Journal of
theBrazilian
hemical
Society

Review

https://dx.doi.org/10.21577/0103-5053.20240053

J. Braz. Chem. Soc. 2024, 35, 10, e-20240053, 1-21
©2024 Sociedade Brasileira de Quimica

Amidines: The Main Discoveries in the Synthesis and Anti-Leishmanial Effects of
New Chemotherapeutic Agents
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Leishmaniasis is an infectious disease caused by protozoan parasites of the Leishmania genus
and affects more than 90 countries, especially in tropical and subtropical regions. The first treatment
for these diseases involves pentavalent antimonial derivatives, which are very toxic and cause severe
side effects. The other chemotherapeutic drugs used as second-line agents include different organic
compound classes, such as pentamidine, which also cause severe side effects. Thus, new, safer,
and efficient antileishmaniasis agents are urgently needed to control and treat these diseases. This
mini review, which considered the last two decades of related research, highlighted the principal
synthetic methodologies used to access amidine derivatives, focusing on more eco-friendly
methods. Furthermore, the results obtained from evaluations of the anti-Leishmania activity and
several molecular targets of the amidine derivatives are highlighted.
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1. Introduction

Leishmaniasis is a parasitic infection that affects
people in tropical and subtropical regions worldwide.
Leishmaniasis is endemic in more than 90 countries; at
least 350 million people are estimated to be infected, and
1.29 million new cases occur annually.'> This disease is
transmitted to humans through bites by infected sandflies
of the Phlebotominae family.?

Leishmaniasis can be categorized into the following forms:
visceral leishmaniasis (VL), cutaneous leishmaniasis (CL),
and mucocutaneous leishmaniasis (MCL). VL, also known
as kala-azar, is the most aggressive form of infection; this
disease is fatal and responsible for 20,000-40,000 deaths
annually, and it is caused mainly by the species L. donovani
and L. infantum. CL is the most prevalent form of disease
and manifests as skin lesions, which are ulcers that leave
permanent disfiguring scars; CL is also caused by several
species, mainly L. amazonensis, L. major, L. braziliensis
and L. mexicana. MCL affects mucosal tissues and is caused
mainly by L. vianniapanamenis, L. vianniabraziliensis and
L. amazonensis.*®

. *e-mail: claudioers @ufrrj.br; echevarr @ufrrj.br
inct Editor handled this article: Brenno A. D. Neto
© It is a great honor for our research group to partici-
WVA pate in the tribute to Prof Eliezer J. Barreiro with this
review.

Leishmania is a mandatory intracellular parasitic
protozoan of the Trypanosomatideae family that infects
humans and mammals by infecting the sandfly of the genus
Pheblotominius. According to the Centers for Disease
Control and Prevention (CDC),’ the life cycle includes
two hosts. The first host is a flagellated form, named
promastigote, which is inoculated in the skin through
bites by an infected sandfly. Then, the second host spreads
through the bloodstream, and the parasite is phagocytosed
by macrophages that differentiate into the unflagellated form,
termed amastigote. The amastigote subsequently breaks the
macrophage membrane to infect other cells. After, if sandfly
meal is used, the amastigote changes to a promastigote
form, and other infections can occur when the blood is
eaten.® Macrophages infected with amastigotes react by
releasing reactive oxygen species (ROS), reactive nitrogen
species (RNS), interleukins (IL-12) and interferon-y (INF-y).
However, parasites also release proinflammatory cytokines
(such as IL-12 and INF-y) as defense mechanisms, favoring
the progression of the disease and complicating treatment.’

The first line of treatment for these infections involves
using chemotherapy (red-colored structures, Figure 1) with
pentavalent antimonial derivatives, sodium stibogluconate
and meglumine antimoniate, which are highly toxic and
cause severe side effects and long treatment durations.'® The
second line treatments (blue-colored structures, Figure 1)
include amphotericin B, pentamidine, paromomycin
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Figure 1. Chemical structures of the main drugs used in the chemotherapeutic treatment of leishmaniasis.

and miltefosine.!! Furthermore, the parenteral or local
administration of amphotericin B (which limits its use)'?
and miltefosine (which is the first oral drug) cause
nephrotoxicity and haematotoxicity; however, the
prolonged use of these drugs causes teratogenesis, leading
to limited use.'® Furthermore, another difficulty associated
with these chemotherapeutic agents is drug resistance,
which leads to inefficacy of these agents.'*

Therefore, new drugs that are more efficient and safer
are urgently needed to combat leishmaniasis. Understanding
the mechanism of action of these compounds, as well as
their chemotherapeutic targets, is of utmost importance.
The literature reports some compounds with relevant
antileishmanial activity, among which amidinic compounds
stand out; notably, the aforementioned pentamidine
contains an amidine moiety. In this work, we will present
amidine compounds that have promising actions in
combating leishmaniasis, and we will discuss the results of
their known and studied chemotherapeutic targets. Initially,
we will discuss the possible types of amidines that can be
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obtained using the main organic functional groups that
generate the amidine moiety.

This research was based on the SciFinder program,
considering reports from 2003 to 2023, and syntheses
with yields greater than or equal to 50%; furthermore,
the production of amidines from other amidines was not
considered. This work describes the different types of
catalysts employed in the synthesis of amidines depending
on the starting group. Whenever possible, we will exemplify
environmentally friendly methodologies, such as the use
of alternative energy sources, ultrasound, and microwaves
and the use of methodologies without the need for solvents
or catalysts, and we will also present the synthesis of
functionalized amidines.

2. Amidine Derivative Synthesis in the Last
Two Decades

Amidines can be classified into five general types
depending on the number and distribution of the
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substituents on the nitrogen atoms (Scheme 1).'5 There is
alarge variety of possibilities for substituents on carbon or
nitrogen atoms; however, in accordance with the nature of
the substituents, some preparation methods may be more
useful. Amidines can be synthesized from several chemical
sources; however, in the last two decades, many articles
have recorded the synthesis of amidines from the following
functional groups: nitriles, amides, thioamides, ynamides
sulfonylazides, ortho-ethers, imidoesters, carbodiimide,
isonitrile and heterocyclics.'s!”

2.1. Synthesis of amidines from nitriles

The condensation of nitriles with amines or ammonia
generates amidines; however, nitriles must be activated for
increased reactivity. A classic example of this activation
is the Pinner reaction, which employs gaseous HCI to
generate an imido ester as an intermediate; another method
is attaching electron-withdrawing groups to the nitrile.'
However, metal-based catalysts share a common underlying
principle. In the literature,'®% the primary catalysts utilized
include copper(Il) triflate, palladium(II) trifluoroacetate,
platinum(II) chloride, copper(Il) chloride, copper(I)
iodide, sulfated tungstate, and aluminium. Other metal-free
catalysts, such as trimethylsilyl polyphosphate (PPSE) and
trifluoromethanesulfonic acid, have also been tested.?*?’

Rodrigues-Santos et al.

Chen et al.'® synthesized disubstituted amidines from
nitriles through a three-component reaction comprising
nitrile (6), diazo (8), and sulfonamide (7) catalyzed by
copper(Il) triflate, providing excellent yields (68-94%).
The results demonstrated that electron-withdrawing groups
attached to the sulfonamide led to lower yields because of
deactivation of the amino group (Scheme 2).

