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The aim of this study was to examine dacarbazine tautomerization with the density 
functional theory, where two tautomer structures have been indicated. The B3LYP/ 
6-311G++ (d, p) , 6-311(d, p), and 6-311 quantum methods were considered to calculate 
the relative energies transferred between two structures. Also, calculations of the HOMO, 
LUMO, as well as the structures’ band gap energy were performed. Estimation of 
electronic parameters, such as electrophilicity, electronegativity, softness, and hardness, 
were also investigated to determine the compound’s reactivity in a biological media.
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1. Introduction

Dacarbazine has no or ivory color and belongs to 
the alkylating agents of antineoplastic drugs, which 
has been primarily focused on anticancer functions. 
The six main classes of agents found in this family of 
medications and dacarbazine belong to triazenes [1]. 
The use of dacarbazine [5-(3,3-dimethy-1-triazenyl) 
imidazole-4-carboxamide; DTIC] is predominately 
used as an anticancer medication. Different studies have 
previously examined DTIC’s electrochemical features 
and DNA binding behaviors [2,3]. This agent is cell-
cycle, non-specific, anti-neoplastic, and indicates a wide 
range of antitumor activities in mice tumor models; 
however, its function has so far been limited in human 
beings. This agent also contributes to chemotherapy as a 
single antitumor drug and has shown potential when the 
food and drug administration approved its application in 
treating metastasis in melanoma in 1975 [4,5]. 

Thus, pre-clinical and clinical trials are performed 
considering DTIC as the reference medication. DTIC 
induces just 15% of the melanoma instances (although 
this is low, no better level has yet been identified). 
Application of DTIC is usually in combined form, 
such as in combination with Adriamycin-Bleomycin-
Vinblastine-Dacarbazine or ABVD for the treatment of 
Hodgkin [6-10]. Every nitrogen atom has the potential 
of donating or accepting classical or dual hydrogen 
bonds, making it highly suitable for the flexibility of 
structures as well as biologic activities. DTIC has wide-
ranging uses in the clinical context and can be injected 
or infused in solution forms; unfortunately, normal 
ambient temperature leads to its instability. Therefore, 
the powder form of DTIC has the most common 
application. When different sites of a single molecule 
have the potential of interacting with proton transfer, 
crystalline packing will usually be the result [11,12].

2. Experimental study

2.1. Computational method

The DFT framework with spin unlimited setting at 
Becke’s three parameter hybrids function along with 
the Lee-Yang-Parr correlation function was used to 
perform the calculations and to examine the reactivity 
of tautomer of dacarbazine (D). The 6-311, 6-311++g(d,  
p), and 6-311g(d, p) pople basis sets were also used to 

describe B3LYP at the computational level for all atoms.  
Gaussview 5.0 was considered to build the primary 
structures, and their optimization took place with 
Gaussian 09 revision A02 [13]. Various configurations 
of tautomer underwent examination. The same technique 
was used to calculate the stability energy, structural 
parameters, dipole moment, electronegativity, thermal 
characteristic, and IR frequency features of reactivity 
as well.

Eqs. (1) to (4) were used to calculate the descriptors 
of the chemical reactivity and stability based on DFT, 
including electronic chemical potential (μ), chemical 
hardness (η), chemical softness (S), and electrophilicity 
(ω) with regard to the Koopmans theorem.
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In which, μ shows the chemical potential, η indicates 
the chemical hardness, S shows the global softness, and 
ω indicates the electrophilicity index.

