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Over time, the effective resistance
mechanisms to various first- and second-
line drugs against the disease of tuberculosis
make its treatment extremely difficult. This
work presents a new approach to synthesizing
a hybrid of antituberculosis medications:
isoniazid (INH) and pyrazinamide (PZA). The
synthesis was performed using ultrasound-
assisted synthesis to obtain an overall yield of
70%, minimizing the reaction time from 7 to 1
h. The evaluation of the biological activity of
the hybrid (compound 2) was tested using the
tetrazolium microplate assay (TEMA), showing
inhibition in the growth of Mycobacterium
tuberculosis Hs;Rv at a concentration of 0.025
mM at pH 6.0 and 6.7.

Debido a los grandes mecanismos de
resistencia a lo largo del tiempo de diversos
farmacos de primera y segunda linea contra la
enfermedad de la tuberculosis, el tratamiento
sigue dificultandose. Este trabajo presenta un
nuevo enfoque para sintetizar un hibrido de
farmacos antituberculosos: isoniazida (INH)
y pirazinamida (PZA). La sintesis fue asistida
por ultrasonido con el fin de obtener un
rendimiento global del 70%, minimizando el
tiempo de reaccion de 7 a 1 h. La evaluacion de
la actividad biologica del hibrido (compuesto 2)
se probd usando el ensayo de microplaca de
tetrazolio (TEMA), que mostré una inhibicion
en el crecimiento de Mycobacterium tuberculosis
Hs;Rv a una concentracion de 0,025 mM a pH
60y6,7.

Devido aos grandes mecanismos de resisténcia
ao longo do tempo a diversos farmacos de
primeira e segunda linha contra a tuberculose,
0 que torna seu tratamento extremamente
dificil. Este trabalho apresenta uma nova
abordagem para sintetizar um hibrido de
farmacos antituberculose: isoniazida (INH)
e pirazinamida (PZA) A sintese foi realizada
utilizando a sintese assistida por ultrassom
de forma a obter um rendimento global de
70%, minimizando o tempo de reacdo de 7 h
para 1 h. A avaliacdo da atividade biologica do
hibrido (composto 2) foi testada utilizando
o ensaio de microplaca de tetrazélio (TEMA),
mostrando uma inibicdo no crescimento
de Mpycobacterium  tuberculosis Hs;Rv  na
concentracdo de 0,025 mM em pH 6,0 e 6,7.
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Pyrazinamide-isoniazid hybrid: synthesis optimisation, characterisation, and antituberculous activity

Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (MBT), remains
the most dangerous infectious disease globally. Every day 30,000 people
contract this disease, and more than 4,000 people die. The large number
of people infected with the human immunodeficiency virus has caused a
rapid increase in the prevalence and mortality of TB [1]. However, since
1980, another cause of an increase in TB cases has been resistance to drugs,
resulting in the appearance of multidrug-resistant tuberculosis (MDR-TB)
and extremely drug-resistant tuberculosis (XDR-TB) [2], thus leaving many
patients with no treatment options.

Some treatment procedures for tuberculosis or other diseases consist
of building different molecular scaffolds with broad-spectrum biological
activity. In other words, molecular hybridisation has provided additional
tools for combining various molecular moieties of known molecules to
synthesise new compounds that could increase their biological activity.
To combat this disease, first-line prodrugs, such as isoniazid (INH)
and pyrazinamide (PZA), are used in combination with other first- and
second-line drugs (rifampicin, ethambutol, and streptomycin) [3], [4].
INH is one of the most widely used antituberculosis prodrugs. To exert its
antimycobacterial effect, INH requires activation by a catalase-peroxidase
called KatG to form an isonicotinoyl radical. This radical binds to
nicotinamide adenine dinucleotide (NAD"), and the resulting adduct inhibits
enoyl-acyl carrier protein reductase (InhA), which is responsible for the
biosynthesis of mycolic acids in the bacterial cell wall [5], [6]. Similarly,
prodrug PZA must be converted to its active form, pyrazine acid (POA),
to exert its antimycobacterial effect. Upon POA accumulation, the internal
compartment acidifies, thereby disrupting the function of the mycobacterial
cell wall [7], [8].

The emergence of drug-resistant strains represents a significant
problem for public health, and the administration of multiple drugs
requires excessive compliance and commitment by the patient. Hence, it is
essential to develop and evaluate derivatives or hybrid molecules capable of
modulating various targets to provide a broader range of pharmacological
agents [9]. New and more biologically-potent antituberculosis compounds
derived from PZA [10], [11], INH derivatives [12], [13], and INH and
PZA hybrids have been reported, along with other drugs such as POA [14],
quinolone [15], phenanthroline [16], benzofuran [17], 4-phenylthiazol-2-
amine [18], oxadiazole [19], and piperazine ferulate [20], among others.
These compounds have greater antituberculosis and antibacterial properties
than free drugs because hydrazone residue-containing compounds exhibit
potent photophysical bioactivity [21].

