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Nitro-polycyclic aromatic hydrocarbons (nitro-PAHs) are
well-known mutagens. Correlations between the orientation
of the nitro group relative to the plane of the aromatic ring
and mutagenic effects of nitro-PAHs have been proposed.
Synthesis of specific isomers of nitro-PAHs and elucidation
of their crystal structure is required to establish the validity
of the structure-function relationships. Such studies are
scarce. Fortunately, electronic structure calculations can be
readily done. In this study we have used density functional
theory calculations to predict structure of nitro-PAHs,
including 1-, 2-nitronaphthalenes; 1-, 2-, 9-nitroanthracenes;
1-, 2-, 3-, 4-, 9-nitrophenanthrenes; 1-, 2-, 4-nitropyrenes;
and 6-nitrochrysene. The relationships between the
calculated structures and the mutagenicity reported in the
chemical literature are discussed.
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Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) are gener-
ated by combustion processes (e.g., diesel and gasoline emissions, fly
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ash), but can also be formed by atmospheric transformation of poly-
cyclic aromatic hydrocarbons (e.g., by reactions of PAHs with nitrogen
oxides (1)). Many of these nitro-PAH compounds are known to be potent
genotoxins, rodent carcinogens, and mutagenic and endocrine disrupters
while some have been shown to be direct-acting mutagens (2—5). Even
though nitro-PAHs are present at concentrations one or two orders of
magnitude lower than their parent PAH species (6), their high carcino-
genic and mutagenic activities pose greater risks to human health (5).
Thus, there is considerable interest in developing structure-function re-
lationships to predict the biological activity of nitro-PAHs (7, 8). Several
correlations have been developed, including the first half-wave reduc-
tion potential; orientation of the nitro substituents relative to the aromatic
plane; size of the nitro-PAH, its aromaticity, and hydrophobicity as well
as the number of electrons involved in the first step of the nitroreduction
(9, 10). The role of these factors is evident if the metabolic activation
necessary for biological activity is considered. Two common pathways
that have been found in bacterial systems include nitroreduction and ring
oxidation followed by nitroreduction (8).

Of particular relevance to this article is the hypothesis that the nitro
group orientation is correlated with mutagenicity of nitro-PAHs. Infor-
mation regarding the orientation has been obtained from X-ray crys-
tallography, '"H NMR, mass spectroscopy, ultraviolet-visible (UV-vis)
spectroscopy, and Raman spectroscopy (11, 12). Except for X-ray crys-
tallography, the other spectroscopic techniques do not provide values
for the dihedral angle but suggest planar or perpendicular geometries
of the nitro group relative to the aromatic plane. Electronic structure
theory calculations provide an alternative method to predict geometry
and have been used in investigations of PAHs due to the ease of using
Hiickel molecular orbital (MO) theory (13). In the past two decades,
concerted efforts have been made in using correlated methods such as
perturbation theory and density functional theory (DFT) for investigating
PAHs (13). Properties investigated include electron affinities, HOMO-
LUMO energy gaps, zero-point vibrational energies, heats of formation,
and substituent effects. The purpose of the present study was to deter-
mine the structure of a series of isomers of different nitro-PAHs with
DFT using the B3LYP functional. Prior theoretical studies have been
limited to semiempirical calculations (14—-16) and our objective was
to examine whether DFT calculations could provide better structural
information.

We chose to study nitro-aromatic PAH isomers with two to four rings
whose biological mutagenicity is known. Examination of the literature
shows that isomers of the same ring system perform varying biological
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activities against bacterial strains and animal cell lines, and that is the
focus of this article. Biological activity of other nitro-PAHs has been re-
ported (14), but we did not include it here because systematic studies of
their isomers were not reported. Based on our DFT calculations, relation-
ships between the orientation of nitro groups in a series of isomers of the
same PAH are correlated with the reported mutagenicity levels. In cases
where no biological studies are available, we have made predictions of
the biological activity.

COMPUTATIONAL METHODS

All of the computational calculations were performed using the
Gaussian 98 suite of programs (17) at the Ohio Supercomputer Center.
Becke’s three-parameter hybrid (B3) functional (18) was used, along
with the correlation functional of Lee-Yang-Parr (LYP) (19). The 6-
31G* basis set (20) was used for the geometric optimization. The DFT
methods, especially the B3LYP hybrid DFT method, have been shown
to reproduce reliable geometries (21) and also require less time and
computer resources (22). Optimized geometries of the molecules were
calculated without any geometrical restriction, except those enforced by
symmetry. Optimization with the z-matrix coordinate system resulted
in many of the nitro molecules yielding one imaginary frequency, indi-
cating a transition state. In such cases the normal mode for the imag-
inary vibrational frequency was examined, and the orientation of the
nitro group distorted and resubmitted for further optimization without
any other restriction. All optimized geometries were confirmed to be sta-
tionary points through vibrational frequency analysis. An overall scaling
factor of 0.9614 as proposed by Scott and Radom (23) was used for the
vibrational frequencies. This corrects for the anharmonicity, basis set
deficiencies, and approximate treatments of electron correlation (24). In
some of the nitro-PAHs multiple low-energy minima were found and,
in the subsequent discussion, the lowest energy stationary point will be
considered.

RESULTS
Computational Strategy

In the initial phase of our studies, several model aromatic systems
without the nitro group were examined. These included benzene, naph-

thalene, phenanthrene, anthracene, chrysene, and pyrene. These well-
studied systems were used as calibration compounds. Using bond
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lengths, bond angles, and dihedral angles, comparisons of the calculated
results (at the B3LYP/6-31G™* level of theory) with the experimental
data (see Supplementary Information) were made to provide confidence
in the calculations. This was followed by calculations on nitro-PAHs
including nitrobenzene and 1-nitronaphthalene; 2-nitronaphthalene;
1-nitroanthracene; 2-nitroanthracene; 9-nitroanthracene; 1-, 2-, 3-, 4-,
and 9-nitrophenanthrenes; 1-, 2-, 4-nitropyrenes; and 6-nitrochrysene,
and comparisons to structural information derived from experimental
data were made wherever possible.

