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a b s t r a c t

The reactivity and stability of the tricyclic aziridinium ion intermediate of the mustine drug molecule
varies with the \NCC bond angle (from 60� to 150�) of the tricyclic ring. As \NCC bond angle increases,
the tricyclic ring of the aziridinium ion opens up which leads to variation in its reactivity. We have
observed shifting of the reactive center (i.e., the LUMO) of the drug intermediate with variation in the
\NCC bond angle in gas phase as well as in aqueous phase. It was also observed that the drug interme-
diate must undergo some structural changes before alkylating DNA. In addition, the maximum hardness
principle and minimum electrophilicity principles were analyzed.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

It is a well known that the structure of an intermediate species
plays important role in chemical as well as biochemical reactions.
During the course of a reaction, intermediates undergo some struc-
tural changes [1]. Recently, it was shown that the chemical reactiv-
ity of a drug intermediate in the body fluid can be followed with
the density based global and local reactivity descriptors [2]. How-
ever, in an important contribution from Pal et al. it was demon-
strated that the hardness changes with the structure of water
molecule [3]. They made a critical study on the validity of maxi-
mum hardness principle using the highly correlated wave function
method by considering the symmetric and asymmetric variations
around the equilibrium [3].

The nitrogen mustards represent the earliest and perhaps the
most extensively studied DNA inter-strand cross-linking agents.
They have been using in cancer chemotherapy for more than five
decades [4–6]. Even today, mustine is one of the heavily employed
clinical anticancer agents [7]. Although these bisalkylating agents
have been studied and clinically exploited for several decades, they
still provide an area of extremely intense and progressive investi-
gation. During alkylation of DNA, these drug molecules form a very
reactive aziridinium ion intermediate which reacts with different
nucleophilic centers in biomolecules [8,9]. Calabresi et al. and Bor-
ch et al. independently suggested that the alkylation of DNA bases
by these drug molecules is the favored mechanism [10]. Moreover,
the alkylation occurs preferentially at the endocyclic nitrogen and

exocyclic oxygen atoms of DNA bases [11,12]. Each of the chloro-
ethyl side chains of the nitrogen mustards spontaneously cyclizes
to form aziridinium ion that finally binds to DNA, resulting a
mono-adduct. This mono-adduct can react with a second DNA
strand to afford a cross-linked product. For detail understanding,
this one may refer to Pullman et al. [13]. In an important work,
the quantum chemical calculations validate that out of different
nucleophilic sites in DNA bases, N–7 position of guanine is the
most nucleophilic and was shown to be a highly preferred site over
others for alkylation [14,15]. In addition, the formation of the
mono-adduct as well as the cross-linked product during alkylation
(by inter- and intra-strand cross-linking) is well established and
the mono-adduct is found to be the major product [16]. Depending
on the relative stability of the aziridinium ion intermediate, the
overall reaction may follow SN1 or SN2 pathways [17,18]. Thus,
the reactivity of the aziridinium ion intermediate plays an impor-
tant role during the alkylation process.

The reactivity descriptors, defined within the framework of
density functional theory, are chemical potential, global hardness,
softness, electrophilicity index etc. [19]. These descriptors have
been tested and studied in the literature by several research groups
and are found to be very useful in rationalizing the reactivity pat-
terns of the molecular systems [20–22]. In general, the descriptors
are classified as global reactivity descriptors or local reactivity
descriptors. The global reactivity descriptors describe about the
overall stability of the system. On the other hand, the local coun-
terpart describes the site reactivity and selectivity. Since most of
these descriptors are the derivatives of energy and electron density
variables, it is expected that they will provide the information of
reactivity in the molecular systems [24]. Geerlings et al. and Chatt-
araj et al. have recently reviewed the theoretical basis for these
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descriptors and their applications in various molecular system
[23]. Recently, the exact conditions for which the electrophilicity
index experiences an extremum along an arbitrary reaction path
were studied [27].

