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Abstract

Carmustine is a chemotherapic substance used in treatment of various cancers. In the
present study, within the constraints of density functional theory (B3LY P/6-31++G(d,p)),
tautomerism of carmustine has been investigated. It may undergo 1,3-type proton
tautomerism, however the obtained data for vacuum conditions indicated that the
equilibrium concentration of the enol type tautomer should be low. Afterwards,
interactions of those tautomers with adenine, a constituent base of DNA and RNA, have
been investigated. The composites (1:1) are electronically stable. Their heat of formations
are exothermic and the free energy of formation values are favorable. Some of their
calculated properties (structural, physicochemical and quantum chemical) are obtained
and discussed.

1. Introduction

Carmustine (BCNU, BiCNU) chemically is bis-chloroethylnitrosourea. A more
systematic name for is 1,3-bis(2-chloroethyl)-1-nitrosourea. It is used as an anti-cancer
(antineoplastic or cytotoxic) chemotherapy drug. Carmustine requires activation in the
liver to form its active intermediates which act by modifying and cross linking purine
basesin DNA. This medication is classified as an “akylating agent”. Carmustine acts on
DNA during al phases of the cell cycle, thus resulting in disruption of DNA function,
causing cell cycle arrest, and apoptosis. This agent also carbamoylates proteins,
including DNA repair enzymes, resulting in an enhanced cytotoxic effect [1-5].
Carmustine is highly lipophilic and crosses the blood-brain barrier readily. It is a drug
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which is mainly used for the treatment of brain tumors, multiple myeloma, Hodgkin's
disease and non-Hodgkin’s lymphomas. Carmustine exists as a solid, slightly soluble
in water, and a very weakly acidic compound (based on its pKa). Carmustine has been
detected in multiple biofluids, such as urine and blood. Within the cell, carmustine is
primarily located in the cytoplasm. Outside of the human body, carmustine can be found
in mollusks. This makes carmustine a potential biomarker for the consumption of this
food product. Carmustine is formally rated as a probable carcinogen and is also a
potentially toxic compound [6]. Though, carmustine is highly effective drug used in
chemotherapy, its merits and demerits go simultaneously. There are some adverse effects
associated with it while treatment of the patients including hepatotoxicity.
Myelosuppression and pulmonary toxicity are the other ones. The toxicity of a drug is
totally dependent upon dosage manner, so is with Carmustine [6, 7]. In clinical trials,
carmustine has been shown to cross the blood-brain barrier and be effective against
previously untreated central nervous system leukemia. Its dose-limiting factor is delayed
hematopoi etic toxicity.

In the present study, firstly tautomerism in carmustine and then interaction of those
tautomers with adenine, which is a nucleic acid base, have been considered within the
realm of density functional theory (DFT).

2. Method of Calculations

In the present study, theinitial structural optimizations of all the structures leading to
energy minima have been achieved by using MM2 method followed by semi-empirical
PM3 self-consistent fields molecular orbital (SCF MO) method [8, 9] at the restricted
level [10,11]. Subsequent optimizations were achieved at Hartree-Fock level using
various basis sets. Then, the structural optimizations were managed within the
framework of density functional theory (DFT) [12, 13] at the level of B3LYP/6-
31++G(d,p) [11, 14]. The exchange term of B3LY P consists of hybrid Hartree-Fock and
local spin density (LSD) exchange functions with Becke's gradient correlation to LSD
exchange [13, 15]. The correlation term of B3LY P consists of the Vosko, Wilk, Nusair
(VWNB3) loca correlation functional [16] and Lee, Yang, Parr (LYP) correlation
correction functional [17]. Also, the vibrational analyses have been done. The total
electronic energies are corrected for the zero point vibrational energy (ZPE). The normal
mode analysis for each structure yielded no imaginary frequencies for the 3N-6
vibrational degrees of freedom, where N is the number of atoms in the system. This
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indicates that the structure of each molecule corresponds to at least a local minimum on
the potential energy surface. All these calculations were done by using the Spartan 06
package program [18].

3. Results and Discussion

Since tautomers having different structures possess dual reactivity, it is anticipated
that carmustine exhibits 1,3-proton tautomerism and should display variable biological
properties (beside others) depending on its tautomer content (allelotropic mixture [19,
20]). Note that substances which are isomeric under certain conditions are tautomeric
under more drastic conditions [19, 20].

3.1. Tautomers

Carmustine possesses N-H moiety linked to the carbonyl group which may undergo
1,3-type proton tautomerism.

o HO
_— ON )\
ON \ R
R/ H

R: CH,CH,CI

Figure 1 shows the two tautomeric structures of carmustine, the amide and iminol
forms. It also displays the direction of the dipole moment vector in each case. In the
amide form the NH moiety is next to the nitroso group. The distance between them is
just .86 A.