Aromatic Compounds

Experimental and calculated equilibrium geometries of benzene,
naphthalene, anthracene, phenanthrene, chrysene, and pyrene have been
studied. In making structural comparisons, we have used microwave,
neutron diffraction, electron diffraction, and X-ray data. For calibration
tests of the DFT method, we used benzene as a test compound for the
aromatic hydrocarbons (25-27). Table 1 compares experimental and cal-
culated parameters. It should be noted that computed equilibrium C—C,
C—H bond lengths and C—C—C, C—C—H bond angle geometries are in
excellent agreement with experimentally determined values. Results ob-
tained by B3LYP/6-31G™ in this study are in excellent agreement with
those obtained with the larger basis sets such as 6-311G*. Results for
the other PAHs, which support the conclusions reached for benzene are
presented in Supplementary Tables S1-7.

TABLE 1. Geometry of Benzene and Naphthalene

C—C—H C—C——C

rC—C rC—H Angle Angle
Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp.
Benzene 1.397 1.397¢ 1.087 1.079”,1.084° 120.0 120.0 120.0¢
Naphthalene 1.087 1.092

Note. The computed equilibrium C—C, C—H bond lengths and C—C—C and C—C—H bond
angles of benzene are in excellent agreement with experimental data. The C—H bond lengths agree
to within 0.003 A. Bond lengths are given in angstroms (A), bond angles in degrees.

“From Ref. 25.

bFrom Ref. 25.

“From Ref. 26.

4From Ref. 27.



Density Functional Theory Study of PAHs 41
Nitro-Aromatic Compounds

The C—C bond lengths, N—O bond distances, and C—C—N—O dihedral
angles between the aromatic moiety and the NO, group of nitro-PAHs
were the focus of the calculations. Calculated parameters were compared
to experimental data whenever available. If neutron or electron diffrac-
tion studies were not available, X-ray crystallographic data were used
for comparison.

Nitrobenzene

14 13
nitrobenzene

Scheme 1

The structure of nitrobenzene was determined using neutron diffrac-
tion and electron diffraction. Tables 2 and 3 compare the present cal-
culations with experimental data, and the agreement is excellent. For
example, the C—N bond length determined by electron diffraction stud-
ies differs with the present B3LYP/6-31G* calculations by 0.01 A (28).
A planar geometry of nitrobenzene is predicted, in agreement with cal-
culations using electron correlation and ab initio methods (29).

Nitronaphthalenes

1-nitronaphthalene (1-NN) 2-nitronaphthalene (2-NN)

Scheme 2
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TABLE 2. Selected Geometric Parameters of the Nitro-Polycyclic Aromatic
Hydrocarbons (Nitro-PAHs)

Bond length (A)
Bond angle (°)
C—N O—N ONO

Molecule Calc.  Exp. Calc. Exp. Calc. Exp.
Nitrobenzene 1.4729 1.486°, 1.2307 1.223¢ 124.62 125.3¢

1.478

1.46° 1.20° 123.5¢

1.465¢ 1.218¢
1-Nitronaphthalene 1.4741 1.2326 123.80
2-Nitronaphthalene 1.4702 1.2314 124.53
1-Nitroanthracene ~ 1.4727 1.2333 123.58
2-Nitroanthracene 1.4685 1.2319 124.47
O-Nitroanthracene =~ 1.4718 1.482¢ 1.2320 1.216¢ 124.28 124¢
1-Nitrophenanthrene 1.4749 1.2324 123.94
2-Nitrophenanthrene 1.4688 1.2316 124.50
3-Nitrophenanthrene 1.4695 1.2319 124.40
4-Nitrophenanthrene 1.4763 1.4887 1.2282 1.213(3)/ 125.18 123.6(3)/

1.4688 1.230(3)/ 123.4(3)/

1.4718
9-Nitrophenanthrene 1.4748 1.2325 123.91
1-Nitropyrene 1.4692 1.2333, 1.2341 123.55
2-Nitropyrene 1.4726 1.2311 124.46
4-Nitropyrene 1.4749 1.2326, 1.2319 123.81
6-Nitrochrysene 1.4904 1.2533 123.61

“From Ref. 46, electron diffraction data from Ref. 28.
bFrom Ref. 43, X-ray (liquid).

¢X-ray crystal data from (Cambridge Data Base).
dFrom Ref. 47, electron diffraction data.

¢From Ref. 31, X-ray diffraction data.

fFrom Ref. 33, X-ray diffraction data.

8From Ref. 32, X-ray diffraction data.

Tables 2 and 3 show selected geometrical parameters of 1- and 2-
nitronaphthalenes (1-NN, 2-NN, the molecules being depicted in
Scheme 2). No structural data are available on these compounds. How-
ever, the experimentally determined average C(ar)—N bond length
compiled from many compounds is found to be around 1.468 A (30),
consistent with that calculated for the nitronapthalenes.

