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Abstract: Nitrated products are important since they are intermediates in the synthesis of other
compounds, such as explosives, perfumes, dyes and plastics, among others, and they have an easy
capacity to convert into other functional groups. The synthesis of compounds with biological activity
that have a nitro group in their structure is relevant to improving and/or enhancing their effect.
In this work, different methodologies for the nitration of naphthoquinone derivative compounds
are presented. The nitration of 3-R-2-(phenylamino)-1,4-naphthoquinone derivatives was carried
out with nitric acid and sulfuric acid; milder reaction conditions were also established by diluting
the acids or performing the reaction with weaker acids. Other methodologies were tested using
nitrate salts for mononitrate product synthesis. We used a solvent-free reaction with oxalic acid
using 3-R-2-(phenylamino)-1,4-naphthoquinones (R=H, Br or Cl), noting that the electronegativity of
the chlorine group is decisive for achieving nitration with good yields. Finally, a Michael addition
was performed with some nitrated anilines. To obtain denitrated compounds in the ortho and para
positions, the reaction with strong acids is feasible; however, for the formation of mononitrated
products, the Michael-type addition is more convenient.

Keywords: nitration; nitronium ion; Michael addition; 2-(R-phenylamino)-1,4-naphthoquinone

1. Introduction

Naphthoquinones are very interesting cyclic molecules; in the last few decades, they
have been the center of many investigations, and they have antimicrobial, antiviral, and
anticancer properties, among others.

Some naturally occurring naphthoquinones with biological activity, like plumbagin,
juglone and lapachol, are synthesized by plants and have antibacterial effects. They have
been used in traditional medicine of different cultures for disease treatment. For example,
lapachol, present in the Biognoniacea family, is used against some types of cancer. Juglone
(5-hidroxy-1,4-naphthoquinone) is obtained from the walnut (Juglans regia L.) tree and has
antibacterial and antifungal properties. Other naphthoquinone derivatives bind to specific
receptors on cancer cells, and other derivatives have been investigated for their activity
against bacteria and fungi [1-9].

Plumbagin, for the genre Plumbao, is used for rheumatic pain, like antispasmodic and
as an antimicrobial agent. The use of plumbagin and other naphthoquinones has recently
been studied for their antioxidant and anti-inflammatory properties. These properties
probably activate adaptive cellular stress response pathways as a possible neuroprotec-
tive effect [10]. In addition, plumbagin demonstrated the ability to prevent the loss of
learning and memory in mice. Alzheimer’s is a degenerative disease where, among other
factors, there is loss of cholinergic transmission, excessive protein misfolding, and Af3
aggregation [11-14]. Naphthoquinone derivatives with hydroxyl or amino groups favor
the structure—activity relationship on targets such as enzymes cholinesterase or proteins
such as B-amyloid, and it is possible that naphthoquinones could contribute to a biological
effect against Alzheimer’s [11].
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The biological activity of naphthoquinones has been attributed to several physico-
chemical properties. They induce oxidative stress since they cause the generation of reactive
oxygen species (0,°~, HO®, and HyO;). These species cause cell, enzymatic, DNA, and
RNA damage, which causes cell apoptosis [1-3].

The naphthoquinone ring can undergo oxidation and reduction processes since it has
the ability to accept one or two electrons and form the corresponding radical anion (Q~ or
semiquinone) or dianion (Q?~ or hydroquinone). In an aerobic environment, a one-electron
reduction could easily take place, and it is mediated by the cytochrome P4502 enzyme.
For naphthoquinone to be reduced to hydroquinone (gain two electrons), an anaerobic
environment is required, and the enzyme NADPH is the main species responsible for the
reduction [15].

This property depends directly on its chemical structure, so it can be modified by
electron-withdrawing or electron-donating groups on the quinone system and affects
the oxidation and reduction processes, the biological activity, and the application of
these molecules.

Different functional groups in the naphthoquinone molecule change its application.
For example, derivatives of 2-hidroxy-1,4-naphthoquinones with alkyl or aminoalkyl
groups present antiparasitic or anticancer activity, respectively, and 2-N,N’-dialkylamino-
1,4-naphthoquinone derivatives present antileishmanicidal activity [16-18].

Quinones also present acid-base properties since they have phenolic groups in their
structure, which can modify their biological activity [19]. It is possible to modulate the
naphthoquinone reactivity by modifying the chemical environment, which can improve its
pharmacological activity and lower adverse side effects [20,21].

Another group of interesting compounds are the amino-naphthoquinone derivatives;
they are considered potential antifungal and antibacterial agents [22]. The importance in
the synthesis of amino naphthoquinone derivatives lies in the fact that they are structures
present in natural compounds such as quinolines and isoquinolines-5,8-diones (azonaph-
thoquinones), as well as in some antibiotics also of natural origin. These molecules present
very diverse structures, among which the following stand out: Renierone, Mimosamicyn,
Cribostatin, Streptonigrin, and Lavendermycin (Figure 1). These types of compounds
present a wide range of biological activities [4,20-25].