The use of microwaves often increases the reaction
rate, which is an important factor in green chemistry.
Several articles®3' have successfully used microwaves
in the synthesis of amidines from nitrile (10). In this
context, the use of DABAL-Me; (bis(trimethylaluminium)-
1,4-diazabicyclo[2.2.2]-octane) (12) in conjunction
with microwave irradiation furnished monosubstituted
amidines (13) in good yields, ranging from 58 to 98%, and
remarkably short reaction times (Scheme 3).%

The use of metallic or nonmetallic catalysts is important
in the synthesis of monosubstituted or disubstituted
amidines from nitriles, but cyclic amidines can be generated
without the use of a catalyst.?>3?

Diaz et al.?® synthesized disubstituted cyclic
amidines (15) from nitriles (14) without metal catalysts
by employing an ethyl polyphosphate (PPE) catalyst
under microwave irradiation, providing appreciable results
(74-86%) and a surprisingly short reaction time of 5 min
(Scheme 4).

NH Tautomerism NHs NR Tautomerism NHR' NR Tautomerism  NHR'
S JJ . =
i - e - - T
R/U\ NH; R’/RNH R™SNH, < R7SNH ii R” “NHR R™NR'
""""""" Unsubstited  Monosubstitted  N,N'Disubstituted
1 2 3
NLR'R' NR'R"
R™NH R”ENR
N,N-Disubstituted Trisubstituted
4 5
Scheme 1. Substitution of different forms of amidines.
R1
\©\ ,o
o fs\N/J\ OEt
—C=N ¢ Ry S—NHy + NZQL Cu(0Tf), o N/Y
[ OEt — o 0
0 acetonitrile
6 7 8 air 80°C 2h 9 OEt 68-94%
%a,Ry=H 87% Of Ry =1 58%

%, R;=CH, 04%
%,Ri=F  83%
od,R;=Cl  80%
%,R;=Br 76%

9g,R;=CF; 6%
9h Ri=tBu  92%
9, R =MeO  95%
9j, R1 = COOMe  73%

Scheme 2. Synthesis of disubstituted amidines from nitriles catalyzed by Cu(OTf),."®
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DABALMe3 (12) TLH
R1—C=N + RQ—NHQ -

MW 290 W Rr™ "NH—R;
10 11 THF 12 min 13 58-98%
13a, Ry = CgHs, Rz = CHoCgHs 98%
5 13b, Ry = 4BrCHa Ry = CHoCeHs 64%
(H3C)3—N/]/N—AI(CH3)3 13c, R, = 1-Cyclohexenyl, R, = CH.CaHs  98%
B / 13d, Ry = 2CH38CH4, Ry = CHoCHs 76%
12 13e, Ry = CHzs, Ry = CH,CaHs 85%
13f, Ry= 2-FCgHa Ry = CHoCeHs 98%
13g, Ry = C¢Hs. Ry = CHACCH 58%
13h, R; = CgHs Ry = t-butyl 96%

Scheme 3. Synthesis of amidines from nitriles under microwave irradiation catalyzed by DABAL-Me; (bis(trimethylaluminium)-1,4-diazabicyclo

[2.2.2]-octane).?

H
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15a, R, = H, R, = H 85%
15b, Ry= CHy Rp=H 86
15¢, Ry = F, Ry = H
15d, Ry =Cl.R=H 8

15e, R, =Br.Ry=H  77%
15f, Ry=H, Ry=CH; 77%
159, Ry=H Rp=Cl  80%
15h, Ry = H, R, = OCH; 85%

9 0
o~ &~ &

N
-8
R

Scheme 4. Synthesis of disubstituted amidines from nitriles catalyzed by ethyl polyphosphate (PPE) under microwave irradiation.?

2.2. Synthesis of amidines from amides

A classic reaction for generating amidines from amides
involves the formation of an imidoyl chloride intermediate,
which is generated by reacting an amide with a halogenating
agent, such as thionyl chloride, phosphorus oxychloride, or
phosphorus pentachloride (which are dissolved in solvents
such as benzene or toluene) under reflux for several hours,
followed by the addition of an amine.**** Among these
halogenating agents, phosphorus pentachloride is the most
recommended agent, and our group is proficient in using
this methodology.** Benzanilides (16) can be converted
to benzimidoyl chlorides (17) in situ by treatment with a

0
R, PCl;
N -

| toluene -110 °C

H 16 8h
R1
19a, R = 4-OCH; Ry = H, Ry =H 87%
19b, R = 3-OCHz Rp = H. Ry = H 65%
19¢, Ry =H, Ry = 40CH3, Ry = H 80%
19d, R, = 4-OCH,, R, = 40CH;, Ry = 4-OCH, 70%
19e, Ry = H, Ry = 4-OCH3, Rs = 4OCH; 60
19f, Ry = 4-OCHj R = 4OH, Ry= H 80%
19g, Ry = 4OCH3, Ro = 3F, Ry = H 85%

19h, R, = 3 4-methylenedioxy, R,= 4-OCH; Ry =H  80%

Cl
R
\N g -
17 18
R1

halogenating reagent (PCl;) under reflux in dry toluene for
8 h; these chlorides subsequently react with aniline (18)
dissolved in dry toluene to furnish compound 19 in good
yields (60-87%). This method is important for the synthesis
of disubstituted amidines; however, this approach does not
provide significant structural diversity (Scheme 5).%
Recently, metallic catalysts have been shown to
be crucial for synthesizing amidines from amides or
sulfonamides. Literature reports®+ describe several notable
catalysts, including zinc triflate, trimethyl aluminium,
magnesium oxide, titanium(II) chloride, and other metal-
free catalytic agents, such as phosphorus oxychloride, ethyl
polyphosphate, and fert-butyl hydroperoxide combined

- 6h
/ R
NHg
\N
49 60-87%

Scheme 5. Synthesis of disubstituted amidines from amides and amines by a pentachloride halogenating reagent.*
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with sodium iodide and iodine with triphenylphosphine.
Amidines can be generated efficiently by electrochemistry.*
Copper oxide nanoparticles and magnesium oxide
nanoparticles have been shown to be effective at catalyzing
amides (20).** Das and Thakur®’ achieved high yields
(85-95%) in the preparation of disubstituted amidines (22)
using magnesium nanoparticles and solvent-free conditions.
However, few examples of products were obtained through
this methodology in the article (Scheme 6).

Cyclic amidines can also be synthesized from amides
under microwave irradiation.*®3%4346 The synthesis of cyclic
amidines (24) with rings of different sizes has been achieved
through microwave irradiation from amides (23) catalyzed
by ethyl polyphosphate or titanium(II) chloride.?4° Cyclic
amidines of varying sizes (Scheme 7) can be obtained
in high yields (42-90%) and with short reaction times

(8 min).* Ynamides (28) are versatile groups for the synthesis
Solvent-free Ra,
N
/U\ /@ v il ORI | /@
70°C 35h R o
Ho20 2 H g595%

22a, Ry =CgHs Ry = CgHs 94%
22b, Ry = CgHg, Ry = 40CH,.CH, 94%
22¢, Ry = CgHs Rp = 4CH3CgHs  93%
22d, Ry = CgHz, Rp = 4NOCgHy  90%
22e, Ry = CgHs Ry = 4CICgH, 91%

Rodrigues-Santos et al.

