = 7.12Hz, 2H,
CH2CH3), 5.34 (s, 2H, CH2OPh), 7.06 (d, J = 8.61Hz, 2H, aro-
matic protons), 7.57 (d, J = 8.65Hz, 2H, aromatic protons), 8.29 (br
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s, 1H, OH). 13C NMR (75MHz, CDCl3, ppm), δ: 14.44, 37.30, 59.27,
61.05, 96.55, 114.82, 124.32 (q, J = 271.40Hz), 124.70 (q,
J = 33.75Hz), 127.29 (q, J = 3.75Hz), 138.61, 160.21, 162.36, 164.97.
MS (CI): m/z = 345 [M+H]+. MS (EI): m/z = 344, 183, 155, 137
(100%). IR (KBr, cm−1), ν: 2984.91, 2637.88, 1700.75, 1542.57,
1335.23, 1240.95, 1112.47, 836.31. EI-HRMS [M+H]+ found
345.1052, calculated for C15H16F3N2O4 345.1057.

4.1.13. General procedure for the synthesis of 7a-f
5M NaOH (3 eq.), was added to a solution of the appropriate es-

ter in ethanol. The solution was stirred for 2–5h at room temperature,
then neutralized with 6M HCl and concentrated under reduced pres-
sure. 2M HCl was added at 0°C until pH 2 was reached and the result-
ing suspension was filtered to afford the corresponding acid.

4.1.13.1. 3-Hydroxy-1-methyl-5-(phenoxymethyl)-1H-pyrazole-4-
carboxylic acid (7a)

White solid (m.p: 171.1–172.5°C). Yield: 67%. 1H NMR
(300 MHz, DMSO‑d6, ppm), δ: 3.66 (s, 3H, NCH3), 5.35 (s, 2H,

CH2OPh), 6.97 (t, J = 7.14Hz, 1H, aromatic protons), 7.04 (d,
J = 7.96Hz, 2H, aromatic protons), 7.31 (t, J = 7.96Hz, 2H, aromatic
protons). Exchangeable proton signals overlapped with the water sig-
nal. 13C NMR (75 MHz, (CD3)2CO, ppm) δ: 37.22, 59.56, 96.93,
115.67, 122.35, 130.46, 140.89, 159.04, 163.05, 166.76. MS (CI):
m/z = 249 [M+H]+. MS (EI): m/z = 248, 204, 155, 137, 111. IR (KBr,
cm−1), ν: 3079.4 (broad), 1651.9, 1585.8, 1495.5, 1226.0. EI-HRMS
[M+H]+ found 249.0865, calculated for C12H14N2O4 249.0870.

4.1.13.2. 3-Hydroxy-1-methyl-5-((phenylamino)methyl)-1H-pyrazole-
4-carboxylic acid (7b)

White solid (m.p: 174.5–175.7°C, from methanol). Yield: 87%.
1H NMR (300 MHz, DMSO‑d6, ppm), δ: 3.62 (s, 3H, NCH3), 4.46
(s, 2H, CH2NHPh), 6.56 (t, J = 7.3Hz, 1H, aromatic protons), 6.66
(d, J = 7.8Hz, 2H, aromatic protons), 7.06 (t, J = 7.8Hz, 2H, aromatic
protons). Exchangeable proton signals could be overlapped to the
water signal. 13C NMR (75MHz, DMSO‑d6, ppm), δ: 36.39, 36.39,
96.55, 112.33, 116.42, 128.91, 143.54, 148.19, 160.61, 165.22. MS
(CI): m/z = 204 [M + H CO2]

+. MS (EI): m/z = 247, 203, 137, 111
(100%). IR (KBr, cm−1), ν: 3379.5, 3316.9, 3023.2, 1676.6, 1606.3,
1570.4, 1498.6, 1314.7, 1256.0, 1169.5, 1124.2, 1020.3, 923.8, 778.3,
750.9, 725.8, 689.9, 632.0, 510.0. EI-HRMS [M+H]+ found 248.1034,
calculated for C12H15N3O3 248.1030.