Figure 1. Optimized structures of the tautomers.
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Figure 2 shows the calculated bond lengths of the tautomers considered. The data
reveals that two N(C=0) bond lengths in the amide form are quite different indicating
that some electron population unsymmetrically spread over the carbonyl group.

Figure 2. Calculated bond lengths of the tautomers (Hydrogens omitted).

Figure 3 shows the electrostatic potential (ESP) charges developed on the atoms of
the optimized structures. Note 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 [18]. Also note the change of the direction of the

dipole moment vectors.

Figure 3. Electrostatic potential charges on atoms of the tautomers (Hydrogens omitted).

Figure 4 stands for the electrostatic potential maps of the tautomers considered. In
the figure red/reddish and blue/ green regions stand for negative and positive potential
fields, respectively. As seen in the figure, the negative potential field located over the
carbonyl moiety of the amide form shifts to nearby of the nitroso moiety in the iminol
form. Also an intensely positive potential region appears where the dipole moment
vector originates.
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Figure 4. Electrostatic potential maps of the tautomers considered.

Table 1 shows some of the properties of the tautomers. Although, the ovality and
polarizability values are quite comparable, the dipole moment and log P values are
somewhat different for the amide and iminol forms. In the table PSA stands for polar
surface area.

Table 1. Some properties of the tautomers considered.

Structure Dipole Ovality Polarizability LogP  PSA (A2
moment

Amide form 1.65 1.40 54.57 1.11 51.763

Iminol form 4.99 1.39 54.55 1.99 53.165

Dipole moment in debye unit.

The higher dipole moment of the iminol form might increase the equilibrium
concentration of it in polar solvents, depending on the solvent polarity. For instance, 2-
hydroxypyridine/ 2-pyridone tautomerism favors the pyridone form because it has much
higher dipole moment due to its charge separated mesomeric form [21].

Table 2 lists some of the energies of the structures considered where E, ZPE and Ec
stand for the total electronic energy, zero point vibrational energy and the corrected total
electronic energy, respectively. The tautomers are electronically stable, however the data
reveal that the iminol form is electronically less stable as compared to the amide form.

Table 2. Some energies of the tautomers considered.

Structure E ZPE Ec
Amide form -3757635.57 410.03 -3757225.54
Iminol form -3757552.76 408.56 -3757144.2

Energiesin kJ/moal.
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Table 3 shows some thermodynamic properties of the tautomers. They have
exothermic heat of formation values. The amide form is more exothermic and more
favorable Gibbs' free energy of formation possessor.

The tautomeric conversion of the amide to iminol form is characterized with
AGeaction= Giminol - Gamige Which has the numerical value of 0.003126 au. The equilibrium
constant K¢ value is given by K, =e1060aGreaction gt 2089K [22]. The numerical value is
0.036386. So, carmustine mostly prefers the amide form. The underlying reason could be
the existence of some extent of hydrogen bonding between the N-H and nitroso oxygen
atom because as seen in the optimized structure (see Figure 1) of carmustine they are
next to each other, so that the hydrogen atom is somewhat fixed.

Table 3. Some thermodynamic properties of the tautomers considered.

Structure H° (au) < (J/mal°) G° (au) Cv (J/mol°)
Amide form -1431.03858 437.35 -1431.08824 136.49
Iminol form -1431.00759 434.95 -1431.05698 138.25

Figure 5 shows some of the molecular orbital energy levels of the tautomers. Note
the smaller energy gap between the LUMO and NEXTLUMO levels in the iminol form
as compared to the amide case.

Figure 5. Some molecular orbital energies of the tautomers considered.
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Table 4 lists the HOMO, LUMO energies and the interfrontier molecular orbital
energy gap (s umo - €nomo) values (Ag) for the tautomers. The amide form has lower
HOMO and LUMO energies and smaller As value compared to the iminol form.

Table4. The HOMO, LUMO energies and Ag values of the tautomers considered.

Structure HOMO LUMO Ag
Amideform -732.67 -275.62 457.05
Iminol form -686.24 -222.70 463.54

Energiesin kJ/moal.

Figure 6 shows the local ionization potential maps of the tautomers considered. In a
local ionization potential map conventionally red regions on the density surface indicate
areas from which electron removal is relatively easy, meaning that they are subject to
electrophilic attack. On the other hand, regions having blue color represent areas where
ionization is relatively difficult.

Figure 6. The local ionization potential maps of the tautomers considered.

Figure 7 shows the LUMO maps of the tautomers considered. A LUMO map

Figure 7. The LUMO maps of the structures considered.
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displays 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.
Hence, a nucleophile attacks on the atom having the blue/bluish color.

3.2 Composites

Adenine, a purine derivative, is one of the nucleic acid bases involved in the
structures of DNA and RNA molecules [23].

