
1 Synthesis and Antitrypanosomal and Mechanistic Studies of a Series
2 of 2‑Arylquinazolin-4-hydrazines: A Hydrazine Moiety as a Selective,
3 Safe, and Specific Pharmacophore to Design Antitrypanosomal
4 Agents Targeting NO Release
5 Angel H. Romero,* Elena Aguilera, Lourdes Gotopo, Jaime Charris, Noris Rodríguez, Henry Oviedo,
6 Belén Dávila, Gustavo Cabrera, and Hugo Cerecetto*

Cite This: https://doi.org/10.1021/acsomega.2c06455 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

7 ABSTRACT: Nitric oxide (NO) represents a valuable target to design
8 antitrypanosomal agents by its high toxicity against trypanosomatids and minimal
9 side effects on host macrophages. The progress of NO-donors as antitrypanosomal

10 has been restricted by the high toxicity of their agents, which usually is based on NO-
11 heterocycles and metallic NO-complexes. Herein, we carried out the design of a new
12 class of NO-donors based on the susceptibility of the hydrazine moiety connected to
13 an electron-deficient ring to be reduced to the amine moiety with release of NO.
14 Then, a series of novel 2-arylquinazolin-4-hydrazine, with the potential ability to
15 disrupt the parasite folate metabolism, were synthesized. Their in vitro evaluation
16 against Leishmania and Trypanosoma cruzi parasites and mechanistic aspects were investigated. The compounds displayed significant
17 leishmanicidal activity, identifying three potential candidates, that is, 3b, 3c, and 3f, for further assays by their good antiamastigote
18 activities against Leishmania braziliensis, low toxicity, non-mutagenicity, and good ADME profile. Against T. cruzi parasites,
19 derivatives 3b, 3c, and 3e displayed interesting levels of activities and selectivities. Mechanistic studies revealed that the 2-
20 arylquinazolin-4-hydrazines act as either antifolate or NO-donor agents. NMR, fluorescence, and theoretical studies supported the
21 fact that the quinazolin-hydrazine decomposed easily in an oxidative environment via cleavage of the N−N bond to release the
22 corresponding heterocyclic-amine and NO. Generation of NO from axenic parasites was confirmed by the Griess test. All the
23 evidence showed the potential of hydrazine connected to the electron-deficient ring to design effective and safe NO-donors against
24 trypanosomatids.

25 ■ INTRODUCTION
26 Neglected tropical diseases (NTDs) such as leishmaniasis and
27 Chagas disease are caused by obligate intracellular parasites of
28 Leishmania spp. and Trypanosoma cruzi, respectively, which are
29 transmitted to humans by insects.1 Chagas disease is located in
30 21 countries of Latin America with approximately 6−7 million
31 infected and more than 70 million people at risk,2 whereas the
32 leishmaniasis is prevalent in 88 countries worldwide with 350
33 million people at risk of acquiring the disease.3

34 At the moment, treatments against these NTDs are severely
35 limited and only a few approved drugs are present: (i)
36 benznidazol and nifurtimox against Chagas disease and (ii)
37 pentavalent antimonials (e.g., glucantime and pentostam)
38 against Leishmaniasis. A second line of anti-Chagas drugs
39 such as antifungal azoles (e.g., osaconazole, ketoconazole,
40 ravuconazole, etc.) and leishmanicidal agents including
41 pentamidine, amphotericin B, and miltefosine are frequently
42 used when the first line failed.4 However, these drugs present
43 several disadvantages including high toxicity (affecting the
44 heart, liver, and kidneys), mutagenicity, high costs, low
45 efficiency, and complex administration protocols.4 As a

46consequence of the emergent parasite resistance, toxicity
47issues, and the lack of efficacy of these types of clinical agents
48against NTDs, new effective and safer drugs are urgently
49needed to open new lights toward the solution of these public
50health problems. Designing a specific and selective anti-
51trypanosomal agent is essential to know about the pivotal
52aspect in the survival of parasites. It is well documented that
53NO is a molecule considerably toxic for trypanosomatids and
54its production, for example, by infected macrophages as an
55immunological response, affects the cell proliferation of T. cruzi
56and Leishmania parasites into mammal cells.5−7 Then, the in
57situ release of NO via drug decomposition or via immunologic
58activation represents an attractive strategy to design selective
59antitrypanosomal agents. Nowadays, there are a few examples
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60 of antitrypanosomal agents targeting NO production.7 Most of
61 them are represented by metallic complexes containing the
62 NO-ligand, which release NO through cleavage from the
63 metal−NO bond.8−12 Other examples consisted of organic
64 NO-donor heterocycles, which are able to release NO via ring
65 opening of the hetero-ring-masked NO-releasing moiety.13−15

66 Despite good antitrypanosomal activity of compounds based
67 on two mentioned chemical systems, the low selectivity with
68 toxicity consequences is the main limitation of the NO-donors,
69 in which the design of the new chemical form to access the NO
70 in situ without side effects on host cells is important.
71 In this sense, the hydrazine (−NH2−NH2−) function
72 represents an attractive moiety to design NO-donors because
73 of the fact that the chemical functionality has shown to be
74 highly sensitive to decompose via the oxidative process under
75 basic or neutral conditions with generation of NO. For
76 example, Rehse and Shahrouri showed the ability of a
77 hydrazine moiety connected to an electron-deficient aromatic
78 ring (e.g., phthalazine) to induce the release of NO in solution
79 upon oxidative conditions, which was attributed to a plausible
80 oxidative decomposition of the hydrazine moiety.16 Other
81 examples have shown the susceptibility of the hydrazine moiety
82 to decompose in the presence of catalytic transition metals at

83room temperature.17−19 Nevertheless, the use of hydrazine as a
84pharmacophore represents a controversial topic within
85medicinal chemistry because it is considered a promiscuous
86group.20 In our favor, we can mention that there are a large
87number of approved drugs containing the hydrazine moiety
88with clinical uses including hydralazine and cadralazine as anti-
89hypertensives, isoniazid, isocarboxazid, and nifuroxazid as
90antibiotics, procarbazine as antineoplastic, phenelzine and
91iproniazid as antidepressants, and carbidopa as the anti-
92 f1Parkinson drug (Figure 1A).21,22 Also, the hydrazine can be
93found in natural products with biological activity.23,24 Sperry
94and Blair showed that over 200 natural products contain the
95N−N bond motif, although only four of them presented the
96simple hydrazine moiety, including N-amino-D-proline,
97munroniamide, braznitidumine, and ostarine A (Figure 1B).
98Recently, the incorporation of the hydrazine moiety has
99received great attention for the development of active
100compounds against diverse types of pathologies.25−29 Regard-
101ing the use of hydrazine to design leishmanicidal agents,
102aminoquinoline derivatives hybridized with the isoniazid or
103hydrazine group have promoted a good leishmanicidal activity
104against intracellular amastigotes of Leishmania braziliensis
105without an apparent cytotoxic effect.15,30,31

Figure 1. Hydrazines/hydrazides containing therapeutic agents (A) and natural products (B).