A nitro group is a strong electron attractor; it has the ability to attract a pair of electrons,
and it easily enters into resonance with aromatic electrons. Depending on the position of the
nitro group, it can activate or deactivate certain positions of a given molecule, and it can also
change its polarity, facilitating or inhibiting a nucleophilic addition to proteins or enzymes.
Sometimes, the nitro group is not directly involved with the activity of the drug but rather
affects its pharmacokinetics [26]. It has been described that the biological activity of the
nitro group is due to different mechanisms; one of the most accepted is that it is reduced
by generating nitroso and other superoxide species that cause cell damage [27]. The effect
of a nitro group on the biological properties of a given pharmaceutical compound is very
varied; it has been seen that it can have effects ranging from antibacterial, antiparasitic,
antihypertensive, antineoplastic, and tranquilizer. As a consequence, there is a great interest
in the investigation of methodologies to introduce this functional group [28-34].

The oxidation-reduction properties and biological activity of an anilino-naphthoquinone
can be changed by modifying its structure by introducing a nitro moiety. In this work, different
methodologies are proposed for the nitration of this type of quinone, where the formation of
mono- or di-nitrated compounds is observed.
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Figure 1. Natural antibiotics containing amino naphthoquinones in their structure [20-25].

2. Material and Methods
2.1. Materials and Instrumentation

Melting points were measured with a Fisher-Johns apparatus. UV-Vis Spectra were
obtained on a Shimadzu UV-2401 PC spectrophotometer. IR spectra were recorded on a
Nicolet IS10 Thermo Scientific FTIR spectrophotometer. NMR spectra were obtained on a
Varian Mercury 400 MHz Spectrometer (the 'H NMR spectrum appears in Supplementary
Material) Mass spectra were recorded on a Finnigan Mat 8200 spectrometer at 70 ev. All
starting compounds were purchased from commercial suppliers and were used without
further purification. The reagents used were purchased from Sigma-Aldrich (St. Louis,
MO, USA), and the solvents used were Fermont brand (Fermont, Fremont, OH, USA).

2.2. Different Methodologies Reported in the Literature Were Performed with Slight
Modifications [35-39]

The reactions were monitored by thin-layer chromatography and allowed to react
for 4-6 h; the mixture was neutralized with a 10% solution of cold sodium bicarbonate
and filtered and washed with cold ethanol. The formation of precipitate was observed.
The product was recrystallized several times in ethanol or CHCl3. Table 1 shows different
methodologies for the nitration of compounds: 1a, 1b, 1c, 2al,2a2,2b!, 2b2, 2¢1, and 2c2.
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Table 1. Preparation of 1a, 1b, 1c, 2al, 2a2, 2b1, 2b2, 2¢1, and 2¢2.

. Reagent e Products
Synthesized Compound 0.9 mmol or 0.5 mmol Nitration (Yield%)
o) NO,
N
1a 2-(phenylamino)-1,4- 7 mL HpSO;4 conc.
naphthoquinone 1.5 mL HNOj conc. "
o}
85%
o NO,
N
1b 3-chloro-2-(phenylamino)-1,4- 7 mL HySOy conc.
naphthoquinone 1.5 mL HNOj conc.
cl NO,
o
90%
1c 3-bromo-2-(phenylamino)-1,4- 7 mL H,SOy conc. “
naphthoquinone 1.5 mL HNO;3 conc. B Nz
70%
2al 2-(phenylamino)-1,4- 7 mL H3S04 conc. O‘ \©
naphthoquinone 1.5 mL HNOj3 conc.
3 mL of distilled H,O o
or i .
7 mL HNOj conc. N
2 3 mL of acetic acid “ O\
2a NO;
60%
o NO,
N
2b! 3-chloro-2-(phenylamino)-1,4- 7 mL HSOy conc. O‘
naphthoquinone 1.5 mL HNOj conc. -
3 mL of distilled H,O I
or o
7 mL HNOj; conc. N
3 mL of acetic acid “
2b2 Cl NO:
65%
0 NO,
N
2! 3-bromo-2-(phenylamino)-1,4- 7 mL HSOy conc. O‘
naphthoquinone 1.5 mL HNOj3 conc. o
3 mL of distilled H,O i
or [o}
7 mL HNOj conc. H
3 mL of acetic acid
2¢?
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2.3. Preparation of 2a', 2a%, 2b!, 2b?, 2c1, 2¢2

Method A. Solvent-free nitration.

For this methodology, 1 mmol of 3-R-2-(phenylamino)-1,4-naphthoquinone (R=H, CI
or Br) was weighed, and 1 mmol (0.0903 g) of oxalic acid was added together with 1 mmol
(0.0689 g) of NaNOj3; the mixture was ground until pulverized, stirred, and heated to a
temperature of approximately 80 °C. The reaction was monitored by TLC and left for 6 h;
the mixture was neutralized with a 10% solution of cold sodium bicarbonate and filtered
and washed with cold ethanol.

Method B. Nitration with salts.

