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A density-functional theory (DFT) study aimed at under-
standing structure–reactivity relationships in the oxidized
metabolites of isomeric dibenzopyrenes (DBPs) and naph-
thopyrene (NP) is reported. These large polycyclic aromatic
hydrocarbons (PAHs) contain a pyrene moiety and two
benzannelated rings or a naphtho ring, and depending on
the annelation mode, possess a fjord region (DB[a,l]P and
N[1,2-a]P) or two or three bay-regions (DB[a,h]P, DB[a,i]P,
and DB[a,e]P). Relative energies of the resulting carbocations
were examined and compared, taking into account the avail-
able biological activity data on these compounds. Geometri-
cal, electronic and conformational issues were considered.
Charge-delocalization modes in the resulting carbocations
were deduced by the changes in charges derived from natu-
ral population analysis (NPA). The reported biological ac-

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widespread
environmental pollutants that are well known as mutagenic/
carcinogenic agents.[1] In order to exert their biological ac-
tivity they must undergo metabolic activation by epoxid-
ation and hydrolysis to form dihydrodiols, which are further
epoxidized to form the electrophilic bay-region diol epox-
ides (DEs) (see Figure 1).[2] In the case of the extensively
studied benzo[a]pyrene (BaP) metabolites, among the four
possible isomeric bay-region DEs (series-2: � anti and
series-1: � syn), only a single anti isomer possesses strong
tumorigenic activity, whereas the other enantiomer is mod-
erately active, and the series-1 pair (syn) are inactive.[3]
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tivity of these toxic PAHs was found to correlate with the
degree of deviation from planarity of the aromatic system, in
accord with the higher bioactivity of the fjord- and methyl-
ated bay-region compounds. On the other hand, relative for-
mation of the possible carbocations derived from each PAH,
as well as the activity order for compounds presenting similar
distortions, were explained by their relative carbocation sta-
bilities. The covalent adducts formed via the fjord-region diol
epoxide of DB[a,l]P and the exocyclic amino group and the
N-7 of guanine were computed, and relative energies and
geometries of the resulting adducts were examined. Further-
more, PAH-purine base adduct formation was modeled in-
side a DNA fragment by means of the ONIOM method.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Figure 1. Bay-region anti-DE of BaP, K-region epoxide of BaP, and
anti- and syn-DEs of DB[a,l]P as representative oxidized metabo-
lites.

Opening of the O-protonated bay-region or K-region ep-
oxide generates a benzylic carbocation, which is capable of
forming covalent adducts with the nucleic acids.[2] In this
way, a key step in the mechanism by which PAHs can alter
the genetic material is through adduct formation, by reac-
tion with the nucleophilic sites in DNA and RNA.[2]
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The DEs derived from PAHs that possess a fjord-region

have been shown to be more potent carcinogens than those
derived from bay-region PAHs (Figure 1).[4] The strong ste-
ric interactions in the fjord-region force the molecule to dis-
tort from planarity, and fjord-region modified-DNA ad-
ducts have been found to be more difficult to repair than
the bay-region adducts.[5]

The fjord-region carcinogen dibenzo[a,l]pyrene (DB[a,l]P,
1) (see Figure 2) was found to be significantly more potent
than 7,12-dimethylbenzo[a]anthracene (7,12-DMBA, 2)
and benzo[a]pyrene (BaP, 3), and it is considered to be the
most toxic carcinogen among PAHs.[6]

Figure 2. Isomeric dibenzopyrenes 1, 4, 5, and 6 and naphtho-
pyrene 7 together with 2 and 3.