4.1.13.3. 3-Hydroxy-1-methyl-5-((methyl(phenyl)amino)methyl)-1H-
pyrazole-4-carboxylic acid (7c)

Brownish solid (m.p: 157.0–158.9°C, from petroleum ether).
Yield: 85%. 1H NMR (300 MHz, DMSO‑d6, ppm), δ: 2.76 (s, 3H,
NCH3Ph), 3.51 (s, 3H, NCH3), 4.71 (s, 2H, CH2NCH3Ph), 6.73
(t, J = 7.10Hz, 1H, aromatic protons), 6.92 (d, J = 8.16Hz, 2H, aro-
matic protons), 7.20 (t, J = 7.81Hz, 2H, aromatic protons), 9.84 (br s,
1H, OH), 12.42 (br s, 1H, OH). 13C NMR (75 MHz, DMSO‑d6,
ppm), δ: 36.66, 37.49, 45.40, 97.30, 113.72, 117.64, 129.02, 142.71,
149.70, 160.54, 165.14. MS (CI): m/z = 262 [M+H]+. MS (EI):
m/z = 261, 217, 137, 111 (100%). IR (KBr, cm−1), ν: 2870.4, 1675.6,
1560.4, 1498.4, 1326.4, 1174.1, 1123.9, 929.1, 810.1, 789.8, 756.0,
722.7, 695.1, 528.0. ESI-HRMS (m/z) [M + H]+ found 262.1190 cal-
culated for C13H17N3O3 262.1186.

4.1.13.4. 3-Hydroxy-1-methyl-5-((phenylthio)methyl)-1H-pyrazole-4-
carboxylic acid (7d)

White solid (m.p: 163.1–164.0°C). Yield: 88%. 1H NMR
(300 MHz, DMSO‑d6, ppm), δ: 3.48 (s, 3H, NCH3), 4.47 (s, 2H,

CH2SPh), 7.17–7.51 (m, 5H, aromatic protons), 9.82 (br s, 1H,
OH), 12.24 (br s, 1H, OH). 13C NMR (75 MHz, DMSO‑d6, ppm), δ:
26.96, 35.86, 96.13, 127.23, 129.08, 130.79, 134.20, 141.80, 160.48,
164.65. MS (CI): m/z = 221 [M + H CO2]

+. MS (EI): m/z = 264, 246,
155, 137 (100%). IR (KBr, cm−1), ν: 3004.5, 1651.1, 1566.9, 1469.7,
1416.0, 1309.6, 1196.0, 1152.0, 1120.8, 950.4, 772.2, 695.6, 552.2,
499.4. ESI-HRMS (m/z) [M + H]+ found 265.0647 calculated for
C12H14N2O3S 265.0641.

4.1.13.5. 3-Hydroxy-1-methyl-5-((3-
(trifluoromethyl)phenoxy)methyl)-1H-pyrazole-4-carboxylic acid
(7e)

White solid (m.p: 193.8–194.5°C from diethyl ether). Yield: 83%.
1H NMR (300 MHz, DMSO‑d6, ppm), δ: 3.69 (s, 3H, NCH3), 5.45
(s, 2H, CH2OPh), 7.32–7.37 (m, 2H, aromatic protons), 7.42 (s,
1H, aromatic protons), 7.55 (t, J = 7.9Hz, 1H, aromatic protons),
10.06 (br s, 1H, OH), 12.46 (br s, 1H, OH). 13C NMR (75MHz,
DMSO‑d6, ppm), δ: 36.41, 58.71, 97.27, 110.99 (q, J = 3.75Hz),
117.70 (q, J = 3.68Hz), 119.14, 123.87 (q, J = 270.75Hz), 130.28 (q,
J = 31.5Hz), 130.74, 139.72, 157.89, 160.38, 164.49. IR (KBr, cm−1),
ν: 2629.90, 1662.13, 1581.56, 1327.75, 1271.01, 1168.12, 1122.62,
1019.98, 888.83, 872.04, 801.62. EI-HRMS [M+H]+ found 317.0744,
calculated for C13H13F3N2O4 317.0744.