At the end of each of the methodologies described in Table 2, the mixture was neutral-
ized with a 10% solution of cold sodium bicarbonate (the concentration of the basic solution
is sufficient to neutralize the acid that remained from the reaction, so it is a moderate
basic solution that does not affect the reaction), and the solution was filtered and washed
with cold ethanol. Some products were recrystallized several times in ethanol or CHCl;.
Other products were passed through a small silica column using a mixture of hexane (30%)
and ethyl acetate (70%) as the eluent solvents. It is not possible to separate the ortho and
para isomers.

Table 2. Nitration with nitrated salts.

Reagent Nitration Products
0.5 mmol
2-(phenylamino)-1,4-naphthoquinone 2.4 0r1.2 g of Cu (NO3), Mixture 2al, 2a2

3-chloro-2-(phenylamino)-1,4-naphthoquinone

3-bromo-2-(phenylamino)-1,4-naphthoquinone

30 mL of anhydride acetic acid or 15 mL of

carbon tetrachloride and 3.7 of acetic anhydride.

The reaction mixture was allowed to stir at room
temperature (25 °C) and was monitored until no
starting material was observed by TLC (hexane
30% and ethyl acetate 70%) (the reaction took
place for approximately one hour).

Mixture 2b1, 2b?

Mixture 2c1, 2¢2

2-(phenylamino)-1,4-naphthoquinone

3-chloro-2-(phenylamino)-1,4-naphthoquinone

3-bromo-2-(phenylamino)-1,4-naphthoquinone

2 g of Ca(NO3),e4H,0 with 20 mL of acetic acid
to dissolve the salt.
The mixture was heated to 100 °C and refluxed
for one hour. Subsequently, the product was

Mixture 2a1, 2a2

Mixture 2b1, 2b?

Mixture 2¢!, 2¢2

precipitated by adding water.

2.4. Preparation of Nitro-Phenylamino Naphthoquinone Derivatives 2a', 2a2, 3a!, 3a%, 3a3, 3a%;
by Michael Addition to 1,4-Naphtoquinone with Nitrated Anilines

The substituted naphthoquinones were prepared by the method reported in the litera-
ture with several modifications [40,41].

1,4-Naphthoquinone (1 mmol) was dissolved in ethanol (10 mL), and Lewis acid,
CeCl3.7H,0, or FeCls (0.1 mmol, 0.372 g or 0.162 g, respectively) was added. The reaction
mixture was stirred for at least 60 min. A solution of a given aniline (1 mmol, 0.09 mL)
in ethanol (10 mL) was slowly added, and the mixture was allowed to react for 4 to
72 h, depending on the aniline substituent(s). The reaction vessel was equipped with a
reflux condenser to minimize ethanol losses during the experiment. The reaction was
monitored by TLC. The solution turned deep red or orange-yellow when the corresponding
2-(R-phenylamino)-1,4-naphthoquinone was formed. The resulting solid was filtered and
washed with cold ethanol. After recrystallization from ethanol, the desired product was
obtained as a pure and crystalline-colored solid.

2.5. Characterization

Characterization of 1a: 2-(2,4-dinitrophenylamino)-1,4-naphthoquinone

Orange solid experimental mp: 264-266 °C. Uv-Vis (CH3OH) A max (nm): 265, 315,
and 448. IR (ATR) (cm™1), 3276 (NH), 1689, 1672 (C=0), 1500, 1339 (NO,), 1583 (N-H
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aromatic), and 1278 (C-N aromatic). NMR (CDCls, 400 MHz,) 6 (ppm): 9.04 (1H, s, NH),
8.56 (1H, d, | = 2.7, aromatic H), 8.23 (1H, dd, J1 = 9.1, ]2 = 2.16, aromatic H), 8.22 (1H,
dd, J1 =8.8, ]2 =2.19 aromatic H), 8.15 (1H, td, J1 = 7.52, ]2 = 2.16 aromatic H), 7.92 (1H,
td, J1 =8.78, J2= 2.16, aromatic H), 7.88 (1H, dd, J]1 = 8.78, ]2 = 2.16, aromatic H), 7.82 (1H,
td, ] =7.52, J2 = 2.16, aromatic H), and 6.88 (1H, s, vinyl H); HRMS calcd for C14Hy9N3O¢
was 339.0491 and found 339.0485.

Characterization of 2a': 2-(2-nitrophenylamino)-1,4-naphthoquinone

Orange solid experimental mp: 205-207 °C. UV-Vis (CH30H) A max (nm): 269, 343,
and 451. IR (ATR) (cm™1), 3304 (NH), 1671, 1641 (C=0), 1500, 1337 (NO»), 1576 (N-H
aromatic), and 1278 (C-N aromatic); 'H NMR (DMSO-d6, 400 MHz,) & (ppm): 9.74 (1H, s,
NH), 8.21 (1H, dd, J1 =8.21, J2 = 1.17, aromatic H), 8.1 (1H, dd, J1 = 8.2, J2 = 1.17, aromatic
H),7.99 (1H, dd, J1 =7.8, J2 = 1.17aromatic H), 7.91 (1H, td, J1 = 7.42, ]2 = 1.17 aromatic H),
7.84 (1H, td, J1 =7.42, ]2 = 1.17 aromatic H), 7.83 (1H, dd, |1 =6.45, ]2 = 1.56, aromatic H),
7.81 (1H, td, J1 = 8.2, J2 = 1.17 aromatic H), 7.45 (1H, td, J1 = 8.2, J2 = 1.71, aromatic H), and
6.26 (1H, s, vinyl H); HRMS calcd for C16H19N2O4 was 294.0641 and found 294.0635.