It was shown that enzymatic activation of DB[a,l]P lead-
ing to tumor initiation occurs by two main pathways: one-
electron oxidation to yield radical cations,[7] and formation
of fjord-region DB[a,l]P-11,12-dihydrodiol 13,14-epox-
ides.[8] Identification of DNA adducts revealed that both
syn- and anti-DB[a,l]PDE are produced, and that DB[a,l]P
is stereoselectively converted to (+)-syn- and (–)-anti-
DB[a,l]PDE with 11S,12R,13S,14R- and 11R,12S,13S,14R-
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configurations, respectively.[8a,8c] In this case, the syn-
DB[a,l]PDE was found to be a more potent carcinogen than
the corresponding anti diastereomer.[9]

Other hexacyclic PAHs containing a pyrene moiety pos-
sessing a fjord- and/or bay-region(s) are dibenzo[a,e]pyrene
(DB[a,e]P, 4), dibenzo[a,h]pyrene (DB[a,h]P, 5), and di-
benzo[a,i]pyrene (DB[a,i]P, 6). Whereas 4 is mildly carcino-
genic, 5 and 6 are both highly active, with 6 reported to
be one of the most powerful sarcomagenic agents known
(Figure 2).[10] However, they are much less potent than
DB[a,l]P.[11,6b] Although DB[a,h]P and DB[a,i]P are potent
tumorigens, they were less active than DB[a,l]P and
BaP,[11,12] while DB[a,e]P was the least active compound in
the series.[6b,12] Naphtho[1,2-a]pyrene (N[1,2-a]P, dibenzo-
[c,mno]chrysene, 7), another structural isomer of DB[a,l]P
that presents a fjord-region, was found to have activity sim-
ilar to that of BaP.[13]

Quantum-mechanical calculations, when applied to the
study of the carcinogenic pathways of these compounds and
the chemical reactivity of their ultimate carcinogenic metab-
olites, have shown very good agreement with the experimen-
tal bio-activities of several PAH (epoxides and DEs from
BA, BaP, and BeP, as well as various amine, amide, episul-
fide and imine derivatives) and hetero-PAH metabolites
(aza- and thia-PAHs).[14] Additionally, modeling studies on
biological electrophiles from PAHs by density functional
theory (DFT) methods have yielded appropriate descrip-
tions of the NMR features and charge delocalization modes
in the resulting delocalized carbocations.[15]

In the present work, we have performed a model DFT
study on the structural and electronic properties of the elec-
trophilic reactive intermediates of DB[a,l]P, DB[a,e]P,
DB[a,h]P, DB[a,i]P, and N[1,2-a]P derivatives, for which
changes in energy for epoxide ring-opening reactions were
calculated. Comparisons were made with similar reactions
for BaP and 7,12-DMBA. Conformational features and
their relationship to reactivity were examined. Charge-delo-
calization modes (positive charge-density distribution) in
the resulting carbocations were evaluated by means of the
NPA (natural population analysis) derived changes in
charges (carbocation minus neutral).

In our previous studies,[14a–14g] consideration of the sol-
vent effect by means of polarized continuum-model (PCM)
calculations did not afford significant variations in com-
parison to gas-phase reactivity trends. Whereas the reaction
energies were certainly influenced by solvation, the reactiv-
ity orders and relatives stabilities for a series of compounds
(epoxides, diol epoxides, and their derived carbocations) re-
mained unchanged. Because the goal of the present study
was to determine relative reactivities rather than to com-
pute absolute reaction rates, gas-phase calculations were
mostly carried out as a way to reduce the computational
costs.

To model the crucial step of covalent adduct formation,
adducts resulting from quenching of DB[a,l]PDE with gua-
nine via the N-7 and the exocyclic amino group were com-
puted in the gas phase and in dimethylformamide (DMF)
as solvent, and their geometrical features and relative ener-
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gies were compared. The choice of DMF as solvent for cal-
culations was to mimic the previous experimental studies,
in which the deoxyguanosine adducts were synthesized in
DMF.[16]

In order to obtain a better estimation of the relevant ad-
duct formation process in a more realistic model, covalent
bond formation in PAH/purine was studied within the
structure of a DNA fragment. This task was performed by
combining DFT and semiempirical levels of theory em-
ploying the ONIOM method (see computational protocols
section for details).

Results and Discussion

Changes in energy for the epoxide ring-opening reactions
of several O-protonated dihydro-epoxide derivatives from 1,
4–7 were calculated [Equation (1)]. Different bay- and fjord-
region isomeric epoxides were considered. The K-region ep-
oxides were also taken into account. The results are sum-
marized in Table 1. The protonated epoxides, that is, the
oxonium ions, could not be located as minima on the re-
spective potential-energy surfaces, because epoxide ring
opening ensued by a barrierless process upon O-proton-
ation, this behavior was observed for every protonated ep-
oxide in this study. In a previous work, calculations at the
B3LYP/6-31+G** level gave rather similar results to those
afforded by B3LYP/6-31G*.[14h] Therefore, the less compu-
tationally expensive 6-31G* basis set was employed in the
present study.