A promising approach in the search for new drugs for the treatment
of tuberculosis involves the use of hybrid compounds where two or more
drugs are combined in a single molecule; these compounds can offer an
extra benefit, mainly by claiming to enhance and reduce toxicity. Some
examples of antituberculous hybrids are isatin-thiozole [22], bequinolone-
isoanizid [23] and benzofuran-oxadiazole [24] Therefore, we replicated
the synthesis of a PZA and INH hybrid bound by the Schiff base group
[25]. This hybrid can be considered a prodrug for TB treatment and can
act synergistically. This report describes the details of ultrasound-assisted
synthesis optimisation, which minimised reaction time and improved
performance. The antituberculosis activity of the hybrid was assessed using
the Mycobacterium tuberculosis (MBT) H 37Rv strain, obtaining a lower
minimum inhibitory concentration (MIC) compared with that obtained
using the free drugs (PZA and INH).

Materials and methods

All chemicals were purchased from Sigma-Aldrich, St. Louis, Missouri,
USA. Spectroscopic grade solvents were used without further purification.
Compound synthesis was performed using a 40-kHz, 120-W ARS-XQXJ-
002H ultrasonic cleaner with a 3-L tank. Infrared spectra were recorded
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with KBr pellets ranging from 4000 to 400 cm™ on a Shimadzu FT-IR
Prestige 21 spectrometer. The 'H nuclear magnetic resonance (NMR), '*C
NMR, and Heteronuclear Single Quantum Coherence (HSQC) spectra were
obtained using a 500-MHz BRUKER Ascend spectrometer in a dimethyl
sulfoxide-D6 (DMSO-d6) solution with tetramethylsilane as an internal
standard. Elemental analysis was performed using a CE-440 clemental
analyser, EAI Exeter Analytical Inc. Melting points were determined using
a Thermofisher Scientific Electrothermal IA9100 melting point apparatus
(USA). The ultraviolet-visible spectra were recorded in the range of 200—
400 nm on a Shimadzu UV 1800 UV-Vis spectrometer (Japan) using a 1-cm
quartz cuvette at room temperature (RT).

MBT H37Rv isolates were obtained from Cayetano Heredia University
Hospital. The suspensions were prepared in 10% Tween 80 (v/v) (Sigma
Chemical Co., St. Louis, Mo., USA) in such a way that their degree of
turbidity coincided with McFarland Standard No. 1 (approximately three x
10" CFU/mL) [25]-[27].

Synthesis optimisation of

N-(dimethylaminomethylene)

pyrazine-2-carboxamide (1)
DMF-DMA
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N

Figure 1. Synthesis reaction of compound 1.

A mixture of PZA (123 mg, one mmol) and N,N-dimethylformamide
dimethyl acetal (400 pL, three mmol) was sonicated for 30 min at room
temperature. N,N-dimethylformamide dimethyl acetal (200 puL, 1.5 mmol)
was added, followed by sonication for 30 min at room temperature. (Note:
Ice was added to the water bath after 30 min as it was an exothermic
reaction). After the reaction was complete, the solid product in suspension
was separated from the liquid by filtration and washed three times with
diethyl ether in the ultrasonic cleaner (3 % 40 s). The product was then
recrystallised with acetonitrile at 50 °C, filtered, and vacuum dried.

White solid (1), 75% yield; (m.p.) 192 °C. Lit. [28] m.p. 192193 °C.
IR (KBr): 3047, 3010, 2927, 2929, 2812, 1651, 1614, 1566, 1483, 1421,
1337, 1265, 1253, 1161, 1112, 1016, 1047, 920, 786, 624 cm™'. '"H NMR
(500 MHz, DMSO-ds) 89.34 (s, 1H), 8.74 (s, 2H), 8.68 (s, 1H), 3.21 (s,
3H), 3.15 (s, 4H)."*C NMR (125 MHz, DMSO-ds) 6 35.76, 41.62, 144.88,
146.22, 146.76, 149.59, 161.87, 174.01. Anal. Calc: CsH;,N4O (178.25): C,
53.80; H, 5.39; N, 31.19. Found: C, 53.92; H, 5.66; N, 31.44.

Synthesis optimisation of the hybrid

N-[(2-iso-nicotinoyl hydrazine)
methylidene-2-pyrazine carboxa mide] (2)
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Figure 2. Synthesis reaction of compound 2.
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To obtain compound 2, compound 1 was reacted with INH using
pyridinium p-toluenesulfonate as a catalyst. N-(dimethylaminomethylene)
pyrazine-2-carboxamide (1) (500 mg, 2.25 mmol) was sonicated with
acetonitrile (15 mL) for 15 min until the product was dissolved at 60 °C in
an ultrasound bath. The pyridinium p-toluenesulfonate (743 mg, 2.25 mmol)
catalyst was added at a temperature of 60 °C and sonicated for 15 min until
dissolved. After 15 min, the INH solution (310 mg, 2.25 mmol) dissolved
in acetonitrile (35 mL) was added at a temperature of 60 °C (previously
stirred separately). The mixture was stirred at 600 rpm for 45 min at the
same temperature and then cooled. Subsequently, the solid was separated by
filtration and vacuum dried. The white solid obtained was extracted using
methanol (5 x 50 mL) and concentrated solvent. Lastly, the resulting hybrid
was washed using ethanol to remove impurities and vacuum dried at RT.