Characterization of 3al: 2-(3-nitrophenylamino)-1,4-naphthoquinone

Orange solid experimental mp: 280-286 °C. UV-Vis (CH3zOH) A max (nm): 275, 343,
and 450. IR (ATR) (cm™1), 3212.33 (NH), 1675 (C=0), 1523, 1372 (NO,), 1575.01 (N-H
aromatic), and 1298.63 (C-N aromatic); "H NMR (DMSO-d6, 400 MHz,) & (ppm): 9.57 (1H, s,
N-H), 8.32 (2H, dd, J1 = 7.42, ]2 = 1.37 aromatic H), 8.16 (2H, dd, J1 =7.42, ]2 = 1.37 aromatic
H), 7.89, 7.81 (1H, td, J1 = 7.42, ]2 = 7.42, aromatic H), 7.45 (1H, dd, J1 = 8.21, J2 = 1.56,
aromatic H), 7.21 (3H, dd, J1=8.21, ]2 = 1.56, aromatic H), and 6.51 (1H, s, vinyl H); HRMS
caled for C14H19N2Oy4 was 294.0641 and found 294.0633.

Characterization of 2a2: 2-(4-nitrophenylamino)-1,4-naphthoquinone

Red solid experimental mp: 337-339 °C. Uv-Vis (CH3OH) A max (nm): 265, 338, and
450. IR (ATR) (cm~1), 3185 (NH), 1671, 1641 (C=0), 1497, 1330 (NO,), 1570 (N-H aromatic),
and 1290 (C-N aromatic). 'H NMR (DMSO-d6, 400 MHz,) & (ppm): 9.56 (1H, s, NH), 8.33
(1H, dd, J1 = 8.20, ]2 = 1.37, aromatic H), 8.17 (1H, dd, J1 = 8.5, ]2 = 1.37aromatic H), 7.89
(1H, td, J1 = 7.03, ]2 = 1.37, aromatic H), 7.83 (1H, td, ] = 7.03, aromatic H), 7.46 (2H, d,
J =8.98 Hz, aromatic H), 7.22 (2H, d, ] = 8.59 Hz, aromatic), and 6.53 (1H, s, vinyl H); HRMS
calcd for C14H19N2Oy4 was 294.0641 and found 294.0631.

Characterization of 3a%: 2-(2-fluoro-5-nitrophenylamino)-1,4-naphthoquinone

Orange solid experimental mp: 212-216 °C. Uv-Vis (CH3OH) A max (nm): 268, 345,
and 435. IR (ATR) (cm 1), 3180.53 (NH), 1738.67, 1681.51 (C=0), 1521.04, 1345.15 (NO,),
1499.99 (N-H aromatic), 1304.92 (C-N aromatic), and 1243.9 (C-F). NMR (CDCl3, 400 MHz,)
5 (ppm): 8.39 (1H, dd J1 =9.51, J2 = 2.5, aromatic H), 8.37 (dd J1 = 9.51, J2 = 2.91, aromatic
H), 8.16 (1H, J1 = 8.42, J2 = 2.8, aromatic H), 7.76, 7.74, 7.72 2H, td, J1 = 7.32, ]2 = 1.46,
aromatic H and NH), 7.37 (1H, t, JHF = 5.8 aromatic H), and 6.45 (1H, s vinyl H).

Characterization of 3a%: 2-(4-fluoro-3-nitrophenylamino)-1,4-naphthoquinone

Orange solid experimental mp: 244-248 °C. Uv-Vis (CH3OH) A max (nm): 272, 350,
and 450. IR (ATR) (cm™1), 3236.66 (NH), 1677.32 (C=0), 1574.32, 1374.32 (NO»), 1514.71
(N-H aromatic), 11,296.84 (C-N aromatic), and 996.76 (C-F). NMR (CDCl3, 400 MHz,) §
(ppm): 9.46 (1H, s, N-H), 8.12 (H-F, dd, J1 = 6.64, ]2 = 2.74, aromatic H), 8.06 (1H, dd,
J1=7.24,]2 =1.37.aromatic H), 7.95 (1H, dd, J1 = 7.62, ]2 = 1.37, aromatic H), 7.86 (1H,
dd, J1=7.24, ]2 = 1.37 = aromatic H), 7.82 (1H, dd, ] = 7.24, ]2 = 1.37, aromatic H), 7.80
(1H, dd, J1 = 8.99, J2= 6.06, aromatic H), 7.63(H-F, td, J1 = 8.99, J2 = 8.99, aromatic H),
and 6.21 (1H, s, vinyl H). HRMS calcd for C1sH9N,OgF was 312.02 and found 312.2.