Chart 1. Principle Design of 2-Arylquinazolin-4-hydrazines Targeting Dual Action: (i) NO-Donor and (ii) Folate Inhibitor.
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106 With all these arguments, herein we designed a series of new
107 2-arylquinazolin-4-hydrazine derivatives, where the hydrazine
108 moiety is connected to an electron-deficient heterocycle, the 2-
109 arylquinazoline, with a demonstrated anti-trypanosomatid
110 activity against Leishmania parasites.32

111 ■ RESULTS AND DISCUSSION
112 Design and Synthesis. The design of the target 2-
113 arylquinazolin-4-hydrazines 3a−k was inspired by a series of
114 active 2-arylquinazolin-4(3H)-ones, which showed remarkable
115 leishmanicidal activity against Leishmania parasites with the
116 ability to interfere with the parasite folate metabolism.32

117 Herein, we replaced the oxygen atom by a hydrazine moiety at
118 4-position of the 2-arylquinazoline core to generate a dual-
119 targeting system: (i) NO released by the in situ oxidation of
120 the hydrazine moiety placed in the electron-deficient quinazo-
121 line ring and (ii) the antifolate pathway by the 2-arylquinazo-

c1 122 line core (Chart 1). The selection of functionalities for the
s1 123 designed 2-arylquinazolines 3a-k (Scheme 1) was focused on

124 those aryl functionalities that led to the best activity/toxicity

125profile in the 2-arylquinazolin-4(3H)-ones: 4-Cl-, 3-OMe-, and
1264-F-phenyl.32 Other 3-chlorophenyl (3f) or 3-bromophenyl
127(3g) electron-deficient aryl functionalities also were considered
128in order to construct compounds consisting of an electron-
129deficient ring connected to a hydrazine group, which is
130convenient for the decomposition of the hydrazine moi-
131ety.16−19 Also, we prepared a 6-chloro-substituted derivative
132(3j), but the scaffold did not explote by its low solubility.32,33

133The preparation of 2-arylquinazolin-4-hydrazines 3a−k was
134performed from their corresponding 2-arylquinazolin-4(3H)-
135ones 1a−k33 through a sequential two-step reaction (Scheme
1361).34,35 First, 1a−k were reacted with phosphorus oxychloride
137to give the corresponding 2-aryl-4-chloroquinazolines 2a−k,
138which were sufficiently pure for the next reaction step. They
139were reacted with hydrazine in ethanol to give the desired 2-
140arylquinazolin-4-hydrazine 3a−k in excellent yields (83−91%).
141A second group of heterocycle hydrazines based on
142 t1phthalazines 4a, 4b, and 4c (Table 1) were prepared previously
143from phthalazin-1,4-dione34,35 to complement our structural
144comparisons. Experimental details and spectroscopic informa-

Scheme 1. Synthesis of 2-Aryl-quinazolin-4-hydrazine 3a−ka

aConditions: (a) 2-arylquinazolin-4(3H)-ones 1a−k, POCl3 (6 equiv), 100 °C, 4−5 h and (b) compound 2a−k, NH2−NH2·xH2O (4 equiv),
ethanol, 70 °C, 2 h.

Table 1. In Vitro Growth Inhibitory Effects of the Compounds 3a−k and 4a−c and References Against Leishmania and T. cruzi

promastigote, IC50 (μM) (PGI)a epimastigote, IC50 (μM) (PGI)a

compounds L. braziliensis L. infantum T. cruzi

1 3a 4.53 ± 0.23 12.67 ± 0.74 >25.00 (42.7)
2 3b 3.85 ± 0.17 5.01 ± 0.31 17.95 ± 1.21
3 3c 5.12 ± 0.32 1.56 ± 0.09 11.48 ± 0.49
4 3d 6.20 ± 0.38 2.13 ± 0.12 14.32 ± 0.87
5 3e 10.06 ± 0.48 1.20 ± 0.08 17.99 ± 1.11
6 3f 5.63 ± 0.36 4.55 ± 0.29 >25.00 (38.0)
7 3g >25.0 (27.3)a 21.14 ± 1.21 >25.00 (21.4)
8 3h 12.21 ± 0.76 >25.0 (47.2) >25.00 (10.1)
9 3i >25.0 (49.23)a >25.0 (28.3) >25.00 (11.9)
10 3j >25.0 (43.23)a 19.67 ± 1.78 >25.00 (37.7)
11 3k >25.0 (46.56)a 14.03 ± 0.91 >25.00 (8.56)
12 4a >25.0 (20.12)a >25.0 (18.56) >25.0 (10.22)
13 4b >25.0 (18.56)a >25.0 (12.34) >25.0 (9.66)
14 4c >25.0 (12.45)a >25.0 (9.45) >25.0 (6.54)
15 miltefosineb 8.78 ± 0.41 10.60 ± 0.46 N.D.
16 glucantimeb 32.00 ± 1.78 N.D. N.D.
17 nifurtimoxc N.D. N.D. 7.7 ± 0.5