White solid (2), 70% yield; (m.p.) 230.5 °C. Lit. [28] m.p. 230-232
°C. IR (KBr): 3263, 3207, 3093, 3057, 1687, 1654, 1620, 1548, 1413,
1303, 1284, 1228, 1176, 1130, 1070, 1022, 925, 848, 740, 684 cm '.'H
NMR (500 MHz, DMSO-dq): 6 11.76 (s, 1H), 11.42 (s, 1H), 9.26 (d, J =
1.5 Hz, 1H), 9.07 (s, 1H), 8.94 (d, J = 2.45 Hz, 1H), 8.81 (dd, 1H), 8.78 (d,
J=1.65 Hz,2H), 7.82 (d, 2H). *C NMR (125 MHz, DMSO-d;): 6 163.6,
161.5, 150.7, 149.9, 148.7, 144.6, 144.3, 142.1, 140.9, 121.8. Anal. Calc:
C1oH10N6O5 (270.25): C, 52.90; H, 3.61; N, 30.81. Found: C, 53.33; H, 3.73;
N, 31.10.

Evaluation of biological activity

The PZA susceptibility test for the MBT H37Rv strain was performed at
a Level III biosafety laboratory using the tetrazolium microplate assay for
cell viability (TEMA) [3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide] (Aldrich Chemical Co., Milwaukee, Wis., USA),
which is based on the colour change to blue using tetrazolium bromide,
indicating active cellular respiration [29]-[31].

With this technique, MICs of the drugs were determined by means of
a series of 1:2 dilutions in a 96-well microplate at pH 6.0 and 6.7, with
concentrations starting at 6.5 mM for PZA, INH, and compound 2 in 7H9
medium. INH was evaluated in the microplate at pH 6.0, with the INH

concentration starting at 0.026 mM. The PZA, INH, and compound 2
solutions were sterilised by filtration and mixed with a 7H9 medium. We
also established control for monitoring MTB culture without the drugs.
The MTB Hj;Rv strain was used because this strain is a wild-type
strain naturally sensitive to PZA. The MTB suspension was prepared from
a primary culture in a 7H10 agar medium and incubated for 2-3 weeks.
Bacterial mass was harvested in a glass tube with 100 pL 0.1 % (v/v) Tween
80 and 3-mm glass beads. After vortex homogenisation, turbidity was
adjusted to the McFarland No. 1 standard (3 x 10®* CFU/mL) using a 7H9
medium. Finally, McFarland #1 strain was diluted in 7H9 in a ratio of 1:25
[14]. In each well, 100 pL of 1:25 MTB suspension was transferred. The
tests were performed in duplicate for each concentration of the drugs. The
microplates were placed in Ziploc bags and incubated at 37 °C for six days.

Results and discussion

Synthesis

Ultrasound-assisted organic synthesis, which has garnered increased
attention in recent years [32], continues to be a challenge and a topic of great
interest. The use of ultrasound, a new method free of solvents and secondary
reactions, improves reaction rates and decreases residue compared to
traditional techniques such as agitation at constant temperature or under
conventional heating conditions [33]. A reaction time of 7 h is required to
obtain the reported compound 1 [28]. For this reason, ultrasound was used to
optimise synthesis as it involves more excellent compound dispersion [34],
requires a shorter reaction time (1 h), increases the yield to 95% without
recrystallisation, and results in 30% more output from the recrystallised
product as compared to the previously reported synthesis method. The
hybrid or compound 2 was obtained by modifying the reported process:
reducing the chemical synthesis time to 1 h at a temperature of 60 °C in the
ultrasound bath. The final product (2) was obtained at a 70% yield and was
soluble in water, methanol, dimethyl sulfoxide, and dimethylformamide.
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Figure 3. 'H nuclear magnetic resonance spectrum of compound 1 in DMSO-d6, 500 MHz.
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Spectroscopic measurements for compound 1

The absorption spectrum of the PZA derivative (1) presents two bands.
The first band at 210.5 nm (r—n* transition) corresponds to the carbonyl
group, whereas the second is present at 291.8 nm (n—n* transition). The
infrared spectrum of compound 1 presented bands at 3,047 and 3,010 cm™!
corresponding to the v(C—H) stretching of the aromatic ring; the bands at
2,929 and 2,972 cm ! are due to v(CH3) testing of the hydrogen bonds; and
the intense band at 1,651 cm™! belongs to the tertiary amide (N-C=0). In
addition, the band at 1,614 cm™! reflects the formation of the Schiff base
(N=C)[35], and the bands of compound 1 around 1,265 and 1,253 cm™ are
assigned to the (C—N) bond.