Characterization of 3a*: 2-(2-fluoro-4-nitrophenylamino)-1,4-naphthoquinone

Yellow solid experimental mp: 212-216 °C. Uv-Vis (CH3OH) A max (nm): 268, 350, and
435. IR (ATR) (cm™1), 3180.53 (NH), 1738.67, 1681.51 (C=0), 1521.04, 1345.15 (NO,), 1499.99
(N-H aromatic), 1304.92 (C-N aromatic), and 1243.98 (C-F). NMR (CDCl3, 400 MHz,) &
(ppm): 8.39 (1H, dd, J1 =9.5, J2 = 2.5, aromatic H), 8.37 (1H, dd, J1 =9.5, ]2 = 2.91, aromatic
H), 8.16 (H-F t, J1 =9.88, ]2 = 8.42, aromatic H), 7.83 (1H, dd J1 = 7.32, ]2 = 1.09 aromatic
H),7.80 (1H, dd J1 = 7.32, J2 = 1.46 aromatic H), 7.81 7.76,7.74,7.72 2H, td |1 = 7.32, 7.68,
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J2 =1.09,1.46, aromatic H and NH), 7.37 (H-F, t, J1 = 5.85, aromatic H), and 6.45 (1H, s, vinyl
H). HRMS calcd for C1HgN3O4 was 339.0491 and found 339.0485.

Characterization of 1b: 3-chloro-2-(2,4-nitrophenylamino)-1,4-naphthoquinone

Orange solid experimental mp: 236-238 °C. Uv-Vis (CH3zOH) A max (nm): 210, 230,
327, and 428. IR (ATR) (cm™1), 3290.12 (NH), 1645.41 (C=0), 1527.14, 1350.37 (NO,), 1321.88
(C-N), and 1122.09 (C-Cl). NMR (CDCly, 400 MHz,) § (ppm): 10.02 (1H, s, NH), 9.14 (1H,
d, ] = 2.6, aromatic H), 8.40 (1H, dd, J1 =9.2, J2 = 2.6, aromatic H), 8.26 (1H, dd, J1 = 7.5,
J2 = 1.2, aromatic H), 8.20 (1H, dd, J1 =7.5, ]2 = 1.3, aromatic H), 7.89-7.81 (2H, m, aromatic
H), and 6.90 (1H, d, | = 9.2, aromatic H). HRMS calcd for C;,H9N,OgF was 373.03 and
found 373.

Characterization of 2b%: 3-chloro-2-(4-nitrophenylamino)-1,4-naphthoquinone

Orange solid experimental mp: 282-284 °C. Uv-Vis (CH3OH) A max (nm): 219, 270,
336, and 430. IR (ATR) (cm™1), 3290.27 (NH), 1671.20 (C=0), 1518.88, 1340.84 (NO,), 1259.09
(C-N aromatic), and 1125.68 (C-Cl). NMR (CDCl;3, 400 MHz,) § (ppm): 8.27, 814 (2H, m
aromatic H), 7.83 (1H, t, ] = 7.6, aromatic H), 7.76 (1H, t, ] = 7.6 aromatic H), 7.71 (3H, m,
aromatic H and NH), and 7.52 (2H, m, aromatic H). HRMS calcd for C14H9N,OgF was
328.30 and found 328.

Characterization of 1c: 3-bromo-2-(2,4-nitrophenylamino)-1,4-naphthoquinone

Red solid experimental mp: 255-260 °C. Uv-Vis (CH3OH) A max (nm): 260, 338, and
442, IR (ATR) (cm™1), 3265.42 (NH), 1667.34, 1617.46 (C=0), 1503.24, 1351.47 (NO,), 1255.92
(C-N), and 1064.41 (C-Br). NMR (CDCls3, 400 MHz,) 4 (ppm): 9.96 (1H, s, NH), 9.15 (1H,
d, J1 = 2.56, aromatic H), 8.38, 8.35 (1H, dd, J1 = 9.15, ]2 = 2.93, aromatic H), 8.26 (2H,
dd, J1=7.68, ]2 =2.19, 1.46, aromatic H), 8.20, 8.18 (2H, dd, J1=7.68,7.32, ]2 = 1.83, 2.19,
aromatic H), and 6.94 (1H, d, 1 = 9.52).

Characterization of 2¢?: 3-bromo-2-(4-nitrophenylamino)-1,4-naphthoquinone

Red solid experimental mp: 242-247 °C. Uv-Vis (CH3OH) A max (nm): 242, 314, and
440. IR (ATR) (cm™1), 3237.29 (NH), 1685.43, 1646.85 (C=0), 1507.72, 1335.66 (NO,), 1253.63
(C-N), and 1056.45 (C-Br). NMR (CDCl3, 400 MHz,) 5 (ppm): 9.62 (1H, s, NH), 8.62 (2H, t,
J1=7.68, ]2 =1.83, aromatic H), 8.18 (2H, dd, J1 = 7.68, ]2 = 1.32. aromatic H), 8.12 (2H, dd,
J1=7.68, ]2 = 2.2 aromatic H), and 7.85 (2H, m, aromatic H).