HsN
/ N
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Figure 8 shows the optimized structures of composites (1:1) of carmustine tautomers
presently considered with adenine molecule. Note the orientation of the components and
the direction of the dipole moment vectors. The adenine molecule orients itself in such a
way that the location of NH, group of adenine in space in each composite seems very
different.

Figure 8. Optimized structures of the composites considered (in two different views).
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In the case of composite having the amide form of carmustine, probably some extent
of hydrogen bonding occurs between the carbonyl oxygen atom of carmustine and the
hydrogen belonging to imidazole ring of the adenine molecule. The distance is about
1.90 A. In the case of the composite with iminol form, the adenine NH, group is next to
the iminol system. Although, the tautomers have C-Cl bonds which might be thought to
undergo SN, type reactions with nucleophilic sites of adenine molecule, the optimized
structures of the composites do not imply any inclination of it. It might be because of the
steric and electronic reasonings.

Table 5 shows some properties of the composites. Note the higher dipole moment
value of the iminol composite and the change of sign of the log P values in between the
composites.

Table 5. Some properties of the composites considered.

Structure Dipole moment Ovality Polarizability LogP PSA
Amide form+Adenine 2.89583976 1.62 64.77 -0.34 106.065
Iminol form+Adenine 4.36879833 161 64.66 0.54 107.255

Dipole moment in debye unit. PSA in A2,

Figure 9 displays the electrostatic potential charges on atoms of the composites.

Figure 9. Electrostatic charges on atoms of the composites (Hydrogens omitted).
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Figure 10 shows the electrostatic potential maps of the composites considered. As
seen in the figure distribution of the negative and positive potentia fields is so that the
dipole moment vector in the iminol composite originates from adenine component and
points to the iminol component.

Figure 10. Electrostatic potential maps of the composites considered.

Table 6 lists some energies of the composites. As seen in the table the carmustine
(amide) composite is electronically more stable in the amide form than the iminol case.

Table 6. Some energies of the composites considered.

Structure E ZPE Ec
Amide form +Adenine -4984258.98 709.35 -4983549.63
Iminol form+Adenine -4984153.79 707.505 -4983446.28

Energiesin kJ/mol.

Table 7 contains some thermodynamic properties of the composites considered. Both
of the composites possess exothermic heat of formation values such that the amide
composite is more exothermic. As for the standard energy of formation values (G°), the
amide composite is more favorable. However, AG;exion Values are 0.18444 and 0.19282
au, respectively for the composites derived from the amide and iminol tautomers. This
occurrence is most probably due to the fact that the composite formations from the
starting components are entropically disfavored.

http: //www.earthlinepublishers.com
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Table 7. Some thermodynamic properties of the composites considered.

Structure H° (au) S (I/mol°) G° (au) Cv (J/mal®)
Amide form+Adenine -1898.11364 559.26 -1898.17715 236.41
Iminol form+Adenine -1898.07431 556.67 -1898.13753 237.96

Figure 11 displays some molecular orbital levels of the composites considered. The
iminol composite has larger frontier molecular orbital energy gap but narrower LUMO-
NEXTLUMO gap compared to the respective values of the amide composite.

Figure 11. Some molecular orbital energy levels of the composites considered.

Table 8 includes the HOMO, LUMO energies and Ag values of the composites. As
seen in the table the amide composite has higher HOMO but lower LUMO energy than
the iminol composite. Consequently it possesses a narrower interfrontier molecular
energy gap (Ae) than the iminol case.

Table 8. The HOMO, LUMO energies and Ag values of the composites considered.

Structure HOMO LUMO Ag
Amide form+Adenine -596.66 -263.43 333.24
Iminol form+Adenine -610.62 -237.49 373.13

Energiesin kJ/mol.
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Figure 12 shows the calculated UV-VIS spectra (time-dependent DFT, TDDFT) of
the species considered. The influence of interaction with adenine molecule is apparent in
the spectra of the composites where a shoulder-like absorption peak emerges in both of
the relevant spectra. Note that some of the peaks of the composites have been somewhat
shifted to visible side as compared to the parent tautomeric species and adenine.

Figure 12 . Caculated UV-VIS spectra of the species considered.
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4. Conclusion

The present DFT study at the level of application indicates that in vacuum conditions
the concentration of iminol tautomer of carmustine is low. However, its concentration
might be increased in polar solvents, because its dipole moment is higher than that of the
amide form. Also, interaction with some additives to form composites might increase the
equilibrium concentration of the iminol form. However, the effect of hydrogen-bond
donor and acceptor solvents should be rather different. The present study indicates that
adenine interacts in different extents with the tautomers considered, although the
composite formation is not favored based on thermodynamic considerations. However
carmustine metabolized in liver might exhibit a different behavior.
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