During the alkylation process, the aziridinium ion intermediate
of the drug molecule accepts electron density from the N7 center of
the guanine base. Therefore, the position as well as the stability of
the LUMO (lowest unoccupied molecular orbital) of the aziridini-
um ion becomes more important [13]. It is important to note that,
during the interaction of the drug molecule with the guanine (in
DNA) the aziridinium ion opens up i.e. during mono-adduct forma-
tion, the \NCC bond angle increases. However, the LUMO of the
drug intermediate (i.e., with \NCC = 60�) is localized away from
the tricyclic ring. This clearly shows that the interaction of the drug
intermediate (C atoms of the tricyclic ring in aziridinium ion) with
the guanine (N7 atom) is not feasible. Therefore, our objective in
this article is to examine how the position of the LUMO of the drug
intermediate shifts with a variation in \NCC bond angle in gas
phase as well as in aqueous medium. We have chosen water as a
solvent medium because most of our body fluid contains water.
Apart from this, we have observed the variation of reactivity
descriptors such as the chemical potential, hardness, and electro-
philicity index, with the variation in \NCC bond angle. Finally,
the maximum hardness principle (MHP) [28] and minimum elec-
trophilicity principle (MEP) [27] have been analyzed, using mus-
tine an example.

2. Theoretical details of reactivity descriptors

Conceptual density functional theory defines the chemical po-
tential l as the first derivative of energy with respect to the num-
ber of electrons [25],

l ¼ @E
@N

� �
vð~rÞ

ð1Þ

and global hardness, (g) as [26]

g ¼ 1
2

@2E

@N2

 !
vð~rÞ

¼ 1
2

@l
@N

� �
vð~rÞ

ð2Þ

where E is the energy and N is the number of electrons of an elec-
tronic system at constant external potential, vð~rÞ.

However, the finite difference approximation defines the above
quantities in terms of ionization potential (IP) and electron affinity
(EA) of the system [19].

IP ¼ EN�1 � EN ð3Þ

EA ¼ EN � ENþ1 ð4Þ

where EN, EN�1 and EN+1 are energies of N, N�1 and N + 1 electron
system.

In most numerical applications, chemical potential (l) and
chemical hardness (g) are calculated using finite difference
approximation in terms of IP and EA and therefore, l and g, given
below, can be used as a working formula

l ¼ �IP� EA
2

ð5Þ

g ¼ IP� EA
2

ð6Þ

Recently, Parr and his coworkers proposed electrophilicity in-
dex as a measure of electrophilicity of a ligand (x) as [29]

x ¼ l2

2g
ð7Þ

It is a measure of the capacity of species to accept an arbitrary
number of electrons.

3. Computational details

The structure of the drug intermediate was optimized using
B3LYP/6-311++G (d,p) level of theory in gas phase. The frequency
calculation was performed to confirm the minima. Thereafter, sin-
gle point calculations were performed at various \NCC bond an-
gles using same level of theory. Initially, the \NCC bond angle of
the drug intermediate was increased by 1� from 60� to 70� and
then a 10� increment up to 150�. The IP and EA were calculated
from the three point finite difference approximation (Eqs. (3) and
(4)). The global reactivity descriptors such as chemical potential,
hardness and electrophilicity index were calculated from the Eqs.
(5)–(7), respectively. All calculations were performed using Gauss-
ian09 [30]. Similarly, the reactivity indices were computed in sol-
vent phase using PCM (Polarizable Continuum Model) and water
as a solvent [31]. In addition, to check the consistency of our re-
sults, we have performed single point calculations with augmented
correlation consistent double zeta valence with p polarization
function basis set (aug-cc-pVDZ) with B3LYP functional.

4. Results and discussion

4.1. Position of LUMO in the drug intermediate

The position of the LUMO of the aziridinium ion is very much
important during the alkylation process and therefore, we have fol-
lowed the position of the LUMO at various \NCC bond angles. At
first, we have varied the \NCC bond angle from 60� to 70�, with
an increment of 1� and thereafter, the bond angle was varied up
to 150�, with an increment of 10� and observed the shape of the
LUMO at each angle. The shape of the LUMO for \NCC bond angles
60�, 65�, 70�, 80�, 90�, 100�, 110� and 120� are presented in the
Fig. 1. Other LUMO’s are presented in Supporting information.