3. Results and Discussion

The nitration of aromatic compounds is a very studied reaction and is highly used
industrially, because nitration compounds are intermediaries for drugs, perfumes, dyes,
explosives, and plastics [42]. Nitration is the addition of a nitro group to a compound.
It is generally carried out by the attack of a nucleophilic molecule on the nitronium ion
(NO;*). The reaction involves the formation of a sigma complex called the Wheland
intermediate. The formation of the nitronium ion comes from the dehydration of HNO;3,
which is promoted by the presence of a strong acid; the most commonly used is HySOy, but
other organic acids, such as acetic acid, can be included. The formation of the nitronium
ion can be influenced by several factors, such as the strength and concentration of the acid
and environmental factors [43]. The mononitration of benzene has an enthalpy of reaction
(AH) of —117 kJ/mol, and that of naphthalene is —209 kJ/mol, so it is an exothermic and
explosive reaction. It has been studied for the last 10 years, and the basis of the method is
attributed to Ingold and Hughes [43,44].

The nitration of 3-R-2-(phenylamino)-1,4-naphthoquinone derivatives was carried out in
order to introduce the nitro group in the molecule since it is known that this functional group
has an important antimicrobial property. It is also possible to make a second substitution at
position 3 of the naphthoquinone ring since, with the first reaction, the electrophilicity of said
position is decreased due to the electronic effects of the substituents. By introducing a highly
electroattracting group, position 3 recovers its electrophilicity [45—47].

The nitration reaction was carried out by the conventional method using concentrated
nitric and sulfuric acids in the synthesis of nitro-phenylamino-naphthoquinone derivatives.
The mechanism is represented in Figure 2. The formation of the nitronium ion comes from
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the dehydration of HNO3, which is promoted by the presence of a strong acid; in this
case, HySO4 was used. The nucleophilic attack subsequently comes from the aromatic
ring attached to the amine. The amine electron pair injects electron density, increasing its
nucleophilic capacity, while in the other ring of this molecule, the attack is less likely due to
the resonance and the presence of carbonyl groups.

ZT

85%

HNO; + H,SO, ® 1 mo

Q—zZ—0

N
i
o] 00
H\O
H,S0, /
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HNO,
o)
i lo
>
NO, NO,
(]

Figure 2. Mechanism classic of aromatic nitration with 1,4-naphthoquinones.

After the nucleophilic attack of aniline, naphthoquinone recovers its aromaticity by
deprotonation of the ring carried out by a water molecule.

In this nitration, a single orange-colored product was formed, the ortho-para dinitrate
compound. Regioselectivity in a reaction is governed by steric hindrance, the interaction
between substituents and reactants, as well as electronic effects and solvent effects. The
nitration of aromatics containing electron-donor substituents generally leads to substitution
at the ortho and para positions. Bulky substituents in reactants and/or on the substrates
usually lead to high concentrations of para products [48].

Other synthetic methodologies were carried out for the preparation of nitro-phenylamino-
naphthoquinone derivatives in order to soften the reaction conditions, which would more
selectively produce mononitrate derivatives since the nitronium ion concentration is lower.

One of them involved diluting the acids in water, and for the other, acetic acid was used
instead of sulfuric acid. In both reactions, the presence of two products was observed. The
compounds obtained were the corresponding mononitrate in the ortho and para positions
(Figure 3). This was corroborated by thin-layer chromatography, observing the presence
of two yellow spots of very similar polarity, that is, with a very close retention factor (Rf).
They were compared with the Rf of the dinitrate compound, and it was found that it did
not correspond to either of the two products (Table 3).
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Mixture 2c!, 2¢? 58%
Figure 3. Di and mononitration of 3-R-(phenylamino), 1,4-naphthoquinone.
Table 3. Retention factor (Rf) for 1a, 2al, and 2aZ.
Product Rf Yield (%)
1a 0.5 85
2a' 0.42 60 (mixture)
2a? 0.45 60 (mixture)

(Hexane 30% and ethyl acetate 70%).

Another methodology for the nitration of aromatic compounds is the use of nitronium
salts, which replace the acid mixture [49]. Effective NO,BF4 and NO,PF4 have been used
for substrates with electroattracting groups, and a high selectivity in these reactions was
obtained. Anhydrous N;,Os is used, especially for compounds that are unstable in an
acid medium. The use of nitrate salts to carry out the nitration of aromatic compounds
has received much attention. The nitration has been carried out using AgNO3/BF;3 in
acetonitrile for the nitration of benzene, toluene, ethylbenzene, and p-xylene, among others,
obtaining mixtures of isomers with excellent yields [50]. However, many of these nitrating
agents require certain manipulations before they can be used, which limits the applications
of some aromatic compounds.

Solvent-free reactions in organic chemistry have gained much interest in recent years,
with research looking to modernize classical reactions and make them safer and easier to
perform [51]. Reducing or eliminating the use of organic solvents during organic synthesis
reactions leads to clean, efficient, and economical methodologies; safety is increased, work
is simplified, and costs are reduced. Efficiency is increased since larger quantities of
reagents can be used in the same equipment [52].

The elimination of volatile solvents has been one of the most important advances
in green chemistry since these types of reactions are simple, less toxic, and not as much
waste is generated, making them cleaner. A solvent-free nitration strategy was carried
out using sodium nitrate salt and oxalic acid [53]. This reaction has been reported for
the nitration of different phenols at room temperature under ambient conditions and
microwave irradiation, achieving yields of up to 94%.