(1)

Table 1. Calculations of ring-opening reactions for epoxides (reac-
tion 1).

Compound Derivative ΔEr [kcal/mol]

DB[a,l]P (1) 1,2-epoxide –241.48
3,4-epoxide –246.70
13,14-epoxide –243.64

DB[a,e]P (4) 4,5-epoxide –241.67
6,7-epoxide –240.33
11,12-epoxide –244.65

DB[a,h]P (5) 2,3-epoxide –268.50[a]

3,4-epoxide –247.31
5,6-epoxide –243.06

DB[a,i]P (6) 1,2-epoxide –248.79
6,7-epoxide –233.31

N[1,2-a]P (7) 4,5-epoxide –234.74
7,8-epoxide –237.59
11,12-epoxide –243.11

[a] A bay-region carbocation is generated.

Based on the data in Table 1, it is observed that opening
of the O-protonated bay- and fjord-region epoxides is more
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favorable than opening of the K-region epoxides. These fin-
dings are in accordance with the higher toxicity of the fjord-
and bay-region compounds.[2,4]

In the case of 5 (see Figure 2), opening of the K-region
DB[a,h]P 2,3-epoxide generated the bay-region carbocation,
with the cationic centre at C-4, which by the symmetry of
the molecule, is equivalent to the C-11 carbocation. In this
way, a relatively more stable bay-region carbocation was
produced by protonation of a K-region epoxide due to elec-
tronic and geometrical reorganization; this fact causing the
energetically most favorable ring opening reaction in
Table 1.

Subsequently, calculations of the Equation 1 type were
performed for all of the possible bay- and fjord-region DEs
that could be formed from 1, and 4–7. Both anti- and syn-
isomeric DEs were considered for each compound (only for
the preferred opening reaction mode of DB[a,l]P and
DB[a,e]P). Comparisons were made with the ΔEr values ob-
tained for BaP and 7,12-DMBA. The results are summa-
rized in Table 2.

Table 2. Calculations of ring-opening reactions for DEs (reaction
1).

Compound Derivative ΔEr [kcal/mol]

DB[a,l]P (1) 3,4-diol 1,2-epoxide –241.91
1,2-diol 3,4-epoxide –241.44
11,12-diol 13,14-epoxide anti –243.09 (–0.067)[a]

syn –246.82
DB[a,e]P (4) 6,7-diol 4,5-epoxide –238.78

4,5-diol 6,7-epoxide –238.05
9,10-diol 11,12-epoxide anti –242.37 (–0.126)[a]

syn –249.76
DB[a,h]P (5) 1,2-diol 3,4-epoxide anti –245.46 (–0.065)[a]

syn –249.29
DB[a,i]P (6) 3,4-diol 1,2-epoxide anti –247.14 (–0.083)[a]

syn –253.97
N[1,2-a]P (7) 9,10-diol 11,12-epoxide anti –239.74 (–0.041)[a]

syn –242.16
7,12-DMBA (2) 3,4-diol 1,2-epoxide anti –246.64 (–0.130)[a]

syn –245.54
BaP (3) 7,8-diol 9,10-epoxide anti –241.03 (–0.117)[a]

syn –246.96

[a] Change of NPA charge at the carbocationic center (carbocation
minus neutral epoxide).

DB[a,l]P 1 has been found to be metabolically activated
almost exclusively at the fjord-region to produce DB[a,l]P-
11,12-diol 13,14-epoxide.[17] Accordingly, the data in
Table 2 predict that this derivative is the one that generates
the most stable carbocation from the parent compound.
For both anti- and syn-isomers the conformation of the hy-
droxy groups was preferentially pseudodiequatorial, in ac-
cord with the reported NMR studies.[18] In addition,
DB[a,h]P was found to be metabolized only at the bay-re-
gion benzo rings a and h (which are equivalent), while the
K-region (C-5, C-6) was not involved in the formation of
reactive intermediates that were bound to DNA.[19] There-
fore, the agreement between the present calculations and
the known bioactivity of these compounds is noteworthy.