The '"H NMR spectrum of compound 1 in solution (DMSO-d6) shows
five signals; the most shielded signals, found at 3.15 ppm (CH3) and 3.21
ppm (CH3), correspond to -CH3 protons of the tertiary amine. The signals
obtained in the less shielded regions at 8.73 (HS and H6) and 9.34 ppm
(H3) correspond to the pyrazine ring. The signal observed at 8.68 ppm (CH)
corresponds to the Schiff base (N=C). The *C NMR spectrum of compound
1 in solution (DMSO-d6) presented eight carbon signals: 35.31 and 41.16
(CH3) ppm, 144.44 (C3) ppm, 145.78 (C5) ppm, 146.32 (C6) pm, 149.15
(C2) ppm, 161.43 ppm (N=C), and 173.57 (C=0O) ppm, whose assignments
for each carbon atom were verified and compared with the results obtained

The '"H NMR and C NMR spectra of the hybrid and 'H {*C} NMR/
HSQC two-dimensional spectrum enabled the assignments of all carbon
and hydrogen atoms.

The '"H NMR spectrum (Table 1) shows the presence of eight signals
corresponding to protons present in compound 2, whose assignments were
reported to be as follows [28]: 7.82 (m, 2H), 8.80 (m, 3H), 8.94 (d, ] =2.4
Hz, 1H), 9.08 (br s,1H), 9.27 (s, 1H), 11.39 (brs, 1H), and 11.75 (br s, 1H).

In Figure 4, the signals obtained in the less shielded regions are protons
corresponding to the amino groups (N-H), where the sign of the N-H
attached to the carbonyl group (C=0) presents more significant displacement
because it is surrounded by a more electronegative environment.

The H3, H6, and HS signals correspond to the aromatic ring of pyrazine,
where the sign of the H3 proton signifies that it is the most displaced proton
of the ring. This is due to its closer proximity to the carbonyl, also observed
as a doublet at 9.26 ppm (1H) because it is coupled to the HS proton with
J3-5=1.5 Hz. The pair observed at 8.94 ppm (1H) represents the H6 proton
coupled to the H5 proton with J6-5 =2.45 Hz.

Likewise, the signal of the HS proton is observed at 8.81 ppm as a
double doublet because it is coupled to the H6 proton with J =2.45 Hz (J5-6
= J6-5) and the H3 proton with a J5-3 = 1.5 Hz.

Table 1. Signals obtained using 'H nuclear magnetic resonance for compound 2.
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Figure 4. 'H nuclear magnetic resonance spectrum of compound 2 in DMSO-d6, 500 MHz.
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Figure 5. °C nuclear magnetic resonance spectrum of compound 2 in DMSO-d6, 500 MHz.

The aromatic signals of the pyridine ring show less displacement as
compared to those of the pyrazine ring, where the movements of the H8 and
H12 protons are observed in the less shielded regions (7.82 ppm). This is
due to their more excellent proximity to the heteroatom of the pyridine ring,
which causes greater displacement owing to the high electronegativity of its
nitrogen atom. The signals of the H8 and H12 protons are equivalent and
appear as a doublet coupled to H9,11 (J = 6 Hz). The signs of the H9 and
H11 protons are also equivalent and appear at 8.78 ppm as a doublet and are
coupled to H8,12 (J = 6 Hz).

The BC NMR spectrum (Table 2) of compound 2 was obtained in
DMSO-d6, where the solvent signal is displayed at 40.08 ppm. Likewise,
ten signals correspond to the 12 carbons present in the hybrid structure. The
C8 and C12 carbons are equivalent, as are the C9 and C11 carbons. The
3C NMR spectrum in solution (DMSO-ds) of the hybrid has been reported
previously [28], where the carbon signals were registered as follows: 109.1,
121.3, 140.4, 141.7, 143.7, 144.1, 148.2, 150.3, 160.9, and 163.0 ppm.

Table 2. Signals obtained in the '*C nuclear magnetic resonance for compound 2.
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SN 127 N8
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11>

Carbon No. Chemical displacement (ppm)
C=0 (isoniazid) 163.59
C=0 (pyrazinamide) 161.46
9,11 150.78
2 149.96
6 148.75
3 144.63
5 144.27
C= 142.18
7 140.92
8,12 121.83

The carbon signals observed in the less shielded regions are carbonyl
groups (C=0). This is because they are directly attached to the highly
harmful oxygen, leaving the carbon atom unprotected, which results in
more significant displacement. The carbonyl group near the pyrazine ring
is observed at 163.58 ppm [37], [38], and the carbonyl carbon near the
pyridine ring is observed at 161.46 ppm [39].

The C9 and Cl11 carbons are equivalent; therefore, only one intense
signal is observed at 150.78 ppm. The more significant displacement
compared to the pyrazine ring carbons is because those carbons are directly
bound to the nitrogen heteroatom of the pyridine ring.

The other four carbon signals with the greatest displacement are those
of the pyrazine ring due to the resonance of the aromatic ring where the
carbons are directly attached to the nitrogen. Another atom with greater
electronegativity than carbon has signals situated in C3 and C5 that are
observed as a very close signal, indicating that they are equivalent. However,
when the spectrum is expanded, separation of the signals can be observed
at 144.74 and 144.63 ppm for the C3 and C5 carbons, in that order, with the
C3 carbon showing greater displacement due to it is closer proximity to the
carbonyl group.

