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Abstract

The biological activity of radiosensitizers is associated to their electron affinity (EA), which can be divided in two main

processes: vertical and adiabatic. In this work, we calculated the EAs of nitrofurans and nitroimidazoles (Fig. 2) using Hartree–

Fock (HF) and density functional theory (DFT) methods and evaluated solvent effects (water and carbon tetrachloride) on EAs.

For water, we combined the polarized continuum model (PCM) and free energy perturbation (FEP) (finite difference

thermodynamic integration, FDTI) methods. For carbon tetrachloride, we used the FDTI method. The values of adiabatic EA

obtained are in agreement with experimental data (deviations of 0.013 eV). The vertical EAs were calculated according to

Cederbaum’s outer valence Green function (OVGF) method. This methodology, which relies on theoretical aspects of free

energy calculations on charged molecules in solution, was used to select potential selective radiosensitizers from recently

reported compounds and could be helpful in the rational design of new and more selective bioreductive anticancer drugs.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction tissue. Furthermore, because of poor vascularization
It is well known that the high rate of tumor cell

proliferation increases oxygen consumption in tumor
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and potentially high oxygen demand, structural and

functional abnormalities in tumor vessels lead to

decreased oxygen delivery to tumor tissue [1]. These

hypoxic cells are resistant to radiation therapy and to

some types of chemotherapy [2,3]. Therefore, tumor

hypoxia can be exploited for selective anticancer drug

treatment using hypoxic cell cytoxins or hypoxic cell

radiosensitizers [4].



Fig. 2. Structures of all th

Fig. 1. Classes of compounds used in this study.
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Hypoxic cell radiosensitizers behave as oxygen-

mimicking compounds, affecting tumor hypoxic

cells and leading to radiation-induced damage to

DNA and other molecules [5]. Thus, normally inert

compounds, which are activated by enzymes or by

radiation under hypoxic conditions, will behave

selectively toward tumors. Ideally, the compound

should be reversibly reduced so that, in normal
e used compounds.
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cells, it could readily revert to its inactive form

[6].

The biological activity of radiosensitizers is asso-

ciated to their electron affinity (EA), which can be

divided in two different processes: vertical and adia-

batic. The first term is defined as the energy differ-

ence between the neutral molecule and its negative

ion, both at their initial geometry [7,8]. The second

term is defined as the energy difference between the

neutral molecule and its negative ion when both are in

their most stable state. This last term can also be

called the electrode potential E7
1. Before 1960, few

accurate molecular EA had been determined in the

gas phase, while photoelectron spectroscopy was the

main experimental technique used to obtain EAs [9].

The main importance of adiabatic EA (electrode

potential) is that it can be used as an auxiliary

potential for the design of bioreductive anticancer

drugs. Furthermore, there is abundant reliable elec-

trode potential (E7
1) experimental data that can be

compared to theoretically obtained EAs [10–12]. On

the other hand, the theoretical vertical EA can be

obtained if the outer valence Green function (OVGF)

method is used [13,14]. This method is state-of-the-

art on ionization calculations and was utilized by

Ahmed on the assignment of the photoelectron spec-

tra of quinolines [15].

The most used radiosensitizers are nitroimidazole

and nitrofuran derivatives [16,17]. Because the first

nitroimidazole drugs such as dimetridazole (I.1) ex-

hibit many undesired effects, there is much research in

this area to be done, including studies on bioreducible

groups other than nitro [18]. Lead compounds include

N-oxides, quinones and transition metal complexes.

However, because nitroimidazoles and nitrofurans are

historically important, they are still frequently used

and, there is a great deal of reliable E7
1 data on them,

thus turning them into good targets for theoretical

studies. The molecules that are the subject of this

study are shown in Fig. 1 [19,20]. These molecules

are all structurally very similar but present significant

differences between their EAs and biological activi-

ties. Also, small structural modifications confer dif-

ferent EA and biological activities to radiosensitizers

[21], this being an interesting fact that reinforces the

choice of these compounds to carry out this study. In

this study, there were used representative compounds

of the three most used anticancer classes of radio-
sensibilizers (2-nitroimidazoles, 5-nitroimidazoles and

5-nitrofurans, Fig. 1).

To carry out EA calculations, it is important to use

good molecular hydration energy calculation method-

ologies. In this respect, recent calculations, which

combine ab initio molecular orbital methods with

free-energy perturbation methods (PMs), accomplish

that goal [22,23]. In general, continuum methods for

energy calculations in solution have yielded good

values for the energy of hydration of molecular

species [24].