The general trend of more favorable ΔErs for the syn-
DEs observed in this work can be attributed to the fact that
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the anti-DEs are more stable than their syn-isomers. The
anti-disposition permits a stronger hydrogen-bond interac-
tion between the oxygen atom of the epoxide and the hydro-
gen of the vicinal hydroxy group [O–H distance of 2.9 Å
(atoms on the same side of the ring) vs. 3.6 Å for the syn
DE (atoms on opposite sides of the ring)]. In this model,
the opening of the syn-fjord region DB[a,l]PDE is pre-
ferred, in accord with the higher carcinogenicity that had
been reported for this diastereomer.[9] However, the most
tumorigenic metabolite of BaP is the anti-7,8-diol 9,10-ep-
oxide-2 diastereomer,[3] which is in contrast with the relative
ΔEr values displayed in Table 2 for their syn- and anti-iso-
meric DEs. Nevertheless, it should be taken into account
that relative bioactivities could be affected by alignment
with the DNA helix and the intercalation issues, which were
not considered in these calculations.

For stereoisomeric (+)-syn- and (–)-anti-DB[a,l]P-11,12-
dihydrodiol 13,14-epoxide, more detailed calculations were
performed, considering the different conformers of the ep-
oxide and the open carbocation, with the hydroxy groups
in pseudodiequatorial or in pseudodiaxial position
(Table 3). The pseudodiequatorial conformation was pre-
ferred in all cases, as this arrangement allowed stronger hy-
drogen-bond interactions between the hydroxy groups. The
epoxides exhibited a twisted half-boat structure, while the
carbocations presented a twisted half-chair conformation.
It should be noted that the lowest energy conformation for
every diol epoxide and carbocation in this study was the
one with the hydroxy groups in pseudodiequatorial disposi-
tion, in accordance with the available experimental re-
sults,[8b,18] and with a recent report on BaP-DEs.[20] The
present calculations are in general agreement with previous
lower level computational studies on DB[a,l]PDEs[21] and
other fjord-region DEs[22] regarding the three-dimensional
structures and relative stabilities of the different possible
conformations.

Table 3. Calculations for DB[a,l]P-11,12-dihydrodiol 13,14-epoxide.

11,12-Diol Epoxide Open carbo- ΔEr

conformation cation [kcal/mol]

DE-2 (anti)
pseudoequatorial twisted half-boat twisted half-chair –243.09
pseudoaxial twisted half-boat twisted half-chair –242.74
DE-1 (syn)
pseudoequatorial twisted half-boat twisted half-chair –246.82
pseudoaxial twisted half-boat twisted half-chair –251.18

Charge delocalization modes (positive charge density dis-
tribution) in the resulting carbocations were evaluated by
means of the NPA-derived changes in charges for the car-
bon atoms (carbocation minus neutral). Charge delocaliza-
tion maps for the anti-DEs are shown in Figure 3, where a
threshold value of 0.030 was considered for C Δcharges.
According to these NPA-derived charge distributions, posi-
tive charge in the resulting carbocations was delocalized
throughout the π-system. Thus, the degree of delocalization
of the net positive charge within the aromatic system was
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indicated by the development of negative charge density at
the carbocationic center. In this way, the carbocation de-
rived from N[1,2-a]P (12) was the least delocalized. How-
ever, no clear correlation with relative biological activities
was found for the computed ΔEr values (Table 2), which
reflect relative carbocation stabilities, and/or negative
charge densities at the carbocationic centers (Figure 3).

However, inspection of the geometries of the DEs and
the derived carbocations revealed that the most stable
carbocations were those whose aromatic systems deviated
the least from planarity, because of a stronger resonance
effect (Figure 4). Furthermore, correlation was observed be-
tween the relative activities of the studied PAHs and the
distortion of the corresponding aromatic systems. In this
way, ΔEr values for the most deviated (and active) DEs 13–
15 did not match with their higher activity, because destabi-
lized strained epoxides are more prone to ring opening
upon protonation, even though their derived carbocations
are less stable than those derived from the more planar
PAHs 16, 18, 19. Hence, the relative activity of this family
of isomeric PAHs seems to be primarily influenced by the
effects of distortion of the DEs. Therefore, deviation from
planarity appears to be the main determining factor of ac-
tivity in the DEs, in comparing different PAHs. This finding
explains the higher activity of the fjord-region and the
methylated bay-region PAHs as compared to the bay-region
analogs.