4.1.13.6. 3-Hydroxy-1-methyl-5-((4-
(trifluoromethyl)phenoxy)methyl)-1H-pyrazole-4-carboxylic acid
(7f)

White solid (m.p: 189.6–190.5°C from DCM). Yield: 70%. 1H
NMR (300 MHz, DMSO‑d6, ppm), δ: 3.69 (s, 3H, NCH3), 5.45 (s,
2H, CH2OPh), 7.25 (d, J = 8.55Hz, 2H, aromatic protons), 7.69 (d,
J = 8.65Hz, 2H, aromatic protons), 10.07 (br s, 1H, OH), 12.37 (br
s, 1H, OH). 13C NMR (75 MHz, DMSO‑d6, ppm), δ: 36.38, 58.73,
97.21, 115.08, 121.69 (q, J = 32.1Hz), 124.39 (q, J = 271.1Hz), 126.97
(q, J = 3.8), 139.62, 160.40, 160.55, 164.43. MS (CI): m/z = 317
[M+H]+. MS (EI): m/z = 316, 272, 111, 44 (100%). IR (KBr, cm−1),
ν: 3518.59, 3014.75, 1655.00, 1331.79, 1166.05, 1112.51, 1068.08,
1011.67, 835.45. EI-HRMS [M+H]+ found 317.0743, calculated for
C13H12F3N2O4 317.0744.

4.1.14. General procedure for the synthesis of 21a-c
Compound 19a (1.08 mmol), was dissolved in either acetonitrile

or DMF (35mL or 5mL). Potassium carbonate (2.7 mmol), and either
alkyl or benzyl halides (1.19 mmol), were added. The reaction mixture
was stirred at 50°C, until the disappearance of the starting material
was observed. It was then concentrated under reduced pressure and the
residue was partitioned between ethyl acetate and water. The organic
layer was washed with 1M NaOH, brine, dried over MgSO4 and con-
centrated under reduced pressure. The crude product was purified by
column chromatography (gradient of petroleum ether/ethyl acetate), to
give the series 21 compounds.

4.1.14.1. Ethyl 3-ethoxy-1-methyl-5-(phenoxymethyl)-1H-pyrazole-4-
carboxylate (21a)

White solid (m.p: 74.8–75.4°C). Yield: 71%. The reaction was
performed in acetonitrile for 48h, using iodoethane as the alkyl halide.
1H NMR (300 MHz, CDCl3, ppm), δ: 1.32 (t, J = 7.1, 3H, CH2CH3),
1.43 (t, J = 7.0, 3H, OCH2CH3), 3.80 (s, 3H, NCH3), 4.29 (q,
J = 7.0Hz, 2H, OCH2CH3), 4.30 (q, J = 7.1Hz, 2H, CH2CH3),
5.41 (s, 2H, CH2OPh), 6.95–7.03 (m, 3H, aromatic protons),
7.18–7.43 (m, 2H, aromatic protons). 13C NMR (75 MHz, CDCl3,
ppm), δ: 14.29, 14.70, 37.20, 59.09, 60.01, 64.94, 98.10, 114.74,
121.61, 129.62, 141.70, 157.77, 161.48, 163.13. MS (CI): m/z = 305
[M+H]+. MS (EI): m/z = 304, 211, 183, 137 (100). IR (KBr,
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cm−1), ν: 2987.31, 2902.21, 1706.12, 1508.66, 1230.49, 1125.70,
871.28, 760.56.

4.1.14.2. Ethyl 3-(cyclopropylmethoxy)-1-methyl-5-(phenoxymethyl)-
1H-pyrazole-4-carboxylate (21b)

White solid (m.p: 58.5–59.8°C). Yield: 67%. The reaction was
performed in acetonitrile for 48h, using (bromomethyl)cyclopropane
as the alkyl halide. 1H NMR (300 MHz, CDCl3, ppm), δ: 0.60–0.38
(m, 4H, CH(CH2)2), 1.01–1.51 (m, 4H, OCH2CH and
OCH2CH3), 3.79 (s, 3H, NCH3), 3.36–4.17 (m, 2H, OCH2-),
4.20–4.46 (m, 2H, CH2CH3), 5.41 (s, 2H, CH2OPh), 6.99–7.29
(m, 5H, aromatic protons). 13C NMR (75 MHz, CDCl3, ppm), δ:
3.11, 10.13, 14.27, 37.20, 59.09, 59.99, 73.56, 98.19, 114.75, 121.61,
129.75, 141.76, 157.20, 161.59, 163.16. MS (CI): m/z = 331 [M+H]+.
MS (EI): m/z = 330, 183, 155, 137 (100%). IR (KBr, cm−1), ν: 2932.28,
1711.21, 1507.52, 1114.11, 758.47.