Comparisons of the structures of the isomers can be made from the cal-
culations. 1-NN shows longer C—N and O—N bond length as compared
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TABLE 3. Selected Geometric Parameters of the Nitro-Polycyclic Aromatic
Hydrocarbons (Nitro-PAHs) Calculated at the B3LYP/6-31G* Level of
Theory and Experimental Mutagenicity

Reported at semi-

Dihedral angle (°) empirical level of
C—C—N—0 theory Mutants per nmol
for S. typhimurium
Molecule Calc. Exp. AM1“ PM3¢ TA98 (-S)
Nitrobenzene 0.046 0.023
1-Nitronaphthalene 25.35 59.5 28.4 0.05/
2-Nitronaphthalene 0.00 0.2 0.6 0.2/
1-Nitroanthracene 22.12
2-Nitroanthracene 0.00 892/
9-Nitroanthracene 51.04 85" 82.5 0.5/
1-Nitrophenanthrene ~ 30.40 108!
2-Nitrophenanthrene ~ 0.00 16.9 443/
3-Nitrophenanthrene ~ 0.02 330
4-Nitrophenanthrene  53.00 72.7(7)°,
67.4(2)°
9-Nitrophenanthrene ~ 29.35 61i,297/
1-Nitropyrene 23.15 55.6 237¢
2-Nitropyrene 0.00 1.0 2223"
4-Nitropyrene 26.00 7.3 2475"
6-Nitrochrysene 26.00 269/

“From Ref. 40.

bFrom Ref. 31.

“From Ref. 16.

“From Ref. 33, X-ray diffraction.

fFrom Ref. 37.

8From Ref. 48.

"From Ref. 37.

{From Ref. 40.

JFrom Ref. 38, dose = ug/plate, result reported as net revertants/plate.

to 2-NN by 0.004 and 0.0012 A, respectively. The longer C—N bond
length in 1-NN indicates lower NO; conjugation with the aromatic ring.
Table 3 also shows that the nitro group in 2-NN is planar with the aro-
matic ring with a C—C—N—O dihedral angle of 0°, whereas the nitro
group in 1-NN is out of plane with a dihedral angle of 25.4°. In rational-
izing the differences in the dihedral angles the steric factors experienced
by the O atoms of the NO, with the peri hydrogens is important, and
distances to the neighboring hydrogen atoms are reported in Table 4. A
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TABLE 4. O... H Distances in Nitro-Polycyclic

Aromatic Compounds

Nitro compound

O—H Dittistances (A)

1-Nitronaphthalene
2-Nitronaphthalene
1-Nitroanthracene
2-Nitroanthracene
9-Nitroanthracene
1-Nitrophenanthrene
2-Nitrophenanthrene
3-Nitrophenanthrene
4-Nitrophenanthrene
9-Nitrophenanthrene
1-Nitropyrene
2-Nitropyrene
4-Nitropyrene

6-Nitrochrysene

O1-H11 =2.1658
03-H18 = 2.3320
0O1-H20 = 2.3858
03-H18 =2.3910
O1-H19 = 2.1447
03-H24 = 2.3075
O1-H26 = 2.3819
03-H24 =2.3916
O1-H11 =2.2835
0O3-H25 =2.2813
O1-H19 = 2.1604
03-H24 = 2.3629
O1-H26 = 2.4064
03-H22 =2.3919
O1-H26 = 2.3532
03-H22 =2.3979
O1-H12 = 2.4669
03-H22 =2.5923
O1-H23 = 2.1607
03-H10 = 2.3470
O1-H25 = 2.3206
O3-H15 =2.1398
O1-H25 = 2.3847
02-H28 = 2.3847
019-H23 = 2.3269
017-H26 =2.1622
O1-H29 = 2.1573
03-H24 = 2.3058

planar NO; group will have maximum conjugation with the aromatic
ring, and therefore is the desired geometry. However, in the planar ge-
ometry, if the O atoms of the nitro group are close to the peri hydrogens,
the nitro group will be forced out of the plane. Thus smaller O—H dis-
tances in the optimized geometry indicate stronger interactions with the
H atoms; for example, for nonplanar 1-NN the shortest O—H distance is
2.1658 A, compared to the planar 2-NN where the shortest O—H distance
is 2.3858 A.
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Nitroanthracenes

14 20 36
l-nitroanthracene (1-NA) 2-nitroanthracene (2-NA)

2 26 14
Q-nitroanthracene (9-NA)
Scheme 3

Tables 2 and 3 show the geometrical parameters of 1-, 2-, and
9-nitroanthracenes (1-NA, 2-NA, and 9-NA, the molecules being de-
picted in Scheme 3). Experimental data from X-ray diffraction is avail-
able only on 9-NA, and the bond lengths and the O—N—O bond angles
show a satisfactory match between calculation and experiment. Slight
differences (e.g., the C—N bond length being shorter by 0.01 A compared
to X-ray crystallographic data [31]) could be due to crystal packing forces
inherent in solid crystals. The experimental and calculated dihedral an-
gle of the nitro group versus the aromatic ring for 9-NA is 85° and 51°,
respectively. Trotter suggested that the plane of the nitro group in 9-NA
may be free to oscillate between angles of 64° and 116° in solution or
the vapor phase (31).

As for the trends between the isomers, the C—N bond lengths follow
the order: 2-NA < 9-NA < 1-NA. The shortening of the C—IN bond
in 2-NA is indicative of increased conjugation of the NO, group with
the aromatic ring. The calculated C—C—N—O dihedral angles are 0.0°,
22.1°, and 51.0° for 2-NA, 1-NA, and 9-NA respectively. The planar
geometry in 2-NA enhances maximum 7 -7 orbital interactions between
the aromatic ring and the nitro group. The steric factors experienced by
the O atoms of the NO, with the peri hydrogens is responsible for the
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out-of-plane arrangement of the nitro group as is evident from the O- - -H
lengths reported in Table 4. In 1-NA, the O;—H 9, and Oz—H>4 distances
are calculated as 2.1447 and 2.3075 A respectively. In 2-NA, the O1—Hpg
and O3—Hjy4 lengths are determined to be 2.3819 and 2.3916 A respec-
tively. In 9-NA, the O;—H; and O3—Hjs lengths were determined to be
2.2835 A and 2.2813 A respectively. Thus the O atoms in 2-NA in gen-
eral, experience, less repulsion from the adjacent hydrogens, compared
to the other two isomers.