aPGI: percentage growth inhibition of the parasite cell, determined at 25 μM. bLeishmanicidal reference. cAnti-Chagasic ref 36. Note: parameters
marked in bold indicate a pronounced antiparasite activity. N.D.: not determined.
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145 tion for pure compounds can be found in the Supporting
146 Information. A comparative analysis based on NMR spectra
147 and theoretical calculations revealed that the compound is
148 under the tautomeric form: (Z)-1-(2-phenylquinazolin-4(3H)-
149 ylidene)hydrazine. A detailed discussion can be found in
150 Section S2 of the Supporting Information. Table S1 shows
151 clearly that the imine-tautomer is energetically more accessible
152 than the hydrazine-tautomer.
153 Biological Evaluation. All synthesized compounds were
154 initially tested against promastigotes of L. braziliensis and L.
155 infantum and against epimastigotes of T. cruzi (Table 1). In
156 general, the compound showed a higher activity against
157 Leishmania than against T. cruzi. Against Leishmania, it should
158 be noted that some 2-arylquinazolin-4-hydrazines exhibited a
159 higher activity against than miltefosine and glucantime
160 references. In general, compounds were barely more active
161 against L. infantum parasite than against L. braziliensis. Six of
162 them (3a, 3b, 3c, 3d, 3e, and 3f) displayed low-micromolar
163 IC50 values ranging from 3.85 to 10.06 μM and from 1.20 to
164 12.67 μM against L. braziliensis and L. infantum, respectively.
165 Curiously, the derivative 3e showed the highest activity against
166 promastigotes of L. infantum with an IC50 value of 1.2 μM and
167 a discrete activity against L. braziliensis (IC50 = 10.06 μM). In
168 contrast, compound 3h was active against L. braziliensis (12.21
169 μM) but inactive against L. infantum. Meanwhile, the
170 quinazolines 3g (3-Br-phenyl) and 3j (X, Y= Cl displayed
171 discrete responses against both Leishmania strains, whereas 3i
172 did not show activity. The latter may be mainly attributed to its
173 poor solubilities. Interestingly, the active compounds 3c, 3d,
174 and 3e were significantly more active than their corresponding
175 2-arylquinazolin-4(3H)-one parent compounds against pro-
176 mastigote Leishmania parasites,32 which puts in evidence that
177 the incorporation of the hydrazine moiety enhances the
178 potency of the 2-arylquinazoline as leishmanicidal.
179 Regarding T. cruzi activity, derivatives 3b, 3c, 3d, and 3e
180 showed the best anti-epimastigote activities with IC50 values of
181 17.95, 11.48, 14.32, and 17.99 μM, respectively. Similar to
182 antileishmanial response, compounds 3g to 3j demonstrated
183 modest responses against T. cruzi. The active compounds
184 against Leishmania, 3a and 3f, showed weak anti-T. cruzi
185 activities with PGI values of 42.7 and 38% at 25 μM,
186 respectively. The rest of the derivatives displayed PGI
187 magnitudes less than 22% at 25 μM, except 3j (PGI =
188 37.7%). The 2-arylquinazolin-4-hydrazines were less active
189 than nifurtimox by two- to threefold. As an anti-T. cruzi agent,
190 it should be noted that 2-arylquinazolin-4-hydrazines bearing
191 electron-withdrawing moieties at 4-position of the aryl ring

192(e.g., 4F, 4Cl, and 4Br) were the most active compounds.
193Compound 3e (4-Me-phenyl) exhibited an activity comparable
194to electron-deficient derivatives 3c and 3d. Compounds 3h and
1953i were also poorly active. On the other hand, against both
196parasites, the phthalazin-hydrazine, 4a, 4b, and 4c, they did not
197show antitrypanosomal activities (PGI < 20%). It reflects the
198fact that the 2-arylquinazoline was a more convenient scaffold
199than phthalazine to design hydrazine derivatives, and the
200incorporation of the electron-withdrawing aryl moiety is
201preferred to generate active antitrypanosomal agents.
202Next, the most active compounds (3a−3f) were selected for
203cytotoxic evaluation using (i) primary peritoneal macro-
204 t2phages32,35 and (ii) J774.1A macrophages36 (Table 2). The
2052-arylquinazolin-4-hydrazines 3b and 3f were identified as the
206least toxic compounds with CC50 values higher than 100 μM
207against both macrophage lines. Derivatives 3c and 3e displayed
208CC50 of 104.78 and 114.58 μM against J774.1A macrophages,
209respectively, and CC50 values of 89.86 and 84.76 μM against
210peritoneal macrophages, respectively. Meanwhile, compounds
2113a and 3d were recognized as the most toxic agents among the
212studied active 2-arylquinazolin-4-hydrazines, CC50 values
213ranging from 60 to 90 μM.
214Then, we evaluated the potential of these six compounds
215against infective intracellular amastigotes of L. braziliensis.32

216Compounds 3a, 3b, 3c, and 3f showed the best antiamastigote
217activity having IC50 values between 7.41 and 8.96 μM against
218L. braziliensis, whereas compounds 3d and 3e displayed good
219IC50, 12.67 and 13.99 μM, respectively. The antiamastigote
220activity of the compounds 3b, 3c and 3f were barely higher
221than that found for glucantime reference (IC50 = 12.21 μM).
222Then, selectivity index (S.I.) values relative to Leishmania were
223calculated as the ratio of the CC50 value of the macrophage
224(peritoneal) to IC50 of amastigotes of L. braziliensis.
225Derivatives 3b, 3c, and 3f showed the best S.I., with values
226higher than 10, which is in the same range compared to
227glucantime and better than miltefosine S.I. All six derivatives
228displayed higher antiamastigote activity and selectivity than
229miltefosine. The rest of the compounds, 3a, 3d, and 3e,
230showed S.I. values between 6.1 and 7.5. On the other hand, as
231an anti-T. cruzi agent, the compounds 3b−3e showed S.I.
232values higher than 5.5 (Table 2). Compound 3a displayed an
233S.I. lower than 3.6, with nifurtimox (S.I. = 36) being more
234selective than quinazolin-hydrazines.36

235Drug-like Profiles. First, drug-like properties for active
236compounds 3b, 3c, and 3f were studied in silico using the
237Swiss-ADME platform.37 Physicochemical properties (lip-
238 t3ophilicity, water solubility, pharmacokinetic properties, and