4.1.14.3. Ethyl 3-(benzyloxy)-1-methyl-5-(phenoxymethyl)-1H-
pyrazole-4-carboxylate (21c)

White solid (m.p: 84.8–85.6°C). Yield: 71% yield as a white solid.
The reaction was performed in DMF for 24h using benzyl bromide
as the benzyl halide. 1H NMR (300 MHz, CDCl3, ppm), δ: 1.34 (t,
3H, J = 7.25Hz, OCH2CH3), 3.82 (s, 3H, NCH3), 4.31 (q, 2H
J = 7.25Hz, OCH2CH3), 5.32* (s, 2H, CH2OPh), 5.43* (s, 2H,

OCH2Ph), 6.93–7.07 (m, 3H, aromatic protons), 7.24–7.44 (m, 5H,
aromatic protons), 7.50 (d, 2H, J = 6.82Hz, aromatic protons). 13C
NMR (75MHz, CDCl3, ppm), δ: 14.27, 37.25, 58.96, 60.02, 70.26,
98.27, 114.71, 121.61, 127.09, 127.64, 128.29, 129.61, 136.97,
142.10, 157.72, 161.04, 163.15. MS (CI): m/z = 367 [M+H]+. MS
(EI): m/z = 366, 273, 137, 91 (100%). IR (KBr, cm−1), ν: 2976.5,
1690.4, 1568.1, 1494.2, 1358.3, 1315.9, 1235.7, 1169.3, 1134.5,
1006.4.

4.1.15. General procedure for the synthesis of 22a-c
6M NaOH (0.82 mL, 5.0mmol), was added to an ethanol suspen-

sions of compounds 21a, 21b and 21c. (1.0 mmol). The reaction mix-
ture was stirred at 50°C until the disappearance of the starting mater-
ial was observed. 2M HCl was added until the pH reached a value of
7. Ethanol was evaporated and water was added. 2M HCl was added
until the pH reached a value of 4. The precipitate was isolated by fil-
tration, washed with water and dried under vacuum to give the series
22 compounds.

4.1.15.1. 3-Ethoxy-1-methyl-5-(phenoxymethyl)-1H-pyrazole-4-
carboxylic acid (22a)

White solid (m.p: 174.1–175.8°C). Yield: 68%. 1H NMR
(300 MHz, DMSO‑d6, ppm), δ: 1.31 (t, J = 7.01Hz, 3H, OCH2CH3),
3.73 (s, 3H, NCH3), 4.19 (q, J = 7.01Hz, 2H, OCH2CH3), 5.40
(s, 2H, CH2OPh), 6.98 (t, J = 7.33Hz, 1H, aromatic protons), 7.04
(d, J = 8.13Hz, 2H, aromatic protons), 7.31 (t, J = 7.80Hz, 2H, aro-
matic protons), 12.29 (br s, 1H, COOH). 13C NMR (75MHz,
DMSO‑d6, ppm), δ: 14.68, 36.80, 58.33, 64.15, 97.79, 114.66, 121.30,
129.63, 141.81, 157.76, 160.60, 163.69. MS (CI): m/z = 277 [M+H]+.
MS (EI): m/z = 276, 183, 137 (100%). IR (KBr, cm−1), ν: 2977.68,
1654.50, 1031.79, 776.05, 761.42. EI-HRMS [M+H]+ found
277.1185, calculated for C14H17N2O4 277.1183.