Nitrophenanthrenes

17 24
I -nitrophenanthrene (1-NPh) 2-nitrophenanthrene (2-NPh)

3-nitrophenanthrene (3-NPh) 4-nitrophenanthrene (4-NPh)

9-nitrophenthrene (9-NPh)
Scheme 4
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Tables 2—4 summarize the geometric parameters for 1-, 2-, 3-, 4-,
and 9-nitrophenanthrenes (1-NPh, 2-NPh, 3-NPh, 4-NPh, 9-NPh, the
molecules being depicted in Scheme 4). X-ray crystallographic data is
available only for 4-NPh (32, 33) and shows excellent agreement with
calculation. The bond lengths in 4-NPh reveal a lengthening of the C—N
bond as compared to 1-NPh, 2-NPh, 3-NPh, and 9-NPh. The dihedral
angle between the NO, and the phenanthrene planes in 4-NPh is 53.0°,
while X-ray crystallography showed this to be 72.2° (32). Other studies
(33) established the dihedral angles between the NO, groups in two
polymorphic forms of 4-NPh and the phenyl rings as 70.3(2) and 67.4(2)°
(33). A reported calculation showed this angle to be 60.7° (Ievel of theory
not given in Ref. [32]).

The calculations make possible structural comparison of the isomers.
The C—N bond lengths follows the order: 2-NPh < 3-NPh < 9-NPh
< 1-NPh < 4-NPh. The N—O bond length is the shortest in 4-NPh,
which is consistent with the longest C—N bond. 4-NPh shows a larger
C—C—N—O dihedral angle (53.0°) than the other isomers. This can be
attributed to lowered conjugation between the ring and the nitro group.
1-NPh and 9-NPh show similar dihedral angles. The 2-NPh and 3-NPh
bond lengths are predicted to be planar systems with C—C—N—O dihedral
angles of 0.00° and 0.02°, respectively. A consideration of the calculated
interatomic distances between oxygen and neighboring hydrogens sheds
light on the nonplanarity of the nitro group. From Table 4, the longer
O—H distances for 2- and 3-NPh are consistent with the planarity of the
NO; group. Both 1- and 9-NPh have short O—H distances and nonpla-
nar nitro groups. 4-NPh, however, does not follow the predicted trend
since it has longer O—H distances (>2.4 A), yet has a nonplanar NO,

group.

Nitropyrenes

Tables 2—4 show the calculated bond lengths, and O—N—O and C—C—
N—O torsional angles of 1-nitro-, 2-nitro-, and 4-nitropyrene (1-NPy, 2-
NPy, 4-NPy, the molecule being depicted in Scheme 5). There is no re-
ported experimental data on the pyrenes to compare with the calculations.
Thus, we analyzed the trends in the isomers based on the calculations.

The C—N bond lengths follow the trend: 1-NPy < 2-NPy < 4-NPy.
The C—C—N—O dihedral angle of 0° in 2-NPy indicates conjugation of
NO; to the aromatic ring. Compared to 1-NPy and 4-NPy, the 2-NPy
isomer shows the shortest O—N bonds. The O—H distances shown in
Table 4 are also consistent with the planarity of 2-NPy and the nonpla-
narity of the nitro group in 1- and 4-NPy.
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2-nitropyrene (2-NPy)

4-nitropyrene(4-NPy)
Scheme 5
6-Nitrochrysene

€72 83
6-nitrochrysene (6-NC)
Scheme 6

Tables 2-4 show the calculated bond lengths, and O—N—O and
C—C—N—-O torsional angles of 6-nitrochrysene, with the molecule shown
in Scheme 6. The O—N—O and C—C— N—O bond angles are calculated
as 123.6° and 26.0°, respectively. There are no structural data available
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for this compound. The dihedral angle shows that the oxygen atoms ex-
perience steric hindrance from the peri hydrogens, as is evident from the

short bond length of O;—Hag (2.1573 A).

DISCUSSION

Correlation between Nitro Group Orientation
and Biological Activity

Previous studies have shown nitro-PAHs to be potent bacterial muta-
gens. The Ames test, based on the bacterium Salmonella typhimurium,
has been used extensively for short-term mutation assays (34). Animal
models using rodents (Sprague-Dawley [CD]) also have been developed
(35). Efforts are being made to find human cell lines for xenobiotic
metabolism that can be routinely tested for mutagenicity (34).

Table 3 shows the mutagenicity studies of nitro-PAHs tested against
S. typhimurium TA98. A general observation is that nitro-PAHs with
the NO; group planar to the phenyl ring are more mutagenic than their
isomers, consistent with predictions made two decades ago (9, 10, 12).
However, since the calculations discussed in this article provide the ge-
ometry of a large number of isomers of the same nitro-PAHs, we are in a
position to establish the validity of the correlations between orientation
of the nitro group and biological activity, and this forms the focus of
our discussion. In Figure 1A-D, we show the correlation between the
calculations and the biological activity separated according to PAH ring
size, because of the large differences in the biological activities of the
PAHSs.

