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We studied the thermodynamic and kinetic aspects of guanine alkylation by five derivatives of formo-
nonetin nitrogen mustard using density functional theory (DFT). Investigation of the reactivity pattern
of the aziridinium ion intermediates as well as drug-guanine adducts were performed using Density func-
tional reactivity theory (DFRT). Aziridinium ion formation was observed to be endothermic, in contrast,
the drug-guanine adduct formation was exothermic. A significant interaction of the aziridinium ion with
guanine has been observed. The results illustrate the applicability of maximum hardness principle (MHP)
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and minimum electrophilicity principle (MEP).
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1. Introduction

Bis-alkylating nitrogen mustards are the earliest and perhaps
the most extensively studied and clinically employed DNA inter-
strand cross-linking agent, exploited to treat cancer since its inven-
tion in the early twentieth century [1-7]. Mode of action of these
drug molecules is well comprehended and previous experimental
studies confirmed that its cytotoxicity is allied with its alkylating
ability by means of reaction with biomolecules, preferentially at
nucleophilic centres in DNA bases [8-12]. These drug molecules
form a very reactive positively charged intermediate, the aziridini-
um (Az") ion and preferential alkylation at the endocyclic nitrogen
and exocyclic oxygen centres of DNA bases is the suggested mech-
anism [13-16]. Earlier works confirmed that out of different nucle-
ophilic sites in DNA bases, N7 of guanine is the most nucleophilic
one and was shown to be a highly preferred site over others for
alkylation [17,18]. During alkylation, each of the chloroethyl side
chains of the nitrogen mustard (a) spontaneously cyclizes to form
Az" ion (b) that finally binds to DNA (at N7 of guanine), resulting a
mono-adduct (c) [13,19-21], Fig. 1.

Mustine (R=-CHs in Fig. 1) is highly reactive and prone to
hydrolysis; it also reacts immediately with the nucleophilic centres
in biomolecules. Because of its high affinity towards water
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molecules, it is marketed as a dry solid and when required, its
aqueous solution is prepared just prior to injection. Therefore,
more stable analogues were sought. Substitution of the methyl
group on the N-atom of mustine by aryl conjugate groups make
the N-atom less nucleophilic and slow down the rate of Az* ion for-
mation [22]. This decreases the reactivity of the nitrogen mustard
and as a result of this stabilization some of the drugs can be admin-
istered orally [22]. In last few decades, a number of such drugs
have been synthesized and their cytotoxicity has been tested
[23-28]. Recently, Ren et al. synthesized a series of derivatives of
formononetin nitrogen mustard, many of them exhibiting promis-
ing anticancer activity [28].

Understanding the kinetic as well as thermodynamic aspects of
guanine alkylation by nitrogen mustards drew attention of
researchers and a number of computational studies have been car-
ried out in recent years [18,29,30]. Mann from his explicit study on
the formation of Az" ion of nitrogen mustards using ab initio
dynamics confirmed a concerted nucleophilic displacement reac-
tion involving simultaneous dissociation of the C-Cl bond and
internal cyclization of the Az* ring [29]. Polavarapu et al. studied
thermodynamic and kinetic driving force involved in alkylation
of guanine for three clinically used nitrogen mustards [30].

In recent years, among different computational methods, den-
sity functional theory (DFT) became one of the best choices for
thermodynamic and kinetic studies of chemical and biochemical
reactions [31]. Global and local reactivity descriptors defined under
DFRT are the most preferred theory in elucidation of reactivity
pattern in a molecular system as it bears a simple conceptual
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Fig. 1. Mechanism of guanine alkylation by nitrogen mustard.

framework and is computationally tractable. Wide applicability of
these descriptors is well documented [32,33]. Global reactivity
descriptors (GRD) such as global hardness and global electrophilic-
ity index are employed to measure the overall reactivity of a chem-
ical species and are in extensive use by the researchers [34-37].

In our present investigation, we have considered five deriva-
tives of formononetin nitrogen mustard, based on their lower
ICso values, synthesized by Ren et al. [28], Table 1, and used DFT
to study thermodynamic and kinetic aspects of alkylation of guan-
ine and DFRT to monitor the reactivity of the intermediates and
drug-guanine adducts formed by these drugs.

