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Abstract

The present study considers some of dacarbazine tautomers having resulted from 1,3- and 
1,5-proton migration. Density functional approach has been adopted at the level of 
B3LYP/6-311++G(d,p) in order to obtain various geometrical, physicochemical, spectral 
and quantum chemical properties of the tautomers of concern. Also local aromaticity of 
the imidazole ring in some of the tautomers having 6π-electrons has been obtained by 
calculating the nucleolus independent chemical shift values.

1. Introduction

Dacarbazine (dimethyl imidazole carboxamide, imidazole carboxamide, DTIC) is a 
synthetically produced compound that acts as an alkylating agent following its metabolic 
activation by liver microsomal enzymes by oxidative N-demethylation to monomethyl 
derivative that spontaneously decompose to 5-aminoimidazole-4-carboxamid, which is 
excreted in the urine and diazomethane [1]. The diazomethane then generates a methyl 
carbonium ion that is believed to be likely cytotoxic species. The major applications of 
dacarbazine are melanoma, Hodgkin’s disease and some soft tissue sarcomas [2,3]. In the 
later two tumors, its activity is potentiated by doxorubicin, vinblastine or bleomycin 
[1,4,5]. It causes nausea, vomiting, intestinal symptoms, kidney and liver failure, hair 
loss, fever and as the delayed toxicity bone marrow depression and anemia, [1,6]. There 
exist innumerous articles in the literature about the clinical applications of dacarbazine. 
Also there are various publications on the different aspects of dacarbazine properties [7-
12]. When exposed to high temperatures (250-255 °C) dacarbazine decomposes 
explosively. The 3d metal complexes (cobalt and copper) with dacarbazine were 
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synthesized. Their spectroscopic properties by the use of FT-IR, FT-Raman, and 1HNMR 
were studied. The structures of dacarbazine and its complexes with copper(II) and 
cobalt(II) were calculated using DFT methods [13].

 Since tautomers having different structures possess dual reactivity, it is anticipated 
that a material potent to exhibit tautomerism should display variable properties depending 
on its tautomer content (allelotropic mixture [14]). Note that substances which are 
isomeric under certain conditions are tautomeric under more drastic conditions [14]. 
Therefore it would be interesting to put some light on to the tautomerism of dacarbazine.

2. Method of Calculations

All the structures presently considered have been subjected to the geometry 
optimizations leading to energy minima. The optimizations have been achieved first by 
using MM2 method which is followed by semi-empirical PM3 self consistent fields 
molecular orbital (SCF MO) method [15,16] at the restricted level [17,18]. Subsequent 
optimizations have been performed at Hartree-Fock level employing various basis sets. 
Afterwards, geometry optimizations were managed within the framework of density 
functional theory [19,20] at the level of B3LYP/6-311++G(d,p) [17,21]. Note that the 
exchange term of B3LYP consists of hybrid Hartree-Fock and local spin density (LSD) 
exchange functions with Becke’s gradient correlation to LSD exchange [20,22]. The 
correlation term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation 
functional [23] and Lee, Yang, Parr (LYP) correlation correction functional [24]. Also, 
vibrational analyses have been done on the optimized structures. The total electronic 
energies are corrected for the zero point vibrational energy (ZPE). Moreover, the normal 
mode analysis for each structure yielded no imaginary frequencies for the 3N–6 
vibrational degrees of freedom, where N stands for the number of atoms in the each 
system considered. This has indicated that the structure of each molecule corresponds to 
at least a local minimum on the potential energy surface. All these calculations have been 
done by using the Spartan 06 package program [25]. Whereas the NICS(0) calculations 
were performed by using Gaussian 03 program [26].

3. Results and Discussion

Figure 1 shows some of the tautomers of dacarbazine. However, some tautomers, 
such as tautomerism involved in the amide group itself, is neglected. Some of the 
tautomeric equilibra shown in Figure 1 result in 1,3 (such as I II) and some in 1,5-type 
(such as I V) tautomers.
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Figure 1. Some of the tautomers of dacarbazine.

