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In the present work, a silver(I) complex with the antimycobacterial drug isoniazid (inh) is described. Elemental and thermogravimetric 
analyses confirmed a 1:1 metal:ligand ratio for the silver-isoniazid (Ag-inh) complex with molecular composition AgC6H7N3O·NO3. 
Infrared (IR) analysis suggests a bidentate coordination of isoniazid to silver by the nitrogen of the NH2 group and by the oxygen 
of the C=O group, and also confirms the presence of free nitrate anion. Coordination by the NH2 group was reinforced by NMR 
measurements. Computational simulations using the density functional theory (DFT) reinforced that the ligand coordinates to the 
silver atom by the NH2 and C=O groups. The silver complex presented a minimal inhibitory concentration (MIC90) of 0.78 μg/mL 
against the standard Mycobacterium tuberculosis strain H37Rv. The data reported herein warrants further investigation on Ag-inh 
complex as a potential agent against tuberculosis.
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INTRODUCTION

There are about 1.5 million deaths annually due to tuberculosis 
(TB), which remains as a remarkable public health issue, causing 
concern worldwide. Globally, the best estimate is that 10 million 
people (range 9.0-11.1 million) developed TB in 2018: 57% of 
all TB cases are diagnosed in men, 32% in women and 11% in 
children.1 The number of infections is growing up, especially in 
immunosuppressed patients (HIV), and in individuals with diabetes 
or receiving antitumor drugs.

Despite the improvement of TB treatment, it is severely affected 
by the appearance of multidrug-resistant Mycobacterium tuberculosis 
strains.2 According to the World Health Organization Global 
Tuberculosis Report,1 the best worldwide estimate is that, in 2018, 
about half a million people have developed TB resistance to rifampicin 
(RR-TB), the most effective first-line anti-TB drug. More alarming 
is that, within this group, 78% developed multidrug-resistant TB 
(MDR-TB). So, urgent actions are required to improve the coverage 
and quality of diagnosis, treatment and care for people with drug-
resistant TB. These actions include the search of new drugs.3

Modification of old drugs is a strategy that can improve 
bioavailability and tolerability, which can decrease the resistance of 
pathogenic strains.4 Coordination of metal ions to drugs is a way to 
modify their chemical characteristics and consequently modify their 
pharmacokinetics, pharmacodynamics and mechanism of action on 
the bacteria.5,6

Isoniazid (Figure 1), also called isonicotinic acid hydrazide (inh), 
was discovered in 1912, but its anti-TB activity was only reported on 
1951. It belongs to the group of drugs called “first-line antimycobacterial 

drugs”, which includes rifampicin (RIF), pyrazinamide (PZA) and 
ethambutol (ETH). The molecule has a heterocyclic N-atom of the 
pyridine ring and O- and N-atoms of the hydrazide group. Such 
coordination sites make inh an interesting ligand from the viewpoint 
of coordination chemistry.

There are some reports of the synthesis of metal complexes with 
isoniazid in the literature. Cobalt and copper complexes with isoniazid 
were prepared by Hanson and Poggi.7 Their studies suggest that the 
metal is coordinated to inh by the nitrogen atom of the NH2 group 
and the oxygen atom of the carbonyl group. Diniz et al. described a 
zinc(II) complex bound to two inh molecules, which also contains 
six hydration water molecules and two perchlorate counter-ions for 
each metal center. Zinc(II) adopts a distorted octahedral geometry, 
where two inh molecules is coordinated in a bidentate manner by 
the hydrazide group (N, O) and the other two inh residues complete 
the coordination sphere of zinc(II) binding to the aromatic nitrogen 
atoms.8 The authors also described mixed ligand complexes of Co(II), 
Zn(II) and Mg(II) containing inh as one of the ligands.9,10 Both 
complexes are coordination polymers.