It was observed that at \NCC = 60�, the LUMO is largely associ-
ated with the chloroethyl side chain, Fig. 1a. This position of LUMO
cannot explain the alkylation reaction between the aziridinium ion
intermediate and guanine base (in DNA). As the bond angle in-
creases, the position of the LUMO starts shifting towards the tricy-
clic ring and at \NCC = 65�, we have observed partial shifting of the
LUMO to C5 position of the ring, Fig. 1b. On increasing the \NCC
bond angle further, it was observed that a large portion of the
LUMO shifted towards the ring carbon and finally, there was a
complete shifting of the LUMO at \NCC bond angle more than
70� (Fig. 1c–h). Thus we have observed significant shifting of the
LUMO towards the ring carbon with variation of \NCC bond angle.
This shifting in the position of the LUMO clearly indicates that, for
the drug intermediate to interact with guanine, the tricyclic ring
must open up. This would facilitate the ring carbon in the drug
intermediate to accept electron density from the guanine base.
More specifically, the aziridinium ion intermediate must undergo
some structural changes in order to alkylate DNA. In addition,
the values of the coefficients of the atomic orbitals of LUMO pro-
vided similar information. Similar results were observed with dif-
ferent basis set, B3LYP/aug-cc-pVDZ.

4.2. Variation of HOMO and LUMO energies

Now, we would like to throw some light on the HOMO and
LUMO energies of the drug intermediate which can be approxi-
mated as the negative of IP and EA, respectively, by Koopmans’
approximation. We would like to monitor the stability of the LUMO
with variation in \NCC bond angle. This would, in turn, facilitate
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the acceptance of electron density from the guanine base. How-
ever, there are several limitations in the calculation of IP and EA
using the Koopmans’ approximation. In general, the DSCF method-
ology reliably yields IP and EA values compared to the Koopmans’
theorem. The values of the HOMO and LUMO energy of the drug
intermediate with different \NCC bond angle (from 60� to 150�)
in gas phase are presented in Tables 1 and 2 while for solvent med-
ium in Tables 3 and 4. However, in Figs. 2 and 3, we have compared
the variation in IP and EA, calculated from the two methods (Koop-
mans’ approximation and DSCF method), with the variation in
\NCC bond angle in gas phase.

As we go on increasing the \NCC bond angle from 60� to 120�,
HOMO became unstable (more positive value of HOMO energy)
while the LUMO became stable (Tables 1–4). For instance, HOMO
energy (negative of IP) increases from �0.4402 at 60� to �0.4144
at 120� of bond angle (Table 1 and Fig. 2). On the other hand, LUMO
energy (negative of EA), varies from �0.1628 at 60� to �0.3689 at
120� (Table 1 and Fig. 3). However, with further increase in \NCC
bond angle (from 130� to 150�), reverse trend was observed (Ta-
ble 1; Figs. 3 and 4). Thus, cleavage of the C5–N3 bond (Fig. 5)
(on increasing the \NCC bond angle) results in more stabilization
of the LUMO and facilitates the acceptance of electron density from

(a) ∠ (b)°06=CCN ∠NCC =  65° 

(c) ∠ (d)°07=CCN ∠NCC = 80° 

(e) ∠ (f)°09=CCN ∠NCC = 100° 

(g) ∠ (h)°011=CCN ∠NCC = 120° 

Fig. 1. Localization of LUMO with different NCC bond angle in aziridinium ring of the drug intermediate.
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N7 of guanine. Similar trend in the results were observed in aque-
ous phase and with a different basis set, B3LYP/aug-cc-pVDZ (Ta-
bles 2–4). Further, comparing the results of IP and EA by
Koopmans’ approximation and DSCF method showed similar
trend.