2.3. Synthesis of amidines from thioamides and ynamides

The synthesis of amidines from thioamides and
ynamides is not significantly different from the synthesis
of amidines from nitriles or amides. Amidine synthesis
from thioamides can be catalyzed by copper(Il) acetate to
afford disubstituted amidines in good yields under mild
reaction conditions. Additionally, silver tetrafluoroborate
and caesium fluoride can be employed in this synthesis.*”*
For certain amidine structures, synthesis can be achieved
even without the presence of catalysts; however, the yields
are generally low to moderate.”® Li et al.¥’ synthesized
disubstituted amidines (27) from thioamide (26) and
amine in good yields (63-91%) with a short reaction
time (2.5 h) under the catalysis of palladium(II) acetate
(Scheme 8).

22f, Ry = CiHs Ry = Cyclohexyl 85%

229, Ry = CHy Ry=

CeHe 92%

22h, Ry = CgHy4, Ro = CgHs 88%
22i, Rq= 4-NOxCgHs Ry = CHs 89%
22j, Ry=4-CICgH4, Ry = CgHsg 88%

Scheme 6. Synthesis of disubstituted amidines catalyzed by magnesium nanoparticles.?’

Ry
H Zg/\
PPE, CHCI3 /(
HN/W\/ \[_r - )“\\N
MW 8 min
24 42-90%
24a,n=1,R;=Cl.Ry= CHs 79%
24b, n=1,R;=Cl,Ry= CH3 85%

24c, n=1, Ry= CHs Rp= CHs

24d, n= 1, Ry= CH3, Ry = Isopropyl

24e,n=1,Ry=F,
24f, n=2 Ry =

Ry = Isopropyl

CHa, Rp= Isopropyl

87%
90%
63%
42%

Scheme 7. Synthesis of cyclic amidines from amides catalyzed by ethyl polyphosphate PPE.*

S

R

Ri—NHp  + [\lj/ 2
25 26 M

27a,/Ry=CeHic Ro= G5 75%

27b, Ry = CHe Rp= 4-CH:CeHs  80%
27¢, Ry = CgHs, Ry = 4-OCH.CeH,  87%
27d, Ry = CHe Rp= 4NO,CH:  63%

Cu(OAc),
25°C

benzene 25h

n-R2
|
27 H 63919%

27e, Ry = CgHe. Ry = Morpholine 91%
276, Ry = 4-CH.CaHy Ry = CeHe 76%
27g, Ry = 4-OCHaCeHs, Ro= CeHs  75%
27h, Ry = 4-NOCeHa, Ry = CgHs 78%

Scheme 8. Synthesis of disubstituted amidines from thioamide catalyzed by copper(Il) acetate.*’
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of heterocycles and can also provide amidines. The
reactions must be catalyzed to generate good yields, and
the prominent catalysts in these reactions are ytterbium
triflate, zinc triflate, and bis(triphenylphosphine)palladium
chloride.’* Chen et al.>* synthesized disubstituted
amidines (30) in reasonable yields (50-77%) and with good
reaction times (Scheme 9).

2.4. Synthesis of amidines from sulfonazides

Currently, there are several articles on the synthesis of
amidines from sulfonazides, providing sulfanamidines.
Sulfonazides can react with alkynes, thioamides, enamines
and amines.’*” Most reactions initially proceed by a
1,3-dipolar addition, forming a five-membered ring that
subsequently cleaves, generating amidines. Additionally,
sulfonazides can be employed in multicomponent reactions
in the synthesis of sulfanamidines,*-*%® significantly
contributing to the generation of complex and diverse
structures. Typically, these reactions are catalyzed by
metal catalysts, such as copper(I) iodide, copper(I)
bromide, carbon-supported copper, iron(IIl) chloride, and
palladium(II) acetate.’®% However, several metal-free
catalysts can efficiently synthesize sulfonamidines, such as
diethyl azodicarboxylate (DEAD), tris(pentafluorophenyl)
borane and tert-butyl hydroperoxide.®*%¢ Jian et al.”

Amidines: The Main Discoveries in the Synthesis and Anti-Leishmanial Effects of New Chemotherapeutic Agents

reported the synthesis of amidines through the use of
sulfonazide and amines via photocatalysis.

Bae et al.®® obtained N-sulfonylamidines (34) via a
multicomponent reaction using the following reagents:
alkyne (31), sulfonazide (32), and amine (33). The reaction
was catalyzed by copper(I) iodide, which provided very
good yields ranging from 66-95% under mild conditions
(Scheme 10).

In addition, sulfonamidine can be synthesized without
the presence of a catalyst.>*7%% Gao er al.’” synthesized
a series of sulfanamidines (37) from sulfonazides (35)
and enamines at room temperature without the use of
catalysts, similar to Kaboudin et al.,% who also synthesized
sulfonamidines from sulfonazide and amines (Scheme 11)
in good yields (42-77%).

Rupakova er al.>* synthesized a series of amidines (40)
from sulfonazides (39) and thioamides (39) (Scheme 12)
that exhibited significant activity against cancer cells
without the use of metallic catalysts, furnishing very
good results and very good yields (66-96%) without
catalysts.

2.5. Synthesis of amidines from ortho-ethers

Amidines can also be synthesized by reacting amines
and ortho-ethers. These reactions are carried out in the

C““

Zn(0Tfy
= oo N,Bn u QNH toluene /[
y— 2
%7_// “Ts “ec Q
s
. 28 29 14h 50-77%
30a, Ry = 4-F 68%
Bn = berzyl Ts = Tosyl T -
30c, Ry = 4-Br 7%
30d, Ry =4-0CH;  53%
30e, Ry = 4-CH; 72%
30f, Ry =4-n-butyl 62%
Scheme 9. Synthesis of disubstituted amidines catalyzed by zinc triflate.>
>‘\ cul _<
Ry——= + Ts—N3 + HN \(
32 >7 THF, it N
31 33 34 T\, 6695%
1-2h Ts
Ts =tosyl
34a, Ry = CgHs Rp= 4-CH:CeHSOz 95%
34b, Ry = 4-CH:CeHs. Ry = 4-CHyCsHS0;  90%
34c, Ry = 4-PhOCgH4 Ry = 4CH3CsHSO,  84%
34d, Ry = 2-pyridyl, R = 4-CH3CgHaSO2  66%
3de, Ry = 3pyridyl, Ry = 4-CHiCeHSO,  92%
34f, Ry = 4CH3Csts, Rz = CH3S0, 0%
34g, R; = tBU, Ry = 4-CH,CsH,S0, 79%
34h, Ry = (CH3)sSi, Ry = 4-CHiCeH4S O, 85%