Silver complexes and nanoparticles have also been considered 
in the search for novel active compounds against bacteria. Silver and 
several of its compounds have long been used as antimicrobial agents 
in medicine.11–16 The Ag(I) sulfadiazine complex, for instance, has 
been used clinically as an antibacterial and antifungal agent since the 

Figure 1. Structural formula of isoniazid (inh)
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1960s. It is an insoluble polymeric compound that slowly releases 
Ag(I) ions and is applied topically as a cream to prevent bacterial 
infections in cases of severe burns.11–14,17

Initially, some studies have suggested that the primary target 
for inhibition of bacterial and yeast growth by silver(I) complexes 
is due to their binding to proteins containing S-donor ligands, and 
not nucleic acids as N/O donors.13,18,19 So, silver(I) complexes with 
N- and O-donor molecules have increased the ability to replace 
such molecules by the S-donor ligands of target bacterial proteins. 
Recently, it has been shown that silver ions target glyceraldehyde-3-
phosphate dehydrogenase of the glycolytic pathway in E. coli, binding 
to cysteine and histidine residues in an almost linear geometry.20 The 
most recent and broader investigation was done by H. Wang et al.21 
The combined data from metalloproteomics and metabolomics 
indicated that Ag+ exerts its antimicrobial activity against E. coli by 
targeting important metabolic and physiological pathways. Primarily, 
Ag+ damages multiple enzymes in glycolysis and tricarboxylic acid 
(TCA) cycle, leading to the stalling of the oxidative branch of the TCA 
cycle and an adaptive metabolic divergence to the reductive glyoxylate 
pathway. This further damages the adaptive glyoxylate pathway 
and suppresses the cellular oxidative stress responses, causing 
systemic damages and death of the bacterium. As an example of 
these modifications, the levels of adenosine monophosphate (AMP), 
inosine-5’-monophosphate (IMP), hypoxanthine, guanosine, and 
uridine, which are involved in nucleic acid degradation or synthesis, 
decreased after Ag+ exposure.

The activity of silver complexes and formulations over 
tuberculosis is an emerging and promising field of research. 
Strong antimycobacterial activity against multi-drug-resistant 
M. tuberculosis of silver-carrying photocatalyst products was verified 
by Matsui et al.22 The development of strategies to modify an old drug 
and/or the combination of consolidated drugs, such as antibiotics, 
with metal ions with already known antimicrobial activities can lead 
to new and improved antibacterial agents. More recently, silver(I) 
complexes of fluoroanthranilic acid isomers were described in the 
literature and showed minimal inhibitory concentration (MIC90) 
values around 10 μmol L-1 against M. tuberculosis H37Rv bacterial 
strain, which are lower than the MIC90 observed for the free ligands 
and silver nitrate.23

Although no silver(I)-isoniazid complexes have been reported 
in the literature, a recent study showed that an inh and silver nitrate 
mixture with no isolation of the complex has a potent bactericidal 
effect on isoniazid-resistant clinical M. tuberculosis strains, resulting 
in lower MIC values than those from the isolate components. The 
authors claimed that the increased activity may be a result from an 
additive activity due to the increased production of reactive oxygen 
species by the combination treatment, which leads to oxidative stress 
and bacterial cell death.24

In the present work a silver(I) complex with the first-line 
antimycobacterial drug isoniazid is described. The complex 
was synthesized, isolated and characterized by spectroscopic 
techniques and density functional theory (DFT) calculations, and 
its antimycobacterial properties were evaluated against the standard 
Mycobacterium tuberculosis strain H37Rv.

EXPERIMENTAL

Materials

Isoniazid and silver(I) nitrate were analytical grade products 
from Sigma/Aldrich chemical company. All other chemicals are 
analytical grade products from different sources. The reagents were 
used as received.

Synthesis

The silver complex with isoniazid was prepared by the addition 
of 10 mL of an aqueous solution containing 0.850 g (5.0 mmol) of 
silver(I) nitrate to 10 mL of an aqueous solution containing 0.685 g 
(5.0 mmol) of isoniazid under stirring in a dark room. Initially the 
solution changed to white and then a brownish precipitate was 
formed. The solid was collected by filtration, washed with water and 
left to dry in a desiccator with P4O10 in a dark room. Anal. Calc. for 
[Ag(C6H7N3O)]⋅NO3 (%), C 23.5, H 2.3, N 18.3. Found (%) C 22.8, 
H 1.73, N 18.8. No single crystals were obtained to perform a full 
X-ray crystallographic study.