4.3. Variation of the reactivity descriptors

The values of the global reactivity descriptors such as chemical
potential, hardness and electrophilicity index with different \NCC
bond angle in gas phase and aqueous phase are presented in Tables
1–4 and Figs. 4, 6–8.

Table 1
Values of HOMO and LUMO energy, IP and EA (calculated by DSCF), chemical potential (l), hardness (g) and electrophilicity (x) of the drug intermediate with different values of
NCC bond angle at B3LYP/6-311++G (d,p) level in gas phase.

NCC bond angle (in degrees) eHOMO eLUMO IPDSCF EADSCF l g x

60 �0.4402 �0.1628 0.5452 0.1134 �0.3293 0.2159 0.5023
70 �0.4367 �0.2094 0.5391 0.1342 �0.3367 0.2025 0.5598
80 �0.4336 �0.2765 0.5296 0.1961 �0.3629 0.1668 0.7896
90 �0.4307 �0.3220 0.5176 0.2423 �0.3800 0.1376 1.0490

100 �0.4277 �0.3517 0.5027 0.2745 �0.3886 0.1141 1.3233
110 �0.4237 �0.3715 0.4862 0.2971 �0.3916 0.0946 1.6218
120 �0.4144 �0.3689 0.4815 0.3037 �0.3926 0.0889 1.7337
130 �0.4219 �0.3574 0.4885 0.2890 �0.3887 0.0998 1.5149
140 �0.4246 �0.3457 0.4936 0.2744 �0.3840 0.1096 1.3459
150 �0.4250 �0.3326 0.4971 0.2589 �0.3780 0.1191 1.1994

Table 2
Values of HOMO and LUMO energy, IP and EA (calculated by DSCF), chemical potential (l), hardness (g) and electrophilicity (x) of the drug intermediate with different values of
NCC bond angle at B3LYP/aug-cc-pVDZ level in gas phase.

NCC bond angle (in degrees) eHOMO eLUMO IPDSCF EADSCF l g x

60 �0.4400 �0.1623 0.5446 0.1135 �0.3290 0.2155 0.5024
70 �0.4366 �0.2081 0.5385 0.1338 �0.3361 0.2024 0.5583
80 �0.4336 �0.2749 0.5288 0.1952 �0.3620 0.1668 0.7858
90 �0.4307 �0.3204 0.5166 0.2414 �0.3790 0.1376 1.0440

100 �0.4276 �0.3501 0.5015 0.2736 �0.3876 0.1140 1.3180
110 �0.4232 �0.3699 0.4848 0.2962 �0.3905 0.0943 1.6176
120 �0.4133 �0.3674 0.4801 0.3026 �0.3913 0.0888 1.7253
130 �0.4210 �0.3557 0.4874 0.2877 �0.3876 0.0998 1.5044
140 �0.4242 �0.3440 0.4925 0.2730 �0.3828 0.1097 1.3354
150 �0.4249 �0.3307 0.4960 0.2574 �0.3767 0.1193 1.1893

Table 3
Values of HOMO and LUMO energy, IP and EA (calculated by DSCF), chemical potential (l), hardness (g) and electrophilicity (x) of the drug intermediate with different values of
NCC bond angle at B3LYP/6-311++G (d,p) level in aqueous phase.

NCC bond angle (in degrees) eHOMO eLUMO IPDSCF EADSCF l g x

60 �0.3219 �0.0209 0.3320 0.0342 �0.1831 0.1489 0.2252
70 �0.3206 �0.0494 0.3302 0.0577 �0.1940 0.1363 0.2761
80 �0.3193 �0.1148 0.3211 0.1159 �0.2185 0.1026 0.4655
90 �0.3059 �0.1598 0.3025 0.1611 �0.2318 0.0707 0.7599