The main goal of this paper are the calculation

of adiabatic and vertical electron affinities of radio-

sensitizers (Fig. 2) using ab initio and density

functional theory (DFT) methods, the evaluation

of solvent effects (water and carbon tetrachloride)

on EAs using the continuum model and free energy

perturbation (FEP) methods, the comparison of the

results with the available experimental data and,

finally, the use of the methodology to select new

potential radiosensitizers from compounds reported

in the literature. The work is divided in two parts.

In the first one, we have developed and discussed

the most appropriate calculation method to obtain

adiabatic EAs. In the second part, we apply the

best methodology to calculate EAs of recently

reported radiosensitizers candidates proposed in

the literature, with the aim of selecting the most

promising ones.
2. Methodology

2.1. General procedure

The calculations were carried out using the pack-

ages Spartan Pro [25], InsightII 95.0 [26] and

Gaussian98w A.11 [27]. Initially, we made a con-

formational analysis using Monte Carlo (MC)-simu-

lated annealing (from T=5000 K to T=300 K) [28].

Each selected conformer was fully optimized by

means of two consecutive methods: semi-empirical

PM3 [29] and either DFT or Hartree–Fock (HF).

The difference in E7
1 between two radiosensitizers VNt

and WNt was calculated using a combination of the

molecular orbital HF and DFT methods, according to

the thermodynamic cycle in water and carbon tetra-

chloride shown in Fig. 3. The differences in free



Fig. 3. Free energy perturbation cycle for the calculation of free

energies of hydration.
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energies of hydration between the neutral and anion

pair, (b–d) and (a–c), were performed using FEP

and PCM calculations (Eq. (1)).

DGðsolvÞ ¼ ðd � aÞ þ ðc� bÞ þ DGðgÞ ð1Þ

The vertical EAs were calculated at the ab initio

level according to Cederbaum’s OVGF method

[13,14], which includes the effects of electron corre-

lation and reorganization beyond the Hartree–Fock

approximation. The self-consistent part was expanded

up to the third-order term.

2.2. DFT and ab initio calculations

Different levels of the DFT and ab initio (HF)

methods with the basis sets 6-311++G** and 3-

21+G** were used. The DFT calculations were used

with the same previous basis sets. They were applied

with the functional correlation of Lee, Yang and Parr,

which includes both local and non-local terms [30],

and Becke’s 1988 functional, which includes Slater

exchange along with corrections involving the gradi-

ent of electronic density [31]. After each optimization,

a constant force calculation was carried out in order to

verify if the optimized structures were indeed local

minima (no imaginary frequencies) or transition states

(one imaginary frequency) [32]. The solvent effect

was evaluated with utilization of the polarized con-

tinuum model (PCM), initially proposed by Miertus

and Tomasi [33] using the previous levels of theory. In

this method, the solute cavity may be specified as a set

of overlapping spheres, thus allowing for a more

realistic cavity shape for extended molecules, in

contrast to another solvation models [34]. It is inter-

esting to note that nitroimidazoles are sensitive to the

correct choice of the cavity for solvation.
2.3. FEP calculations

The bond length, bond angle, dihedral angle and

non-bonded potential functions were chosen by means

of the CVFF91 force field [35]. The free energy

perturbation calculation of the differences in free

energies of hydration between the neutral and anion

pair, (b–d) and (a–c), was performed using the

Discover 2.9.5 program (Fig. 2 and Eq. (1)) [26].

We performed successive transformation simula-

tions, where each transformation, regardless of the

environment, was achieved by an MD run of 1.2 ns

using the FDTI method to compute free energy differ-

ences. The initial and final states were linearly coupled

through the k parameter. The number of quadrature

points, n, used in the calculations was 6. The values of

Dki (Dk1=0.0857, Dk2=0.1804, Dk3=0.2340,
Dk4=0.2340, Dk5=0.1804, Dk6=0.0857) and the

quadrature points (k1=0.03377, k2=0.16940,
k3=0.38069, k4=0.61931, k5=0.83060, k6=0.96623)
(see Eq. (4)) were automatically calculated by the

Gaussian–Legendre quadrature method [38]. The in-

crement yk used in Eq. (4) was 0.0005.