Scheme 10. Synthesis of sulfonamidines from a three-component reaction catalyzed by copper(l) iodide.”
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catalyst-free R
9 ?3 1,4-dioxane 0 " I\If
Ri—S—N3  + N R S M N
I Ry ™" Ry reflux 24 h R1/'S\\ Ry
0 0
35 36 37 4277%
37a, Ry = 4-CHiCeH4 Rz = Ethyl, Ry = Ethyl 71%
37b, Ry = 4-CICgHs, R; = Ethyl. Ry = Ethyl 7%
37¢, Ry = 4BrCH,, R, = Ethyl. R, = Ethyl 68%
37d, Ry = 4-CH3CgH4, R3 = Isopropyl, Rs = Isopropyl 73%
37e, Ry = 2,34(CH3)CgH4, R = Isopropyl, Rq = Isopropyl  66%
37f, Rq= 4-CH3CgH4, R3 = npropyl, Rg = n-propyl 69%
37fg Ry = 2,3,4{CH2:CeHy. Ry = nbutyl, R, = n-butyl 46%
37h, Ry = 2NO,CH., Rs = nbutyl, R, = n-butyl 42%
Scheme 11. Catalyst-free synthesis of sulfonamidine.®
Ry
N3 0.
0=8=0 \s
\(\\/[ )J\ catalyst-free o
N
>_ Ethanol, reflux U \>7N
2-10h .
38 40 | 66-96%
40a, Ry = H, Ry = CH3 82% 40e, Ry = Ac, Ry= 4-CHiCHe  70%
40b, Ry = A4CH:CsHs Ro=H 6% 40f, Ry = Ac, Rp = 4FCgHs 73%
40c, Ry = CHy Rp = 4FCgHs  67% 40g, Ry = H, Ry = 4-CHACH. 66%
40d, R, = Ac, Ry= CH, 72% 40h, R, = H, Ry= 4-FCH, 73%
Scheme 12. Synthesis of sulfonamidines from thioamides.**
presence of metal catalysts, such as iron(IIl) chloride, times were extraordinary (50-90 min) compared to those
iron(IIT) oxide supported on silica, and tin chloride.”®" of conventional methods (Scheme 14).
Some amidines can also be obtained by the catalytic action
of cyclodextrin and acetic acid,”’* and there are records in 2.6. Synthesis of amidines from imidoesters and
the literature of the use of ionic liquids”™”” and reactions carbodiimides
under ultrasound and microwave irradiation.’*78-80
Chandna et al.®' generated formamidines (43) in The synthesis of amidines from imidoesters (47) is well
excellent yields (85-99%) from the reaction of amine (41) established and dates back to the classical Pinner reaction,
and N,N’-dimethylformamide dimethylacetal ether (42) in which an imidoester is generated as an intermediate.’*%
(DMF-DMA) under microwave irradiation and solvent-free The catalysts commonly employed for this type of
conditions (Scheme 13). reaction typically involve silicon-based compounds.’38
Dar et al.®® established an excellent formamide (46) Yahyazadeh et al.® synthesized a series of formamidines
synthesis protocol that was solvent free and catalyst free (49) from imidoester (Scheme 15) in excellent yields
under environmentally friendly conditions and utilized (86-94%) within a short reaction time (115-195 min).
ultrasonic energy as the energy source. The yields obtained Amidines can be synthesized by reacting carbodiimides
for the products were very good (64-98%), and the reaction with esters. This reaction constitutes a [3+2] cycloaddition
O/
solventfree
/| 0 N 10-15 min
Ri 41 N 42 150 W 43 85-99%
433, R;=2Brn=0  85% 43 Ry=H n=1 94%
43b, Ry=H n=0 94% 43g,R;=4-Cl. n=1 87%
43¢, R;=4N0, n=0 9% 43h,R;=4-CHy n=1 85%
43d, Ry=4F.n=0 99% 43i, Ry=4CN.,n=1 91%
43e,R;=4Cl.n=0 97%  43), Ry=H,n=2 92%

Scheme 13. Synthesis of formamidines from DMF-DMA and amines under solvent-free microwave irradiation.®!
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H
\‘ l
/NHQ 0 o—/ solventfree AN N P
2 T » \
+ e .
R 44 )O 45 catalystfree " 46 —— i
50-90 min °

46a,R;=H  98% 46e,R,=Br  60%
46b,R;= CH; 98% 46f R;= OCH; 08%
46¢,R,= F 81% 46g,R;=NO, 64%
46d,Ry= | 78% 46h,R;=CFy 8%

Scheme 14. Synthesis of formamidines from amine ethers under ultrasonic irradiation without a solvent or catalyst.®

HoN
g Rk H

Si0,0S0;H  H2N N:<

= o ) oo g

NC CN Ethanol, it NC CN
a R 48 225h 49 86-94%
49, R1=4-0OEt. n=0 94% 4%9e, R1 =3,40CH3,n=0 04%

4%b,R,=4-0CH, n=1  87%
49c,Ry=2-0CHy n=1  86%
49d,R=4-0CH; n=0  90%

49f, R;=3450CH: n=0 01%
49g, Ry = 2-Cl. n=1 91%
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Scheme 15. Synthesis of amidines from amines and imidoesters catalyzed by acidified silica.®*

process.®¥” These reactions can be catalyzed by tin triflate,
diisobutylaluminium hydride, and iron(IT) chloride.®-%
Feng er al.¥ synthesized cyclic amidines (52) by a
[3+2] annulation reaction between carbodiimides (51) and
butyrolactone (50) via the catalysis of iron(IIl) chloride

(Scheme 16), for which notable yields were obtained

Carbodiimides (53) can react with esters, as mentioned
before, and with acyl chloride, as indicated by Wang er al.®
The researchers synthesized N-acyl chloroformamidines
(55) from carbodiimide and benzoyl chloride (54) in
very good yields (81-99%) under catalyst-free conditions
(Scheme 17).

(95-98%).

R3
0 catalyst-free 0 AJ\
)L —_— N—R,
Ri—N=C=N—R; + Ry el THF, rt N4<
53 54 48h R ¢l
55 81-99%
55a, Ry = Isopropyl. Rz = Isopropyl, Rz = 4-F3CCgH4 99%
55a, Ry = Isopropyl, Ry = Isopropyl, R3 = CgHs 99%
55a, Ry = Isopropyl. R = Isopropyl, R3 = Cyclohexyl 98%
55d, Ry = Cyclohexyl, Rz = Cyclohexyl, R3 = CgHs 99%
55e, R, = Cyclohexyl, Ry = Cyclohexyl, Ry = 4-CH,CgH, 81%
55f, R; = Cyclohexyl, Ry = CgHs Ra = 4FaCCeHs 99%
55g, Ry = CgHs, Ry = CgHg, Ra= 4-F3CCeH 4 89%
55h, R; = t-butyl, R, = ethyl, Ry = 4CICgH, 93%

Scheme 17. Synthesis of amidines from carbodiimide and acyl chloride.*

@
LT
O FeCly

%=0 + Ry—N=C=N—R; — —~ » COLEt
w2 6o 51 12-DCE, 30°C
{ COgEt 0.5-20 h N
Q 95-98%
R4 52a,Ry=H Rp=4CH; 05% 52e R;=4CHy Rp=H 06%

52b,R;=H,R,=4-OCH, 08% 52f R,;=3-OCH; R,=H 05%
52c,R=H, R,= 2-0CH, 95%  52g, R, = 4Br, Ry= H 98%
52d, Ry = H, Ry = 4-Br 97%  52h, R;=4NOp Ro=H  98%