We performed the methodology described in the literature with some modifica-
tions [53]. The reaction was carried out first at room temperature and without using
microwaves, failing to carry out the nitration of naphthoquinone. It was necessary to
heat the reaction system to obtain the corresponding mononitrate products. The proposed
mechanism for this reaction is shown in Figure 4. An interaction between the salt and
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the acid is first proposed to form the nitronium ion necessary for the nitration reaction to
take place. The reaction was carried out with different substituents in position 3 (chlorine,
bromine, and hydrogen), achieving nitration in a significant percentage. When we had the
chlorine group, a mixture of the ortho and para products (mononitrates) was only obtained
with an 80% yield. However, when the bromine substituent was used, a much lower yield
(30%) was achieved, still observing a lot of raw material, even leaving the reaction mixture
for 8 h. In the case of 2-(phenylamino)-1,4 -naphthoquinones (PAN), the reaction does
not proceed.

ﬁ 0
‘ I
T/L\ﬁ/o“ so” NN, N} o,
)
H <> (6] Na L| < > L|
€] O\ /O@ ® ®o0 OH
N| ® Na ~ Ng [¢]
o u I .
i ; 0
E O|) %\} (S] O ) O
\©/®I|\I —_— H
. | <
o NO,
0 O
R=H, 2a% (0%) o
R= Cl 2b? (80%)
R=Br 2¢? (30%) s
O

Figure 4. Solvent-free nitration of 2-anilino-1,4-naphthoquinones.

The main difference between these molecules is that chlorine is the one with the
highest electronegativity, followed by bromine and hydrogen. The yields can be explained
by the electronegative effect of chlorine, whereby an inductive effect gives electronic density
through bonds, favoring the attack of the electron pairs of the double bonds of the aromatic
compound and lowering the activation energy to obtain the products.

The reaction was also carried out using microwave radiation, leaving the reaction
mixture for up to 2 h; however, the expected products were not obtained in any case. So,
this system does not work in microwaves, probably due to the absence of a polar solvent
that absorbs and diffuses energy efficiently.

Obtaining the nitrated products was confirmed by IR spectroscopy. Figure 5 shows the
infrared spectrum for the compound 3-chloro-2(-dinitrophenylamino)-1,4-naphthoquinone,
where two characteristic bands of the nitro group are shown: the first at position 1528.17 cm !
corresponds to the asymmetric elongation of the nitro group, and the second at 1351.00 cm !
is characteristic of the symmetric elongation of the nitro group [54].
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Figure 5. IR spectra of 3-chloro-2-(2,4-dinitrophenylamino)1,4-naphthoquinone.

Other nitration strategies were carried out using copper nitrate and calcium nitrate
salts in order to direct the reaction to obtain a single product; the results are shown in

Table 4.

Table 4. Different nitration strategies with salts of 3-R-2-(phenylamine)-1,4-naphthoquinone.

. s Products
Naphthoquinone Nitrating Reagent (Yield%)
3-chloro-2-(phenylamine)-1,4- . 2a?
naphthoquinone Copper Nitrate (22%)
3-bromo-2-(phenylamine)-1,4- . . 2b2
naphthoquinone Calcium Nitrate (18%)
2-(phenylamine)-1,4- .
naphthoquinone Copper Nitrate Several products

The mononitrate products obtained were in the para position; the reason why the
formation of a single product is observed may be due to the steric hindrance of the salt,
which, being more voluminous and having an interaction of charges with the nitronium
ion, does not allow the formation of the ortho product, and the yields were not very high.

Further, since strong acids are not present, the exothermic reaction between nitric
acid and sulfuric acid does not take place, so the reaction system does not have much
heat or energy to allow the other transition states to be reached and other isomers of the
products formed. For the reaction mechanism, the formation of the nitronium ion from
the dehydration of the salt by acetic anhydride is proposed, and later, the attack to the ion
by the ring of the anilino group and the recovery of the aromaticity by the capture of the
proton by the acetic acid.

Another methodology for obtaining nitrated derivatives is to carry out the reaction of
1,4-naphthoquinone with nitrated anilines, as in Figure 6. It is difficult for an aniline attack
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to take place due to the electroattracting effect of the nitro groups that limit its action as

a nucleophile.

Cl Cl
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Figure 6. Michael addition with 1,4-naphthoquinone, some nitrates anilines, and a CeCls-like catalyst.

This reaction was reported using 1,4-naphthoquinone and some nitrated anilines,
observing that Michael’s addition is not a satisfactory methodology for obtaining nitrated
derivatives, since it is observed that only traces of the product are obtained. When carrying

out the reaction with 2,4-dinitroaniline, this does not proceed [55].

The Michael addition with 1,4-naphthoquinone was carried out using two types of
catalysts, FeCl3 and CeCl3, because these are the ones that presented the best results when
the reaction was carried out with other types of anilines. The reaction was carried out in
ethanol at room temperature, and they were left to react for several days until a change in
the system was observed. The reaction was also carried out under microwave conditions.
The results are shown in Tables 5 and 6 [56,57].