All transformations were performed using MD

simulations in an NVT ensemble (T=300 K), employ-

ing the single topology approach. The FDTI method

was employed to calculate the free energy changes in

all transformations [49,50]. This method combines the

formalism of the perturbation method (Eq. (2)) and of

the thermodynamic integration (TI) method (Eq. (3))

to compute numerically the derivatives of the free

energy in relation to the coupling parameter at fixed

values of k, followed by numerical integration using a

quadrature scheme (Eq. (3)) [51]. In Eq. (3), k is the

Boltzmann constant; T is the temperature; h iki refers
to an average over the ensemble of configurations

generated using the potential energy function at ki
(U(ki)); and n is the number of windows used to

couple the initial and final states. In Eq. (2), the

integrand is the average value of the potential energy

derivative with respect to the coupling parameter k. In
Eq. (4), n is the number of quadrature points; Dki is a
parameter that depends on the numerical integration

scheme; and Dk is the increment used to compute the

numerical derivatives [52].

DA ¼ �kT
Xn
i¼1

ln e�ðUðkiþDkÞ�UðkiÞÞ=kT
D E

ki
ð2Þ
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DA ¼
Z 1

0

BUðkÞ
Bk

� �
k
dk ð3Þ

DA ¼ �kT
Xn
i¼1

ln e�½UðkiþdkÞ�UðkiÞ	=kT
� �

ki

dk
Dki ð4Þ

In this work, the initial and final states were

linearly coupled through the k parameter. In contrast

to PM, the number of k to be used in the free energy

calculations employing FDTI is not dependent on the

degree of overlap of the initial and final phase spaces.
3. Results and discussion

3.1. Conformational search

The Metropolis method, also known as Monte

Carlo simulated annealing, was used for the confor-

mational search [28]. At each step in the simulation, a

small random displacement was applied to each de-

gree of freedom of the molecule and the new energy

was compared with the energy of the preceding step.

If the new energy was lower, the new configuration

was accepted or rejected according to the value of a

probability expression dependent on a defined used

temperature, T. The probability of acceptance is given

by:

PðDEÞ ¼ e
�DE
kBT ð5Þ

where DE is the energy difference to the previous

step, and kB is the Boltzmann constant. At high

enough temperatures, almost all steps are accepted.

At lower temperatures, fewer high-energy structures

are accepted.

The simulation proceeds as a series of cycles, each

at a specified temperature. Each cycle contains a large

number of individual steps, accepting or rejecting the

current temperature. After a specified number of

acceptances or rejections, the next cycle begins with

the temperature lowered by a specified schedule such

as:

Ti ¼ gTi�1 ð6Þ
where Ti is the temperature at cycle i, and g is a

constant between 0 and 1. Simulated annealing allows

for an efficient exploration of the complex configura-

tional space with multiple minima [28]. The initial

configuration was generated randomly, considering

the position and orientation of the solute molecule.

One MC step is performed after randomly attempts to

rotate all solute single bounds. The maximum rotation

angle was fixed during the simulation as dh=20j.
Each simulation cycle consisted of a thermalization

phase of 2.0
106 MC steps, followed by an averaging

step of 80.0
106 MC steps. The temperature varied

from 5000 to 298 K. This procedure was chosen to

perform the conformational search due to the complex

landscape of minima, which flexible molecules have

[36]. It was observed that in all compounds, the nitro

group is in the plane of the imidazol ring (dihedral

angle 1.05j). A maximum elongation of 0.010 Å

occurred at the C5-NO2 bond of compound I.4;

however, this elongation was only 0.007 and 0.004

Å for compounds I.3 and I.2, respectively. These

results are in complete agreement with the X-ray

diffraction experimental structures obtained by Walsh

[37]. A relatively high rotation energy barrier for the

nitro groups (14.84 kJ mol�1 average) was obtained

from single point energy calculations using rMP2/6-

311++G(d,p) for the neutral molecules and uMP2/6-

311++G(d,p) for the negative ions. The bond length

and the ring atom angles are in agreement with

experimental data [37]. The selected conformations

were subsequently refined to the ab initio and DFT

levels.

The selected optimized conformations were then

submitted to electrostatic charge calculations. The

electrostatic charges were determined so as to repro-

duce the B3LYP/6-311++G** quantum molecular

mechanical electrostatic potential (MEP) [38]. This

means that it was necessary to produce charges that fit

into the electrostatic potential at points selected

according to the CHelpG scheme [39,40].