100 �0.2884 �0.1889 0.2810 0.1922 �0.2366 0.0444 1.2614
110 �0.2721 �0.2080 0.2616 0.2132 �0.2374 0.0242 2.3289
120 �0.2571 �0.2088 0.2536 0.2191 �0.2363 0.0172 3.2418
130 �0.2672 �0.1962 0.2626 0.2058 �0.2342 0.0284 1.9311
140 �0.2743 �0.1844 0.2699 0.1919 �0.2309 0.0390 1.3667
150 �0.2798 �0.1708 0.2758 0.1765 �0.2262 0.0496 1.0310

Table 4
Values of HOMO and LUMO energy, IP and EA (calculated by DSCF), chemical potential (l), hardness (g) and electrophilicity (x) of the drug intermediate with different values of
NCC bond angle at B3LYP/aug-cc-pVDZ level in aqueous phase.

NCC bond angle (in degrees) eHOMO eLUMO IPDSCF EADSCF l g x

60 �0.3212 �0.0206 0.3316 0.0351 �0.1833 0.1482 0.2268
70 �0.3199 �0.0485 0.3297 0.0573 �0.1935 0.1362 0.2748
80 �0.3185 �0.1135 0.3199 0.1150 �0.2175 0.1024 0.4615
90 �0.3044 �0.1585 0.3010 0.1601 �0.2305 0.0704 0.7545

100 �0.2869 �0.1876 0.2794 0.1913 �0.2353 0.0440 1.2571
110 �0.2707 �0.2069 0.2599 0.2123 �0.2361 0.0238 2.3431
120 �0.2560 �0.2074 0.2521 0.2180 �0.2350 0.0171 3.2388
130 �0.2660 �0.1948 0.2611 0.2045 �0.2328 0.0283 1.912
140 �0.2731 �0.1829 0.2685 0.1905 �0.2295 0.0390 1.3495
150 �0.2785 �0.1693 0.2744 0.1750 �0.2247 0.0497 1.0168
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It was observed that the chemical potential and hardness passes
through an extremum on increasing the \NCC bond angle, from
60� to 150� (Figs. 4, 6–8; Tables 1–4). The hardness values, for in-
stance, has a minimum at 60�. Therefore, from the global point of
view, these observations suggested that the stability of the drug

intermediate is least with the \NCC bond angle of around 120�.
The values of the electrophilicity index also suggested that the
electrophilicity of the drug intermediate has a maximum at around
120� (Figs. 4, 6–8; Tables 1–4). The hardness has a minimum while

Fig. 5. Optimized geometry of the aziridinium ion intermediate of mustine drug
molecule.
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the electrophilicity has a maximum around similar \NCC bond an-
gle. Hence, the drug intermediate was found to be most prone to
bind to DNA with \NCC bond angle around 120�. Similar trends
were observed using different basis set, B3LYP/aug-cc-pVDZ and
aqueous medium (Figs. 4, 6–8; Tables 1–4). It should be noted that
the hardness and electrophilicity of the drug intermediate have a
maxima and minima, respectively, at the equilibrium geometry.
Earlier literature suggested that if hardness and chemical potential
are maxima at any point along the internal coordinates, the corre-
sponding electrophilicity is minimum at that point. Similarly, if
chemical potential and hardness are minimum at any point, the
corresponding electrophilicity is maximum [27]. Our studies also
support the above findings and satisfy the minimum electrophilic-
ity principle along with the maximum hardness principle.

5. Conclusion

In the present article, we have made an effort to examine how
the position of LUMO in the aziridinium ion intermediate shifted
with a variation in the \NCC bond angle of the tricyclic ring in
gas phase as well as in aqueous phase using two different basis
sets. As the \NCC bond angle increases, the position of the LUMO
in the drug intermediate shifted towards the ring carbon which
facilitates alkylation of DNA. Thus, it can be concluded that the
drug intermediate must undergo some structural changes i.e., the
tricyclic ring must open up before alkylating DNA. It was also ob-
served that the global reactivity descriptors (chemical potential,
hardness and electrophilicity) have an extremum as the \NCC
bond angle is varied from 60� to 150�.
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