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Reactivity/stability of the tricyclic aziridinium ion intermediate of the mustine drug molecule varies with the ∠NCC bond
angle of the tricyclic ring during alkylation of guanine. A sharp variation in reactivity of the aziridinium ion intermediate
is observed along the intrinsic reaction coordinate. Further, shifting of the lowest unoccupied molecular orbital towards the
carbon centre that interacts with guanine is also observed. Thermochemical analysis shows that the alkylation reaction is
exothermic and presence of polar solvent effect activation energy.
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1. Introduction

Mustine, the earliest and perhaps the most extensively stud-
ied and clinically employed DNA inter-strand cross-linking
agent is being used in cancer chemotherapy for more than
50 years [1–4]. Mode of action of this drug molecule is
well understood, and it has been confirmed that its cyto-
toxicity is allied with its alkylating ability by means of
reaction with biomolecules preferentially to nucleophilic
centres in DNA bases [5,6]. Mustine forms a very reac-
tive aziridinium (Az+ ) ion intermediate and preferential
alkylation at the endocyclic nitrogen and exocyclic oxygen
atoms of DNA bases is the suggested mechanism [7,8].
Earlier works confirmed that out of different nucleophilic
sites in DNA bases, N7 position of guanine is the most
nucleophilic and was shown to be a highly preferred site
over others for alkylation [9–16]. Recently, Mann made an
explicit study on formation of Az+ ion of nitrogen mus-
tards using ab initio dynamics [17]. During alkylation, each
of the chloroethyl side chains of the nitrogen mustards (a)
spontaneously cyclises to form Az+ ion (b) that finally
binds to N7 of guanine in DNA, resulting a mono-adduct
(c) [18–21] (Figure 1).

During alkylation at N7 of guanine, the Az+ ion accepts
electron density from N7 centre, and therefore, position as
well as stability of the LUMO (lowest unoccupied molecu-
lar orbital) of the Az+ ion becomes important [22–24]. Our
earlier works suggest that reactivity of the Az+ ion inter-
mediate depends on its structure as well as on the direction
of external electric field [25]. It is important to note that
in its stable conformation, ∠N3C2C1 ≈ 60◦, the LUMO is
mostly localised on the chloroethyl side chain (Figure 1(d)),
which rule out the interaction between C1 of Az+ ion and
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N7 of guanine. Thus, shape of LUMO as well as reactivity
of the Az+ ion happens to be important during the alkyla-
tion process.

It is well known that the structure of an intermediate
species plays an important role in its chemical as well as
biochemical reactions, and during the course of a reaction,
intermediates undergo some structural changes [26]. Im-
portantly, reactivity of a chemical species depends on its
structure. Dependence of reactivity of a chemical species
on its structure was well demonstrated by Pal et al. [27]
and variation of reactivity descriptors along intrinsic reac-
tion coordinate (IRC) of a reaction was illustrated by Chat-
taraj et al. [28]. During alkylation reaction, as the Az+ ion
approaches DNA (towards guanine base), its structure is
expected to vary. Therefore, we examined structural vari-
ations and shape of LUMO during alkylation and tried to
follow how reactivity of the Az+ ion varies as it approaches
guanine moiety (for check of simplicity glycosidic linkage
is replaced by a methyl group). To observe the structural
variations on the Az+ counterpart along the IRC, we per-
formed constrained optimisation on the mustine-guanine
mono-adduct for different values of C1–N7 bond length
(‘d’, the IRC). Thereafter, guanine moiety was removed and
local reactivity descriptors and LUMO shapes of the Az+

ion intermediate were analysed. The transition state (TS) of
the alkylation reaction was obtained by QST2 method [29].