3.2. Theoretical considerations to calculate the free

energy of monovalent molecules in solution

3.2.1. The FEP method

A pertinent problem when calculating solvation

free energy of charged molecules and ions is how to

deal with the system boundaries. In the present work,
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we have chosen to employ the constrained spherical

boundary model developed by Warshel and King via

the Surface Constraint All-Atom Solvent (SCAAS)

model [41,42]. There are considerations that make the

spherical boundary more suitable than the often used

Periodic Boundary Conditions (PBC). First, the use of

PBC requires a rather large number of water mole-

cules to avoid artificial distortions of the electric fields

near the boundaries of the central image. It is also well

known that calculated free energies are quite sensitive

to the choice of cutoff radii in the simulation [43]. In

the SCAAS model, the solvent is represented as an

isolated sphere of water molecules surrounding the

solute. It should be noted that the calculation of the

free energy of charged molecules in any finite or

periodic system with a finite interaction cutoff radius

must include a correction to the calculated hydration

energy due to the surrounding (infinite) medium. This

correction can be calculated from the Born term

contribution to DDGsolv
FEP [43,44]. In order to minimize

the dependency of the calculated DDGsolv
FEP with the

system size, the computation time and the Born term

contribution, we decided to obtain the aqueous phase

by surrounding the studied molecules with a water

sphere of 15 Å centered at the N1 atom of each

compound, including a total of about 350 water

molecules. It was also employed the spherical bound-

ary model (SCAAS) assuming the Born radius (radius

of the cavity in the macroscopic medium) equal to the

sphere radii of all the studied compounds (RSCAAS=

rBorn=15 Å) [41,42].

3.2.2. The PCM method

The original version of PCM defines the cavity as

an envelope of spheres centered on atoms (or at the

most atomic groups) [33]. Due to the fact that the

cavity definition in continuum solvation methods is a

well-known aspect which has led to many different

studies of systematic nature [45], we, in the present

study, define the cavity in terms of spheres centered

on atoms and with radii, R1, proportional to van der

Waals radii (see Eq. (7)).

R1 ¼ fRvdW
1 ð7Þ

Chosen as scaling factors ( f ) for the calculations

for neutral solutes in water and carbon tetrachloride

were 1.25 and 1.80, respectively [46,47]. Moreover,
for charged compounds, we found it necessary to

reduce the atomic radii of the atom(s) bearing the

charge by about 10% [48].

3.3. Validation of the theoretical model for EA

calculations in aqueous solutions

All discussions concerning the energy differences

and the energy barriers refer to the enthalpy term,

corrected for the zero point energy (ZPE) at 298.15 K.

The relative adiabatic EAs were calculated according

to the thermodynamic cycle shown in Fig. 2. All

calculations were relative to 2-nitroimidazole (E7
1=

�0.418 eV). This process was carried out in two

steps. First, the most appropriate quantum method

for the calculation of the gas phase contribution,

DG(g), was chosen, while DG(aq) was calculated

using FEP-CVFF91 (step A). Then, in the second

step, the most appropriate method to calculate the free

energy of hydration was chosen, while the gas phase

contribution was kept constant. The compounds used

for this validation procedure were chosen from repre-

sentative families of radiosensitizers (I.1–4, II.1 and

III.1, Fig. 2).

The relaxation energy of the negative ion was

obtained using the optimized geometries at the HF

and DFT levels. The solvent effect, (b–d) and (a–c)

(see Fig. 2), was evaluated with the polarized contin-

uum model [33] and FEP with the finite difference

thermodynamic integration (FDTI) method [49]. The

results for the two methodologies are similar (see

Table 1), but the values obtained for the relative

hydration free energy from FEP calculations with

B3LYP/6-311++G** allow for a better calculation

of adiabatic EA as compared with the experimental

data.

In step A, it was used FEP-CVFF91 to calculate

free energy of hydration at several levels of calculation

to obtain the gas phase free energy. There were

observed large differences (about 0.126 eV) between

the results obtained with the HF/3-21+G** and HF/6-

311++G** basis set. The values obtained using

B3LYP/3-21+G** and B3LYP/6-311++G** are clos-

er, with a difference of only about 0.054 eV. Thus, the

last values, obtained using DFT calculations, demon-

strated better accuracy when compared to the experi-

mental data than the values obtained using HF

calculations (Table 1).