2. Theoretical details of reactivity descriptors

In DFT, chemical potential () and global hardness (#) are defied
as the first and second derivative of energy with respect to the
number of electrons respectively [38-40]. Use of finite difference
approximation and Koopmans’ theorem [41] leads to the working
formulae for x and 5 as:

_ €rumo — €Homo
= Hiupwo — PHowo 1)
and u-— ELumo ; EHoMO 2)

Parr and co-workers proposed global electrophilicity (w) as a
measure of electrophilic power of a ligand and its propensity to
soak up electrons in terms of chemical potential and chemical
hardness as [37]:

2
0=5 3)

3. Computational details

The geometrical minima of the species were optimized using
polarized basis set 6-31+G(d,p) with Becke three parameter ex-
change and Lee, Yang and Parr correlation functional, B3LYP
[42,43]. Vibrational frequency analysis was performed in all cases
to ensure that the reactants and products have no imaginary fre-
quency. Calculation of the transition state (TS) structure was per-
formed using QST3 method [44] and its genuineness was
confirmed by an imaginary frequency of the vibrational mode.
Interaction energies (AE;i,) were calculated using super molecular
approach [for A+ B — AB, AE; = (Eag) - (Ea + Eg), where, E is the to-
tal energy of the corresponding species]. Global reactivity descrip-
tors (global hardness, chemical potential and global
electrophilicity) were calculated using Eqs. (1)-(3). Solvation ener-
gies were calculated using self-consistent reaction field (SCRF)

approach with Polarizable Continuum Model (PCM) [45]. Solvation
studies were performed on the gas phase optimized geometries at
di-electric constant, ¢ = 78.35 for aqueous phase. The free energy of
solvation (AGse) of the species was computed using SMD solvation
model proposed by Truhlar and coworkers [46]. All calculations
were performed using Gaussian09 [47].

4. Results and discussion
4.1. Activation of the drug: the aziridinium ion formation

As illustrated in Fig. 1, the first step of the drug activation mech-
anism involves the release of the chloride ion from the drug mole-
cule, thus forming an Az* ion. The second step of the mechanism
comprise of interaction of the N7 site of guanine with the C1 (num-
bered arbitrarily) centre of the Az" ion, finally forming the drug-
guanine adduct. The path followed by the drug molecules to form
AZ" ion involves a transition state (TS1) which was confirmed by
earlier studies performed on some other nitrogen mustards [8-
13,19-21]. To understand the kinetic and thermodynamic aspects
of AZz" ion formation reaction, we followed the reaction pathway
and calculated the free energy of activation and enthalpy of the
reaction. A schematic diagram of TS1 is presented in Fig. 2.

It is important to note that the structural parameters in TS1 are
nearly equal in all cases; with C1-N3 bond lengths ~1.5 A, C1-Cl
bonds lengths ~2.8 A and #N3C2C1 bond angles are in the range
62-54°, on the other hand, the structural geometry of the drug
molecules are, C1-N3 bond lengths are ~2.4A, C1-Cl bonds
lengths are ~1.81 A and ZN3C2C1 bond angles are ~109°. As the
reaction progresses, the #/N3C2C1 bond angle reduces; simulta-
neous dissociation of C1-Cl bond and internal cyclization of the
trycyclic Az" ion takes place. Values of the /N3C2C1 bond angle
indicates that around the TS1, formation of Az* ion is almost com-
pleted. Earlier ab initio dynamics study reported a shorter C1-Cl
bond length (2.37 A) at the TS in case of mustine [29]. Among
the chosen set of drug molecules, the parent molecule formonone-
tin (1 in Table 2), exhibits a free energy of activation of magnitude
44.72 kcal/mol in gas phase which reduces to 19.58 kcal/mol in
aqueous phase, Table 2.

Rest of the molecules also showed a free energy of activation of
almost the similar magnitude. A spiky reduction of the free energy
of activation in aqueous phase bears importance since the reaction
takes place in cytoplasm (a polar medium). Values obtained in
aqueous phase guaranteed a sturdy role of the polar solvent on
the energy barrier, and we expect faster Az* ion formation in cyto-
plasm compared to gas phase. Enthalpy values show that Az* ion
formation is endothermic in nature in both the phases. The
observed gas phase enthalpies are ~126 kcal/mol; however, in
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Table 1
Formononetin nitrogen mustard derivatives considered for study.
Entry no. CH,CH,CI
R—N
CH,CH,CI

Nitrogen mustard
1 HQ o.