Global parameters (global electrophilicity, ω, and
global hardness, η) and local parameters (nucleophilic
Fukui function, f +, and local electrophilicity, ω+ ) from
density functional reactivity theory (DFRT) were used to
characterise variations in reactivity pattern along the IRC.
These descriptors are defined within the framework of

C© 2013 Taylor & Francis
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Figure 1. Mechanism of alkylation of DNA by bisalkylating nitrogen mustard.

density functional theory and have been tested and studied
in the literature by several research groups and are found
to be very useful in rationalising the reactivity patterns of
the molecular systems [30–32]. Theoretical basis for these
descriptors and their applications in various molecular sys-
tems have recently been reviewed well [33,34]. Apart from
that we performed thermochemical study and obtained the
rate constant of formation of mono-adduct using transition
state theory (TST).

2. Theoretical details of reactivity descriptors

Pearson and Parr were the first to provide the definition
of global hardness (η) of a chemical species in terms of
chemical potential (μ) [35,36]. According to them

η = 1

2

(
∂2E

∂N2

)
v(�r)

= 1

2

(
∂μ

∂N

)
v(�r)

, (1)

where E is the energy of the system and N is the num-
ber of electrons of an electronic system at constant exter-
nal potential, v(�r). Use of finite difference approximation
gives the expressions for μ and η as μ = −IP−EA

2 and
η = IP−EA

2 . Koopmans’ theorem [37] defines the IP and
EA in terms of the energies of highest occupied molecular
orbital (εHOMO) and lowest unoccupied molecular orbital

(εLUMO) as IP = −εHOMO and EA = −εLUMO. This leads
to the expressions for μ and η as

η = εLUMO − εHOMO

2
(2)

and

μ = εLUMO + εHOMO

2
. (3)

Parr and co-workers proposed global electrophilicity
(ω) as a measure of electrophilicity of a ligand as [38]

ω = μ2

2η
, (4)

The Fukui function is the most important local reactivity
index to observe reactivity at particular atomic site, defined
as [39]

f (r) =
(

∂μ

∂v(r)

)
N

=
(

∂ρ(r)

∂N

)
v(�r)

. (5)

Mendez and Gazquez [40] and Yang and Mortier [41]
introduced the procedure to obtain f (r), and using finite
difference approximation, the condensed Fukui function

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 o
f 

A
dv

an
ce

d 
St

ud
y 

in
 S

ci
en

ce
 &

 T
ec

hn
ol

og
y]

 a
t 2

1:
51

 3
1 

M
ay

 2
01

3 



Molecular Physics 3

for a nucleophilic attack on the system becomes

f +
x = [ρx(N0 + 1) − ρx(N0)], (6)

where ρx(N0) and ρx(N0 + 1) are electronic population on
atom x of the molecule with N0 and N0 + 1 electron sys-
tems, respectively. Roy et al. showed that sign of Fukui
function is sensitive to the population analysis, and Hirsh-
feld population is proved to be a better one over Mullikan
population analysis [42,43]. The local counterpart of these
parameters effectively describes the reactivity at a particular
centre. Local electrophilicity is defined as

ω+
x = ωf +

x . (7)

Similar to Fukui functions, using finite difference ap-
proximation, Roy et al. have proposed local softness at a
particular centre as [44]

s+
x = [ρx(N0 + 1) − ρx(N0)]S for nucleophilic attack,

(8a)

s−
x = [ρxN0 − ρx(N0 − 1)]S for electrophilic attack

(8b)

and

s0
x = 1

2
[ρx(N0 + 1) − ρx(N0 − 1)]S for radical attack.

(8c)
They have also proposed ‘relative electrophilicity’ and

‘relative nucleophilicity’ as s+
x /s−

x and s−
x /s+

x , respectively.
Local electrophilic or nucleophilic nature of a site is well
described by these two descriptors, and their validity was
tested on a number of occasions [45–47].