Nitronaphthalenes

Figure 1A shows the correlation between the experimental results of
mutagenicity studies of nitronaphthalenes as measured by exposure to
S. typhimurium TA98 and the C—C—N—O dihedral angle. There is a
fourfold mutagenic increase of 2-nitronaphthalene (2-NN) compared to
1-nitronaphthalene (1-NN). Sasaki et al. (3, 36) found that both intra-
genic and chromosomal scale mutational events were higher for
2-nitronaphthalene in comparison to 1-nitronaphthalene (36). 2-NN in-
duces cancer in animals while 1-NN does not (37). Well correlated to the
higher mutagenicity of 2-nitronaphthalene is the fact that the calculated
dihedral angles show a coplanar orientation of the NO, group relative to
the naphthalene ring.
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Nitroanthracenes

Bacterial mutagenicity of 2- and 9-nitroanthracene (NA) as well as
their effects on rat liver microsomal metabolism has been reported by
Fu et al. (38). 2-NA was metabolized by rat liver microsomes under
aerobic conditions to produce diols. Assay of 2-NA and the two trans-
dihydrodiol metabolites with the S. fyphimurium TA9S8 strain in the
presence and absence of S9 enzymes showed them to be mutagenic.
However, mutagenic tests of 9-NA and its metabolites (namely, 9-NA
trans-1,2- and 3,4-dihydrodiols for S. typhimurium TA98) were found to
exhibit very low mutagenicity (39). The extent of out-of-plane orientation
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of the nitro group follows the order 2-NA >> 9-NA and this trend matches
the reported mutagenicity (Figure 1B). 1-NA is predicted to have lower
mutagenicity.

Nitrophenanthrenes

Table 3 and Figure 1C shows that for the nitrophenanthrenes,
3-NPh is the most mutagenic. Using another strain S. typhimurium his
(strains TA100 that were nitroreductase deficient), it was observed that
1-, 3-, and 9-nitrophenanthrenes induced 329, 620, and 438 revertants
per nmol respectively (40). 3-NPh, in general, showed increased muta-
genicity levels toward S. typhimurium his YG1021, YG1026, and the
O-acetyltransferase-overproducing tester strains of TA98 (40). Based on
the calculations, the degree of nonplanarity of the nitro group follows the
order4-NPh > 1-,9-NPh > 3-,2-NPh. The coplanar geometry of the nitro
group with the phenanthrene ring in 3-NPh is consistent with the greater
mutagenic effects. Data reported by Hirayama et al. (41) showed 2-NPh
to have greater mutagenic effects than 9-NPh against S. typhimurium
TA98, consistent with the nitro group orientation. However, few studies
are available in the literature that clearly compare the mutagenic effects
between 2-NPh and 3-NPh against bacterial strains. Decreased levels of
mutagenicity are predicted for 4-NPh.

Nitropyrenes

The relative order of bacterial mutagenicities in S. typhimurium strains
TA1538 and TA98 was determined as 1-NPy « 2-NPy < 4-NPy in both
the presence and absence of rat liver supernatant (42, 43). A similar order
of carcinogenicity has been observed following direct administration of
each isomer into the mammary pads of weanling female Sprague-Dawley
(CD) rats. The DNA adducts formed with 4-NPy were investigated by
Chae et al. (44) in order to understand the differences in mutagenicities
observed among the three isomers. The rate of 4-NPy binding to rat
mammary DNA was at least threefold higher than that of 1-NPy and
2-NPy.

Calculations indicated that the nitro group in 2-NPy is coplanar with
the ring, but not so in case of 4-NPy (Figure 1D). Thus, in the nitropy-
renes, the correlation between nitro group orientation and mutagenicity
fails. The metabolic pathways that nitro-PAHs undergo in an in vivo
system to express mutagenicity is very complex. Different mechanisms
are involved when nitro-PAHs induce mutagenic effects on prokaryotic
cells vis-a-vis eukaryotes. Experimental records have revealed that in
many mammalian and human cell lines, multiple routes are followed in
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the reduction and oxidation of the nitro group (8). This is due to the
complexities of the reactions occurring in the cells. The cytochrome
P450 system triggers many differently structured monooxygenases that
are involved in the oxidation, peroxidative, and reduction metabolism
of the environmental pollutants. For example, studies have indicated
differences in the metabolic pathways for the reduction of 4-NPy vis-a-
vis 1-NPy and 2-NPy (8). The charge distribution around the PAH ring
system, the stereochemical strain on the PAH ring system, or the stereo-
chemical strain on its activated metabolite as well as the complementary
shapes also influence reactivity and could be the reason that, as four
rings are considered, the trend based on NO; group orientation begins to
fail.

LUMO Energy Levels

Nitro-PAHs require metabolic activation to exhibit mutagenic, car-
cinogenic, or both effects. Both the oxidation of the aromatic ring and
reduction of the nitro group are relevant in the metabolic activation. The
hypothesis is that the orientation of the nitro group determines the re-
ducibility by the various nitroreductases (45). In support of the model
involving reduction of the nitro group, a correlation between the LUMO
energies and the ease with which they are reduced in bacterial strains is
expected. Indeed, LUMO energies (Er ymo) have been used previously
as predictors of mutagenicity (14) using the semiempirical AM1 method
(15). ELumo provides a measure of the negative electron affinity via the
application of the Koopman’s theorem (15). Decreased LUMO energies
are indicative of the electron-withdrawing nature of the nitro compounds
compared to their parent PAHs.

Following this approach, we have examined the correlation between
the planarity of the NO, group and the LUMO energies of the nitro-PAHs.
Table 5 reports the LUMO values for each class of PAH. For example,
among the nitroanthracenes, the order of LUMO is 1-NA < 2-NA <«
9-NA, suggesting that 9-NA should be less mutagenic, in agreement with
experiment.

For the nitrophenanthrenes, the LUMO order is 3-NPh < 2-NPh <
1-NPh < 9-NPh < 4-NPh, and 3-NPh is known to have the highest
mutagenicity.