4.1.15.2. 3-(Cyclopropylmethoxy)-1-methyl-5-(phenoxymethyl)-1H-
pyrazole-4-carboxylic acid (22b)

White solid (m.p: 166.8–168.2°C). Yield: 78%. 1H NMR
(300 MHz, DMSO‑d6, ppm), δ: 0.27–0.36 (m, 2H, CH(CH2)2),

0.49–0.59 (m, 2H, CH(CH2)2), 1.04–1.51 (m, 1H, CH ), 3.72
(s, 3H, NCH3), 3.97 (d, J = 7.03Hz, 2H, CH2CH ), 5.40 (s,
2H, CH2OPh), 6.98 (t, J = 7.28Hz, 1H, aromatic protons), 7.04 (d,
J = 8.02Hz 2H, aromatic protons), 7.31 (t, J = 7.85Hz, 2H, aromatic
protons), 12.31 (br s, 1H, OH). 13C NMR (75 MHz, DMSO‑d6,
ppm), δ: 3.22, 10.14, 36.79, 58.31, 72.93, 97.78, 114.65, 121.29,
129.63, 141.82, 157.74, 160.71, 163.69. MS (CI): m/z = 303 [M+H]+.
MS (EI): m/z = 302, 155, 137 (100%). IR (KBr, cm−1), ν: 2934.08,
1654.80, 1559.85, 1490.62, 1215.72, 1030.81, 760.13. EI-HRMS
[M+H]+ found 303.1333, calculated for C16H19N2O4 303.1339.

4.1.15.3. 3-(Benzyloxy)-1-methyl-5-(phenoxymethyl)-1H-pyrazole-4-
carboxylic acid (22c)

White solid (m.p: 152.8–153.4°C). Yield: 91% yield as a white
solid. 1H NMR (300 MHz, CDCl3, ppm), δ: 3.83 (s, 3H, NCH3),
5.36* (s, 2H, OCH2Ph), 5.45* (s, 2H, CH2OPh), 6.93–7.05 (m,
3H, aromatic protons), 7.23–7.52 (m, 7H, aromatic protons). 13C
NMR (75MHz, CDCl3, ppm), δ: 37.68, 58.88, 71.31, 97.41, 114.83,
121.86, 127.98, 128.35, 128.68, 129.81, 136.21, 143.24, 157.64,
160.98, 165.79. MS (CI): m/z = 339 [M+H]+. MS (EI): m/z = 338, 245,
137, 91 (100%). IR (KBr, cm−1), ν: 2937.5, 1653.0, 1564.2, 1495.4,
1224.4, 1171.3, 1010.0. EI-HRMS [M+H]+ found 339.1339, calcu-
lated for C19H29N2O4 339.1339.

4.1.15.4. 3-(Benzyloxy)-1-methyl-5-(phenoxymethyl)-1H-pyrazole-4-
carboxamide (23)

An oxalyl chloride solution 2M in DCM (1.20 mL, 2.40mmol),
and dry DMF (7μL), were added to a cooled (0°C), solution of 22c
(0.338 g, 1.00mmol), in dry THF (30 mL). The reaction mixture was
stirred for 2h at room temperature. The solvent was evaporated and
the residue was dissolved in dry THF (10 mL). This solution was
slowly added to a concentrated ammonia solution (10 mL). The reac-
tion mixture was diluted with water and extracted twice with ethyl
acetate. The combined organic layer was washed with brine, dried
over Na2SO4 and the solvent was evaporated to give 23 as a white
solid (M.p.: 132.5–133.3°C). Yield 95%. 1H NMR (300 MHz, CDCl3,
ppm), δ: 3.83 (s, 3H, NCH3), 5.31*(s, 2H, CH2OPh), 5.58* (s,
2H, OCH2Ph), 5.63 (br s, 1H, NH), 6.83 (br s, 1H, NH), 6.95
(t, J = 7.32Hz, 1H, aromatic protons), 7.04 (d, J = 8.42Hz, 2H, aro-
matic protons), 7.22–7.45ppm (m, 7H, aromatic protons). 13C NMR
(75 MHz, CDCl3, ppm), δ: 37.31, 58.67, 71.37, 99.20, 114.76, 121.46,
128.20, 128.53, 128.70, 129.60, 135.97, 142.23, 157.62, 159.28,
164.75. MS (CI): m/z = 338 [M+H]+. MS (EI): m/z = 337, 244, 137, 91
(100%). IR (KBr, cm−1), ν: 3434.5, 3164.9, 1671.0, 1615.3, 1495.6,
1357.1, 1239.5, 1137.4, 1006.8.