Figure 2 shows the optimized structures and the direction of dipole moment vectors 
of the tautomers considered. It also displays the possible hydrogen bondings (dashed        
         . 

Figure 2. Optimized structures and direction of dipole moment vectors of the tautomers 
considered.
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lines in the figure) predicted by the program. As seen in the figure, direction of the dipole 
moment vectors exhibits variations from one tautomer to other but generally from 
somewhere around the dimethylamine moiety to the C=O/COH group. The magnitudes 
of them are listed in Table 1, together with some other properties. The order of the dipole 
moments is III>I>IV>II>V. Note that conformation of the substituents, especially the 
carbonyl moiety is highly different in the optimized structures.

Table 1. Some properties of the tautomers of present interest.

Area

(Å2)

Volume

(Å3)

Ovality Dipole 
moment

Polarizability Log P

I 209.92 174.15 1.39 5.58 54.53 -0.93

II 208.31 173.81 1.38 4.43 54.44 -0.93

III 207.45 173.35 1.38 9.05 54.57 -0.34

IV 201.70 171.74 1.35 5.56 54.52 -0.04

V 209.89 174.09 1.39 1.38 54.45 0.97

Dipole moments in debye units. Polarizabilities in 10-30 m3 units

The log P values follow the order of V>IV>III>II=I. Partition coefficients are 
important property and useful in estimating the distribution of drugs within the body. 
Hydrophobic drugs with high octanol-water partition coefficients are mainly distributed 
to hydrophobic areas such as lipid bilayers of cells. Conversely, hydrophilic drugs 
(having low octanol/water partition coefficients) are found primarily in aqueous regions. 
Note that in tautomer-V which has the highest log P value has a five-membered ring that 
is no longer imidazole π-skeleton, and no longer an aromatic system. Tautomer-IV does 
not have any aromatic ring system but possesses an exocyclic C=N group. In tautomer-III 
the five-membered ring has lost its aromaticity because of the exocyclic C=N bond.

Figure 3 shows the electrostatic potential (ESP) charges on the atoms of the 
tautomers considered. It is worth noting that the ESP charges are obtained by the program 
based on a numerical method that generates charges that reproduce the electrostatic 
potential field from the entire wavefunction [25]. 
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Figure 3. The ESP charges on the atoms of the tautomers considered.

Figure 4 displays the ESP maps of the tautomers considered. As seen in the figure, in 
most of the cases negative potential region is over/ around the amide oxygen atom or in 
some cases over one of the imidazole nitrogen atom. The dimethyl amino group resides 
in positive potential region however intensity depends on the extent of conjugation with 
the rest of the molecule through the diazo group.
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Figure 4. The ESP maps of the tautomers considered.

 Calculated IR spectra of the tautomers show distinct N-H stretchings in between 
3500-3800 cm-1. The amide N-H vibration for tautomer-I occurs at 3723 and 3581 cm-1. 
The vibration of tautomeric proton happens at 3646 cm-1. The amide carbonyl C=O 
stretching appeared at 1739 cm-1. Tautomer-II exhibits a similar spectrum having N-H 
stretching at 2695 and 3516 cm-1 (for amide N-H). The tautomeric proton vibrates at 
3624 cm-1 and the C=O stretching happens at 1713 cm-1. Tautomer-III has O-H stretching 
at 3798 cm-1 and N-H stretchings at 3605 cm-1 and 3372 cm-1. Tautomer-IV possesses 
amide N-H stretching vibrations at 3709 and 3561 cm-1. The tautomeric proton has N-H 
stretching occurring at 2354 cm-1. In tautomer-V amide N-H stretchings occur at 
3705 cm-1 and 3572 cm-1 and C=O stretching at 1762 cm-1.