3. Results and discussion

Two tautomer configurations are known to make 
dacarbazine biologic, as well as promote hydrogen 
bonding with its DNA and other chemical compounds. 
Since any alterations in the position of hydrogen in the 
chemical configuration have the potential of changing 
the effects of the medication, investigations were 
performed on the T1 and T2 tautomer configurations 
of dacarbazine in the gas phase to identify any such 
potential. Table 1 indicates the energy values associated 
with dacarbazine and tautomer configurations. Fig. 1 
shows the tautomer after reaching equilibrium. Figs. 2 
and 3 indicate the optimum structures for D, T1, and 
T2, while Figures 4-6 indicate the compound’s HOMO 
and LUMO plots. The electron’s negative density 
is shown by the red area, and its positive density is 
represented by the green area. The former indicates 
the electrophilicity, and the latter indicates electron 
affinity zones in the compound, which can possibly 
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alter the hybridization of atoms in the molecules. In 
1968, Gyftopoulos and Hatsopoulos, following the 
statistics of ensembles and considering a free atom or 
ion as a thermodynamic system, put forward a quantum 
thermodynamic definition of electronegativity. Given 

Fig. 2. Optimized structure of tautomer T1 and T2 by 6-311++(d, p).

the electron density function (ρ(r)) in a chemical system 
(atom or molecule) and the energy functional (E(ρ)), the 
chemical potential (μ) of that system in equilibrium is 
defined as the derivative of the energy with respect to 
the number of electrons at fixed molecular geometry.

Table 1. Energy of dacarbazine, T1 and T2 by all basis sets.

Basis set 6-311++g(d, p) 6-311(d, p) 6-311

D T1 T2 D T1 T2 D T1 T2

Energy (kJ) -1675.98 -1677.53 -1677.95 -1675.98 -1677.52 -1675.95 -1675.38 -1676.92 -1675.34

Fig. 6. HOMO-LUMO plot of T2 by 6-311++(d, p).

Fig. 1. Structure of dacarbazine and tautomers.

Fig. 3. Optimized structure of dacarbazine 6-311++(d, p).
 

 

Fig. 4. HOMO-LUMO plot of dacarbazine by 6-311++(d, p). 

 

 

 

Fig. 5. HOMO-LUMO plot of T1 by 6-311++(d, p).
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for energy calculations, 6-311++ (d, p) was employed 
for the other computation parameters. Negative energy 
led to stability in formation conditions. Thus, T2 shows 
higher stability compared to other molecules. 

Geometric parameters, such as the length of the bond 
in Table 2, indicate that the D, T1, and T2 active sites 

Fig. 7. IR of dacarbazine by 6-311++(d, p).

Fig. 9. IR of  T2  by 6-311++(d, p).

Fig. 8. IR of  T1 by 6-311++(d, p).

 

 

Figs. 7-9 show the D, T1, and T2’s IR spectrum used 
to determine the tautomerization’s enol and imine 
forms.

According to the data shown in Table1, the D, T1, and 
T2 energy showed little change given the different values 
of approximately 0.03 kJ. Based on the values obtained 
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underwent changes when the molecule’s configuration 
was altered. Geometric alterations led to changes in 
energy for every compound. Short bond length led to a 
more desirable and rapid function in chemical reactions. 
Thus, the C-N bond in D is shorter compared to others, 
the C-N bond in D is shorter compared to others, and 
the C-C bond in T1 is shorter compared to others. In 
line with the data of Table 2, D and T1 participated 
more conveniently in chemical reactions. 

The HOMO energy shows the molecule’s potential for 
electron donation; and therefore, higher values of EHOMO 
would lead to a higher probability of electron donation 
by the molecules. The LUMO energy indicates the 
capability of the electron acceptance by a molecule; and 
therefore, lower values of ELUMO would lead to a higher 
probability of electron acceptance by the molecules. 
One of the most important parameters is the energy 
gap between the HOMO and LUMO energy levels of a 
molecule as it is a function of the molecule reactivity. 
This means that the electronegativity will have a local 

dependency, with different values for different points 
over the molecule. This reflects the fact that when we 
reach the equilibrium state (and only in this state), there 
is no net charge transfer within the molecular fragments. 
Apart from its conceptual importance, this principle is 
used to determine atomic charges and in studies that 
combine quantum mechanics and molecular mechanics.