4.1.15.5. 3-Hydroxy-1-methyl-5-(phenoxymethyl)-1H-pyrazole-4-
carboxamide (24)

Pd/C (0.050 g), was added to a solution of compound 23 (0.337g,
1.00mmol), in dry THF (15 mL), and the reaction mixture was stirred
under a hydrogen atmosphere for 24h. The reaction mixture was fil-
tered off through a short layer of celite and washed with methanol. The
solvent was evaporated and the residue recrystallized from ethanol to
give 13 as a white solid (M.p.: 265.5–267°C). Yield: 77%. 1H NMR
(300 MHz, DMSO‑d6, ppm), δ: 3.66 (s, 3H, NCH3), 5.49 (s, 2H,

CH2OPh), 6.81 (br s, 1H, NH), 6.95 (t, J = 7.27Hz, 1H, aro-
matic protons), 7.06 (d, J = 7.96Hz, 2H, aromatic protons), 7.20 (br
s, 1H, NH), 7.29 (t, J = 8.23Hz, 2H, aromatic protons), 11.40 (bs,
1H, OH). 13C NMR (75MHz, DMSO‑d6, ppm), δ: 36.52, 58.47,
99.52, 115.03, 121.52, 129.92, 140.75, 158.16, 158.64, 164.77. MS
(CI): m/z = 248 [M+H]+. MS (EI): m/z = 247, 154, 137, 44 (100%).
IR (KBr, cm−1), ν: 3417.1, 3171.1, 1576.1, 1451.4, 1231.4,
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1012.9. EI-HRMS [M+H]+ found 248.1027, calculated for
C12H14N3O3 248.1030.

4.2. Biological assay

4.2.1. PfDHODH inhibition assay
In order to determine the inhibition and IC50 values of Plasmodium

falciparum DHODH, the recombinant PfDHODH enzymes were used
in an in vitro enzyme assay with N-terminally truncated recombinant
PfDHODH [38]. The assay is based on the coupling of ubiquinone
reduction to the redox dye 2,6-dichloroindophenol (DCIP) [39]. The
reduction of DCIP was monitored photometrically via decreasing ab-
sorption at 600nm. The test solutions contained 60μM DCIP, 150mM
KCl, 50 mM TRIS/HCl pH 7.8, 0.1% Triton X-100, 20μM decylu-
biquinone and 200μM DHO. Synthesized compounds were dissolved
in DMSO and normally added to a final concentration of 1% DMSO.
The reaction was initiated by the addition of DHO, and the initial rate
was measured 5 times per minute in the first 5min. IC50 values were
calculated using GraphPad Prism software. Values are means ± SE of
three independent experiments. A higher concentration of DMSO, 5%,
was used to prevent the precipitation and measurement inhibition of
compounds with IC50 values of higher than 100μM. No enzyme func-
tion inhibition was found in the 5% DMSO-containing control.

4.2.2. hDHODH inhibition assay
Inhibitory activity was assessed by monitoring the reduction of

2,6-dichloroindophenol (DCIP), which is associated with the DHODH
enzyme-catalyzed oxidation of dihydroorotate. The enzyme was
pre-incubated for 5min at 37°C in Tris-buffer solution (pH 8.0), with
coenzyme Q10 (100μM), the compounds to be tested at a variety
of concentrations (final DMSO concentration 0.1% v/v), and DCIP
(50μM). The reaction was initiated by the addition of DHO (500μM),
and reduction was monitored at λ= 650nm. The initial rate was mea-
sured in the first 5min (ε= 10400M-1cm-1), and IC50 values were cal-
culated, when possible [9], using GraphPad Prism software. Values
are means ± SE of three independent experiments.