Table 2 lists some energies of the isomers considered where E, ZPE and EC stand for 
the total electronic energy, zero point vibrational energy and the corrected total electronic 
energy, respectively. It also includes the aqueous energies of the tautomers considered. 
The corrected total electronic energy values follow the order of II<I<IV<V<III. 
Consequently, tautomers II and III stand for electronically the most and least stable ones, 
respectively. Tautomer-II is electronically more stable than tautomer-I. The structural 
differences between them comprise not only the position of hydrogens on the imidazole 
ring but also conformation of the amide substituent. Also the local aromaticity of the 
imidazole ring in tautomer-I and II are different (see NICS section below). However, the 
aqueous energy of tautomer-I is more favorable than that of II. For the other tautomers 
the stability order in the vacuum and in water exhibits parallelism. In practice, the 
favorable aqueous stability of tautomer-I over II might be due to favorable intermolecular 
hydrogen bonding to intramolecular one in the case of tautomer-I. 
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Table 2. Some energies of the tautomers.

Tautomer E ZPE EC Eaq

I -1676491.71 471.33 -1676020.38 -1676575.30

II -1676503.41 472.26 -1676031.15 -1676567.43

III -1676373.73 471.06 -1675902.67 -1676478.44

IV -1676426.88 470.97 -1675955.91 -1676614.37

V -1676405.95 469.53 -1675936.42 -1676483.39

Energies in kJ/mol.

Table 3 shows some thermochemical properties of the tautomers considered. As seen 
in the table, they all have exothermic heat of formation values in the order of 
II<I<IV<V<III. The entropy values follow the order of I>II>V>III>IV. Note that 
tautomer-II is a more compact structure as compared to tautomer-I (see Table 1). 
Consequently, the Gibbs free energy of formation values are in the order of 
II<I<IV<V<III. The data reveal that tautomer-II is thermochemically more favored in 
vacuum conditions than tautomer I. The intramolecular hydrogen bonding present in 
tautomer-II might be one of the reasons for that.

Table 3. Some thermochemical properties of the tautomers considered.

Tautomer Hº Sº (J/molº) Gº 

I -1676003.796 434.75 -1676133.418

II -1676014.773 432.56 -1676143.744

III -1675886.293 431.93 -1676015.075

IV -1675940.352 425.19 -1676067.123

V -1675920.057 432.05 -1676048.873

Energies in kJ/mol.

Figure 5 shows some of the molecular orbital energy levels of the tautomers 
considered. The tautomers are characterized with distribution of different pattern of inner 
lying molecular orbital energy levels. Tautomer-IV also differs from the others by having 
comparatively lower LUMO energy level.



Lemi Türker

http://www.earthlinepublishers.com

54

Figure 5. Some of the molecular orbital energy levels of the tautomers considered.

Table 4 shows the HOMO, LUMO energies and the interfrontier molecular orbital 
energy gap (Δε=εLUMO-εHOMO) values of the tautomers considered. Orders of the HOMO 
and LUMO energies are V<IV<II<I<III and IV<V<III<I<II, respectively. As the orders 
indicate the frontier molecular orbital energies are highly affected by the position of the 
tautomeric proton. Note that as compared to the others tautomers, tautomer-III (as a 
better HOMO donor) and tautomer-IV (as a better LUMO donor) are more reactive 
respectively in reactions involving the tautomers considered and electrophiles and 
nucleophiles they are reacting.

The interfrontier molecular orbital energy gap values fallow order of IV<III<I<II<V. 
Tautomer-IV is characterized with the smallest Δε value in which fulvene-like π-skeleton 
exists. Note that generally extended conjugation narrows the interfrontier molecular 
orbital energy gap in conjugated systems [27]. On the other hand, electron donors raise 
up and electron attractors lower both the HOMO and LUMO energy levels at unequal 
extents as compared to the parent structure [27]. In the case of tautomerism, as proton 

IVIIIIII V
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moves from one site to the other, electron density over the system changes so that groups 
become more or less powerful electron donor or acceptor relative to the previous form. 
Consequently, the HOMO and LUMO energy levels (thus Δε values) vary from tautomer 
to tautomer in a rather complex manner. 

Table 4. The HOMO, LUMO energies and Δε values of the tautomers considered.

Tautomer HOMO LUMO Δε

I -561.34 -164.38 396.96

II -568.02 -144.93 423.09

III -544.14 -190.13 354.01

IV -574.42 -253.28 321.14

V -630.79 -204.41 426.38

Energies in kJ/mol.