Table 2. Cytotoxicity, Leishmania Antiamastigote Activity, and Selectivity Indexes of Active Derivatives 3a−f

compounds
peritoneal macrophage,

CC50 (μM)
J774.1A macrophage,

CC50 (μM)
amastigote, IC50 (μM) L. braziliensis

(S.I.Leishmania)
a

epimastigote, IC50 (μM) T. cruzi
(S.I.T.cruzi)

b

1 3a 61.02 ± 2.34 90.20 ± 4.32 8.26 ± 0.45 (7.4) <3.6
2 3b >100.0 >120.00 7.41 ± 0.39 (>13.5) >6.7
3 3c 89.86 ± 3.77 104.78 ± 5.66 8.96 ± 0.53 (10.0) 9.1
4 3d 77.98 ± 3.89 78.59 ± 3.99 12.67 ± 0.78 (6.2) 5.5
5 3e 84.76 ± 3.67 114.58 ± 5.43 13.99 ± 0.89 (6.1) 6.4
6 3f >100.0 >120.0 8.43 ± 0.51 (>11.9) no active
7 miltefosine 67.78 ± 3.11 72.34 ± 3.45 21.23 ± 1.13 (3.2)
8 glucantime 138.22 ± 10.11 12.21 ± 2.12 (11.3)
9 nifurtimox 280.0 ± 4.00c 36c

aSelectivity indexes calculated from ratio between the CC50 (peritoneal macrophage) and IC50 (amastigotes of L. braziliensis). bSelectivity indexes
calculated from the ratio between the CC50 (J774.1A) and IC50 of epimastigotes (T. cruzi). cFrom ref 36.
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t3 239 other drug-likeness predictors) are summarized in Table 3. In
240 general, the compounds showed good physicochemical
241 properties within Lipinsky,38 Ghose, Veber, Egan, and Muegge
242 rules.39 Meanwhile, the compounds displayed a good aqueous
243 solubility (from 43 to 125 μM), which is in good concordance
244 with the appreciable solubility of the compounds 3b, 3c, and 3f
245 in culture. Within the pharmacokinetic properties, compounds
246 showed high G.I. (gastro-intestinal) indexes, positive BBB
247 (blood brain barrier) permeabilities, good skin permeation
248 (Log Kp by about −5.3/−5.6 cm/s), and a negative substrate
249 for P-gp. Compounds showed to be potential substrates for
250 CYP1A2 and CYP2C19 proteins but not for the CYP2C9,
251 CYP2D6, and CYP3A4 proteins. Within medicinal chemistry,
252 no PAINS moieties were identified from the 2-arylquinazolin-
253 4-hydrazine, and only an alert was indicated for the hydrazine.
254 To support this, we passed the three compounds through a
255 filter for recognizing PAINS,40 and none of them represent a
256 PAINS. Finally, to evaluate the security of the compounds, we
257 performed the Ames test to discard the mutagenic effect
258 derived from the interaction of compounds with biological
259 systems. The mutagenic assay was performed using a
260 genetically modified Salmonella Typhimurium TA 98 for the
261 compound 3c.41 From the Ames test, compound 3c was

262identified as a non-mutagenic agent due to the fact that it was
263not able to at least double the number of colonies of
264spontaneous revertant colonies (0.0 μg/plate of compound)
265for at least two consecutive dose levels,41 while revertant
266colonies were obtained with the mutagenic 4-nitro-o-phenyl-
267 t4enediamine (NPD) positive control (Table 4). Thus, the
268hydrazine connected to 2-arylquinazolin at 4-position emerges
269as a safe pharmacophore from the toxic and mutagenic point of
270view.
271Mechanism of Action Studies. Herein, we focused on
272validating (i) antifolate activity and (ii) NO production via

Table 3. In Silico Physicochemical, Pharmacokinetic, and Drug-likeness Parameters of 3b, 3c, and 3f

type of parameter parameter 3b 3c and 3f

physicochemical properties M.W. (g/mol)a 254.26 270.72
N° rotatable bonds 2 2
N° H-bond acceptors 4 3
N° H-bond donors 2 2
molar refractivity 72.14 77.19
TPSA (Å2)b 63.83 63.83

lipophilicity log Po/w (iLOGP) 2.35 2.07
log Po/w (XLOGP3) 3.18 3.71
log Po/w (WLOGP) 2.95 3.05
log Po/w (MLOGP) 3.19 3.31
log Po/w (SILICOS-IT) 2.33 2.55
consensus log Po/w 2.80 2.94

water solubility log S (ESOL) −3.91 −4.35
solubility 123 μM (soluble) 45 μM (moderately soluble)
log S (Ali) −4.19 −4.74
solubility 64.3 μM (moderately soluble) 18.1 μM (moderately soluble)

pharmacokinetic properties GI absorptionc high high
BBB permeantd yes yes
P-gp substratee no no
CYP1A2 inhibitor yes yes
CYP2C19 inhibitor yes yes
CYP2C9 inhibitor no no
CYP2D6 inhibitor no no
CYP3A4 inhibitor no no
log Kp (skin permeation) −5.59 cm/s −5.32 cm/s

drug-likeness Lipinski fit; 0 violation fit; 0 violation
Ghose fit fit
Veber fit fit
Egan fit fit
Muegge fit fit
bioavailability score 0.55 0.55

medicinal chemistry PAINS 0 alert 0 alert
Brenk 1 alerts: hydrazine 1 alert: hydrazine
lead-likeness fit do not fit; 1 violation: XLOGP3 > 3.5

aMW: molecular weight. bTPSA: topological polar surface area. cG.I.; gastrointestinal. dBBB: blood−brain barrier. eP-gp: P-glycoprotein. Drug-
likeness maps are found in Figure S3.

Table 4. Ames Results in TA 98 Strain

comp.
doses

(μg/plate)
revertants
number conclusion

3c 0.0 8.5 ± 2.5 no mutagenic
27.9 8.0 ± 2.0
37.2 4.5 ± 2.0
55.8 5.0 ± 0.5
111.7 8.0 ± 1.0
335.0 9.5 ± 0.5

positive control (NPD) 20.0 394.0 ± 10 mutagenic

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06455
ACS Omega XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06455/suppl_file/ao2c06455_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06455?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


273 oxidative decomposition of the hydrazine moiety. Regarding
274 the antifolate pathway, there are many quinazoline derivatives
275 based on that mechanism.42 From an indirect strategy,32 we
276 evaluated the antifolate activity of the compounds 3c, 3d, and

2773e through the measurement of IC50 against axenic parasites in
278 f2the presence or absence of D,L-folic acid (FA) (Figure 2A,B). If
279an antifolate activity is involved in the anti-trypanosomatid
280activity of the 2-arylquinazolines, an increase in the IC50 of the