R=

e}
OMe

2 H3CH,C(H5C)HCO,

R=

OMe

3 (H5C),HCH,CH,CO, °

R=
4 PhH,CH,CO,

R=

OMe

5

R=

OMe

contrast, an insightful decrease in the enthalpy values in aqueous
phase (~17 kcal/mol) is observed, Table 2.

Our results attested the role of solvent on free energy of activa-
tion as well as enthalpy of the reaction. Earlier, Polavarapu et al.
established that, for mustine, the process of Az" ion formation is
exothermic where as in case of chlorambucil and melphalan, con-
sisting of aromatic groups at N3, the reaction is endothermic [30].
Being a charged species, the stability of Az* ion is pitiable and we
observed the enthalpy of the reaction to be quite high, however,
addition of polar solvent (water) reduces enthalpy of the reaction.
Positive enthalpy of formation of Az* ion, a — b, implies thermody-
namic instability of the Az" ion.

Reactivity of the drug molecules is expected to influence the Az*
ion formation reaction and hence reactivity of the drug molecules
stands importance; accordingly the reactivity pattern of the drug
molecules in terms of global hardness (#) and global philicity (w)
were examined in both phases. Moreover, reactivity of the Az* ions
is important for the second step, the adduct formation. Plots of

and @ of the drug molecules (Fig. 3(i and ii) and Az" ions
(Fig. 3(iii and iv) in gas and aqueous phases are presented in
Fig. 3. Among the chosen set of drug molecules, 2a and 5a showed
maximum hardness (lower reactivity, in accordance to maximum
hardness principle, MHP) and 1a shows minimum hardness (high-
est reactivity) in gas as well in aqueous phases, Fig. 3(i and ii).
Important to note is that reactivity pattern is not affected by intro-
duction of solvent phase.

The maximum hardness principle (MHP) [48,37] and minimum
electrophilicity principle (MEP) [49] are widely accepted basic
principles of chemical reactivity. In our earlier works too, these
principles were applied successfully; application of external elec-
tric field on Az" ions of mustine [50] and during its structural vari-
ations [51]. In present case too, these two principles showed their
consistency in both phases. Thus, being with MHP, we may expect
that tendency to form Az* ions will be maximum for 1a. Fig. 3(iii
and iv) presents the hardness and electrophilicity of the corre-
sponding Az" ions (1b-5b). Reactivity pattern of Az* ions is similar
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Fig. 2. Schematic diagram of the transition state involved in aziridinium ion
formation (TS1, a — b).

Table 2

Free energy of activation (AG}) and change in enthalpy (AH,) involved in Az" ion
formation in gas and aqueous phase (values are in kcal/mol, ‘@’ denotes the drug
molecules and ‘b’ denotes the Az" ions).

Step AGZ AH;
Gas phase Aqueous phase Gas phase Aqueous phase
la—1b 44.72 19.66 127.78 17.29
2a - 2b 43.32 20.69 126.78 17.34
3a—-3b 43.44 21.90 126.97 16.76
4a - 4b 4374 20.23 126.81 17.37
5a — 5b 43.55 20.86 126.66 17.35

to that of their corresponding drug molecules (1a-5a). Importantly,
1b shows minimum hardness and accordingly is expected to be
most reactive. On the other hand, 2b has the maximum hardness
and hence least reactive amongst the members. Importantly,
MHP and MEP proved their reliability again.

Stabilization of a species in aqueous phase is well accounted by
the magnitude of free energy of solvation, AGsaq [52] and to
examine the stability of the species in solvent phase, AGsjaq Of
the Az" ions have been calculated. Trend observed in AGieaq is:
1b(—58.66) > 4b(—55.27) > 5b(—53.56) > 3b(—-53.27) > 2b(—53.22),
values given in brackets are in kcal/mol; large value of AGoyaq
leads to stabilization of the Az" ions in aqueous phase. Earlier, we
performed calculations on AGs.q for some of the nitrogen mus-
tards (mustine, melphalan, chlorambucil, bendamustine, phospho-
ramide mustard, spiromustine and uracil mustard) and results
obtained were ~—65 kcal/mol (at B3LYP/6-31+G(d) level of theory)
[53]. Az" ions of the formononetin derivatives too exhibit compara-
ble values of AG,q to that of the other nitrogen mustards.