Table 1

Adiabatic electron affinities (in electronvolts) calculated with a combination of FEP-CVFF91/gas phase Quantum Mechanic calculations and

PCM/B3LYP/6-311G** gas phase Quantum Mechanic calculations

I.1 I.2 I.3 I.4 II.1 II.2 III.1

Step A

HF/3-21+G** �0.639 �0.736 �0.669 �0.713 �0.664 �0.514 �0.504

HF/6-311++G** �0.509 �0.616 �0.541 �0.587 �0.539 �0.390 �0.376

B3LYP/3-21+G** �0.460 �0.552 �0.501 �0.527 �0.489 �0.339 �0.327

B3LYP/6-311++G** �0.400 �0.501 �0.444 �0.477 �0.431 �0.282 �0.270

Step B

HF/3-21+G** �0.708 �0.810 �0.713 �0.776 �0.700 �0.547 �0.553

HF/6-311++G** �0.570 �0.668 �0.576 �0.609 �0.600 �0.448 �0.440

B3LYP/3-21+G** �0.526 �0.624 �0.570 �0.603 �0.556 �0.404 �0.396

B3LYP/6-311++G** �0.463 �0.563 �0.507 �0.539 �0.493 �0.344 �0.333

Experimental

�0.388a �0.486b �0.431a �0.464b �0.418c �0.267d �0.257e

A: Combination of FEP-CVFF91 and gas phase Quantum Mechanic calculations. B: Combination of PCM and gas phase B3LYP/6-311++G**

Quantum Mechanic calculations.
a Ref. [54].
b Ref. [55].
c Ref. [69].
d Ref. [1].
e Ref. [70].
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The estimated error in the calculation of adiabatic

electron affinity in step A was 0.013 eV (RMS=0.001

eV) us ing B3LYP/6-311++G**, 0 .068 eV

(RMS=0.004 eV) with B3LYP/3-21+G**, 0.121 eV

(RMS=0.007 eV) using HF/6-311++G** and 0.247

eV (RMS=0.006 eV) when HF/3-21+G** was com-

bined with FEP.

Other functions of non-local densities, such as B-

VWN, gave random errors and the wave-function-

based approaches gave systematic errors [53].

The adiabatic EAvalues for all the nitro compounds

are shown in Table 1. It can be observed, in step A, that

the calculation at the DFT level with the basis set 6-

311++G** is in better agreement with the experimental

data [54,55]. When B3LYP/6-311++G** was com-

bined with the FEP calculation we found EA value

deviations only in the range of 0.013 eV, as compared

with experimental data [54,55]. This method is inter-

esting, as it includes the effect of electronic correlation,

and allows for the calculation of bigger systems. Thus,

B3LYP/6-311++G** was selected as the most appro-

priate quantummethod for calculations of the gas phase

free energy. This conclusion is in agreement with

calculations carried out by Guo-xin, which showed
the greater efficiency of DFT calculations for charged

molecules [56].

In step B, PCM was used at several levels of

calculation to obtain the free energy of hydration.

PCM was also used at the DFT level (B3LYP) with

the basis set 6-311++G ** to calculate the gas phase

free energy. It was observed also a large difference

(about 0.140 eV) between the results obtained with

HF/3-21+G** and HF/6-311++G**. The values

obtained using DFT (B3LYP/3-21+G** and B3LYP/

6-311++G**) are closer, with a difference of only

about 0.063 eV. It could be concluded that DFT

calculations demonstrated better accuracy when com-

pared to the experimental data than the values

obtained using HF calculations (Table 1).

The adiabatic EA calculated values for all the nitro

compounds are shown in Table 1. It can be also

observed, in step B, that the calculation at the DFT

level with the basis set 6-311++G** is in better

agreement with the experimental data [54,55]. When

B3LYP/6-311++G** was combined with the PCM-

B3LYP/6-311++G** calculation we found EA value

deviations in the range of 0.088 eV as compared with

experimental data [54,55].
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The estimated error in the calculation of adiabatic

electron affinity was of 0.088 eV (RMS=0.001 eV)

using PCM-B3LYP/6-311++G**, 0.138 eV (RMS=

0.005 eV) with PCM-B3LYP/3–21+G**, 0.170 eV

(RMS=0.017 eV) with HF/6-311++G** and 0.309 eV

(RMS=0.019 eV) using PCM-HF/3-21+G**.

We noticed that to estimate the free energy of

hydration the FEP method is slightly superior to the

polarized continuum model. This is particularly true

when intermolecular hydrogen bonding occurs in

ionic solutions. Similar results are found in the liter-

ature [57,58].

The most important result is that the adiabatic

electron affinity can be calculated with average

errors of 0.013 eV, using FEP-CVFF91 combined

with B3LYP/6-311++G**, and 0.088 eV, using

PCM-B3LYP/6-311G** combined with B3LYP/6-

311++G**. A priori, we believe that these small

deviations could be due to different reasons, such as

intrinsic shortcomings of the PCM algorithm and

inaccuracy of the non-polarizable force field parame-

ters for the nitro compounds. Recent experimental and

theoretical investigations on the electrode potential of

1,4-diaminobenzene lead to average errors of 0.026 eV

[57,58].