Scheme 16. Synthesis of amidines from esters and carbodiimides.*
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2.7. Synthesis of amidines from isonitriles

The synthetic route to generate amidines from isonitriles
is highly interesting because it allows for the generation
of functionalized amidines, such as unsaturated amidines,
in some cases. Furthermore, the reaction can be conducted
by a multicomponent approach.®-%

Most of the literature on the synthesis of amidines
from isonitriles involved a metallic catalyst. Among these,
notable examples include cobalt(Il) bromide, palladium(II)
chloride, palladium(II) acetate, scandium(Il) triflate,
and rhodium(I).”%7 Additionally, there are nonmetallic
catalysts employed in the synthesis of amidines from
amines and isonitrile, such as p-toluenesulfonic acid and
triethylamine.*

Medda and Hulme®” obtained trisubstituted
amidines (59) by a multicomponent reaction involving
amines (56), isonitriles (57), and aldehydes (58) without the
need for metallic catalysts. However, acidic catalysis was
needed, employing p-toluenesulfonic acid under microwave
irradiation (Scheme 18). The results were good (39-89%
yield), with notable reaction times (30 min).

Yan ef al.”® obtained o,B-unsaturated amidines
(63) by a multicomponent reaction utilizing a diazo
compound (61), isonitrile (60), and sulfonamide (62),
generating good yields (32-84%). Despite the long

5 3
= - N\// Y
\|[ + Ri—N=C + Ry
‘:i\v,/ e N H2
56 57 58

H

59a, R; = 25-CH3CsHy Ry = 4-NO,CeH,

59b, R1 = 2.5-CH3C6H3 R2 = CgH_:,

89¢, Ry = 2.5-CH3CeHa Ry = CoHaCHs

59d, Ry = 2.5-CHaCsHa. Ry = CoHsSCH3

59, R, = (2.2,3,34etramethyloutyl, Ry = 3FCgHs
59, Ry = t-butyl, Ry = 30CH3CgH.

599, Ry = 2-CH3-5C1-CiHa, Ry = CeHs

59h, R, = n-butyl, Ry = CgHe

Rodrigues-Santos et al.

reaction time (16-24 h), these target compounds are
considered important in terms of synthetic strategies.
The products are formed by a reaction intermediate,
a four-membered ring of cetenimine-imine [2+2],
which subsequently opens, leading to the formation of
o,B-unsaturated amidines (Scheme 19).

2.8. Synthesis of amidines from heterocyclic compounds
and phosphonoacetamidines

Amidines can also be generated from heterocyclic
compounds, and the literature®'%! reports that oxadiazoles,
N-sulfonyl triazoles, and benzotriazoles can form
amidines (66) in good yields. Li et al.'® synthesized
N-sulfonylamidines from N-sulfonyl triazoles (64) and
amines (65) in good yields (56-91%) and with a relatively
short reaction time (4 h) without the need for catalysts
(Scheme 20).

Katritzky et al.'°! published a comprehensive study
with numerous examples of amidine (69) synthesis from
benzotriazole (67) and amine (68) (Scheme 21) catalyzed
by acetic acid for most reaction examples and, in some
cases, requiring catalytic concentrations of aluminium
chloride. The yields obtained were very good (76-92%),
and the reaction time was notable (10 min).

As mentioned earlier, synthesizing amidines while

—
'

[/t;\ AN

e il

il T

59 N/) 39-89%

|
R4

TsOH, DCE

—_—
MW, 120 °C
30 min

62%
64%
67%
49%
89%
62%
64%
39%

Scheme 18. Synthesis of amidines by a multicomponent reaction under microwave irradiation.”®

s CO,Et
Ny PdOAR | -
Ri-N= = z2 = =
. H/cho i RZ)LH DCE, 80°C i
2 Ry NHR
1624 h 2 1
60 61 63
32-84%

63a, Ry = t-butyl, Ry = CgHs

83b, Ry = t-butyl, R = 4-F3CCeH,
63c, Ry = thutyl, Ry = 4-CHaCaH.
63d, Ry = t-butyl, R, = 4-CNCgH.,

85%
86%
T74%
82%

638, R1 = 2.5CH3C5H3, R2 = CGHE»
63f, Ry = t-butyl, Ry = 3-CICgH,
63g, Ry = t-butyl, Ry = 4-FCH,
63h, Ry = t-butyl, Ry = 4-BrCgH,

32%
73%
79%
65%

Scheme 19. Synthesis of o,B-unsaturated amidines by a Pd(OAc),-catalyzed multicomponent reaction.”
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L
= \‘| H CHCI3 = = TN
= S i
- N sealed tube L “NTs
64 N= 120°C 4h 66 56-91%
66a, R; = H 91%
Ts = Tosyl 66b, Ry = 4 75%
86c, Ry = 4-Br 70%
86d, Ry = 4-Cl 66%
86e, R, = 4F 86%
66f, Ry = 4-OCH3 86%
66g, Ry = 4-CoHg 84%
66h, Ry = 4-CH, 93%
86i, R;= 4-CH,CH,OH  91%
66j, Ry=4-CH,CH,N:  56%
Scheme 20. Synthesis of N-sulfonylamidine from triazole.'®
R2
N~ R
\ N~ 2
R4 CHCI \
2 N\ R3‘\N/R4 . R3“\ )\
[ l e L™
S N’( 67 68 H AcOH 80°C 69 Rs  76-92%
3 o
MW 10 min
69a, R; = CHa, Ry = CaHs. Ry Ry = (CHp)10(CHa) 76%
63b, R1_CH3 RZ_CGHA_; R3202H5 R4:CQH5 88%
69¢, Rq = CgHe Ry = CaHe. Ry = 4-CH3CaHa, Ra= H 89%
69d, R; = 24uryl, R, = 4-CH,CH, Ry =4CHsCHy Rg=H  00%
69, Ry = 2uryl, Ry = 4-CH:CaHy. Ra Re = (CHzpO(CHz)»  89%
69f, Ry= CHa, Ry = 4-CHiCeHs Rs. Ra= (CH2)0(CHz) 9%

Scheme 21. Synthesis of amidines from benzotriazole and amines catalyzed by acetic acid under microwave irradiation.'"!

retaining other chemical functionalities is not a trivial task.
Erkhitueva et al.'” developed an efficient approach for the
synthesis of N-aryl-C-phosphonoacetamidines (72) from
di-isopropyl(chloroethynyl)phosphonate (70) and amine
(Scheme 22), obtaining good yields (43-93%) without
the need for catalysts. Amidines can also be synthesized
from other methodologies, but there are few articles or
examples of reactions in the last two decades compared to
the functional groups discussed in this work.!0*-106

/4 0 NH;
P
)\\k R4

catalystfree

3. Amidine Derivatives with Antileishmanial
Activity and Their Potential Targets

Based on the literature, we will show that amidinic
derivatives achieved more promising results against
various types of leishmaniasis caused by different
species, such as L. amazonensis, L. major, L. braziliensis,
L. donovani, L. tropica and L. infantum; in addition, we
will describe the various types of essays carried out, such
as in vitro studies on different evolutionary stages of the