3. Computational details

Structure of the species were optimised using B3LYP/6-
31 + G(d) level of theory in gas phase. Real frequency of
the systems confirmed that they are at minima. Initially,
we performed complete optimisation on the mono-adduct,
and thereafter, constraint optimisations were performed on
different configurations of the adduct using same level of
theory to follow the IRC pathway. Global and local reactiv-
ity parameters and LUMO of the Az+ ion were obtained
by disconnecting the guanine moiety and performing sin-
gle point calculations. Genuineness of the TS geometries
were confirmed by an imaginary frequency of the vibra-
tional mode corresponding to the C1—N7 bond. The global
reactivity descriptors chemical potential, global hardness
and global electrophilicity were calculated from Equations
(2)–(4), and the local descriptors were obtained by us-
ing Equations (6)–(8). Hirshfeld population analysis was
adopted to calculate Fukui functions, local electrophilic-
ity, relative electrophilicity and relative nucleophilicity. All

calculations were performed using Gaussian 09 [48]. Re-
activity indices were also computed in solvent phase using
PCM (Polarisable Continuum Model) and water as solvent
[49,50]. Additionally, to check the consistency of our re-
sults, single point calculations with a triple zeta basis set
6-311 + + G(d,p) were performed using the same
functional.

4. Results and discussion

4.1. Variation of structure of the aziridinium
ion along the IRC

Configurations of the Az+ ion along the IRC obtained at
B3LYP/6-31 + G(d) level of theory are summarised in Fig-
ure 2. The alkylation reaction is observed to pass through
a TS as suggested by earlier works [51,52]. It is interesting
to see that for d > 2.30 Å, the Az+ ion retains its typical
tricyclic structural parameters with ∠N3C2C1≈60.0◦ and
both N–C (ring carbon) distances = 1.59 Å (Figure 2(a)).
As ‘d’ gets shorter, interaction between the two species
takes place and at d ≈ 2.30 Å, the ring starts to open up.
The TS is located at d = 2.12 Å and ∠C1C2N3 = 79.9◦

(Figure 2(b)); exceptional variations in structural parame-
ters are observed around the TS (Figure 2(d)). Beyond the
TS, steady variations in these parameters are observed, and
finally, it forms the mono-adduct with ∠C1C2N3 = 109.4◦

and C1�N7 = 1.48 Å (Figure 2(c)). Figure 2(d) sum-
marises the variation of the structural parameters where we
observed a sharp variation around the TS. Structure of an
intermediate as well as shape of its frontier molecular or-
bitals (FMOs) around the TS is very crucial, as it directs
the reaction either way on the potential energy surface. In
earlier works, though mono-adduct formation reaction were
studied, this variations were not observed [15,16]. Similar
observation was made with triple zeta basis set.

4.2. Variation of shape and energy
of LUMO of the drug intermediate

To observe variation of shape and energy of the LUMO,
we performed single point calculations on the Az+ ion
obtained from constraint optimised adduct using B3LYP/6-
31 + G(d) levels of theory (Figure 3). Our study shows
that presence of the guanine moiety at a distance exerts
no effect on εLUMO; at d = 2.6 Å, εLUMO is quite high
(= −0.1599 a.u.). As the reaction progresses, Az+ ion
approaches towards guanine, and as a result of interaction
between the two, a sharp drop in εLUMO is observed. At the
TS, εLUMO = −0.2725 a.u., and at d = 2.0 Å, εLUMO =
−0.3374 a.u. (Figure 3). This lowering in εLUMO makes
acceptance of electron density by the Az+ ion more feasible
and this in turn facilitates alkylation.

As mentioned earlier, the LUMO of the Az+ ion is
associated mostly at the chloroethyl side chain when the
guanine is far apart from the Az+ ion (e.g. at d = 2.6 Å)

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 o
f 

A
dv

an
ce

d 
St

ud
y 

in
 S

ci
en

ce
 &

 T
ec

hn
ol

og
y]

 a
t 2

1:
51

 3
1 

M
ay

 2
01

3 



4 S. Sinha and P.K. Bhattacharyya

Figure 2. Variation of structure of the Az+ ion during mono-adduct formation (at B3LYP/6-31 + G(d) level of theory).