It was observed that the utilization of the HF

method underestimates the adiabatic EA values, while

the values from DFT methods are in better agreement

with the experimental data [54,55]. One reason for

this may be that the correlation potential considered in

our DFT approach, which is better than in the HF

calculations, is very important. Another important

advantage of DFT is that it can easily provide an

explanation for the binding of an extra electron in an

anion [59].

The experimental error is, in average, F0.010 eV

[54,55]. The smallest estimated errors in the calcula-

tion of adiabatic electron affinities were 0.013 eV

(RMS=0.001 eV) when B3LYP/6-311++G** was

combined with the FEP and 0.088 eV (RMS=0.001

eV) when PCM-B3LYP/6-311++G** was combined

also with B3LYP/6-311++G**. These results show

that the two theoretical approaches are different. Other

authors have obtained similar conclusions when ap-

plying the methods to other systems [57,58].

The average EA experimental error from the liter-

ature was of F0.010 eV [54,55]. The average error

bars in FEP calculations were F0.012 and F0.007 eV
for the ionic and neutral forms, respectively, indicat-

ing a very good precision in the calculation of the

Gibbs free energy of hydration. It should be stressed

that the difficulties in measuring adiabatic electron

affinities in water for such reactive molecules rein-

force the importance of a theoretical approach to this

problem.

3.4. Adiabatic electron affinity calculation in carbon

tetrachloride solution

In order to check the influence of the solvent nature

on the stability of the reaction intermediates, and to

obtain data that could allow for a proposal for the

mechanism of biological action of these drugs, we

carried out adiabatic electron affinity calculations

evaluating solvent-dependent EAs in carbon tetrachlo-

ride [1,5,40]. This solvent can be used as a pharma-

cokinetic model to estimate relative permeability in

membranes, with a water/CCl4 biphasic system as a

mimic for the water–membrane system [60]. Accord-

ing to the results shown in the former section, the

values obtained for adiabatic EAs from FEP calcu-

lations with B3LYP/6-311++G** are in a better

agreement with the experimental data [54,55]. Prob-

ably, this is due to the way that electronic charges are

evaluated in the PCM method. As already noted by

Tomasi et al. [61], the evaluation of electronic charges

could be a delicate point in PCM because the presence

of fractions of the solute charge outside the cavity can

affect the result in a quite sensitive way. In recent

years, the integral equation formalism (IEF) method

was introduced to solve the electrostatic solvation

problem at the quantum mechanical level with aid

of apparent surface charges (ASC) [62]. IEF uses a

new formalism for this problem, which is based on

integral operators, and it manages to deal with the

same footing linear isotropic solvent models, as well

as anisotropic liquid crystals and ionic solutions [61].

Recently, this formalism was implemented in the

PCM method [63]. Accordingly, the adiabatic EAs

were obtained from the thermodynamic cycle (Fig. 2)

and Eq. (1)—where the differences in free energies of

solvation between the neutral and anionic pair, (b–d)

and (a–c), were calculated using FEP with the inte-

gration method FDTI. The Born term contribution to

DDGsolv
FEP was included in the method, as well as the

constrained spherical boundary model (SCAAS) [41–
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44]. The studied molecules were surrounded by a

carbon tetrachloride solvation sphere of 15 Å, cen-

tered at the N1 atom of each compound. All calcu-

lations were relative to 2-nitroimidazole. The results

are shown in Table 2 and show that there is a decrease

on the adiabatic EA in this solvent. This is probably

due to a lower stabilization of the ionized form in

carbon tetrachloride. Using Eq. (8), we can determine

the relative equilibrium constant of the reduction

reaction of all the studied compounds (Figs. 1 and

2) in water and carbon tetrachloride.

ln
KH2O

KCCl4

	 


¼ DGCCl4 � DGH2O

RT
Z

DDGsolvðCCl4 ! H2OÞ
RT

ð8Þ

In accordance with Table 2, the nitrocompounds

reduction reaction is more favorable in water than in

carbon tetrachloride. This conclusion supports the

proposition, regarding the biological action mecha-

nism of these compounds, that the reduction probably
Table 2

Gibbs free energy (in electronvolts) of the reduction reactions in

water and carbon tetrachloride using FEP-CVFF91/B3LYP/

6-311++G**

Compound DGH2O
(eV) DGCCl4

(eV) ln(KH2O
/KCCl4

)