Figure 2. In vitro efficacy (IC50) of 3c, 3d, and 3e on promastigotes of L. infantum (A) and epimastigotes of T. cruzi (B) in the absence and
presence of FA. In vitro efficacy (IC50) of 3c, 3d, and 3e for L. infantum promastigotes (C) and T. cruzi epimastigotes (D) in the absence and
presence of Cu(II), Fe(III), and Zn(II) cations. Concentrations of the nitrite ion (in μM) from treated L. infantum promastigotes (E) and T. cruzi
(F) epimastigotes with 3c.
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Figure 3. (A) 1H-NMR spectrum for solution of 3c after 2 weeks of incubation with H2O2; (B) emission spectra of 3h in the absence and presense
of the oxidant (H2O2 or NH2CONH2·H2O2); emission-excitation matrix (EEM) plot for 3h in the absence (C) and presence (D) of H2O2; and
(E) tentative proposal for the decomposition of hydrazine in 2-arylquinazolin-4-hydrazine (3a) to release NO.
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281 derivatives in the presence of FA is expected.32 Increasing IC50
282 values by about twofold were found with the addition of FA for
283 treated epimastigote T. cruzi with 3c, 3d, and 3e (Figure 2B).
284 In contrast, the presence of FA displayed a modest increase in
285 IC50 for treated Leishmania, in particular, for 3c (Figure 2A).
286 Conversely, IC50 of miltefosine and nifurtimox was not affected
287 by the addition of FA to the treated parasites. Then, we
288 concluded that the antiepimastigote response of 3c, 3d, and 3e
289 could be derived from an antifolate activity, whereas the
290 significant leishmanicidal activity of them seems to be
291 attributed primarily to an alternative mechanism, the antifolate
292 activity being a secondary mechanism for Leishmania.
293 Next, we explored the role of the NO production in the
294 antitrypanosomatid activity of active 2-arylquinazolin-4-hydra-
295 zines. Furthermore, we studied the effect of some polyvalent
296 transition metals (Fe3+,Cu2+, and Zn2+) in the biological
297 activity and modulation of NO release. For them, we
298 performed separately four experiments: (i) anti-trypanosoma-
299 tid activity of 3c, 3d, and 3e in the presence of transition

300metallic cations; (ii) NO-production in treated parasites in the
301absence and presence of metallic cations; (iii) tentative
302decomposition of the hydrazine moiety in 3c or 3h through
303spectroscopic experiments; and (iv) theoretical study based on
304the HOMO−LUMO orbitals and electrostatic potential
305surface (EPS) to distinguish the oxidation ability of the
306hydrazine moiety.
307Due to the high susceptibility of the hydrazine moiety
308connected to the electron-deficient ring to the oxidation in the
309presence of transition metals,17−19 we first evaluated the effect
310of the metal cations (at 1 μM) on cell viability of 3c-, 3d-, and
3113e-treated parasites (Figure 2C,D). In general, a moderate
312decrease in IC50 values, mainly upon Zn2+ and Fe3+, was found
313for all treated parasites in the presence of transition metals.
314Only Cu2+ displayed an increase in IC50 values in Leishmania
315parasites for 3c and 3e.
316With this information, we measured the level of nitrite ions
317in parasite culture by the Griess test for non-infective L.
318infantum and T. cruzi in the presence or absence of the most

Figure 4. Electrostatic potential surface (EPS) for the 2-arylquinazolin-4-hydrazine 3a−k and phthalazin-1-hydrazines 4a−c.
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319 active compound 3c at different doses (Figure 2E,F).34 Further
320 measurements in the presence of Cu2+ and Fe3+cations were
321 performed to study whether transition metals mediated NO
322 production. A control experiment was performed with the 2-
323 (4-chlorophenyl)quinazolin-4(3H)-one, which was active
324 against Leishmania parasites,32 in order to discard a direct
325 mediation by the chemical system to activate the nitric oxide
326 synthase (NOS) enzyme. From results, treated parasites
327 displayed an appreciable amount of nitrite ion in sub-
328 micromolar ranges, and its production showed dependence
329 with the compound doses. No production was detected in the
330 presence of the 2-(4-chlorophenyl)quinazolin-4(3H)-one,
331 which suggests that the NO is possibly not generated from
332 an enzymatic stimulation of the chemical system, opening the
333 door to the role of the decomposition of hydrazine moiety to
334 interpret the NO in the 2-arylquinazolin-4-hydrazine. Interest-
335 ingly, Leishmania parasites showed a more significant nitrite
336 ion production than T. cruzi under the same conditions. The
337 use of Cu2+ and Fe3+ cations increases discretely the nitrite ion
338 concentration. This evidence suggests that the 2-aryl-
339 quinazolin-4-hydrazines could be involved in the production
340 of NO within parasites, and it could be attributed to chemical
341 decomposition of hydrazine to NO and organic sub-products.
342 Meanwhile the cations improved, discretely, the activity of the
343 active compounds, but they did not seem to play an essential
344 role in the NO production, its mediation being discarded in
345 hydrazine decomposition.
346 To demonstrate that the production of NO in treated
347 parasites was derived from the partial chemical decomposition
348 of 2-arylquinazolin-4-hydrazine, we performed spectroscopic
349 studies (NMR and fluorescence) in the absence and presence

f3 350 of an oxidant (H2O2 or NH2−CO−NH2·H2O2) (Figure 3).
351 The NMR experiment confirmed that compound 3c was
352 decomposed in at least three additional products: 4-amino-2-
353 arylquinazoline (A), 1-(2-arylquinazolin-4-yl)diazene (B), or
354 2-arylquinazoline (C) (Figures 3A, S1, and S2). A single peak
355 by about 9.6 or 9.7 ppm may be associated to the (−N�NH)
356 proton in metabolite B, while a broad peak at 7.5 ppm may
357 belong to the amino proton in metabolite A. Specific peaks at
358 8.34 and 7.8 ppm are reported in the literature for 4-
359 aminoquinazolines.43 To support this evidence, we performed
360 a fluorescence study for the resulting solution, and it was
361 compared with that solution in the absence of an oxidant. It is