H )\N)@

acetonitrile
_— |
,5-25h H
43-93%
72 R4
72a,R;=H 87% 726, Ry=4Br 78%
72b,R;=4CHy 88% 729, Ry = 4 72%
72¢, Ry = 40CH; 93% 72h, Ry=4-CFy 81%
72d, Ry = 4-F 81% 72i, Ry=4NO; 43%
72e, R, =4Cl 82% 72i, Ry=4-Ac 65%

Scheme 22. Synthesis of N-aryl-C-phosphonoacetamidines from di-isopropyl(chloroethynyl)phosphonate and amine.'*?
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parasite, promastigote and amastigote, with the parasite
(amastigote) infecting inside cells, macrophages, and even
results conducted in vivo. Furthermore, the results of the
structure-activity relationship (SAR) regarding the anti-
Leishmania activity and the chemotherapeutic targets of the
compounds are interesting. Initially, we will describe the
results obtained from studies on chemotherapeutic targets
and recent studies on the first amidinic compound that
became a drug, pentamidine (Figure 1), and subsequently,
the results of studies of other amidinic derivatives.

3.1. Pentamidine

Basselin er al.'”” demonstrated through experimental
studies that pentamidine interferes with the synthesis of
polyamines, inhibiting the use of S-adenosyl-L-methionine
by inhibiting enzymes such as ornithine decarboxylase and
spermidine synthetase; thus, the synthesis of molecules
important for the maintenance of life of the parasite is
prevented. Theoretical studies by Montanari et al.'® indicated
that both pentamidines and their analogues can bind to
deoxyribonucleic acid (DNA) in the minor groove, which is a
region rich in adenine-timina (A-T). The experimental results
obtained by Yang et al.'” also demonstrated that pentamidine
binds to the minor grooves of double-stranded DNA helices.

Systemic administration of pentamidine induces
significant side effects, notably nephrotoxicity. Recent
studies''® have focused on the utilization of pentamidine
within innovative nanoadministration systems, with the
goal of repositioning this drug. The bis-cationic form
of pentamidine has been employed as a pharmaceutical
delivery vehicle. Among various applications, a study
by Banerjee et al.''' highlighted the encapsulation of
pentamidine isethionate within sugar-grafted liposomes,

Rodrigues-Santos et al.

which were evaluated against leishmaniasis in infected
hamsters. Several sugars were assessed; mannose-grafted
liposomes containing pentamidine isethionate exhibited
an 85.1% reduction in parasite load in the spleen, whereas
sugar-free liposomes achieved only a 46.6% reduction
in parasite load in golden hamsters infected with Indian
kala-azar (leishmaniasis) patients; similar studies were
conducted by Roman-Alamo et al.'"2

3.2. Amidine derivatives

Stephens et al.'® evaluated several amidinic derivatives
named 2,5-bis-[4-(2-pyridylimino)-phenyl]-furan
dihydrochloride (72, Figure 2) against L. donovani
in the amastigote form and found excellent results in
the range of 0.10-1.14 pmol L. However, when the
pyridyl group was replaced with a phenyl group, the
activity decreased approximately 100-fold (half-maximal
inhibitory concentration (ICsy) > 100 umol L'"). These same
compounds showed affinity for DNA binding and exhibited
cellular toxicity in the range of 4.2-143 umol L (ICsy).

De Souza et al."* evaluated the effects of furamidine
compounds against L. amazonensis and obtained promising
results, with an ICy, of 32 uM (73, R = H, Figure 2) and an
IC,,0f 3.7 uM (73, R = Ph, Figure 2). The data indicate that
the phenyl effect is important for the activity, suggesting
greater p-stack interaction with the bioreceptor and/or
increased lipophilicity. These same compounds also showed
significant activities against Trypanosoma cruzi and even
against cancer cells. However, both molecules damage
organelles containing DNA, similar to pentamidine.'!®
Some studies!'® have shown the leishmanicidal action of
berenil (Figure 2), but its efficacy is much lower than that
of pentamidine.

Ho)k/ "\‘Y

R
R jh\ A/j .
> ! 2 o
NH j// J/ fo) = \‘[ NH HN NH,
//N N \/ X N /N
\ | 72 ! \ =
N H H SN |
R1=R,=H R{=R,=CHj N
R;=CHj,, Ry=H R;=H, R,=OCHj N
R;=0CHj, Ry=H R;=H, R,=SCH, N~ H
R4=Cl, R=H R=H, R,=Cl I
= .
/Tﬁ\ | Berenil
/ } HN— S
\/\O V/
\ NH,
HoN N N NH,
(@] H
AH 73 HA\
¥ + R N
R HO ‘
R=H (furamidine) fo)

R=Ph

Figure 2. Chemical structures of amidines 72, berenil and furamidins 73.
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Huang et al.'" investigated the antiplasmodial and
anti-L. donovani activities of a series of 52 pentamidine
analogues in which the links between two phenyl amidine
moieties were highly variable. The IC, values ranged from
0.290 to over 97.8 pmol L' for 44 compounds assayed at a
maximum concentration of 100 umol L. The most active
compound, 74 (Figure 3, IC,, = 0.290 umol L), did not
cause cytotoxicity in Vero cells up to 19.6 umol L' and
was 68-fold more toxic to L. donovani than to Vero cells.

Rosypal et al.'"® evaluated a series of 35 dicationic
aromatic reversed diamidines against L. infantum
promastigotes isolated from North American foxhound.
Among the assayed compounds, 75 (Figure 3) showed the
best activity, with an ICs, of 0.0042 pmol L. In contrast,
IC,, of 14.2 pmol L' was observed for pentamidine, which
was used as a positive control, and the cytotoxic indices
obtained using L-6 rat myoblast cells were 9.2 and 0.3 for
compound 75 and pentamidine, respectively.

The effects of diamidine azaterphenyl and its analogues
on the axenic amastigotes of L. donovani were investigated.
Among the eighteen compounds evaluated, nine obtained
IC,, values lower than 0.10 pmol L. In this study, the
authors revealed that the anti-Leishmania activity of
diamidines depends on the position of the nitrogen atom in
the ring relative to the amidine group, and this is correlated
with DNA affinity. Among the most active compounds,
76 and 77 (Figure 3; IC,, = 0.063 and 0.084 pumol L,
respectively) possess nitrogen atoms at the ortho position
on the ring neighboring the amidine group; however, when
two nitrogen atoms are introduced, the inhibitory effect on
the axenic amastigotes decreases. Unfortunately, 76 and 77
were not effective in assays of infected macrophages.'

Eighteen pentamidine analogues were evaluated in vitro
against L. major and L. tropica. These species are causative

HN 74

AL
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agents of cutaneous leishmaniasis in the Old World. Among
the compounds assayed, compounds 78 and 79 were most
active (Figure 4), with ICs, values of 0.0007 umol L' for
both compounds towards L. major (promastigotes) and
0.002 and 0.0065 umol L for L. tropica (promastigotes)
and 0.25 and 0.29 umol L™ for L. donovani (amastigotes),
respectively.'?