Signals from the other two carbons of the pyrazine ring, the C5 and
C6 carbons, are present at 144.26 and 148.74 ppm, respectively. Likewise,
the carbon signal that provides evidence of the formation of the hydrazone
group (C=N) can be observed at 142.18 ppm [39]. This displacement in the
aromatic region is because the hydrazone group is directly attached to the
nitrogen (an atom with greater electronegativity than carbon).

In contrast, regarding the other remaining carbons of the pyridine ring,
the signal for the C7 carbon can be observed at 140.91 ppm; this more
significant displacement than the C8 and C12 carbons is due to the proximity
of the C7 carbon to the carbonyl group (C=0). The C8 and C12 carbons are
equivalent, and their signal appears at 121.82 ppm as a single peak.

Finally, the HSQC spectrum of compound 2 (Figure 6), which did not
show the C2 and C7 carbon atoms and the two carbonyl groups (C=0),
indicates that these carbon atoms were not protonated. Despite this, six
correlation contours were observed in the spectrum as expected. The carbon
atoms in compound 2 are listed as follows: C3, HC=N, C5, C6, C9, Cl11,
and C8, C12; this confirms that they are carbon atoms, each attached to its
corresponding hydrogen atom.
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Figure 7. Chemical structure of compound 2 obtained by HSQC.

T

Their correlation contours were corroborated with 'H and '*C NMR
for the assignment of each proton directly bound to the carbon, thereby
enabling complete elucidation of the hybrid by NMR. The correlation of the
molecule is shown in Figure 7.

Antimicrobial evaluation of compound 2

The MIC of compound 2, INH, and PZA, the last two being control
drugs in the analysis using MTB H37Rv, were determined at pH 6.0 and
6.7. Compound 2 and INH reduced MTB multiplication to 0.025 mM
at pH 6.7, and no colour change to blue was observed, indicating active
cellular respiration. At pH 6.0, the MIC of compound 2 was also 0.025 mM;
however, it should be noted that this concentration completely inhibited the
multiplication of MTB H37Rv (Figure 8). In contrast, the MIC of INH at pH
6.0 was 0.013 mM (Figure 8), resulting in a reduction in the mycobacterial
load. In contrast, the MIC of PZA on MTB H37Rv was 0.8 mM and 0.4 mM
at pH 6.7 and pH 6.0, respectively, by means of TEMA and the observed
mycobacterial load (Figure 8).

In Figure 8, it was observed that INH (pH 6.7), at concentrations higher
than 0.4 mm, results in a colour change to blue. However, the observed

T T T T T T T T T T T T
87 86 85 84 83 82 81 80 79 78 7.7 76 7.5

Chemical Schift (ppm)

colour change was not due to the mycobacterial load because a plus sign
(+) was recorded for the presence and a minus sign (—) for the absence of
MTB in these wells.

Acidic pH favours the inhibition of MTB growth. PZA is a first-line
antituberculosis drug; its mechanism of action comprises acidifying the
intracellular medium of MTB followed by the hydrolysis of PZA to POA
by way of the enzyme pyrazinamide. On the other hand, INH induces
the production of reactive species, thereby enabling the inhibition of
biosynthetic enzymes involved in the synthesis of lipids and nucleic acids
[40], [41]. Peterson et al. (2015) reported that the INH mechanism of action
is not influenced by acidic or basic pH [42]. Nevertheless, in this study, we
were able to determine that, at an acidic pH (pH = 6.0), the antimycobacterial
activity of PZA was relatively favourable compared to that of INH and
that pH did not influence the antimycobacterial activity of PZA. However,
PZA reduced the metabolic activity of MTB at pH 6.7 without affecting
its proliferation; the same effect was observed with 0.007 mM INH at pH
6.0. In contrast, compound 2 showed a better response than PZA and INH.
It was determined that its MIC was equal to that of INH and, at a lower
concentration, to that of PZA, thereby affecting cell proliferation metabolic
activity of MTB. However, it should be noted that lower concentrations of
compound 2 were not used, which would be of interest in determining if the
MIC is less than 0.025 mM.
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Figure 8. Determination of the minimum inhibitory concentration (MIC) of PZA, INH, and compound 2 at pH 6.7 (A) and pH 6.0 (B) on MTB H37Rv by tetrazolium microplate
assay and microscopic evaluation. The blue intensity was categorised with 0, 1, 2, and 3; 0 indicates no colour change, 1 and 2 indicate low-intensity colour change, and 3 shows a
high-intensity colour change. The MTB load was represented by a plus sign (+) and the absence of MTB by a minus (—) sign.

*Compound 2: hybrid; INH: isoniazid; PZA: pyrazinamide; MTB: Mycobacterium tuberculosis.

Conclusions

The synthesis of compounds 1 and 2 was achieved by way of an
ultrasound-assisted reaction and solvent-free procedures (environmentally
friendly conditions), which minimised the reaction time to 1 h and resulted
in 75% and 60% yields. The chemical structures were elucidated using 'H
NMR, BC NMR, and HSQC, and the results corroborated the spectroscopic
data reported in the literature [28]. According to the results obtained by
TEMA, the hybrid (compound 2) presented a MIC of 0.025 mM at pH 6.0
and 6.7 against MBT H37Rv. The MIC values at pH 6.7 obtained for the
combination (compound 2) provide an equal and better perspective of its
potential activity in comparison to INH (MIC = 0.025 mM) and PZA (MIC
= 0.8 mM). Nevertheless, both compounds exhibit less activity than INH
at pH 6.0.