Conversely, stability determines the relative capability for
the formation of diverse carbocations that can be derived
from a given structure. In this way, the present ΔErs reason-
ably agree with the preferential metabolic activation at the
fjord- or bay-region that have been experimentally observed
for these compounds, instead of K-region activation. The
relative stability principle also applies when analysing the
relative activity of isomeric compounds which present sim-
ilar distortion of the aromatic system 4–6, although the
higher activity of 3 over 4–6 could not be explained by this
assumption. Nevertheless, 3 has one less fused aromatic
ring than isomeric 4–6, and this could be the reason for
lower relative stability calculated for its carbocation.

Identification and quantification of DNA adducts of
DB[a,l]P and its metabolites in vitro and in vivo have been
reported.[9b,9c] Isolation and characterization of the adducts
formed by stereoisomeric (�)-syn and (�)-anti-DB[a,l]P-
11,12-dihydrodiol 13,14-epoxides with deoxyguanosine in
DMF have also been described.[16] In the present work, the
trans and cis adducts of (+)-syn- and (–)-anti-DB[a,l]PDE
with guanine were computed, in order to examine their
structures and relative energies. The covalent adducts
formed by nucleophilic addition via the exocyclic amino
group and the N-7 of guanine were considered. Conforma-
tional searches were performed by rotation of the generated
C–N bond employing the AM1 semiempirical method, in
order to find the most stable conformer for each adduct.
These lowest energy structures were subsequently optimized
by DFT calculations. Geometry optimizations were carried
out both in gas phase and in DMF as solvent (by PCM
method; see computational details).
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Figure 3. Computed NPA carbon atom changes in charge densities for the carbocations generated from anti-DEs (the dark circles are
roughly proportional to the magnitude of C Δcharges; threshold was set to 0.030).

In the gas phase, the most stable adduct was the syn-cis-
DB[a,l]PDE-N2Gua, formed by cis-opening of DB[a,l]PDE
and covalent bond formation with the exocyclic nitrogen of
guanine, followed in stability by the anti-cis-DB[a,l]PDE-
N2Gua adduct. In all cases, the cyclohexenyl ring preferred
to adopt a twisted half-boat configuration. The hydroxy
groups were either in pseudoequatorial or pseudoaxial con-
formation, depending on the compound. For the guanine
moiety, the pseudoaxial disposition was preferred in most
cases. Relative energies and conformational features of the
covalent adducts are presented in Table 4, and selected
structures are shown in Figure 5.

In DMF as solvent, there were some variations in relative
energies of the different adducts, but no conformational
changes were observed in comparison to the gas-phase
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structures. Differences in the computed relative energies in
DMF vs. gas phase for the indicated structures are attrib-
uted to opposing trends observed between “cavity forma-
tion” within the solvent structure to include solute, and the
electrostatic solute-solvent interaction energies.

The primary binding sites in DNA for the DB[a,l]PDEs
under consideration are the exocyclic N6-amino groups of
deoxyadenosine and the corresponding N2-amino groups of
deoxyguanosine.[23] Reaction with the exocyclic amino
groups of adenine or guanine leads to the formation of ad-
ducts that are stable under normal DNA isolation pro-
cedures,[8d,24] while binding to the N-3 or N-7 positions of
adenine or the N-7 position of guanine leads to depurinated
adducts.[7a] Treatment of mouse skin with these DB[a,l]-
PDEs predominantly formed stable guanine adducts.[9c]
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Figure 4. Dihedral angles (degree) showing the deviation from
planarity of the ring system at fjord and bay regions for anti-DEs.

Theoretical results in the present work, indicating preferen-
tial reactivity with the exocyclic amino group, notably agree
with the experimental observations reported in the litera-
ture.