Bakunova er al.'*! reported the synthesis of cationic
2-phenylbenzofurans and their effect on protozoa, including
the axenic amastigotes of L. donovani. Among the forty-
nine compounds assayed against L. donovani, five showed
better results than pentamidine, with IC;, values less than
2 umol L™, and compound 80 was the most active compound
(IC5,=0.99 umol L. In this study,'?* the authors observed,
in general, that substituting the amidine group led to a
decrease in activity. The same group of authors reported the
synthesis of eighteen pyridyl-pentamidine analogues with
antiprotozoal activity, including L. donovani. Compound 81
(Figure 4) was the most active compound, with an ICy, less
than 1 pmol L', and was nearly four times more potent
than pentamidine.

Arylimidamides were evaluated for their ability to
treat L. amazonensis, L. major intracellular amastigotes,
and L. donovani intracellular and axenic amastigotes.
These compounds showed exceptional activity with an
IC,, < 0.12 pmol L' and did not exhibit mutagenicity in
the Ames assay. The most active compound, 82 (Figure 5),
was assayed in vivo by two efficient models in L. donovani-
infected mice and hamsters, in which 71 and 89% of
liver parasitemia was inhibited, respectively. However,
after in vivo treatment, chlorydrate (82) in a murine
model had adverse effects on histopathology in tissue
samples.!?*12* Continuing the studies with arylimidamide,

Pandharkar and co-workers'® assayed L. donovani axenic

77

Figure 3. Chemical structures of dicationic furamidine and di-amidines with anti-Leishmania activity.
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g

81

Figure 4. Chemical structures of reversed furamidine derivatives and pentamidine analogues with anti-Leishmania activity.

amastigotes, which are resistant to this compound and
are twice as sensitive to miltefosine. Furthermore, the
authors prepared eighteen arylimidamides containing
pyridylimidamide terminal groups, six of which had
nanomolar 1Cs, values against intracellular amastigotes

N
HN |

HO

of L. donovani and L. amazonensis, and compound 83
(Figure 5) reduced L. donovani liver parasitemia by 46%
after an oral dose of 100 mg kg'.

A series of new imidinoximes were prepared and
investigated for their anti-L. donovani activity. Among all

86

Figure 5. Chemical structures of arylimidamides and amidinoximes with anti-Leishmania activity.
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the compounds, only two compounds, 84 and 85 (Figure 5),
generated IC,, values less than 10 ymol L' (8.3 and
8.8 umol L', respectively) against promastigotes and were
cytotoxic to human THP-1 cells; these compounds exhibited
a better selectivity index than that of pentamidine.'? Then,
the authors prepared thirteen new imidinoximes, and the
anti-L. donovani promastigotes obtained ICs, values in the
range of 5.21-7.89 pmol L', the most active compound 86
(Figure 5), with a selectivity index 40 times greater than
that of pentamidine.'”’

As previously mentioned, imidinoximes exhibit
significant activity against L. donovani, and studies
conducted by Clement and Struwe'?® have increased
knowledge on the biological mechanisms underlying
the activity of this class of compounds by investigating
N-hydroxylated pentamidine derivatives. The research
group observed low in vitro antiprotozoal activity and
significantly decreased DNA binding. However, when
the monohydroxylated and bishydroxylated pentamidine
derivatives were assayed in vivo, the results were consistent
with the in vivo reduction of the amidoxime group to
amidine (Figure 6). Amidoximes can be used as prodrugs
with greater flexibility than other agents, and OH groups can
also be used to esterate different carboxylic acids. Prodrugs
based on amidoximes exhibit interesting pharmacokinetic
and pharmacological properties.'?

A series of 5-(5-nitrofuran-2-y1)-1,3,4-thiadiazoles

[ 7H7 1 - - 7"
- NH, *
: N : Reduction® : 2 :
—_—
| NH, |
L N < L _ 1
Oxidation®

Benzamidinoxime Protonated Benzamidine

2 NADH cytochrome b5 reductase, cytochrome b5, mARC-enzyme
b, cytochrome P450 monooxigenases

Figure 6. Reduction of benzamidinoxime to benzamidine and oxidation
of benzamidoxime (adapted from Clement and Struwe).'?

N—N
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with piperazinyl-linked benzamidine substituents were
synthesized as scaffolds and analogues and evaluated
against promastigotes and amastigotes of L. major. The
compounds containing n-propyl, n-butyl and benzyl
side chains in benzamidine exhibit very good activity,
highlighting compound 87 (Figure 7), with an n-propyl
moiety, which obtained an ICy, of 0.08 pumol L', after
72 h of treatment in promastigote form; furthermore, the
compound exhibited very low toxicity in macrophages.'?

As mentioned earlier, Yang et al.'” also investigated
some diamidines using L. donovani promastigotes.
The investigations included compound 88 and other
mono- and di-amidines. The most active compound, 89
(IC5, = 3.20 umol L), exhibited strong DNA binding
properties (Figure 7). All diamidines assayed dose-
dependently affected kDNA but not nuclear DNA
replication.

Hybrids of arylimidamides containing the catechol
moiety were prepared and evaluated against promastigotes
of L. major and L. infantum and against axenic amastigotes
of L. major. When the terminal phenyl group was replaced
with a catechol moiety, the antiparasitic effect improved
10-fold. The most active compound, 90 (Figure 8), exhibited
IC,, values of 0.29 and 0.32 pmol L' against L. major in the
promastigote and axenic amastigote developmental stages,
respectively, and 0.36 umol L' against L. infantum in the
promastigote stage.'*

Nué-Martinez et al.”®' reported the synthesis and
SAR study of three series of compounds that target
AT-rich mitochondrial DNA (kDNA), focusing on
their antiprotozoal activity. Among these series, the
bis-arylimidamides included some compounds with
antiparasitic effects against L. donovani, T. brucei and
T. cruzi, with ICy, values < 1 umol L. The two most
active compounds, 91 and 92 (Figure 8), exhibited 1Cs,
values of 0.26 umol L' and 0.33 and 0.65 pmol L' against
the amastigote form, respectively, and 0.65 umol L' and

‘ NH,

NH

/ \

(0}
HoN 88

Figure 7. Chemical structures of 5-(5-nitrofuran-2-y1)-1,3,4-thiadiazoles with piperazinyl-linked benzamidine, arylimidamide, and mono- and diamidine

derivatives with anti-Leishmania activity.
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Figure 8. Chemical structures of reversed diamidine derivatives with anti-Leishmania activity.

1.11 and 0.65 pmol L' against the promastigote form, promastigote assays, only three compounds showed ICs,
respectively. In general, the compounds in the series of bis- values in the range of 30-70 umol L' and no correlation
arylimidamides strongly bound to the DNA minor groove, was detected between anti-L. amazonensis activity and
and the pK, values obtained were correlated with the DNA arginase interaction by molecular docking.
binding affinities.