4.2.3. Human protein expression and purification for inhibition assay
The cDNA of the N-truncated form of hDHODH (aa31 - 395),

was amplified from a full length hDHODH I.M.A.G.E. clone (ID
6064723), and inserted into a pFN2A vector (Promega). The vec-
tor produces hDHODH as an N-terminal GST-fusion protein. The
plasmid pFN2A–hDHODH was transformed into BL21 (DE3), pyrD
E. coli cells for protein production. Cells were grown at 37°C in
LB medium supplemented with 0.1mM flavin mononucleotide. Af-
ter 20h of growth, cells were induced with 0.4mM isopropyl-D-thio-
galactopyranoside at an OD600 of 0.6–0.8at 28°C for an additional
3h. A cell pellet from 300mL of culture was lysed in 20mL of
PBS (50 mM Na2HPO4, 50mM NaH2PO4, 500mM NaCl), supple-
mented with 24mg lysozyme and 0.2% v/v protease inhibitor cocktail
(Sigma-Aldrich), incubated on ice for 30min and disrupted by soni-
cation. Triton X-100 was added into the lysate to a final concentra-
tion of 1% before centrifugation at 14000×g for 40min at 4 °C. The
clarified supernatant was incubated with DNase I (Sigma Aldrich), for
30min at room temperature, supplemented with 2mM DTT and fil-
tered through a 0.45μm syringe filter. The GST-fused enzyme was
purified from bacterial lysate by affinity chromatography on immo-
bilized glutathione-sepharose columns using fast protein liquid chro-
matography (FPLC). The GST tag was not removed to facilitate fur-
ther study.

4.2.4. Pf protein: cloning, expression and purification for
crystallisation and inhibition assays

The gene encoding for PfDHODH were codon optimized for E.
coli (GeneArt, ThermoFischer Scientific). The gene coding for N-ter-
minally truncated PfDHODH (residues 159–569), was PCR ampli-
fied using the forward primer: 5′- TACTTCCAATCCAT-
GTTTGAAAGCTATAATC CGG-3′ and the reversed primer:
5′-TATCCACCTTTACTG TTAGCTTTTGCTGTGTTTGC-3’. Us-
ing ligation independent cloning, N-terminal truncated PfDHODH
was cloned into the pNIC28 − Bsa4 [40], vector, which carries a T7
promoter, N-terminal 6 × His-tag followed by TEV cleavage site.
pNIC28-Bsa4 was a gift from Opher Gileadi (Addgene plasmid #
26103). In order to delete the surface loop (amino acids 385–415),
the QuikChange II Site- Directed Mutagenesis Kit was used with the
primers 5′-CAACATCATGAACGACGAGTTTC TGTGGTTC AA-
CACCA-3′ and 5′-TGGTGTTGA ACCACAGAA
ACTCGTCGTTCATGATGTTG- 3’ (p1pfDHOH). The identity of
each construct was confirmed by DNA sequencing (Eurofins Ge-
nomics).

The p1pfDHODH plasmid was transformed into the E. coli BL21
(DE3) strain. The strain was grown in Terrific Broth media supple-
mented with kanamycin (50μg/mL), induced with IPTG (0.2mM),
at 16°C overnight under shaking at 220 rpm. Cells were harvested
by centrifugation (8000×g for 20min), and resuspended in Buffer A
(100 mM HEPES pH 8.0, 150mM NaCl, 10% (v/v) glycerol, 0.05%
(w/v) THESIT and cOmplete™ EDTA free protease inhibitor tablets,
Roche). Cells were lysed using an EmulsiFlex-C3 (AVESTIN), at
20,000 psi. Cell debris was removed at 26,000g for 30min. The super-
natant was subjected to immobilized metal affinity chromatography
and loaded onto a 5mL HisTrap FF column (GE), equilibrated with
Buffer A. The protein was purified with an ÄKTA system, washed
with Buffer A and Buffer A complemented with 20mM imidazole.
pfDHODH was collected using a linear gradient from 20 mM up to
400mM imidazole in Buffer A over 20 column volumes. The pro-
tein was concentrated using Vivaspin concentrator loaded on a HiLoad
16/600 Superdex 200 size exclusion column equilibrated with 10mM
HEPES, pH 7.8, 150mM NaCl, 10mM N,N-dimethyldodecylamine
N-oxide, 5% (v/v), glycerol and 10mM dithiothreitol. Protein con-
centration was determined using a ND-1000 spectrophotometer at
280nm, using the extinction coefficient of 29,340M−1cm−1 and a mol-
ecular weight of 45kDa. The eluted protein fractions were analyzed
using SDS PAGE, wherein bands with the desired protein size were
pooled together and concentrated to 30mg/mL. The protein was used
directly for crystallization and was flash frozen in liquid nitrogen and
stored at −80°C until use.