Table 5. Reactions of 1,4-anilinonapthoquinone with different nitrated anilines.

Yield (%
Products ield (%)
Without Catalysis CeCl3 FeCl3
2al 23.9
3al 13.8 77.0 73.5
2a? 52.8 53.0
1a
3a2 6.1 65.5 61.0
3a° 70.7 51.6
3at 22.0 23.0
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Table 6. Nitration of naphthoquinones in mw.

Products Yield (%)

CeCly FeCl;
2al
3al 23.3 28.7
2a2 18.1 10.8
la
3a2 35.3 30.7
3a3 323 31.6
3at

As can be seen in Table 5, the results obtained show very good yields in the presence of
catalysts between 50 and 77%, except for 2NO,PAN and 2F-4NO,PAN, where yields were
around 20%. For the reaction with dinitrate aniline, the reaction does not proceed since
the electroattractive effect of the two nitro groups is too strong to allow the aniline electron
pair to attack the naphthoquinone. However, this methodology allows the preparation of
nitrated naphthoquinones and has certain advantages if we compare it with previous nitra-
tion reactions, since the desired product is obtained in a single step, and it is not necessary
to use strong acids that are difficult to handle, store, and process. The disadvantage is the
long reaction times.

The synthesis of 2NO,PAN was achieved in a very low yield of 23.9% and only with
the FeCl; catalyst. The reaction does not proceed with CeCls; this may be due to the steric
hindrance of the nitro group in position two of the naphthoquinone since CeCls is a larger
molecule than FeCls.

The reaction was also carried out under microwave conditions; the results are shown
in Table 6. For this methodology, the same catalysts as under ambient conditions were used.
The synthesis of the 2NO,PAN and 2F-4NO; molecules was not possible under microwave
radiation [57].

The yields obtained with microwave reactions were lower than those obtained under
ambient conditions. However, it must be taken into account that the reaction times were
shorter, around 30 min.

The use of microwaves in this type of reaction is advantageous since the products
were obtained in a few minutes, and the reaction under ambient conditions requires several
days. However, some of the compounds could not be synthesized, at least in the reaction
times that were established in our methodology [30].

Introducing the nitro group in the amino-naphthoquinone molecule was important
because it could increase the biological activity of this type of molecule. In addition, the
electroattractive effect of the nitro groups allows activating position 3 of naphthoquinone
to achieve the introduction of other substituents. Since, as previously mentioned, even
having good leaving groups in positions 2 and 3 (such as chlorine or bromine), it is not
possible to carry out the disubstitution reaction with amines.

4. Conclusions

Phenylamino-1,4-naphthoquinone derivatives have diverse biological activity. Their
biological and physicochemical properties could be modified by the introduction of a nitro
substituent since this group is known to have antimicrobial activity.

Performing the nitration under conventional conditions, using concentrated H,SO
and HNOj3, gave the regioselective formation of ortho—para dinitrate phenyl amino naph-
thoquinone. Under milder conditions, diluting with water or using acetic acid instead of
sulfuric acid, a mixture of ortho and para monosubstituted compounds was obtained. In
all the cases where these monosubstituted products were formed, the para-substituted
derivative was favored due to steric effects.

In another methodology, the nitration was performed under solvent-free conditions.
Under these conditions, the 3-R-2-phenylamino-1,4-naphthoquinone derivatives were



Reactions 2023, 4 445

reacted with a mixture (1:1) of oxalic acid and sodium nitrate for several hours at 80 °C.
Only the naphthoquinone derivative containing a chlorine atom in position three gave
good yields of a mixture containing ortho and para monosubstituted compounds. These
results are explained in terms of activating the electron-withdrawing effect of chlorine.

In order to induce nitration with salts, phenylamino-1,4-naphthoquinone derivatives
were dissolved in acetic acid and reacted with copper nitrate at room temperature for
one hour. Under these experimental conditions, the two mononitrate derivatives were
obtained. The preparation of nitrophenyl amino naphthoquinones was also performed
using a Michael addition of a nitrated aniline to naphthoquinone in the presence of a Lewis
acid, either CeCl; or FeCl3, in ethanol at room temperature for several hours. Under both
catalysts, the monosubstituted derivatives (metha or para) were obtained in good yields.
Only the ortho derivative was obtained in rather low yields due to steric hindrance.
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mdpi.com/article/10.3390/reactions4030026/s1, Figure S1: IH spectrum to:2-(2-nitrophenylamino)-1,4-
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'H spectrum to: 2-(4-nitrophenylamino)-1,4-naphthoquinone. Figure S4: 'H spectrum to: 2-(2,4-
dinitrophenylamino)-1,4-naphthoquinone. Figure S5: 'H spectrum to: 2-(2-fluoro-5-nitrophenylamino)-
1,4-naphthoquinone. Figure S6: 'H spectrum to: 2-(4-fluoro-3-nitrophenylamino)-1,4-naphthoquinone.
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chloro-2-(2,4-nitrophenylamino)-1,4-naphthoquinone. Figure S10: 1H spectrum to: 3-bromo-2-(4-
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1,4-naphthoquinone.
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