Figure 3. Variation of shape of LUMO of Az+ ion along the IRC.
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Molecular Physics 5

(Figure 3). During the course of the reaction, we observe
a significant variation in the shape of the LUMO. Around
d = 2.2 Å, we detect shifting of the LUMO towards the
C1 centre of the Az+ ion and the shifting almost com-
pletes before attaining the TS. Shifting of the LUMO of
the Az+ ion is very much essential for the alkylation pro-
cess to take place. Thus, as Az+ ion approaches guanine
moiety, shifting of the LUMO towards C1 centre facilitates
the alkylation process. Results obtained using triple zeta
basis set is consistent with the B3LYP/6-31 + G(d) results
(Supplementary Material 1).

4.3. Variation of the local and global reactivity
descriptors of the aziridinium ion

During the alkylation process, nucleophilic attack takes
place on the carbon centres of the Az+ ion, and hence, it is
essential to observe how local reactivity of the carbon cen-
tres varies along the IRC. As Az+ ion approaches towards
the guanine moiety, the carbon centre closer to the guanine
might experience some electrostatic interactions and its re-
activity is expected to change. Earlier observations also
suggested that reactivity of a species varies along the IRC
[28]. Variations of gas phase (at B3LYP/6-31 + G(d) level
of theory) local reactivity parameters of C1 and C2 carbon
centres are presented in Figure 4. Local electrophilicity
(ω+ ) and nucleophilic Fukui function (f+ ) is observed to
vary sharply around the TS. Importantly, local electrophilic-
ity of C1 centre changes abruptly; however, for C2 centre,
variation is not so sharp (Figure 4(a)), which indicates a
notable effect on the reactivity of the C1 centre during the
alkylation process. Nucleophilic Fukui function of Cl also
increases and is observed to vary around the TS. Reverse
is observed in case of C2 centre, Figure 4(b). Variation of
relative electrophilicity and relative nucleophilicity is de-
picted in Figures 4(c)–(d). It is interesting to note that, in
the ring conformation, relative electrophilicity (s+

x /s−
x ) of

the C1 centre is maximum, and as the reaction progresses,
s+
x /s−

x values decrease and reach the minimum and again
increase (Figure 4(c)). In a usual manner, relative nucle-
ophilicity (s−

x /s+
x ) exhibits the reverse order. On the other

hand, for C2 centre, these two indices exhibit a different
trend, not showing any maximum or minimum at the TS;
however, importantly a sharp change in the values is ob-
served around the TS (Figure 4(d)). Variation of the local
descriptors thus advocates an increase in the electrophilic
nature at the C1 centre along the IRC, and this in turn facil-
itates alkylation. Figures 4(e)–(f) represent variation of gas
phase global electrophilicity, chemical potential and global
hardness along the IRC. It is seen from the figure that, as
‘d’ decreases, chemical potential decreases (more negative)
and the system becomes more stable. It is an obvious re-
sult because the Az+ is an electron deficient system, and
transfer of electron density towards the species increases its
stability. Global electrophilicity exhibits the reverse trend

to that of global hardness. We observed similar trends in
results at B3LYP/6-311 + + G(d,p) level of theory (Sup-
plementary Material 2).

4.4. Thermochemical analysis

Thermochemical parameters, Gibb’s free energy (G), en-
thalpy (H), activation energy (Ea) and free energy of acti-
vation (�G†), were analysed at two different temperatures,
298.15 K (the room temperature) and 310 K (the physi-
ological temperature), using B3LYP/6-31 + G(d) level of
theory (Figure 5 and Table 1). We calculated �G and �H
of the adduct formation process, defined as �G = Gadduct