Among the pyrene isomers, the E; ypo energies follow the trend of
1-NPy < 4-NPy < 2-NPy. This trend correlates well with the biological
activities of 2-NPy but does not explain the increased mutagenicity of
4-NPy.
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TABLE 5. LUMO Values of Nitro-Polycyclic
Aromatic Hydrocarbons (Nitro-PAHs)

Nitro-PAH LUMO (eV)
Nitrobenzene —0.08923
1-Nitronaphthalene —0.0907
2-Nitronaphthalene —0.09053
1-Nitroanthracene —0.09611
2-Nitroanthracene —0.09586
9-Nitroanthracene —0.09098
1-Nitrophenanthrene —0.08787
2-Nitrophenanthrene —0.08971
3-Nitrophenanthrene —0.09019
4-Nitrophenanthrene —0.08015
9-Nitrophenanthrene —0.08878
1-Nitropyrene —0.09508
2-Nitropyrene —0.08727
4-Nitropyrene —0.09233
6-Nitrochrysene —0.10829
CONCLUSIONS

In this study, DFT calculations on a series of nitro-PAHs are reported.
Comparisons with known structural parameters for the isomers show
that DFT is an excellent method for calculating geometry and energy
parameters. Based on the calculations, we have been able to examine in
detail the correlations between mutagenicity and the orientation of the
NO; group relative to the aromatic plane. The correlation works well
for nitro-PAHs such as nitronaphthalenes, nitroanthracenes, and nitro-
phenanthrenes with some differences noted in nitropyrene compounds
(four aromatic rings).
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Benzene B3LYP with basis sets ~ Miani (2000)¢ Cane (1999)¢

6-31G*, TZP, Wiberg (1997)°

6-311G*, Swiderek (1993)¢

aug-cc-PVDZ,

PVDZ, CCSD(T),

Dzp
Naphthalene  B3LYP with 6-311G, Wiberg (1997) Ketkar (1981)F

pVDZ, aug-cc-pVDZ Millefiori (1998)°
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Anthracene B3LYP/6-311G*, Wiberg (1997) Chaplot (1982)'

BLYP/6-311G* Cioslowski (1996)8 Ketkar (1981)/

Cioslowski (1999)" Wiberg (1997)"

Phenanthrene HF/4-21G*, Bandyopadhyay Kay (1971)

B3LYP/cc-pVDZ (2000)¢ Bandyopadhyay

Martin (1996)™ (2000)F
Martin (1996)"

Chrysene B3LYP/6-311G* Wiberg (1997) Burns (1960)"
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FIGURE S1. Structures of polycyclic aromatic hydrocarbons used for
calibration.
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TABLE S2. Bond Lengths (A) and Bond Angles (°) of Benzene

59

Parameter Calc. Expt.* Parameter Calc. Expt.
Cl-C2 1.3967 1.397 C1-C2—-C3 120.000 120¢
C2—-C3 1.3967 1.397 C2—-C3-C4 120.000 120¢
C3—C4 1.3966 1.397 C3—-C4-C5 120.000 120°
C4-C5 1.3967 1.397 C4-C5-C6 120.000 120¢
C5—C6 1.3967 1.397 C3—C4-H10 119.999

C6—Cl1 1.3967 1.397 C1-C6—C5 119.997

C1-H7 1.087 1.079%, 1.084° C5—C6—H12 120.002

C2—-HS8 1.087 1.079¢, 1.083"

C3—H9 1.087 1.079¢, 1.083%

C4-H10 1.087 1.079%, 1.083?

C5—-Hl1 1.087 1.079¢, 1.083"

C6—H12 1.087 1.079¢, 1.083%

“Swiderek, Petra et al. J. Phys. Chem 98, 974-987 (1993)—Derived from rotational constants
of C¢Hg by ultrahigh resolution resolution spectroscopy.
bElisabeth Cane, Andrea Miani, Agostino Trombetti, J. Chem Educ. 76,1n0.9, 1288—-1290 (1999)

(microwave spectroscopy).
“Sutton, L. E. Tables of Interatomic distances, The chemical society, London 1958.

TABLE S3. Bond Lengths (10\) and Bond Angles (°) in Naphthalene

Parameter Calc. Expt.(e-diffr.)* Parameter Calc. Expt.
Cl-C2 1.3766 1.377(2) C2—C1-C6 118.597 119.5(3)
C2—C3 1.4211 1.4112)* C2—-C1-C14 119.087 119.5(3)
C3—C4 1.4339 1.420 C6—C1-Cl14 122.316 119.5(3)
C4—C5 1.4211 1.422(3) C1-C2—-C3 118.594 119.5(3)
C5—C6 1.4169 1.381(2)*

Co—Cl 1.4169 1.412(8) C2—-C3-C4 120.970 119.5(3)
C6—H7 1.0868 1.092(1) Cl1-C2—Cl11 119.089 119.5(3)
C5—H8 1.0877 1.092(1) C2—C3-H10 118.453 119.7%
C4—-C9 1.4211 1.422 C4—C3-H10 120.577 119.7%
C9—CI10 1.3766 1.377(2) C3—-C4-C5 120.434 119.5(3)"
C10—C11 1.4169 1.412° C3—C4-H9 120.156 119.7%
C3-CI12 1.4211 1.424(2) C4—C5-Co6 120.436 119.5(3)
C12—H13 1.0877 1.092(1)° C4—-C5—-HS8 119.411 119.7%
C10-H15 1.0868 1.092(1) C6—C5—H8 120.153 119.7%
C9-H16 1.0877 1.092(1)

C2—-H17 1.0877 1.092(1)°

C1-H18 1.0868 1.092(1)

“K. B. Wiberg, J. Org. Chem. 62, 5720-5727 (1997).
bS. N. Ketkar, M. Fink, J. Mol. Struct. 77, 139-147 (1981) (electron diffraction).
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TABLE S4. Bond Lengths (A) and Bond Angles (°) in Anthracene

Expt.” Expt.? Electron. Neutr.
Parameter Calc. (Electron.) (Neutr.) Parameter Calc. diffre  diffr.?