With the aim of attaining a more realistic examination
of the crucial PAH-DNA covalent adduct formation pro-

Table 4. Calculations for guanine adducts of DB[a,l]P-11,12-dihydrodiol 13,14-epoxide.

Stereoisomeric adduct Relative energy Cyclohexenyl Conformation of substituents
[kcal/mol][a] ring conformation
gas phase DMF 11-OH 12-OH 13-OH 14-Gua

exocyclic trans-anti 4.6 4.6 twisted half-boat pseudoaxial pseudoequatorial pseudoaxial pseudoaxial
NH2 cis-anti 1.5 0.1 twisted half-boat pseudoequatorial pseudoequatorial pseudoequatorial pseudoaxial

trans-syn 7.7 2.8 twisted half-boat pseudoequatorial pseudoequatorial pseudoequatorial pseudoaxial
cis-syn 0.0 0.0 twisted half-boat pseudoaxial pseudoequatorial pseudoequatorial pseudoaxial

N-7 trans-anti 0.4 4.2 twisted half-boat pseudoaxial pseudoequatorial pseudoaxial pseudoaxial
cis-anti 1.5 0.2 twisted half-chair pseudoequatorial pseudoequatorial pseudoaxial pseudoequatorial
trans-syn 0.0 0.0 twisted half-boat pseudoequatorial pseudoaxial pseudoequatorial pseudoaxial
cis-syn 4.7 7.9 twisted half-boat pseudoequatorial pseudoaxial pseudoaxial pseudoequatorial

[a] Relative to the most stable structure in the gas phase and in DMF.
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Figure 5. Lowest energy exocyclic and N-7 adducts of DB[a,l]P-
11,12-diol 13,14-epoxide with guanine. (a) Exocyclic cis-syn adduct.
(b) Exocyclic cis-anti adduct. (c) N-7 trans-syn adduct.

cess, this reaction was also explored within the framework
of a DNA fragment. Therefore, ONIOM (B3LYP/6-31+G*:
PM3MM) calculations were carried out for adduct formed
between syn-DB[a,l]PDE and the amino group of an ade-
nine, in a DNA fragment consisting of five pairs of comple-
mentary bases with their corresponding sugar units and
phosphate groups (Figure 6). The non-covalent intercal-
ation complex between the carbocation derived from syn-
DB[a,l]PDE and the DNA bases was also studied (Fig-
ure 6). Using this approach, the difference in energy be-
tween this precursor and that of the covalent adduct was
taken as the reaction energy for adduct formation.

Intercalation of the PAH-DE did not significantly alter
the hydrogen-bond pairing between the neighboring com-
plementary bases (not involved in covalent binding). In-
stead, loss of hydrogen bonding between the reactive ade-
nine and its complementary thymine was compensated by
hydrogen bond interactions with the carbocation. Conse-
quently, formation of the intercalation complex from the
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Figure 6. DNA fragment with DB[a,l]PDE. (a) Intercalation com-
plex. (b) Covalent adduct.

separate components (DNA fragment plus syn-DB[a,l]-
PDE) became exothermic.

For comparison purposes, the corresponding ONIOM
calculations were also performed for the carbocation de-
rived from syn-DB[a,e]PDE, the least biologically active
compound in the series. DNA adduct formation was more
favored for DB[a,e]PDE by ca. 17 kcal/mol, in contrast with
the reported bioactivity data. Also, the intercalation com-
plex with DB[a,e]PDE was relatively more stable by around
8 kcal/mol than the corresponding one for DB[a,l]PDE.
The present results are in concert with the mechanistic stud-
ies on the hydrolysis of the BaP-DE, which proposed that
a physically-bound DE reacts to form a physically bound
benzylic carbocation in the rate-determining step.[25] More-
over, recent theoretical studies showed that the ΔEr for reac-
tions with nucleophiles, in the case of carbocations of phen-
anthrene derivatives and those derived from aza-PAHs, did
not correlate with the known relative experimental activities
of these compounds, suggesting that stability/lifetime of the
PAH carbocations, formed by epoxide ring opening by an
SN1-like process, is the determining factor of their relative
reactivity.[14d] Furthermore, previous studies have shown
that the epoxidation step, calculated for different positions
in several different PAHs, yielded almost the same energy
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change, and was considerably less exothermic relative to
carbocation formation.[14h]