Instrumental methods

Elemental analyses of carbon, hydrogen and nitrogen were 
performed using a CHNS-O 2400 series II (Perkin Elmer) 
Analyzer. High purity cysteine was used as a reference substance. 
Infrared (IR) spectra were recorded on a FT-IR Cary 630 Agilent 
Spectrophotometer, equipped with attenuated total reflectance (ATR) 
sampling apparatus. The resolution was set at 4 cm-1. Thermal analysis 
was performed on a Thermoanalyzer TG/DTA simultaneous SDT 
Q-600 TA Instruments under the following conditions: α-alumina 
crucible, synthetic air (100 mL/min), heating rate of 10 °C per min, 
from 30 to 1000 °C. Solution-state 1H and 13C nuclear magnetic 
resonance (NMR) spectra for free inh and its silver complex were 
recorded on Bruker AVANCE III 400 and 500 MHz spectrometers. 
The NMR spectra were acquired in deuterated dimethyl sulfoxide 
(dmso-d6) solutions and chemical shifts were given relative to 
tetramethylsilane (TMS).

Anti-Mycobacterium tuberculosis analysis

Resazurin microtiter assay (REMA) was used to determine 
the MIC90 of compounds against the standard Mycobacterium 
tuberculosis strain H37Rv. Briefly, the compounds were diluted 
in Middlebrook 7H9 broth, supplemented with OADC, and 0.5% 
glycerol. The solutions, in a range concentration of 0.09 to 25 μg mL-1, 
were added to a 96-well microplate with the bacterial inoculum, 
adjusted to 105 CFU mL-1. The plates were incubated for 7 days at 
37 °C, 5.0% CO2 atmosphere. A solution of Resazurin was added at 
0.01% in water and after incubation of 24 h, the fluorescence was 
read at 530/590 nm. Three biological replicates were performed. The 
MIC90 was defined as the lowest concentration of compound able to 
inhibit 90% of mycobacterial growth.25

Computational simulations

The density functional theory (DFT) was used to study the ligand 
and the silver complex. The possible structures of isoniazid and the 
Ag-inh complex [Ag(C6H7N3O)]NO3 were optimized to the minimum 
of energy with the hybrid functional B3LYP.26–29 The 6-31+G(d,p)30,31 
basis sets was used for C, H, N and O atoms. For the Ag-atom, the 
LANL2DZ32 effective core potential basis set was used. Vibrational 
frequencies were calculated, and no imaginary frequencies were 
found, showing that the structures were at their minimum energy. 
All calculations were performed using the software Gaussian 09.33 
The topological analyses of the complexes were performed using the 
quantum theory of atoms in molecules (QTAIM)34,35 at the B3LYP/6-
31+G(d,p)/ LANL2DZ level. The QTAIM allows to characterize the 
chemical bond of the metal with the ligand and also to understand 
the nature of the bond. The QTAIM analyses were performed using 
the AIMALL package.36
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RESULTS AND DISCUSSION

Infrared spectroscopic analysis

The IR spectra of inh and the silver complex are presented in 
Figure 2. The main IR frequencies in the region 3500-600 cm-1 are 
shown in Table 1. The IR of inh is in accordance with the literature.37

Several IR bands of isoniazid had their frequencies changed after 
coordination to Ag(I). Among them, the band related to NH2 wagging 
at 1630 cm-1 shifted to 1615 cm-1 in the complex and the band related 
to C=O at 1660 cm-1 was shifted to 1673 cm-1 in the complex. The 
changes observed when the IR spectra of the ligand and the Ag-inh 
complex are compared suggest coordination of the ligand to the metal 
by the nitrogen atom of the NH2 group and also coordination by the 
oxygen atom of the C=O group.38