Acknowledgments

This work was financially supported by Management Agreement No.
208-2015-FONDECYT to the Vice-Rectorate of Research of the Universidad
Nacional de Ingenieria and the Ministry of Education of Peru. We would
like to thank Dra. Maribel Navarro Acosta (Biometal Pharmaceutical and
Catalysis Laboratory, Juiz de Fora, Minas Gerais, Brazil) who recorded the
nuclear magnetic resonance spectra and elemental analysis.

References

[1] “OMS | Informe mundial sobre la tuberculosis,” WHO, 2019.

[2] D. S. R. Deepak Kumara, Garima Khareb, Beenaa, Saqib Kidwaic,
Anil K. Tyagib, Ramandeep Singhc, “Novel isoniazid-amidoether
derivatives: Synthesis, characterization and antimycobacterial activity
evaluation,” Royal Society of Chemistry, vol. 3, pp. 10715-10722,
2014, doi: 10.1039/C4AMDO00288A.

[3] R. N. Garner, C. G. Pierce, C. R. Reed, and W. W. Brennessel,
“Photoinitiated treatment of Mycobacterium using Ru(Il) isoniazid

2

complexes,” Inorganica Chimica Acta, vol. 461, no. Ii, pp. 261-266,
2017, doi: 10.1016/j.ica.2017.02.031.

[4] A.E.Ali, G.S. Elasala, E. A. Mohamed, and S. A. Kolkaila, “Spectral,
thermal studies and biological activity of pyrazinamide complexes,”
Heliyon, vol. 5, no. 11, p. €02912, 2019, doi: 10.1016/j.heliyon.2019.
¢02912.

[5] J. Laborde et al., “Synthesis and mechanistic investigation of
iron(IT) complexes of isoniazid and derivatives as a redox-mediated
activation strategy for anti-tuberculosis therapy,” Journal of Inorganic
Biochemistry, vol. 179, no. July 2017, pp. 71-81, 2018, doi: 10.1016/j.
jinorgbio.2017.11.013.

[6] A. K. Obaid, S. A. Aowda, A. H. Idan, and A. H. Radhi, “Synthesis
and characterization of new isoniazid prodrug as anticancer agent,”
International Journal of ChemTech Research, vol. 9, no. 4, pp. 521—
528, 2016.

[7] L. Zheleznova, L. Sliusarchuk, O. Rogovtsov, and E. Trunova,
“Spectroscopic and Thermal Study of Mixed Ligand Complexes
of Cobalt (II) with B-Diketones and Pyrazinamide.,” Molecular
Crystals and Liquid Crystals, vol. 672, no. 1, pp. 123-132, 2018, doi:
10.1080/15421406.2018.1542114.

[8] O. Jandourek et al., “Synthesis of novel pyrazinamide derivatives
based on 3-chloropyrazine-2-carboxamide and their antimicrobial
evaluation,” Molecules, vol. 22, no. 2, 2017, doi: 10.3390/
molecules22020223.

[9] Shaveta, S. Mishra, and P. Singh, “Hybrid molecules: The privileged
scaffolds for wvarious pharmaceuticals,” European Journal of
Medicinal Chemistry, vol. 124, pp. 500-536, 2016, doi: 10.1016/j.
ejmech.2016.08.039.

[10]S.Zhou, S.Yang,and G. Huang, “Design, synthesisand biologicalactivity
of pyrazinamide derivatives for anti-Mycobacterium tuberculosis,”
Journal of Enzyme Inhibition and Medicinal Chemistry, vol. 32, no. 1,
pp. 1183-1186, 2017, doi: 10.1080/14756366.2017.1367774.

[11]N. Ammouchi, H. Allal, Y. Belhocine, S. Bettaz, and E. Zouaoui, “DFT
computations and molecular dynamics investigations on conformers of
some pyrazinamide derivatives as corrosion inhibitors for aluminum,”
Journal of Molecular Liquids, vol. 300, p. 112309, 2020, doi: 10.1016/.
molliq.2019.112309.

[12]Y. Q. Hu et al., “Isoniazid derivatives and their anti-tubercular activity,”
European Journal of Medicinal Chemistry, vol. 133, pp. 255-267,
2017, doi: 10.1016/j.ejmech.2017.04.002.

Rev. Colomb. Quim., vol. 50, no. 3, pp. 16-23, 2021




Pyrazinamide-isoniazid hybrid: synthesis optimisation, characterisation, and antituberculous activity

[13]A. Tripathi, Y. F. Nadaf, D. Bilehal, S. Nayak, and S. L. Gaonkar,
“A review on synthesis of isoniazid derivatives and their biological
properties,” International Journal of Pharmaceutical Research, vol.
11, no. 1, pp. 21-36, 2019, doi: 10.31838/ijpr/2019.11.01.007.