Ionization potential shows a fundamental 
characterization of the chemical reactivity of atoms 
and molecules, with high IP pertaining to significant 
stability. A hard molecule possesses a large energy gap, 
while a soft molecule shows higher reactivity compared 
to the hard molecules due to the convenient offering of 
electrons to the acceptors. The molecule’s potential of 
accepting electrons can be probably characterized with 
the use of the electrophilicity index. The compound’s 
electronics parameters are shown in Table 3. One of the 
most surprising features of these plots is the fact that 
the local hardness is sometimes negative, in seeming 
disagreement with the tendency for an increase in the 
electron density (ergo, increase in electron number) to 
increase the chemical potential. Recall, however, that 
the external potential is not being held constant: as one 
increases the electron density at the point r, there is a 
compensating decrease in the external potential, which 
can cause the chemical potential to decrease. It seems 
that this effect is most pronounced in electronic shells. It 
is interesting that the local hardness also clearly shows 
shell structure and that the exponential divergence that 
is mandated on mathematical grounds does not appear 
in our calculations. This latter feature is, no doubt, due 
to the inadequacy of our basis set for describing the 

Table 2. Geometry of D, T1 and T2 by 6-311++(d, p)

T1  Bond
lenght

T2  Bond
lenght

D  Bond
lenght

C8-O23
C8-N11
C8-C3
C1-N6
C1-N7
C2-C3
N7-C2

1.34
1.37
1.37
1.29
1.37
1.43
1.38

C7-N9
C7-O21
C3-C7
N5-C3
C1-N5
C1-N6
C2-N6
C2-C3

1.26
1.36
1.44
1.37
1.35
1.31
1.37
1.39

C8-O23
C8-N11
C3-C8
C2-C3
C3-N6
C1-N6
C2-N7
C1-N7

1.21
1.35
1.5
1.39
1.35
1.31
1.38
1.35

Table 3. Electronics parameters of D, T1 and T2 by 6-311++(d, p)

Molecular parameters D T1 T2

EHOMO

ELUMO

∆EHOMO-LUMO

IP (Ioniziation energy)
Electron affinity (EA)
Electronegativity (χ)
Chemical potential (µ)
Chemical softness (s)
Chemical hardness (η)
Global electrophilicitiy index (ω)
Dipol momentum (Deby) (µ)
Cv (kcal/mol)
S (kcal/mol)

-0.24555
-0.10076
0.14479
0.24555
0.10076
0.173155
-0.173155

13.81
0.07239

0.2070768
8.0563
46.613
111.93

-0.13784
-0.03336
0.10448
0.13784
0.03336
0.0856
-0.0856
19.14

0.05224
0.07013

3.66
49.33
114.62

-0.20849
-0.05639
0.1521
0.20849
0.05639
0.13244
-0.13244

13.14
0.07605

0.1153211
4.88

46.223
111.66

59



Y. Najibzade et al. / Journal of Particle Science and Technology 6 (2020) 55-60

asymptotic decay of the electron density and the linear 
response function.

 As shown in Table 3, T1 donates an electron, while 
T2 shows the best structure for electron acceptance in 
chemical reactions. According to the band gap energy, 
T1 was more reactive compared to the others. Thus, it 
acts better in the biological chemical context, which is 
supported by the other thermodynamic and electronic 
parameters of each compound.

4. Conclusion

T1 shows the highest stability among the bioactive 
configurations of dacarbazine tautomer. It is only possible 
to understand dacarbazine’s physical characteristics 
and chemical reactivity through the consideration of 
interconversions between various forms of tautomer. It 
would be helpful to use computational tools capable of 
predicting the highest stability of tautomer; however, 
performing the needed quantum calculations requires 
significant time. It is obvious that the present results 
cannot be generalized for the prediction of similar 
computations or finding T1 tautomer with the highest 
stability in other molecules. Furthermore, it is worth 
noting that the equilibrium is affected by the solvent 
and other conditions, whose consideration in the 
calculations may or may not be possible. In theory, 
with the use of proper molecular descriptors, such 
high-level computational tautomerism analyses should 
be performed on a large number (hundreds or even 
thousands) of different molecules, and the obtained 
results should be employed  to  establish  quantitative  
structure-tautomerism association models with the 
potential to predict the tautomer with the highest 
stability for a very small molecule (in terms of the 
model’s applicability)