Regarding the ν(C-N) amide-like and the ν(N-N) bands, a similar 
behavior was observed for the Co-inh complex early reported in the 
literature. The coordination affects only the amide-like stretching 
mode. Finally, the strong band at 1289 cm-1 in the spectrum of the 
metal complex confirms the presence of free NO3

− as a counter ion.39

Thermogravimetric measurements

Figure 3 shows the thermogravimetric curve for the Ag-inh 
complex, with three well defined weight losses. The first loss of 
about 38% occurs in the range 140-200 °C. The other two mass 
losses occur in the ranges 200-280 °C and 320-360 °C which 
correspond to the decomposition of the ligand and the NO3

− anion. The 
thermogravimetric curve shows a net weight loss of about 62%, with 
a final residue of 38%, which is consistent with the formation of Ago.

Differential scanning calorimetry (DSC) analysis of the Ag-inh 
complex (see Figure 1S, Supplementary Material) indicates the 
occurrence of three exothermic events with their maxima at 190, 275 
and at 348 °C, which correspond likely to oxidation of the ligand 
leading to the formation of silver residue.

Nuclear magnetic resonance spectroscopy

The 1H and 13C NMR spectra of the silver complex were 
evaluated in comparison to the spectra of free isoniazid to confirm 
the coordination sites of the ligand to the metal as suggested by the 
IR data.

The 1H NMR spectra of inh and its Ag complex are presented 
in Figure 4 together with the numbered ligand structure. The most 
notable change in the spectrum of the metal complex when compared 
to the spectrum of the ligand is the signal from the hydrogen atoms of 
the NH2 group (numbered as H7). The spectrum of the ligand shows 
a sharp signal at 4.64 ppm for the H-atoms of the NH2 group. Upon 

Table 1. Main IR frequencies (cm-1) of inh and the Ag-inh complex

isoniazid (inh) Ag-inh complex Vibrational assignments

670 704 τ(C-C-C)ring+ τ(C-N-C-C)ring

741 754 δ ring

844 855 γ(C-C-H)

885 900 γ(C-C-H)ring; δ(C=O)

993 1023 γ(C-C-H); γ(NH2)

1062 1064 δ ring

1138 1148 ν(N-N-H)s

1220 1222 δ(C-H)

1289 νNO3

1321 1351 ν(C-N) amide , δ(NH2)

1410 1422 ν ring

1485 1490 ν ring

1545 1523 ν ring; wN-N-H

1630 1615 wNH2

1660 1673 ν(C=O)

3000-3100 3000-3100 ν(C–H)

3166 3164 ν(NH)

3303 3223 ν(NH2)

ν: stretching; β: in plane bending; γ: out of plane bending; S: scissoring; 
τ: torsion; w: wagging.

Figure 2. Infrared spectra of A) isoniazid (inh) and B) Ag-inh

Figure 3. Thermogravimetric curves (TG and DTG) of the Ag-inh complex
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coordination, the same H-atoms are detected as a broad signal shifted 
downfield, with its maximum at 5.59 ppm (∆δ 0.95). In addition, the 
H-atom of the N-H group (H6) bonded to the NH2 is also shifted 
downfield by 0.31 ppm, which reinforces the coordination of the 
NH2 group of inh to Ag(I). 

The analysis of the 13C NMR spectra of inh and its silver complex 
(Figure 1S, Supplementary Material) did not permit us to confirm 
coordination of the ligand to silver by the O atom of the carbonyl 
group as first suggested by the IR data. No significant isomer shifts 
were detected when comparing the signal of the C atom of the 
carbonyl group in the ligand at 163.88 ppm with the same C atom in 
the complex, which was observed at 164.05 ppm. Also, the absence of 
significant changes in the signals of carbon atoms C2,2’, C3,3’ or C4 (see 
Figure 1S, Supplementary Material) led us to discard N coordination 
of the pyridine ring of inh to Ag.