[14]S. S. Panda et al., “Synthesis, computational studies, antimycobacterial
and antibacterial properties of pyrazinoic acid-isoniazid hybrid
conjugates,” RSC(CBC,FBC) Advances, vol. 9, no. 35, pp. 20450—
20462, 2019, doi: 10.1039/c9ra03380g.

[I5]R. M. Beteck et al., “Quinolone-isoniazid hybrids: Synthesis and
preliminary: In vitro cytotoxicity and anti-tuberculosis evaluation,”
MedChemComm, vol. 10, no. 2, pp. 326-331, 2019, doi: 10.1039/
c8md00480c.

[16]M. Ahmed et al., “Synthesis and antimicrobial activity of a
phenanthroline-isoniazid hybrid ligand and its Ag+ and Mn2+
complexes,” BioMetals, vol. 32, no. 4, pp. 671-682, 2019, doi:
10.1007/510534-019-00204-5.

[17]F. Gao et al., “Design, synthesis and anti-mycobacterial activity
evaluation of benzofuran-isatin hybrids,” European Journal of
Medicinal Chemistry, vol. 159, pp. 277-281, 2018, doi: 10.1016/j.
ejmech.2018.09.049.

[18]J. Zitko et al., “Design, synthesis and antimycobacterial activity of
hybrid molecules combining pyrazinamide with a 4-phenylthiazol-2-
amine scaffold,” MedChemComm, vol. 9, no. 4, pp. 685-696, 2018,
doi: 10.1039/c8md00056e.

[19] V. S. Negalurmath, S. K. Boda, O. Kotresh, P. V. Anantha Lakshmi, and
M. Basanagouda, “Benzofuran-oxadiazole hybrids: Design, synthesis,
antitubercular activity and molecular docking studies,” Chemical Data
Collections, vol. 19, p. 100178, 2019, doi: 10.1016/j.cdc.2019.100178.

[20]X. Z. Yu, L. Y. Wang, F. Liu, Y. T. Li, Z. Y. Wu, and C. W. Yan,
“Sustained-Release Dual-Drug Ternary Salt Cocrystal of Piperazine
Ferulate with Pyrazinamide: Synthesis, Structure, and Hirshfeld
Surface Analysis,” Crystal Growth and Design, vol. 20, no. 3, pp.
2064-2073, 2020, doi: 10.1021/acs.cgd.9b01710.

[21]W. J. Reis et al., “Design of hybrid molecules as antimycobacterial
compounds: Synthesis of isoniazid-naphthoquinone derivatives and
their activity against susceptible and resistant strains of Mycobacterium
tuberculosis,” Bioorganic and Medicinal Chemistry, vol. 27, no. 18,
pp. 4143-4150, 2019, doi: 10.1016/j.bmc.2019.07.045.

[22]Z. Xu et al., “Isatin hybrids and their anti-tuberculosis activity,”
Chinese Chemical Letters, vol. 28, no. 2, pp. 159-167, 2017, doi:
10.1016/j.cclet.2016.07.032.

[23]H. H. Jardosh and M. P. Patel, “Design and synthesis of biquinolone-
isoniazid hybrids as a new class of antitubercular and antimicrobial
agents,” European Journal of Medicinal Chemistry, vol. 65, pp. 348—
359, 2013, doi: 10.1016/j.ejmech.2013.05.003.

[24] V. S. Negalurmath, S. K. Boda, O. Kotresh, P. v. Anantha Lakshmi, and
M. Basanagouda, “Benzofuran-oxadiazole hybrids: Design, synthesis,
antitubercular activity and molecular docking studies,” Chemical Data
Collections, vol. 19, Feb. 2019, doi: 10.1016/j.cdc.2019.100178.

[25] M. Barrera Tomas, G. E. Tomas Chota, P. Sheen Cortavarria, P. Fuentes
Bonilla, M. A. Inocente Camones, and J. C. Santiago Contreras,
“Synthesis of acyl-hydrazone from usnic acid and isoniazid and its
anti-Mycobacterium tuberculosis activity,” Revista Colombiana de
Quimica, vol. 46, no. 3, pp. 17-21, 2017, doi: 10.15446/rev.colomb.
quim.v46n3.61980.

[26]P. Sheen et al., “PncA gene expression and prediction factors on
pyrazinamide resistance in Mycobacterium tuberculosis,” Tuberculosis,
vol. 93, no. 5, pp. 515-522, 2013, doi: 10.1016/j.tube.2013.03.005.

[27] L. Caviedes, J. Delgado, and R. H. Gilman, “Tetrazolium microplate
assay as a rapid and inexpensive colorimetric method for determination
of antibiotic susceptibility of Mycobacterium tuberculosis,” Journal

of Clinical Microbiology, vol. 40, no. 5, pp. 1873-1874, 2002, doi:
10.1128/JCM.40.5.1873-1874.2002.

[28]J. Ales” Imramovsky, Slovenko, Marijan Kocevr, Jose Jampilek,
Zuzana, Kaustova, “A new modification of anti-tubercular active
molecules,” Bioorganic & Medicinal Chemistry, vol. 15, no. 1, pp.
2551-2559, 2007, doi: 10.1016/1.bmc.2007.01.051.