Earlier, Polavarapu et al. anticipated the free energy of activa-
tion for mustine, melphalan and chlorambucil [30]. They observed
that melphalan and chlorambucil possess higher free energy of
activation compared to mustine (9.26 kcal/mol, 22.53 kcal/mol
and 23.00 kcal/mol for mustine, chlorambucil and melphalan,
respectively). Free energy of activation of the formononetin nitro-
gen mustards is of same magnitude as that of chlorambucil or mel-
phalan and we expect that Az" ion formation in case of
formononetin derivatives are slower compared to mustine, Table 2.

Thus, our observations advocated that the formononetin nitro-
gen mustards are successful in slowing down the rate of Az ion
formation. Importantly, global hardness and global electrophilicity
pattern of the drug molecules and their corresponding Az" ions fol-
low MHP and MEP. Analysis made on the Az" ion formation demon-

strates absence of thermodynamic as well as kinetic driving force
for the reaction.

4.2. Guanine alkylation

The vital part of guanine alkylation (b — c, Fig. 1) is the C1-N7
bond formation; thus interaction energy between Az" ion and
guanine as well as thermodynamic and kinetic driving forces of
the reaction becomes important. The alkylation reaction passes
through a transition state (TS2); a schematic diagram of the transi-
tion state in gas phase along with some important structural
parameters is summarized in Fig. 4. It has been observed that the
transition state geometry in all the drug molecules are very close
to each other: C1-N3 bond lengths are ~1.9 A, C1-N7 bond lengths
are ~2.1 A and #N3C2C1 bond angles are ~80°. However, it is
important to note that the structural parameters of the Az* ion
moeity in TS2 are different from that of TS1. A larger #N3C2C1
bond angle in TS2 compared to that in TS1 is observed, indicating
that the tricyclic Az* ring rip apart in TS2, compared to TS1.

Thermodynamic and kinetic aspects of the adduct formation
process are examined in terms of free energy of activation (AG})
and enthalpy (AH,); calculated values in gas and aqueous phase
are summarized in Table 3. Free energy of activation (AG}) for ad-
duct formation is comparatively low to that of Az* ion formation in
both phases, Table 3. Another interesting observation is that, in
case of Az* ion formation, we observed a colossal drop in AG} on
moving from gas to aqueous phase; however, we did not observe
such drop in AG} values during adduct formation process. Magni-
tude of gas phase AG) for adducts formation lies in the range
16.99-22.20 kcal/mol. The order is: 3b —3c>5b - 5c>1b —
1c>2b — 2c¢ > 5b — 5¢, almost similar trend is observed in aque-
ous phase. These values are observed to be comparable to the acti-
vation barrier of platination of guanine [54]. Interestingly,
activation barrier of guanine alkylation by these drug molecules
are lower than by ethylene or propylene oxide [55-56]. In addition
to alkylating guanine, the aziridinium ion may undergo hydrolysis.
Pineda et al. have studied the hydrolysis of a chlorambucil ana-
logue using density functional theory and the results obtained
were comparable to the experimental data [57].

In contrast to the Az" ion formation, which is endothermic in
nature, the adduct formation is observed to be exothermic for all
the drug molecules in gas as well as aqueous phase. Enthalpy gain
is comparable in all the five cases and observed to be maximum for
1b —» 1c, —35.92 kcal/mol and minimum in case of 4b — 4c,
—34.16 kcal/mol, Table 3. Aqueous phase results demonstrates
the importance of polar solvent on the thermochemistry of the
drug-guanine adduct formation process; subsequently we ob-
served a decrease in AG), and AH, values in aqueous phase by
~5 kcal/mol; role of polar solvent cannot be ruled out. Our results
reveal the existence of a strong thermodynamic driving force for
the investigated drug-guanine adducts formation compared to
mustine, melphalan or chlorambucil [30]. Important to note is that,
a smaller free energy of activation in case of adduct formation,
compared to Az* ion formation, support the existence of Kinetic
driving force for adduct formation. Interaction energies in gas
and aqueous phases are presented in Table 4.