Cl1-C2 1.4453 1.437 1.444 C2—C1-Co6 118.597 118.86
C1-C14 1.4005 1.392 1.407 C2—C1-Cl14 119.087

C2—-C3 1.43 1.436 C6—C1-Cl14 122.316

C2—CI11  1.4005 C1-C2—C3 118.594 118.7
C3—C4 1.3699 1422 C1-C2—C11 119.089 119.4
C4-C5 1.4262 1432 C3—C2—C11 122.317 121.9
C5—C6 1.3699  1.397 1.378 C2-C3-C4 120.97 121
C6—Cl1 1.43 1.437 1436 C2—C3—H10  118.453 118.4
Co6—H7 1.0876  1.085 1.087 C4—C3—H10  120.577 120.6
C5—H8 1.0867 1.085 1.093 C3-C4-C5 120.434 120.3
C4-H9  1.0867 1.085 C3—C4—H9 120.156 120
C3—H10 1.0876 1.085 C5—C4—H9 119.409 119.7
C11-C12 1.4005 C4—-C5—Co6 120.436  120.09
C11-H24 1.084 1.085 C4—C5—HS 119.411

C12—Cl13 1.4453 C6—C5—HS8 120.153

C12—C19 1.43 C1-C6—C5 120.969 121.07
C13—Cl14 1.4005 C1-C6—H7 118.456

C13—Cl16 1.43 C5—C6—H7 120.575

Cl14-H15 1.0884  1.085 1.097 C2—C11-C12 121.824 112 121.2
C16—C17 1.3699 C2—C11-H24 119.089 119.4
C17—C18 1.4262 C12—C11-H24 119.087

C18—C19 1.3699 C11-C12—C13 119.087

C19-H20 1.0876  1.085 C11-C12—-C19 122.316

C18—H21 1.0867 1.085 C13—CI12—-CI19 118.597

C17-H22 1.0867 1.085 C12—C13—C14 119.089

C16—-H23 1.0876  1.085 C12—C13—Cl16 118.594

C14-C13-Cl6 122.317
Cl1-C14—C13 121.824
C1-C14-H15 119.087
C13—CI14—-H15 119.089
C13—C16—C17 120.97

C13—C16—H23 118.453
C17-C16—H23 120.577
C16—C17—C18 120.434

“S. N. Ketkar, M. Fink, R. C. Ivey, J. Mol. Struct. 77, 127-138 (1981) (electron diffraction);
K. B. Wiberg, J. Org. Chem. 1997, 62, 5720-57217.

bS. L. Chaplot, Acta Cryst. B38, 483-487 (1982) (neutron diffraction); K. B. Wiberg, J. Org.
Chem. 62, 5720-5727 (1997).
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TABLE S5. Bond Lengths (A) and Bond Angles (°) in Phenanthrene
Expt. Neutron
Parameter Calc. (x-ray)® diff.-b Parameter Calc. Expt.%?
Cl1-C2 1.4273 1.412 1.427 C2—C1-C6 119.703 120.7
C1—C20 1.4143 1.433 1.427 C2—C1—-C20 119.626 120.6
C2—C3 1.4578 1.464 1.465 C6—C1—-C20 120.671 118.6
C3—C4 1.4273 1.420 1.419 C1—C2—C3 119.103 119.2
C4—C5 1.4351 1.453 1.474 C1—C2—C17 117.846 118.3
C5—C6 1.3597 1.341 1.358 C3—C2—C17 123.052 122.6
C5—H8 1.0874 1.04 C2—C3—C4 119.104 118.5
C6—Cl1 1.4351 1.446 1.435 C2—C3—Cl12 123.05 122.2
C6—H7 1.0875 1.07 C4—C3—C12 117.846 119.2
C9—C4 1.4144 1.424 1.406 C3—C4—C5 119.703 120.2
C10—C9 1.3808 1.382 1.389 C3—C4—C9 119.625 120.5
C10—Cl11 1.4073 1.379 1.409 C5—C4—C9 120.672 119.2
C12—C3 1.4147 1.416 1.395 C4—C5—C6 121.193 120.5
C12—H13 1.0848 1.10 C4—C5—H8 118.278 116.4
Cl1—-H14 1.0867 1.10 C6—C5—H8 120.529 123.2
C10—H15 1.0866 1.11 C1—C6—C5 121.194 120.8
C9—H16 1.0876 1.11 C1—C6—H7 118.277 118.8
C17—C2 1.4147 1.408 1.416 C5—C6—H7 120.529 120.3
C17—Cl18 1.3832 1.391 1.397 C4—C9—-C10 121.125 120.3
C19—Cl18 1.4073 1.393 1.393 C4—C9—Hl16 118.539 118.6
C20—C1 1.4143 1.433 1.427 C10—C9—H16 120.335 121.0
C20—H21 1.0876 1.10 C9—C10—C11 119.518 119.1
C19—H22 1.0866 1.05 C9—CI10—H15 120.335 123.5
C18—H23 1.0867 1.11 C11—-C10—H15 120.147 117.4
C17—H24 1.0848 1.07 C10—C11-C12 120.388 121.2
C12—Cl11 1.3832 1.406 1.407 C10—C11-H14 119.926 119.8
C19—C20 1.3808 1.365 1.407 Cl12—Cl11-H14 119.686 119.0
C3—CI12—Cl11 121.497 119.7
C3—CI12—H13 119.906 123.5
C11—C12—H13 118.597 116.8
C2—C17—C18 121.498 120.5
C2—C17—H24 119.908 120.5
C18—C17—H24 118.595 119.0
C17—C18—C19 120.388 121.3
C17—C18—H23 119.686 117.4
C19—C18—H23 119.926 121.3
C18—C19—C20 119.519 120.2
C18—C19—H22 120.146 118.6
C20—C19—H22 120.335 121.2
C1—C20—C19 121.124 119.1
C19—C20—H21 120.337 121.6

“I. Bandyopadhyay, S. Manogaram, J. Mol Struct. (Theochem.) 496, 107-119 (2000).