362documented that 2-aminoquinazolines present fluorescence
363properties with a normal emission at 400−430 nm and a
364secondary anomalous at 575−600 nm.44−46 It is well known
365that the fluorometry is a high-sensitivity technique, which
366facilitated the detection of low-concentration compounds.
367From the fluorescence experiment, in general, all 2-
368arylquinazolin-4-hydrazines showed a maximum normal
369emission wavelength at 400 nm (Figures 3B−D and S8 and
370S9). Under oxidative conditions, only the compound 3h
371showed an emission spectrum with appreciable changes, being
372our model structure. The emission spectrum of 3h showed the
373emergence of an additional anomalous emission peak at 575
374nm (Figure 3B). To facilitate the identification of the
375anomalous emission band, an emission-excitation matrix
376(EEM) plot47 was performed, and the anomalous emission
377band (575 nm) in combination with the normal emission band
378was confirmed for the compound 3h upon oxidative
379conditions. Meanwhile, only the normal emission band was
380seen in the absence of the oxidant (Figure 3C,D). The latter
381supports the formation of product A, and the solution must
382consist of a mixture between starting quinazoline and the
383metabolite A. UV−vis spectroscopy did not allow the detection
384of the low decomposed products (Figure S5F). With all this
385biological and chemical evidence, we proposed a tentative
386decomposition pathway for the hydrazine moiety in 2-
387arylquinazolin-4-hydrazine with NO releasing from parasite
388culture (Figure 3E). Initially, 2-arylquinazolin-4-hydrazine is
389oxidized within parasites to form intermediate X. Subsequently,
390X may suffer: (i) a dehydration leading B and (ii) a
391decomposition of the hydroxylhydrazinyl moiety to form
392product A and H−NO. This last species could be oxidized to
393NO through the Fe(II)−O2 complex, which is present in the
394SOD enzyme of trypanosomatids.48

395In order to understand theoretically the origin of the
396tentative decomposition of the hydrazine moiety in 2-
397arylquinazolin-4-hydrazine, we analyzed its HOMO−LUMO
398 f4and EPS. From EPS (Figure 4), it should be noted primarily
399that the imine-tautomer presented a more negative electron
400density on bonded nitrogen (more red color in EPS map) to
401the heterocyclic ring than hydrazine-tautomer; thus, the imine-
402tautomer is more suitable to suffer oxidation than the
403hydrazine-tautomer in the studied 2-arylquinazoline/phthala-
404zin-hydrazines (compare Figure 4 vs Figure S14). Comparison

Figure 5. Tentative mechanistic dehydration (A) and HNO-elimination (B) in intermediate X from an electronic point of view and LUMO maps
for 3c (C), 3f (D), 4a (E), and 4c (F).
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405 between the 2-arylquinazolin with phthalazin-hydrazines
406 showed that the first presented a more negative bonded
407 nitrogen to the heterocyclic ring than the phthalazine analogue,
408 although these differences are smaller, which supposes a higher
409 nucleophilic character in the terminal amino of hydrazine of 2-
410 arylquinazoline than in the phthalazine-hydrazine. It is highly
411 required to form metabolite X (Figure 3E). Thus, from the
412 electronic point of view, the nucleophilic addition of the amino
413 terminal to the oxidant for the formation of X is more favored
414 in the 2-arylquinazolin-hydrazine than phthalazin-hydrazines.
415 Within the 2-arylquinazolin-4-hydrazines, no appreciable
416 differences were noted from the electronic density point of
417 view, but some important differences were noted on the
418 quinazoline core. A lower electron density was seen on the
419 benzo-core of the 2-arylquinazoline bearing the electron-
420 deficient aryl moiety (3b, 3c, 3d, 3f, 3g, and 3j) than on those
421 bearing the electron-rich moiety (3a, 3e, 3h, 3i and 3k). The
422 electron-deficient nature of the quinazoline core could be an
423 important electronic feature to favor the decomposition of X to
424 form A with release of HNO because this transformation
425 mechanistically required that the quinazoline core acts as an
426 electron acceptor. It favors the electronic movement from the

f5 427 hydroxyl moiety to bonded nitrogen to form H−NO (Figure
f5 428 5A). In contrast, a higher electronic density on the quinazoline

429 core was given to the system in an electron donor to favor the
430 dehydration of X via an electron movement from pyrimidyl to
431 the hydrazine moiety (Figure 5B). From HOMO−LUMO,
432 LUMO maps showed that an electron transfer (ET) from the
433 heterocyclic core to the hydrazine moiety is more suitable in
434 the phthalazine-hydrazine than in the 2-arylquinazolines
435 (Figures 5C−F and S6−S13), supporting the fact that the 2-
436 arylquinazoline is a more convenient scaffold to favor the
437 required electronic movement from hydrazine to the quinazo-
438 line ring for decomposition of hydrazine to release HNO
439 (Figure 5A,B). Further HOMO−LUMO data and graphical
440 orbitals can be found in the Supporting Information.
441 In summary, we showed the potential of a hydrazine as a
442 pharmacophore for the construction of a new type of
443 antitrypanosomal agent based on its feasible oxidative
444 decomposition to release NO in electron-deficient systems
445 and the high toxicity of this small molecule against
446 trypanosomatids. Then, a series of 2-arylquinazolin-4-hydra-
447 zines were synthesized, and some of the derivatives, 3b, 3c, and
448 3f, showed a good in vitro activity against non-infective and
449 infective strains of Leishmania and against non-infective strain
450 of T. cruzi, lower cytotoxicity against different macrophages,
451 high selectivity indexes over 10 units, and non-mutagenic
452 effects. Interestingly, studies of the mechanism of action
453 suggested that the production of NO could be one of the
454 responsible anti-trypanosomatid activities of the 2-arylquina-
455 zolin-4-hydrazines, in combination with a discrete contribution
456 of antifolate activity. Chemical experiments based on
457 spectroscopic measurements identified that the formation of
458 the subproduct under oxidative environments in conjunction
459 with biological NO releasing from treated parasites allowed us
460 to propose a mechanistic decomposition of the hydrazine
461 moiety to form NO. Finally, theoretical calculations based on
462 HOMO−LUMO and EPS analysis showed that the feasible
463 oxidative decomposition of the hydrazine moiety in 2-
464 arylquinazolines depended on two electronic conditions: (i)
465 to guarantee a high electron density on the bonded nitrogen of
466 the hydrazine moiety and, at the same time, (ii) a strong
467 electron attraction from hydrazine to the heterocyclic ring with

468a nule ET process. It was consistently achieved for the 2-
469arylquinazolin-4-hydrazine over, for example, phthalazin-1-
470hydrazine, and it showed to be modulated by the incorporation
471of electron-deficient aryl moieties. All the evidence allowed us
472to explain the significant biological activity of the electron-aryl-
473deficient 2-arylquinazolin-4-hydrazine, and our investigation
474opens a new perspective for the design of effective and safe
475NO-donors with anti-trypanosomatid activities.