Concluding Remarks

The DFT calculations in the present model study focus-
ing on the fjord- or bay-region diol epoxide metabolites of
isomeric dibenzopyrenes 1, 4, 5, and 6 and the naphthopy-
rene 7 appear to correlate with the available literature data
on the biological activities of their DEs. For the distorted
fjord-region PAHs, such as DB[a,l]P, calculations for DEs
gave more consistent results with the measured bioactivities
than computations for the corresponding epoxides. There-
fore, the activity of this family of isomeric PAHs seems to
be determined by the degree of deviation from planarity
of the aromatic system. This fact accounts for the higher
reactivity of the fjord- and methylated bay-region struc-
tures. On the other hand, among the possible carbocations
that can be generated from a given PAH, the most stable
one is formed. Relative carbocation stability also explains
the activity order in similarly distorted isomeric structures.

For every DE and carbocation in this study, the lowest
energy conformation was the one with the hydroxy groups
in a pseudodiequatorial disposition, because this arrange-
ment permits stronger hydrogen-bond interactions between
the hydroxy groups. Computations determined that the
anti-DEs are generally more stable than their syn isomers,
because the anti-disposition permits a stronger hydrogen-
bond interaction between the oxygen atom of the epoxide
and the hydrogen of its vicinal hydroxy group.

ONIOM computations for adduct formation reactions,
considering initial intercalation and positioning with re-
spect to the DNA helix, reinforce the notion that the rela-
tive stability of the generated carbocations is an important
determining factor for their mutagenic/carcinogenic ac-
tivity.

Bioactivity of mutagens/carcinogens is brought about by
complex processes involving a number of metabolic and
chemical steps. Nevertheless, the present study indicates
that DFT calculations can provide reasonable estimations
of relative activity for structurally related compounds, with
a moderate computational cost, encouraging their use as
a predictive tool. More accurate relative reactivities of the
ultimate carcinogens should comprise higher level simula-
tions, as well as solvation effects.

In due course, synthesis, isolation and characterization
of DNA adducts of isomeric DBPs, for which these data
are still unavailable, will allow a more comprehensive evalu-
ation of the binding modes, conformational features and
preferred adducts that are predicted by the theoretical re-
sults in this work.

Experimental Section
Computational Details: DFT calculations were performed with the
Gaussian 03 suite of programs,[26] using the B3LYP functional[27]

and the 6-31G* split-valence shell basis set. Geometries were fully
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optimized and minima were characterized by calculation of the
harmonic vibrational frequencies. Natural bond orbital population
analysis (NPA) was evaluated by means of the NBO program.[28]

The effect of solvation in DMF was estimated by geometry optimi-
zations with the polarized continuum model (PCM).[29] Because the
Gaussian program does not provide an option for DMF as a sol-
vent, computations were carried out for acetonitrile (AN) instead,
which has nearly the same dielectric constant. Additionally, adjust-
able parameters in the PCM method were modified to fit the DMF
values, and the energies obtained by this procedure differed from
the AN results by less than 1 kcal/mol. Semiempirical calculations
(preliminary conformational searches, not included) were carried
out with the AM1 method.[30]

Three-dimensional coordinates of the DNA fragment were ob-
tained from the Protein Data Bank (PDB code 1JDG).[31] The
structure of the adduct adenine-syn-BaP-DE was utilized as a tem-
plate in order to build the initial data for the DB[a,l]P and DB[a,e]-
P adduct calculations. The employed DNA fragment consisted of
five pairs of DNA complementary bases with their corresponding
ten sugar units and ten phosphate groups, which were deproton-
ated. Calculations were performed using a two-layer ONIOM ap-
proach,[32] the high layer consisting of the DE and adenine (B3LYP/
6-31+G* level), while for the rest of the system (low layer) the
PM3MM semiempirical method was employed.[33] The DNA
double-helix structure was retained by fixing the coordinates of the
phosphate groups, and the sugar atoms to which they were linked,
while the coordinates of all the other atoms were fully optimized.
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