Figure 6 displays the HOMO and LUMO patters of the most likely tautomers of the 
present concern. As seen in the figure both of them have π-symmetry and variation of the 
position of tautomeric proton does not have any appreciable effect of the patterns of the 
frontier molecular orbitals.

Figure 6. The HOMO and LUMO patterns of tautomers I and II.
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Figure 7 shows the time dependent density functional UV-VIS (TDDFT) spectra of 
the tautomers of present interest. As seen in the figure, they mainly absorb in the 
ultraviolet region. Tautomers-I and II have very similar spectrums having some slight 
shift of λmax values. The rest of the tautomers exhibit spectra having either a shoulder or 
distinct λmax values.

I

II

III

IV
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Figure 7. The calculated UV-VIS spectra of the tautomers.

Figure 8 shows the local ionization maps of the tautomers considered. In the local 
ionization potential map, conventionally red/reddish regions (if any exists) on the density 
surface indicate areas from which electron removal is relatively easy, meaning that they 
are subject to electrophilic attack.

Figure 8. The local ionization maps of the tautomers considered.

Figure 9 shows the LUMO maps of the isomers considered. A LUMO map displays 
      . 

Figure 9. The LUMO maps of the tautomers considered.

V
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the absolute value of the LUMO on the electron density surface. The blue color stands for 
the maximum value of the LUMO and the color red, the minimum value. so one can 
guess the sites where nucleophiles attack.

NICS

An efficient probe has been introduced for the local aromaticity which is called 
“nucleus-independent chemical shift” (NICS) and since then numerous articles appeared 
exist in the literature, discussing aromaticity in terms of energetic, structural and 
magnetic criteria [28-39]. NICS is the computed value of the negative magnetic shielding 
at some selected point in space, generally at center of a ring or cage. The calculated data, 
so far have piled in the literature through the years have indicated that negative NICS 
values denote aromaticity (such as -11.5 for benzene, -11.4 for naphthalene). On the 
contrary, positive NICS values stand for antiaromaticity (28.8 for cyclobutadiene) while 
small NICS values are indicative of non-aromaticity (-2.1 for cyclohexane, -1.1 for 
adamantine). However, it is to be mentioned that although NICS approach has been 
proved to be an effective probe for the local aromaticity of individual rings of polycyclic 
systems a couple of contradictory results exist [39].

Table 5 shows the NICS(0) values for the aromatic ring in tautomers-I and II. As 
seen in the table tautomer-I is more aromatic than II. Note that those tautomers have 6π 
electrons in the ring whereas the other tautomers do not have. Therefore, they are not 
considered for NICS calculations. Also note that electronically tautomer-II is more stable 
than I in vacuum but less stable in aqueous conditions. Whereas, thermodynamically Gº 
values indicate favorability of II over I. The electron topology of tautomer-I should have 
strengthen the ring current more favorably as compared to II, thus the former one has a 
more aromatic ring.

Table 5. Nucleus-independent chemical shift (NICS) values of tautomers I and II.

Tautomer I II

NICS -10.8279 -10.5563

4  Conclusion

The present density functional treatment, within the restrictions of the theory and the 
basis set employed, has indicated that the positional variations of tautomeric hydrogen in 
dacarbazine backbone result in electronically stable, as well as thermally favorable 



Some Tautomers of Dacarbazine - A DFT Study

Earthline J. Chem. Sci. Vol. 9 No. 1 (2023), 47-62

59

systems in all the cases considered. They all have exothermic heat of formation values 
and the rings having 6π-electrons are highly aromatic. In the present study, positional 
effect of tautomeric proton on various properties of the tautomeric systems considered 
have been investigated. They have been found to possess exothermic heat of formation 
values. They all have favorable Gibbs free energy of formation values and they are all 
electronically stable. Tautomer-II is more stable than I in vacuum but in aqueous 
conditions the reverse is true. The NICS calculations indicate that the local aromaticity of 
tautomer-I is more than II.
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