476■ METHODS
477General Chemistry. 2-Arylquinazolin-4(3H)-ones 1a−k
478were previously prepared.32 The rest of the reagents were
479purchased from commercial sources and used without further
480purification. Solvents were anhydrous HPLC grade. 1H NMR
481and 13C NMR spectra were recorded on a 400 MHz NMR-
482spectrometer (Bruker-400) or 250 MHz NMR-spectrometer
483JEOL. Multiplicity is indicated as follows: s (singlet), d
484(doublet), t (triplet), m (multiplet), dd (doublet of doublets),
485and brs (broad singlet); chemical shifts were measured in parts
486per million (δ), and coupling constants (J) are given in Hz.
487Proton chemical shifts were given relative to tetramethylsilane
488(δ 0.00 ppm) in CDCl3 or DMSO-d6. Carbon chemical shifts
489are internally referenced to the deuterated solvent signals in
490CDCl3 (δ 77.00 ppm) or DMSO-d6 (δ 40.02 ppm). Elemental
491analyses of the synthesized compounds were performed using a
492PerkinElmer 2400 CHN analyzer: results fell in the range of
4930.4% of the required theoretical values. TLC was performed
494using commercially available 100−400 mesh silica gel plates
495(GF254) and visualized under UV light (at 254 nm).
496Absorption and fluorescence spectral data were obtained
497from a Thermo Scientific Varioskan Flash Multimode
498instrument for air-equilibrated solutions at 25 °C. EEM plots
499were obtained as described previously (Figures S4 and S5).47

500General Procedure for Synthesis of 2-Arylquinazoli-
5014-hydrazines. The corresponding starting materials 1a−k
502(0.5 mmol, 1.0 equiv) were mixed with POCl3 (6 equiv)
503according to the reported protocol with a few modifica-
504tions.34,35 The reaction mixture was stirred for 4−6 h at 100
505°C. It was monitored by TLC. The reaction mixture was
506quenched with water at 0 °C with dichloromethane (3 × 20
507mL). The combined organic extracts were washed with
508saturated aqueous NaCl solution, dried over anhydrous
509Na2SO4, and filtered. The mixture was passed by a flash
510chromatographic column to obtain the intermediates 2a−k.
511The isolated product was used for the next reaction step. Then,
512to a hot hydrazine hydrate (4 equiv) solution in ethanol was
513added the intermediates 2a−k (1 equiv) at 0.1 M
514concentration and heated at 70 °C for 2 h. The reaction was
515monitored by TLC. The reaction mixture was cooled at 0 °C,
516and then, the resulting solid was filtered by vacuum to give
517from a pale yellow to orange solid. The isolated solid was
518recrystallized with cold ethanol to yield the pure product. The
519product were characterized by NMR spectroscopy. Detailed
520spectroscopic data and spectra can be found in the Supporting
521Information.
522In Vitro Anti-T. cruzi Evaluation on Epimastigotes.
523The effect of the studied compounds on the epimastigote
524viability of T. cruzi (CL Brener clone) was determined through
525the turbidimetric technique.36 Stock solutions (at 3000 μM) of
526the tested compounds in DMSO were prepared. Fresh
527solutions were diluted in the culture medium to obtain the
528different concentrations from 0.5 to 25 μM. All controls and
529tested well contain no more than 1% of DMSO. The screening
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530 was performed in 24-well microliter plates maintained at 25
531 °C. Briefly, 2 × 106 parasites/mL were exposed to increasing
532 concentrations from 0.5 to 25.0 μM (1.0, 5.0, 10.0, 20.0, and
533 50.0 μM) of each compound for 120 h at 25 °C. The biological
534 effect of these compounds was evaluated through absorbance
535 measurements at 595 nm using a spectrometer El301
536 microwell at 5 days. Untreated control parasites were used to
537 calculate the relative proliferation. Nifurtimox was used as a
538 reference drug. The percentage of growth inhibition (PGI) was
539 determined as follows: PGI (%) = {1 − [(Ap − A0p)/(Ac −
540 A0c)]} × −100, where Ap = A595 of the culture containing the
541 compound at day 5; A0p = A595 of the culture containing the
542 compound at day 0; Ac = A595 of the culture in the absence of
543 any drug (control) at day 5; and A0c = A595 in the absence of
544 any drug at day 0.
545 To determine IC50 values, PGI was followed of increasing
546 concentrations of the corresponding agent. The IC50 was taken
547 as the concentration of the agent needed to reduce the PGI to
548 50%.
549 In Vitro Anti-Leishmania Evaluation on Promasti-
550 gotes. The cell viability of 2-aryl-quinazolin-4-hydrazines 3a−
551 k on Leishmania infantum (MHOM MA67I7MAP263) strain
552 was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
553 nyltetrazolium bromide (MTT) assays with a few modifica-
554 tions.34 Stock solutions (at 3000 μM) of the tested compounds
555 in DMSO were prepared. Fresh solutions were diluted in the
556 culture medium to obtain the different concentrations from 0.5
557 to 25 μM. All controls and tested well contain no more than
558 1% of DMSO. The screening was performed in 96-well
559 microliter plates maintained at 25 °C. Briefly, 2 × 106
560 parasites/mL were exposed to increasing concentrations from
561 0.5 to 25.0 μM (1.0, 5.0, 10.0, 20.0, and 50.0 μM) of each
562 compound for 72 h at 25 °C. Controls contain 1% of DMSO
563 and medium. After incubation, cells were treated with 100 μL
564 0.4 mg/mL MTT for 4 h at 37 °C. Subsequently, the medium
565 was removed, and 100 μL of DMSO was added to the resulting
566 mixture to dissolved formazan salt. The solubilized formazan
567 product was quantified through absorbance measurements at
568 570 nm using a Thermo Scientific Varioskan Flash Multimode
569 instrument at 72 h. Miltefosine and glucantime were used as
570 reference drugs. Untreated control parasites were used to
571 calculate the relative proliferation. The percentage of parasite
572 inhibition with regard to controls was calculated as = 100 −
573 [(parasite counts in treated cells/parasite counts in untreated
574 cells) − 100].
575 Ex Vivo Antiamastigote Activity of L. Braziliensis.
576 Intracellular amastigotes were directly extracted from footpad
577 lesions in BALB/c mice previously infected with L. braziliensis
578 (MHOM/BZ/82/M2903). The isolate contained amastigotes
579 and small portions of infected macrophages and macrophages.
580 These two last portions were removed from the cellular
581 mixture by controlled centrifugation (at 3000 rpm by 2−3
582 min) to obtain a culture enough pure in amastigotes.32,35,49,50