A series of 2’-arylsubstituted-1H,1’H-[2,5]-bis- 3.3. N-Phenyl-N’-R,,R,-phenyl-p-methoxy-benzamidine
benzimidazolyl-5-carboxamidines were synthesized, and the derivatives
effects of these compounds on several parasites and fungal
species, including L. donovani, were investigated; however, Interesting results were obtained for the series of
these compounds were not active against Leishmania N-phenyl-N’-R,,R,-phenyl-p-methoxy-benzamidine
parasites, for example, compound 93 (Figure 9).!% compounds against L. amazonensis in vitro in the

Boechat et al.'*® prepared thirty-four compounds, promastigote form, especially for compound 95 (Figure 9),
including fifteen containing an amidine group, for which has an ICy, of 14.00 uM. Temporal et al.'* evaluated
example, compound 94 (Figure 9), which targets the the cytotoxicity of compound 95 and pentamidine
enzyme arginase of L. amazonensis. Unfortunately, after (positive control) in vitro, in macrophages infected with

OH HoN. NH
i
N
N |
O
HoN 94
NH E 3 ez

Electron-withdrawing favor

anti-Leishmania activity.

Electron-donor favor

anti-Leishmania activity.

R=NO,, Ry=H 97
Figure 9. Chemical structures of 2’-4-hidroxyaryl-1H,1’ H-[2,5’]-bisbenzimidazolyl-5-carboxamidines (93), nitrobenzamidine (94) and N-phenyl-
N’-R,,R,-phenyl-4-methoxt-bezamidine (95, 96 and 97).
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L. amazonensis, and in vivo, in BALB/c mice also infected
with L. amazonensis. Surprisingly, the compound decreased
the percentage of parasites in vitro without damaging the
host cell, and in vivo, the compound prevented infection in
the animals. Notably, the reference drug pentamidine was
not effective in either experiment.

Recently, studies have been performed to determine
the mechanism of action. In this context, Genestra et al.'®
evaluated the effects of compound 95 and pentamidine
isethionate (as a reference drug) on nitric oxide radical
(NO*) production by promastigotes and axenic amastigotes
of L. amazonensis. The results revealed 23.53% NO*
inhibition in promastigotes and 52.94% inhibition in
axenic amastigotes when compared to 3.78 and 25.9%,
respectively, for pentamidine. Based on these results, the
action of the parasite’s NOS enzyme is important and does
not affect activity of the host. Figure 10 shows the inhibition
of NO* production by L. amazonensis axenic amastigotes
and promastigotes after treatment with compound 95 and
pentamidine.'*® Genestra et al.'*> subsequently showed that
L. amazonensis axenic amastigotes produce more NO* than
that generated by promastigotes.

100+
2 [l Axenic Amastigotes
5 B Promastigotes
o
£
@
o
a
&
-y
O R
85 504
5 2
E S
g3
w S
e E
€3
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0

Amidine derivative

Pentamidine

Figure 10. Inhibition of nitric oxide (NO®) production by L. amazonensis
axenic amastigotes and promastigotes. Nitrite accumulation in the
supernatants of cultured cells was used as an indicator of NO*® production
and was determined by the Griess reaction.'?

Another chemotherapeutic target studied was the
enzyme trypanothione reductase (TR). The TR in the
soluble fraction of L. amazonensis and its expression
were significantly different between infected axenic
amastigotes and lesion-containing promastigotes. The
results of the experiments showed that compound 95 and
pentamidine inhibited the TR enzyme; however, only
pentamidine inhibited glutathione reductase, suggesting
its connection to toxic effects. These results indicated the
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importance of the TR enzyme in the survival of intracellular
parasites and indicated that TR is a possible target for anti-
trypanosomatid drugs.'¥’

The effect of compound 95 on the NO* production of
parasite-macrophage interactions after 24 h of infection
was evaluated. Interestingly, compound 95 destroyed
intracellular parasites without affecting host cells, and
these data corroborate the results of Temporal et al.'*
Pretreatment with pentamidine under the same conditions
did not help prevent infection.'

Rodrigues-Santos et al.** synthesized two new series of
23 N,N’-diphenyl-p-X-benzamidine based on good results
of 4-methoxy-phenyl-N,N’-diphenyl-benzamidine (95) on
L. amazonensis. A series of compounds were evaluated
against L. amazonensis, L. chagasis and L. braziliensis,
and the most active amidines were 96 and 97 (Figure 9),
with ICs, values of 12.60 and 13.00 umol L' against
L. amazonensis, respectively. The SAR and QSAR studies
indicated that the best results were achieved when electron-
donor groups were linked to the ring attached to the amidine
carbon atom and when electron-withdrawing moieties
were linked to the rings attached to the nitrogen atom.
Furthermore, the QSAR data indicated the importance of
hydrophobicity for anti-Leishmania activity in these series.
This work was revisited by Kapil ez al.** and included in
a review focusing on small-molecule strategies targeting
leishmaniasis chemotherapy.

Petiz et al." investigated the toxicity of compound 95
against L. amazonensis in isolated rat liver mitochondria
at the same concentration used for the anti-Leishmania
effect. The sites of inhibition in the respiratory chain were
complex I and between segment ubiquinone and complex III.
This effect was confirmed by the dose-dependent increase
in oxygen consumption during stage 4 respiration induced
by oligomycin. Furthermore, mitochondrial swelling was
inhibited by compound 95, suggesting that this amidine
affects mitochondrial membrane permeability and fluidity.
These results indicated that compound 95 has a slight effect
on energy-like functions in isolated mitochondria at the
medium lethal dose (LDs).

4. Conclusions

Based on the bibliographic survey of this work, the
synthesis of unsubstituted or monosubstituted amidines can
be primarily achieved from nitriles in good reaction times,
requiring a catalyst. However, the synthesis of disubstituted
and trisubstituted amidines typically requires longer
reaction times and the addition of other functionalities,
such as amides, thioamides, sulfonylazides, ortho-ethers,
isonitriles, imidoesters, heterocyclics, carbodiimides,
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and ynamides, necessitating expensive catalysts. There
are few examples of functionalized amidines synthesized
in the literature, and this method remains a synthetic
challenge. However, in the past two decades, there have
been significant advancements in the use of eco-friendly
methods, such as microwave irradiation, ultrasound, and
solvent-free and catalyst-free methods; however, these
methods are still insufficient, especially for the synthesis
of disubstituted or trisubstituted amidines.

Regarding the results obtained for the antileishmanial
activity of the amidine derivatives, derivatives containing
the furan group and, especially, neutral or di-cationic bis-
amidines are notable; thus, compounds of these scaffolds
appear to be promising for leishmaniasis treatment.
Concerning molecular targets in intracellular parasites,
there have been few advances, and most of the tests have
been carried out in vitro; therefore, much research is still
needed; however, the results suggest that DNA intercalation
contributes to the activity and side effects of most bis-
amidines because the two amidinic groups are diametrically
opposed. These data highlight the future need to evaluate
new bis-amidines with both amidic groups on the same
side of the molecule. Such structural characteristics would
preserve the lipophilicity of the molecule and should
influence DNA binding. Furthermore, it is necessary to
evaluate new amidoximes to combat leishmaniasis. This
group represents a useful strategy for enhancing the
bioavailability of amidines produced from amidoximes in
biological assays. The bioavailability of amidines could
also be improved using liposomes and nanoparticles of
different compositions. These two strategies for enhancing
bioavailability could be applied not only to bis-amidines but
also to monoamidinic compounds, as previously performed
with the N,N-phenyl-N’-R,,R,-phenyl-p-methoxy-
benzamidine series, which has been shown to be extremely
promising.
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