Interaction energy values advocating a strong interaction be-
tween the Az" ion and guanine moiety; magnitude of interaction
energy is ~—10 kcal/mol in gas phase; however, incorporation of
aqueous phase doubled the interaction energy, Table 4. Results
proved the immense role of aqueous phase on interaction energy.
Interaction energies confirmed formation of a stable mono-adduct,
which in turn contributes to the genotoxicity of the drug
molecules.

Stability of drug-guanine adducts are examined form their glo-
bal hardness and global philicity (1c-5c) in both gas and aqueous
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Fig. 3. Global hardness (7) and global electrophilicity () of drug molecules (i and ii) and Az" ions (iii and iv) of the drug molecule in gas and aqueous phase at B3LYP/6-
31G(d,p) level of theory. (® Global electrophilicity, OI global hardness).

Table 3
Free energy of activation (AG}) and enthalpy (AH,) involved in drug-guanine adduct

} CI-N3-1.9A formation (b — c) in gas and aqueous phase (values are in kcal/mol).
e . ( C1-N7-2.1A Step AG; AH,
>
\c2

AN3C2C1-80° Gas phase Aqueous phase Gas phase Aqueous phase
1b - 1c 19.68 16.20 —35.92 -30.30
2b - 2c 18.89 14.53 —34.60 —28.57
TS2 3b - 3c 22.20 17.08 —35.37 —29.34
4b — 4c 16.99 13.07 —34.16 —28.13
5b — 5c 20.80 16.00 —35.50 -29.36
&
&
Table 4
Az Interaction energies (AE;,) in drug-guanine adducts in gas and aqueous phase (values
Adduct are in kcal/mol).
IRC
Step Gas phase Aqueous phase
Fig. 4. Schematic diagram of the transition state involved in guanine alkylation
(TS2, b — ). 1b - 1c -10.88 -21.29
2b - 2c -10.57 -21.23
3b - 3c -11.88 —23.22
4b — 4c -10.61 —-21.18
phases, Fig. 5. Both gas and aqueous phase results show similar 5b - 5¢ -12.13 ~21.68

trends. Importantly, 3¢ exhibits least hardness in both phases

implying formation of least stable adduct (# = 26.86 kcal/mol in

gas phase and 45.12 kcal/mol in aqueous phase) and 1c is the most

stable adduct (in accordance with MHP, # = 32.57 kcal/mol in gas part in further reaction i.e. formation of cross-linked adduct at an
phase and 49.55 kcal/mol in aqueous phase) among the drug mol- ease compared to the other members. Fig. 5 confirmed the validity
ecules. We expect that the least stable adduct ‘3¢’ would play its ~ of the MHP and MEP.
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Fig. 5. Global hardness and global electrophilicity of the drug-guanine adducts in gas and aqueous phase at B3LYP/6-31G(d,p) level of theory. (® Global electrophilicity, O

global hardness).

5. Conclusion

We studied the kinetic and thermodynamic aspects of Az* ion
formation and guanine alkylation by five derivatives of formonone-
tin nitrogen mustard. Both the processes pass through a transition
state. Investigated results authenticate that the rate of Az* ion for-
mation by the derivatives of formononetin nitrogen mustard is
quite sluggish compared to that of mustine. Low energy barrier
of the drug-guanine adduct formation over Az" ion formation pro-
vided an evidence of the former being kinetically more favoured.
Similarly, conclusion drawn from thermodynamic studies suggest
that the thermodynamic driving force is against the motion in case
of Az" ion formation but is for the motion in case of drug-guanine
adducts formation. Due to formation of the charged species
(Az" and C17) in the first step of the reaction, aqueous phase exerts
larger impact on Az" ion formation, however, such effect is not ob-
served in case of drug-guanine adduct formation. This suggests
that solvent phase free energy of activation is more important for
reactions that involve formation of charged species. Free energy
of activation of Az ion and adduct formation by formononetin
nitrogen mustard derivatives are comparable to those of chloram-
bucil or melphalan [30]. Free energy of solvation of Az* ions advo-
cates the stability of the species in aqueous phase.
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