[29] T. Mosmann, “Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays,” Journal
of Immunological Methods, vol. 65,no. 1-2, pp. 55-63, Dec. 1983, doi:
10.1016/0022-1759(83)90303-4.

[30] “Mechanism of  Cellular 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) Reduction - Liu - 1997 - Journal
of Neurochemistry - Wiley Online Library.” https://onlinelibrary.wiley.
com/doi/full/10.1046/j.1471-4159.1997.69020581.x  (accessed Apr.
30,2021).

[31]L. Benov, “Effect of growth media on the MTT colorimetric assay in
bacteria,” PLoS ONE, vol. 14, no. 8, pp. 1-15, 2019, doi: 10.1371/
journal.pone.0219713.

[32]C. Wu et al., “Ultrasound-promoted Brensted acid ionic liquid-
catalyzed hydrothiocyanation of activated alkynes under minimal
solvent conditions,” Green Chemistry, vol. 20, no. 16, pp. 3683-3688,
2018, doi: 10.1039/c8gc00491a.

[33]1H. Jiang et al., “Ultrasound accelerated synthesis of: O-alkylated
hydroximides under solvent- A nd metal-free conditions,” Organic and
Biomolecular Chemistry, vol. 17, no. 48, pp. 10223-10227, 2019, doi:
10.1039/c90b02245g.

[34]S. C. Polo, “Sintesis asistida por ultrasonidos de nanoestructuras de
compuestos de niquel,” Boletin de la Sociedad Espanola de Ceramica
v Vidrio, vol. 52, no. 2, 2013.

[35]G. Socrates, “Infrared and Raman Characteristic ~Group
Frequencies: Tables and Charts, 3rd Edition.” https://www.
wiley.com/en-us/Infrared+and+Raman+Characteristic+
Group+(P+)Frequencies%3A+Tables+tand+Charts%2C+
3rd+Edition-p-9780470093078 (accessed Oct. 11, 2020).

[36]M. J. Hearn et al., “Preparation and antitubercular activities in vitro
and in vivo of novel Schiff bases of isoniazid,” European Journal
of Medicinal Chemistry, vol. 44, no. 10, pp. 4169-4178, 2009, doi:
10.1016/j.ejmech.2009.05.009.

[37]1V. Chis et al., “Experimental and DFT study of pyrazinamide,”
Chemical Physics, vol. 316, no. 1-3, pp. 153-163, 2005, doi: 10.1016/j.
chemphys.2005.05.004.

[38]E. Felder and D. Pitre, “Pyrazinamide,” ANALYTICAL PROFILES OF
DRUG SUBSTANCES, vol. 12, pp. 433-458.

[39] V. Ferraresi-Curotto, G. A. Echeverria, O. E. Piro, R. Pis-Diez, and
A. C. Gonzalez-Baro, “Synthesis and characterization of a series of
isoniazid hydrazones. Spectroscopic and theoretical study,” Journal
of Molecular Structure, vol. 1133, pp. 436-447, 2017, doi: 10.1016/;.
molstruc.2016.12.018.

[40]1Y. Zhang, W. Shi, W. Zhang, and D. Mitchison, “Mechanisms of
Pyrazinamide Action and Resistance,” in Molecular Genetics of
Mycobacteria, Washington, DC, USA: ASM Press, 2015, pp. 479-491.
doi: 10.1128/9781555818845.ch24.

[41]G. S. Timmins and V. Deretic, “Mechanisms of action of isoniazid,”
Molecular Microbiology, vol. 62, no. 5, pp. 1220-1227, Dec. 2006,
doi: 10.1111/5.1365-2958.2006.05467 .x.

[42]N. D. Peterson, B. C. Rosen, N. A. Dillon, and A. D. Baughn,
“Uncoupling environmental pH and intrabacterial acidification
from pyrazinamide susceptibility in Mycobacterium tuberculosis,”
Antimicrobial Agents and Chemotherapy, vol. 59, no. 12, pp. 7320—
7326, Dec. 2015, doi: 10.1128/AAC.00967-15.

Article citation:
Pyrazinamide—isoniazid hybrid: synthesis optimisation, characterisation,
vol. 50, no. 3, pp. 16-23,2021. DOI: 10.15446/rev.colomb.quim.v50n3.96424

and antituberculous activity, Rev. Colomb. Quim.,

Rev. Colomb. Quim., vol. 50, no. 3, pp. 16-23, 2021



https://www.wiley.com/en-us/Infrared+and+Raman+Characteristic+
Group+(P+)Frequencies%3A+Tables+and+Charts%2C+
3rd+Edition-p-9780470093078
https://www.wiley.com/en-us/Infrared+and+Raman+Characteristic+
Group+(P+)Frequencies%3A+Tables+and+Charts%2C+
3rd+Edition-p-9780470093078
https://www.wiley.com/en-us/Infrared+and+Raman+Characteristic+
Group+(P+)Frequencies%3A+Tables+and+Charts%2C+
3rd+Edition-p-9780470093078
https://www.wiley.com/en-us/Infrared+and+Raman+Characteristic+
Group+(P+)Frequencies%3A+Tables+and+Charts%2C+
3rd+Edition-p-9780470093078