I.1 �0.388a +0.641 40.05

I.2 �0.486b +1.086 61.19

I.3 �0.431a +0.964 54.29

I.4 �0.464b +0.638 42.89

I.5 �0.495 +1.066 61.74

I.6 �0.502 +1.041 61.03

I.7 �0.512 +1.105 63.96

II.1 �0.418c +0.941 53.75

II.2 �0.267d +0.615 34.88

II.3 +0.998 +0.595 15.93

II.4 +1.130 +0.581 21.71

II.5 +1.040 +0.569 18.63

III.1 �0.257e +0.611 34.33

III.2 �0.343 +0.635 38.68

III.3 �0.281 +0.623 35.75

III.4 �0.301 +0.612 36.11

a Ref. [54].
b Ref. [55].
c Ref. [69].
d Ref. [1].
e Ref. [70].
does not occur in the membrane, but inside the cell at

the cytoplasm or at the cytoplasm–membrane inter-

faces [1,5,40].

3.5. Vertical electron affinity calculation

In this work, the vertical EA was calculated in the

gas phase using an approach based on electronic

propagator methods. Propagator methods are ideal

for the study of PES [14]. A semi-direct version of

the OVGF approximation was reported in the Gauss-

ian98 A.11 only at the Hartree–Fock level. This

method is a powerful tool for the computation of

outer valence electron affinities, and is based on the

addition of a self-energy term, S(ŵ), to the Fock

operator, F̂, in the Hartree–Fock theory (see Eqs.

(9) and (10)):

½F̂ þ R ˆðwÞ	Wi ¼ wiWi ð9Þ

For a molecule with N electrons, these terms are

exactly the negative of the terms for the electron

removal energies:

wI ¼ E
ðNÞ
0 � E

ðN�1Þ
I ð10Þ

The eigenfunctions enter into the calculation of the

ionization spectral intensities [13,14]. Table 3 shows

that the vertical electron affinities, when calculated at

the HF/6-311++G** level, increase from I.1 to I.4 for

5-nitroimidazoles, from II.2 to II.4 for 2-nitroimida-

zoles and from III.2 to III.4 for 5-nitrofurans. This is

probably due to the lower electronegativity of the

substituent at position 2 of the imidazole ring. There-

fore, the vertical EAs follow the tendency of the

adiabatic EAs. The energy cost for the molecular

reorganization (cost=jvertical EA�adiabatic EAj)
increases from 0.081 eV in compound II.5 to 1.485

eV in compound I.4, as compared with experimental

adiabatic EA data (Table 3).

The energy cost for molecular reorganization in

carbon tetrachloride is lower than in water, and it

increases from 0.021 eV in compound I.1 to 0.436 eV

in compound II.4 (Table 3). It was observed that

carbon tetrachloride induces much smaller changes

on the structural parameters of all the studied com-

pounds than the changes found in water. For both



Table 4

Values of adiabatic EAs and dipole moments for all the used

compounds obtained from B3LYP/6-311G** calculations

Compound DGH2O
(eV) Dipole (Debye)

I.1 �0.388a 4.219

I.2 �0.486b 4.642

I.3 �0.431a 5.118

I.4 �0.464b 5.209

I.5 �0.495 5.304

I.6 �0.502 5.415

I.7 �0.512 5.502

II.1 �0.418c 4.315

II.2 �0.267d 4.003

II.3 +0.998 2.523

II.4 +1.130 2.465

II.5 +1.040 2.514

III.1 �0.257e 4.016

III.2 �0.343 4.186

III.3 �0.281 4.034

III.4 �0.301 4.045

a Ref. [54].
b Ref. [55].
c Ref. [69].
d Ref. [1].
e Ref. [70].

Table 3

Energy cost for the molecular reorganization difference in water

(experimental data) and carbon tetrachloride (calculated using

PCM-B3LYP/6-311++G**)

Compound Vertical EA

HF/6-311++G**

(eV)

DEH2O

(eV)

DECCl4

(eV)

I.1 0.620 1.008 0.021

I.2 0.658 1.144 0.428

I.3 0.905 1.336 0.059

I.4 1.021 1.485 0.383

I.5 0.806 1.301 0.260

I.6 0.810 1.312 0.231

I.7 0.902 1.414 0.203

II.1 0.678 1.096 0.263

II.2 0.650 0.917 0.035

II.3 0.745 0.253 0.150

II.4 1.017 0.113 0.436

II.5 0.959 0.081 0.039

III.1 0.687 0.944 0.076

III.2 0.654 0.997 0.019

III.3 0.712 0.993 0.089

III.4 0.721 1.022 0.109
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solvents, it was also observed that the energy cost is

proportional to the conformational flexibility.