4.2.5. Crystallization, data collection, solution and refinement
PfDHODH (30 mg/mL), was pre-incubated with 2mM inhibitor

and 2mM orotate prior to crystallization. Sitting-drop vapour diffu-
sion experiments were set up at 20°C by mixing 1μl of protein with
1μl reservoir solution (0.1 M Tris-HCl (pH 7.5–9.5), 35% (w/v) PEG
4000 and 50mM sodium formate), equilibrated over 1mL of reser-
voir solution. Needle-shaped crystals of PfDHOHD appeared after one
week. For X-ray data collection, the crystals were briefly soaked in
cryoprotectant solution that contained reservoir solution made up to
25% (v/v), ethylene glycol before being flash-cooled in liquid nitro-
gen. Intensity data were collected on the ID29 and MASSIF-2 beam-
lines at the European Synchrotron Facility (ESRF), France.
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4.2.6. Growth inhibition assays against P. falciparum-infected
erythrocytes

P. falciparum 3D7 cells were grown in red blood cells (type O+ hu-
man erythrocytes, Blood Centre, University of Campinas), in medium
that contained RPMI 1640, 25 mM HEPES, pH 7.3, 2 g/litre sodium
bicarbonate, 4 mM L-glutamine, 0.2% D-glucose (wt/wt), 22μg/mL
gentamicin and 0.5mM hypoxantine that was supplemented with 10%
human serum. Cultures were kept with 4% hematocrit and incubated
at 37°C in 1% O₂, 5% CO₂ and 94% N₂. In order to generate syn-
chronized ring stage parasites, cultures were synchronized with sor-
bitol 5% for 10min of incubation. The tested compounds were seri-
ally diluted (1:2), in complete medium with 2% hematocrit either with
or without 1–2% parasitemia in a 96 well plate with a starting con-
centration of 300μM for each compound, while DMSO concentration
was adjusted for all wells. Parasite viability was determined by mea-
suring parasitemia in the parasite life cycle for 48h following drug
treatment by flow cytometry using SybrGreen I (Sigma S9430), to
stain infected red blood cells. After 48h of drug incubation, the culture
medium was removed and the cell pellets were resuspended in 15μL
SybrGreen (1:1000 dilution in PBS 1× BSA 0.5%), for 20min at 25°C
and washed twice with PBS. Data at each concentration point was col-
lected in triplicate and were fitted to the log[I] vs response model in
Graph Pad Prism 5 to determine the concentration of inhibitor that re-
sulted in 50% growth inhibition (EC50).

4.2.7. In vitro cytotoxicity assays
In vitro toxicity was assessed in fibroblast-like cell lines derived

from monkey kidney tissue (COS-7cells), cultured in DMEN medium
that was supplemented with 10% heat-inactivated fetal bovine serum
and 40mg/L gentamicin in a 5% CO2 atmosphere at 37°C. Cells were
distributed in a flat bottom 96-microplate (104 cells/well), in 100μL
of DMEN medium and incubated for 16h to ensure cell adherence.
Subsequently, the medium was carefully removed and the compounds
were added to each well at different concentrations and incubated
for 48h. For the MTT assay, 20μL of MTT [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide] (5mg/mL), were added to
each well and they were incubated for 4h. The supernatant was then
removed and 100μL of MTT (4 mM HCl, 10% Triton X-100 in iso-
propanol), were added and the plates were covered with tinfoil and
agitated on an orbital shaker for 1h to dissolve the formazan crys-
tals. Optical density was determined at 570nm (CLARIOstar, Labtech
BMG), and the 50% cytotoxicity concentrations (CC50), were ex-
pressed as percentage viability relative to the control.

Notes

The authors declare no competing financial interests.

PDB ID codes

The atomic coordinates and structure factors of PfDHODH in com-
plex with compounds 3 (PDB id: 6I55) and 7e (PDB id: 6I4B) have
been deposited in the RCSB Protein Data Bank.
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