− (Gaziridinium ion + Gguanine). The observed �H values for
the process is found to be exothermic with a magnitude
of −10.48 kcal/mol at 298.15 K in gas phase and −17.47
kcal/mol in aqueous phase, indicating formation of a more
stable adduct in aqueous phase compared to gas phase (Fig-
ure 5 and Table 1). However, slight increase in the values is
observed at physiological temperature 310 K. Similar trend
is observed in case of �G values in both phases. Our study
thus predicts thermodynamic driving force for adduct for-
mation and is in good agreement with previous observations
[15]. Activation energy of the reaction bears more impor-
tance, and the gas phase activation energy of the forward
reaction (Eaf) is observed to be 15.88 kcal/mol. However,
in aqueous phase, a bit smaller barrier of 15.77 kcal/mol
is observed (Figure 5 and Table 1). Earlier, Shukla et al.
[16] also observed similar energy barrier for mono-adduct
formation process. In contrast, the activation energy of the
backward reaction (Eab) in gas phase at 298.15 K is found
to be 26.68 kcal/mol. This massive energy barrier prevents
decomposition of mono-adduct to Az+ ion and guanine
molecule. In aqueous phase this barrier is even higher. This
leads to shifting of the equilibrium towards the product side
in aqueous phase. The rate constant of the adduct formation
is calculated using the thermodynamic formulation of the
TST [53,54] at the two temperatures in both phases:

kTST = kBT

h
exp

(
−�G†

RT

)
, (9)

where �G†is the calculated free energy of activation.

Table 1. Thermodynamic parameters involved in alkylation pro-
cess at B3LYP/6-31 + G(d) level of theory (values in aqueous
phase are given in bracket).

T = 298.15 K T = 310 K

�H −10.48 (−17.47) kcal/mol −10.49 (−17.50) kcal/mol
�G −10.43 (−16.17) kcal/mol −10.42 (−16.12) kcal/mol
Eaf 15.88 (15.77) kcal/mol 15.88 (15.77) kcal/mol
Eab 26.68 (33.06) kcal/mol 26.68 (33.06) kcal/mol
�G† 14.38 (14.01) kcal/mol 14.40 (14.02) kcal/mol
k 178.3 (333.0) s−1 450.1 (836.2) s−1
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Figure 4. Variation of local and global reactivity descriptors.
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Molecular Physics 7

Figure 5. Reaction profile in gas and aqueous phase.

Gas phase �G† for the reaction is 14.38 kcal/mol at
298.15 K and in aqueous phase it becomes 14.01 kcal/mol
and we observe little effect of increase in temperature; how-
ever, the aqueous phase showed a prominent effect on �G†

(Table 1). The gas phase rate constant of the reaction is
observed to be 178.3 s−1 at 298.15 K that increases to
450.1 s−1 at 310 K. We observed a substantial increase in
the rate of the reaction in aqueous phase; at 298.15 K, it is
333.0 s−1 and 836.2 s−1 at 310 K. Thus, we expect an en-
hanced rate of formation of the mono-adduct at physiolog-
ical conditions (polar solvent and a temperature of 310 K).
Similar trends were observed at B3LYP/6-311 + + G(d,p)
level of theory (Supplementary Material 3). High rate of the
reaction of Az+ ion of mustine with guanine moiety agreed
with previous observation, which suggests substitution at
the N centre of mustine to prepare new analogues [55].

5. Conclusion

Our study reveal that, as the Az+ ion approaches guanine
residue (in DNA), exceptional variation in energy and shape
of the LUMO facilitate the alkylation process in spite of
the LUMO being associated with the chloroethyl side chain
in its typical tricyclic ring geometry. Lowering of LUMO
energy also made it easier for the Az+ ion to head towards
forward direction. Further, we observed a sharp variation in
local reactivity at the C1 centre of the Az+ ion (measured
in terms of local electrophilicity and nucleophilic Fukui
function) around the TS, which act as the facilitating factor
for the alkylation process. Thermochemical analysis and
rate constant confirmed the thermodynamic driving force
for the reaction and an enhanced rate at the physiological
conditions.

Earlier studies advocated that alkylation might be facil-
itated by external electric field or structural variations [56].
However, our present study clearly explains that variation
of the local reactivity as well as shape and energy of the
LUMO is the driving force for the alkylation process.
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