References

[1] A. Murray, Dacarbazine, Manchester University 
College of Pharmacy, Fort Wayne, IN, USA  2014 
(2014) 1132-1134.

[2] M. Song, R.Y. Zhang, X.M. Wang, Nano-titanium 
dioxide enhanced biosensing of the interaction of 
dacarbazine with DNA and DNA bases, Mater. Lett. 
60 (2006) 2143-2147.

[3] R.Y. Zhang, X.M. Wang, S.J. Gong, A voltammetric 
study of the effect of gold nanoparticles on the 

binding of DTIC to DNA bases, Electrochem. Solid 
St. 7 (2004) J27. 

[4] Q. Shen, X. Wang, D. Fu, The amplification effect of 
functionalized gold nanoparticles on the binding of 
anticancer drug dacarbazine to DNA and DNA bases, 
Appl. Surf. Sci. 255 (2008) 577-580.

[5] G. Bonadonna, R. Zucali, S. Monfardini, M.d. 
Lena, C. Uslenghi, Combination chemotherapy of 
Hodgkin’s disease with adriamycin, bleomycin, 
vinblastine, and imidazole carboxamide versus 
MOPP, Cancer, 36 (1975) 252-259.

[6] R. Advani, Optimal therapy of advanced Hodgkin 
lymphoma, Hematology, the American Society of 
Hematology Education Program Book, 2011, pp. 
310-316. 

[7] K. Bauer, N. Skoetz, I. Monsef, A. Engert, 
C. Brillant, Cochrane Database of Systematic 
Reviews, John Wiley & Sons Ltd., Chichester, 
UK, 1996.

[8] P.P. Saunders, G.A. Schultz, Role of 
4-diazoimidazole-5-carboxamide in the action of 
the antitumor agent 5 (4)-(3,3-dimethyl-1-triazeno) 
imidazole-4-(5) carboxa-mide in Bacillus subtilis, 
Biochem. Pharmacol. 21 (1972) 2065-2076.

[9] G. Boysen, B.F. Pachkowski, J. Nakamura, 
J.A. Swenberg, The formation and biological 
significance of N7-guanine adducts, Mutat. Res. 
678 (2009) 76-94. 

[10] T.A. Connors, P.M. Goddard, K. Merai, W.C.J. 
Ross, D.E.V. Wilman, Tumour inhibitory triazenes: 
structural requirements for an active metabolite, 
Biochem. Pharmacol. 25 (1976) 241-246.

[11] H.C. Freeman, N.D. Hutchinson, The crystal 
structure of the anti-tumor agent 5-(3,3-dimethyl-
1-triazenyl) imidazole-4-carboxamide, Acta 
Crystallogr. B 35 (1979) 2051-2054.

[12] J.N. Latosińska, M. Latosińska, J. Seliger, V. 
Žagar, D.V. Burchardt, K. Derwich, Unusual case 
of desmotropy. Combined spectroscopy (1H-14N 
NQDR) and quantum chemistry (periodic hybrid 
DFT/QTAIM and Hirshfeld surface-based) study of 
solid dacarbazine (anti-neoplastic), Solid State Nucl. 
Mag. 68-69 (2015) 13-24.

[13] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. 
Scuseria, M.A. Robb, J.R. Cheeseman, G. Scalmani, 
V. Barone, B. Mennucci, G.A. Petersson, H. 
Nakatsuji, Gaussian 09, Revision D.01, Gaussian 
Inc., Wallingford CT (2009) 201.

60