Nevertheless, considering that the infrared spectroscopic data 
suggested nitrogen of the NH2 group and also oxygen coordination of 
the C=O group to silver and that this coordination mode was already 
observed for a Cu(II) complex with inh, further studies based on DFT 
(see next section) were applied to evaluate if this bidentate coordination 
mode would in fact exist and if it would be the most stable one.

Molecular modeling

Due to the absence of crystals of the Ag-inh complex to 
perform a detailed X-ray crystallographic study and considering the 
possible coordination sites of inh to Ag suggested by IR and NMR 
spectroscopic measurements, DFT studies were performed to evaluate 
some possibilities of complexation. Such possibilities evaluated were 
calculated according to Figure 5.

Analyzing the theoretical results of four possible complexation 
sites, it is possible to infer that the structure where ligand 
coordination to Ag atom occurs by the N atom of the NH2 group and 
oxygen atom of the group C=O (Figure 5d) is the most stable one. 
The ligand coordination to Ag atom only by the nitrogen of the NH2 
group, Figure 5a, is the second most stable structure. The difference 
in the stability between metal complexes (Figure 5d and 5a) is small 
and on the order of 1.3 kcal mol-1. On the other hand, the structure 
proposed on Figure 5b, where coordination was suggested to occur 
by the NH and NH2 groups, shows that after the optimization of 
geometry the structure converges to the first hypothesis (Figure 5a). 
Finally, analyzing the complexation by the NH group (Figure 5c), 
it is possible to identify that the interaction occurs, but this is less 
stable because there is a steric hindrance for the ligand coordination 
to silver by the NH group. The difference in stability of complex 
(Figure 5c) in relation to the most stable complex is 11.16 kcal mol-1 
and in relation to the complex represented in Figure 5a the difference 
is 9.86 kcal mol-1.

After determining the most stable structure, it is possible to 
analyze properties of the complex such as the optimal bond lengths 
N...Ag and O...Ag which were 2.60 and 2.30 Å, respectively. The 
coordination mode of inh to Ag(I) is the same observed for the Cu(II) 
complex with this ligand early reported.40

Another structural property that can be analyzed for coordination 
bonds is the vibrational frequencies. The values of the vibrational 
frequencies wNH2 and ν(C=O) theoretically determined for the ligand 
were 1707 and 1740 cm-1, respectively. The vibrational frequencies 
of the bonds decrease with coordenation and the values found were 
1679 cm-1 for wNH2 and 1722 cm-1 for ν(C=O). It is important to 
emphasize that no scale factor was used to correct the error associated 

Figure 4. 1H NMR spectra of (a) isoniazid and (b) silver complex



Paris Junior et al.282 Quim. Nova

with the calculation method, which justifies the difference in relation 
to the experimental data.

The QTAIM was used to better understand the electronic effects 
of the Ag-inh complex. In QTAIM analysis, the nature of the bond 
or interaction can described by some parameters such as electronic 
density (ρ(r)), Laplacian of electronic density (∇2ρ(r)), and total 
electronic energy (H(r)) (H(r) = G(r)+V(r)). According to QTAIM, 
values of ∇2ρ(r) < 0 indicate covalent bonds and ∇2ρ(r) > 0 indicate 
noncovalent bonds. When the values of ∇2ρ(r) and H(r) are positive, 
the nature of the interaction or bond is electrostatic, for ∇2ρ(r) positive 
and H(r) negative the bond are considered partially covalent.34,35

The results for the QTAIM analysis for the Ag-N and Ag-O 
bonds are shown in Figure 6 along with the molecular graph of the 
complex. The values of ∇2ρ(r) is positive and H(r) is negative for the 
Ag-O bond showing that the bond has partially covalent character. 
For the Ag-N the values of ∇2ρ(r) and H(r) are positive showing that 
the bond has an electrostatic character.