583 Amastigote culture was maintained at 37 °C and pH 5.5 in
584 M199 medium (Invitrogen, Leiden, The Netherlands)
585 supplemented with 10% heat-inactivated FCS, 1 g/L L-alanine,
586 100 mg/L L-asparagine, 200 mg/L sucrose, 50 mg/L sodium
587 pyruvate, 320 mg/L malic acid, 40 mg/L fumaric acid, 70 mg/
588 L succinic acid, 200 mg/L α-ketoglutaric acid, 300 mg/L citric
589 acid, 1.1 g/L sodium bicarbonate, 5 g/L 2-(N-morpholino)
590 ethanesulfonic acid (MES), 0.4 mg/L hemin, and 10 mg/L
591 gentamicin. The screening was performed in 96-well microtiter
592 plates maintained at 37 °C. Briefly, 2 × 106 parasites/mL were

593exposed to increasing concentrations between 1.0 and 50.0 μM
594(1.0, 5.0, 10.0, 20.0, and 50.0 μM) of each compound 3a−f.
595Controls contained 1% DMSO. Miltefosine and glucantime
596were used as reference drugs. The effect of the compound
597against amastigote forms was tested at 48 h using conventional
598counting parasites in a Neubauer chamber (optical microscopy,
5991000× magnification). Untreated control parasites were used
600to calculate the relative proliferation.
601Cytotoxicity. Peritoneal and J774.1A macrophages were
602grown in DMEM medium supplemented with 10% heat-
603inactivated fetal bovine serum, 1% L-glutamine, 1% strepto-
604mycin, and 100 units/mL penicillin. Cell viability was assessed
605using the MTT protocol.32 Stock solutions (at 25,000 μM) of
606the tested compounds in DMSO were prepared. Cells were
607grown in 96-well plates (5 × 104 cells/well) for 24 h. Cultures
608were carried out at 37 °C in a humidified atmosphere with 5%
609CO2 and incubated with the compounds 3a, 3b, 3c, 3d, 3e,
610and 3f at 10.0, 25.0, 50.0, 75, and 100 μM concentrations for
61148 h. After incubation, the medium was removed, and the cells
612were treated with 100 μL of 0.4 mg/mL MTT for 4 h at 37 °C.
613Subsequently, 100 μL of DMSO was added to the mixture.
614The solubilized formazan product was quantified through
615absorbance measurements at 570 nm. The absorbance values
616were transformed to the percentage of cytotoxicity compared
617to the negative controls.
618Statistical Analysis. All biological experiments were
619performed at least three times. The results are expressed as
620mean ± SD. The Anova test were performed. Only post hoc
621Dunnet test p < 0.01 was considered to be statistically
622significant. The dose−response curves were plotted using
623GraphPad prism v.5.02 software.
624Mutagenicity Ames Test.41 In vitro genetic toxicity
625Salmonella typhimurium TA 98 strain was incubated in agar
626minimum glucose milieu solution (Difco BactoR agar) and
627aqueous glucose solution (40%). The direct toxicity of the
628compound 3c against S. typhimurium TA 98 strain was studied.
629From these data, the mutagenic assay was performed by
630incubating 3c in phosphate buffer (0.1 M, pH 7.4) and DMSO
631(10% v/v) at six doses, 0.0, 27.9, 37.2, 55.8, 111.7, and 335 μg/
632plate. The control positive consisted of NPD (20.0 mg/plate),
633and negative controls consisted of phosphate buffer and
634DMSO (10% v/v) (0.0 μg/plate of 3c) solutions. The
635revertant numbers were counted, and the studied system was
636considered mutagenic if the colony number was at least double
637the natural revertants (negative control) for two or more
638consecutive doses.
639Determination of Nitrite Concentration. Nitrite
640(NO2

−) accumulation was determined in supernatants of
641promastigote or epimastigote culture (5 × 106 parasites/well),
642which were incubated for 5 days in the presence of the active
6433c at increasing concentrations (25, 50, and 100 μM). Three
644wells with untreated parasites were incubated as the negative
645control. The assay was performed by the Griess reaction
646(detection limit: 1.56 μM) with sodium nitrite as a standard as
647previously described.34 In brief, 100 μL of Griess reagent 1%
648sulfanilamide in 50% of acetic acid was added to 400 μL of
649each sample. The blank reference and standard curve were
650determined. After 15 min, 100 μL of a solution of N-
651[naphthyl]ethylenediamine dihydrochloride (1%) in acetic
652acid in 50% was added. The absorbance was measured at 540
653nm for that resulting final solution. Nitrite content was
654quantified by the extrapolation from the sodium nitrite
655standard curve in each experiment. All the assays were
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656 performed by triplicate. The results were expressed as the
657 amount of nitrite ion (in μM).
658 Effect of Polyvalent Cations and Folic Acid. These
659 were performed following the protocols of cell viability of
660 promastigote Leishmania and epimastigote T. cruzi. Details are
661 shown in the Supporting Information.
662 Theoretical Calculations. All theoretical calculations, in
663 the gas phase, were performed using the B3LYP functional51 in
664 conjunction with the 6-31G(d,p) basis set52 using Gaussian09
665 quantum chemistry software.53 The geometry of all tested
666 compounds were optimized, and HOMO−LUMO orbital
667 frontiers and EPS were obtained. Theoretical calculations were
668 performed according to the reported strategy for similar
669 structures.54 HOMO and LUMO frontier orbital maps for
670 compounds and data are shown in Figures S6−S9 and Table
671 S2.
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