3.6. Substituent effect

It is well known that the EA of a radiosensitizer is

responsible for 80% of its biological action [66,67].

In addition, EA values show better correlation with

biological activities of radiosensitizers than LUMO

energies [68,71]. Thus, in this step, we performed EA

calculations on a series of new radiosensitizers from

the literature. This was done with the aim to estimate

their comparative biological activity based on EA

calculations and to identify potential pharmacophoric

groups. For the EA calculations, we chose the method

employed in step A, which affords a better accuracy.

Our results confirm what is well known from litera-

ture, [64,65] that is, the dipole moment increases as

the adiabatic EA decreases (Table 4). It is known that

radiosensitizer candidate compounds should have

EAs smaller than oxygen [5]. On the other hand,

compounds that present EA values which are too

negative have their redox properties significantly

affected by the presence of small amounts of oxygen,

this resulting in a redox system known as futile cycle

[1], thus leading to a loss of the selectivity [1,5]. This
explains the fact that nitrofurans are easily reduced in

both aerobic and anaerobic cells.

Actually, the fact that compounds I.1 and II.2 are

structurally similar but have different EAs shows the

importance of a theoretical approach to calculate

with accuracy electronic properties in solution. We

feel that we can confirm our methodology as appro-

priate for reproducing experimental EA values with

the aim of proposing novel anticancer drugs. For

example, experimental studies indicate that the bio-

logical action of radiosensitizers is inversely propor-

tional to their adiabatic EA [10]. Then, according to

our calculations, the selectivity towards hypoxic cells

of the nitrofuran derivatives could be improved by

introducing electron-withdrawing groups at position

2 of the furan ring, as this modification would lead

to decreased adiabatic and vertical electron affinities.

The same could be the case for the introduction of

electron-withdrawing groups at C2 of 5-nitroimida-

zol derivatives and at C1 of 2-nitroimidazol deriva-

tives. Accordingly, we have elected compounds I.7

and III.2 as potential more selective radiosensitizer

candidates.
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4. Concluding remarks

The solvation properties of electrolytes in solution

are of particular importance in chemistry. This is

especially so in many chemical and biochemical

processes, where ionic hydration plays a very impor-

tant role. In this work, we have shown an efficient

theoretical approach for the calculation of the adia-

batic electron affinity of a series of radiosensitizers in

solution relative to 2-nitroimidazole using OVGF

methods. We have shown that gas phase electronic

structure calculations using B3LYP/6-311++G**, in

combination with free energy of hydration (force field

CVFF91) calculations, is a powerful tool for calcu-

lating one-electron adiabatic electron affinities for

nitromidazole and nitrofuran derivatives in water.

We also found that the free-energy perturbation meth-

od, implemented within a molecular dynamics frame-

work using the FDTI method, was better than the

PCM method for determining the free energies of

hydration when intermolecular hydrogen bonding

occurs. The values of the EAs obtained in this way

are in agreement with experimental data (deviations of

0.013 eV). Also, the values of vertical EA, obtained

with HF/6-311++G**, were used to calculate the

energy cost of molecular reorganization.

We believe that the care with the several theoretical

aspects in this work is responsible for the small

deviation (0.013 eV) obtained in the adiabatic EA in

comparison with experimental data, for example, (1)

the use of Metropolis to explore the conformational

space of the molecules in the gas phase; (2) the use of

the DFT method to calculate the free energy contri-

bution in the gas phase (B3LYP/6-311++G**); (3) the

use of adequate scaling factors for PCM calculations

(reduction of 10% in the atomic radii of the atom(s) in

the charged molecules); (4) carrying out the FEP

calculations with the FDTI method; (5) the use of

the Born term contribution to DDGsolv
FEP, (6) the use of

the constrained spherical boundary model (SCAAS).

It is also likely that the magnitude of the discrepancy

between calculated and experimental data is due, in

part, to experimental difficulties in measuring adia-

batic electron affinities in water for such reactive

molecules; thus, reinforcing the importance of a

theoretical approach to this problem. Our calculations

also support one experimentally based proposition:

that the reduction reactions do not occur in the mem-
brane but inside the cell or at the cytoplasm–mem-

brane interfaces.

We strongly feel that this study could be helpful for

the design and selection of new and more selective

bioreductive anticancer drugs. Accordingly, we were

able to use our methodology to select, from several

literature possibilities, two compounds, I.7 and III.2,

as radiosensitizers which should be potentially more

selective than the ones used conventionally.
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