Anti-Mycobacterium tuberculosis activity

The Ag-inh complex was active against M. tuberculosis with a 
MIC90 of 0.78 ± 0.5 μg mL-1 (2.55 μmol L-1). Although the Ag complex 
presents a MIC90 value higher than rifampicin (0.08 ± 0.02 μg mL-1) 
and inh itself (0.13 ± 0.06 μg mL-1 or 0.948 µmol L-1), it is lower 
than other antimycobacterial agents used in TB clinical treatments 
as ethambutol (MIC90 = 5.62 μg mL-1) and p-aminosalicylic 
(MIC90 = 1.25 μg mL-1). It is well established that free inh is a potent 
and selective prodrug that inhibits the biosynthesis of the mycobacteria 

cell wall by interrupting the synthesis of mycolic acids. It is called 
a prodrug because it just becomes active after a transformation by a 
catalase-peroxidase enzyme, giving rise to isonicotinic acid.41 The 
rigidity and stability conferred to the complex by the silver atom 
could prevent the biotransformation of inh to isonicotinic acid and 
thus inhibit its activity but only additional studies could confirm or 
not this hypothesis. It was observed that the Ag-inh is active against 
M. tuberculosis and similar results were published in the literature 
with cobalt and copper complexes with isoniazid complexes, which 
have shown to be active against M. tuberculosis with MIC90 values 
of 0.41 µmol L-1 and 2.2 µmol L-1, respectively. Also, The MIC90 
value was below the maximum limit of 25 µg mL-1, which is the 
value described in the literature that warrants for further studies of 
active compounds against M. tuberculosis. Montelongo-Peralta et al.24 
reported a study showing that an inh and Ag nitrate mixture, with 
no isolation of the complex, has a potent bactericidal effect on inh-
resistant clinical M. tuberculosis strains, resulting in lower MIC values 
than those from the isolate components. However, the resulting MIC 
of AgNO3 in the mixture was higher (around 10.0 µmol L-1) than 
that of the isolated Ag-isoniazid complex presented in this study 
(2.55 μmol L-1).

Ahmed et al.42 studied the antimicrobial activity of a 
phenanthroline-isoniazid hybrid ligand (L) and its Ag+ and Mn2+ 
complexes. The authors found that [Ag(L)2]BF4, [Ag(L)2]NO3.2H2O 
and [Mn(L)2](-NO3)2.2H2O, were almost fourfold more potent than 
inh. Curiously, there was no real variation in activity across the group 
of metal complexes, suggesting that activity was independent of the 
type of chelated central metal ion (Ag+ and Mn2+).

Figure 5. Simulated coordination modes of inh to Ag

Figure 6. Molecular graph for [Ag(C6H7N3O)]NO3 and topological parameter ρ(r), ∇2ρ(r) and H(r) for Ag–N and Ag-O bonds generated by QTAIM. Bond 
critical points are represented by yellow circles, red circles are the ring critical points and the values of topological properties are in au
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CONCLUSIONS

A new silver complex with isoniazid, with coordination formula 
[Ag(C6H7N3O)]·NO3, was obtained. Infrared spectroscopic analysis 
permitted proposing coordination of the ligand to Ag by the N atom 
of the NH2 group and oxygen atom of the C=O group. The 1H NMR 
spectroscopic measurements reinforced N coordination of NH2 to the 
metal. The structures of inh and the Ag-inh complex were optimized to 
the minimum of energy using the density functional theory (DFT). The 
studies confirmed that the coordination mode where inh coordinates 
to Ag(I) by the nitrogen atom of NH2 group and also by the O atom of 
C=O group is the most stable one. Bond lengths of N…Ag and O…Ag 
were 2.60 and 2.30 Å, respectively. The Ag-inh complex was active 
over M. tuberculosis with MIC90 of 0.78 + 0.5 μg mL-1 (2.55 µmol L-1). 
Further analyses are envisaged to verify this hypothesis and ensure 
its potential as a drug candidate for the treatment of tuberculosis.

SUPPLEMENTARY MATERIAL

DSC and 13C-NMR spectra for inh and the Ag complex are freely 
available at http://quimicanova.sbq.org.br in PDF format.
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