M. 1. Kay, Y. Okaya, D. E. Cox, Acta Cryst. B27, 26 (1971) (neutron diffract).
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TABLE S6. Bond Lengths (A) and Bond Angles (°) in Chrysene

X-ray® X-ray.
Parameter Calc. diffraction Parameter Calc. diffr.”
Cl1—C2 1.4096 C2—C1—C6 120.559
C2—C3 1.3785 C2—C1-H19 119.828
C3—C4 1.4162 C6—C1—-H19 119.613
C4—C5 1.4278 C1-C2—C3 119.465
C5—C6 1.3813 C1—C2—H20 120.106
C6—Cl1 1.4183 C3—C2—H20 120.429
C7—C4 1.4266 C2—C3—C4 121.01
C7—C8 1.3638 C2—C3—H21 120.497
C8—C9 1.4312 C4—C3—H21 118.494
C9—Cl10 1.4184 1.401 C3—C4—C5 119.93
C10—-C5 1.4531 C3—-C4—C7 121.011
C11-C9 1.4531 1.468 C5—C4—C7 119.059
Cl11-C12 1.4278 1.406 C4—C5—C6 117.521
C12—C13 1.4266 1.421 C4—-C5—C10 119.261
C13—Cl14 1.3638 1.369 C6—C5—Cl10 123.217
C14—C10 1.4312 1.428 C1-C6—C5 121.514
C15—Cl11 1.4183 1.409 C1—C6—H22 118.355
C15—Cl16 1.3813 1.379 C5—C6—H22 120.13
Cl16—C17 1.4096 1.394 C4—C7—C8 121.308
C17—C18 1.3785 1.363 C4—C7—H23 118.536
C18—C12 1.4162 1.428 C8—C7—H23 120.156
C1-H19 1.0867 C7—C8—C9 121.775
C2—H20 1.0865 C7—C8—H24 118.581
C3—H21 1.0876 C9—C8—H24 119.644
C6—H22 1.0841 C8—C9—10 118.667
C7—H23 1.0874 C8—C9—Cl1 121.403 120.5
C8—H24 1.0837 C10—-C9—Cl11 119.929 119.8
C13—H25 1.0874 C5—C10—C9 119.929
Cl14—H26 1.0837 C5—C10—C14 121.403
C15—H27 1.0841 C9—C10—C14 118.667 119.7
C16—H28 1.0867 C9—Cl11-C12 119.261 118.4
C17—H29 1.0865 C9—C11-Cl15 123.217 122.9
C18—H30 1.0876 C12—C11-Cl15 117.521 118.7
Cl11-C12—13 119.059 120.1
C11-C12—C18 119.93 119.4
C13—C12—C18 121.011 120.3
C12—C13—C14 121.308 121.2
C12—C13—H25 118.536
C14—C13—H25 120.156
C10—C14—13 121.775 120.8

(Continued on next page)
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(Continued)
X-ray® X-ray.

Parameter Calc. diffraction Parameter Calc. diffr.”
C10—C14—H26 119.644
C13—C14—H26 118.581
C11-C15—Cl16 121.514 120.9
C11-C15—H27 120.13
C16—C15—H27 118.355
C15—C16—C17 120.559 120.3
C15—C16—H28 119.613
C17—C16—H28 119.828
C16—C17—C18 119.465 120.5
C16—C17—H29 120.106
C18—C17—H29 120.429
C12—C18—C17 121.01 120.5
C12—C18—H30 118.494
C17—C18—H30 120.497

“D. M. Burns, J. Iball, Proceedings of the Royal Society of London, Series A, Mathematical and
Physical Sciences 257, 491-514 (1960).
bK. B. Wiberg, J. Org. Chem, 62, 5720-5727 (1997).

TABLE S7. Bond Lengths (A) and Bond Angles (°) in Pyrene

Parameter Calc. Expt.( Neutr.)* Parameter Calc. Neutr. diffr.¢
Cl-C2 1.4286 1.426 C2—C1-C6 119.024 119.35
C2-C3 1.4285 1.425 C2—C1-C16 118.562 118.84
C2—-C13 1.4266 1.43 C6—C1—-C16 122.413 121.82
C3—C4 1.4041 1.414 C1-C2-C3 119.858 120.04
C3—CI10 1.4377 1.435 C1-C2—C13 120.071 120.11
C4-C5 1.3939 1.396 C3—-C2-C13 120.071 119.85
C5—C6 1.3939 1.393 C2—-C3-C4 119.025 118.76
C6—Cl1 1.4041 1.392 C2—-C3-C10 118.562 118.73
C10—-CI11  1.3616 1.365 C4—-C3—C10 122.413 122.52
Cl1-Cl12  1.4377 1.444 C3—-C4-C5 120.76 120.36
CI2—CI13  1.4286 1.421 C3—C4-H9 119.145 119.15
CI13—C14  1.4286 1.429 C5—C4-H9 120.095 120.49
Cl4-C15  1.4377 1.433 C4-C5-Co6 120.572 120.71
Cl6—Cl1 1.4377 1.439 C4-C5—HS 119.715 118.31
Cl14—C19  1.4041 1.409 C6—C5—HS8 119.713 120.98
C20—Cl12  1.4041 1.407 C1-C6—C5 120.761 120.79

(Continued on next page)
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TABLE S7. Bond Lengths (A) and Bond Angles (°) in Pyrene (Continued)

Parameter Calc. Expt.( Neutr.)* Parameter Calc. Neutr. diffr.4
C15—C16  1.3636 1.369 C1-C6—H7 119.145 118.23
C20—C19  1.3939 1.392 C5—C6—H7 120.094 120.98
C20—C21  1.3939 1.398 C3—C10—C11 121.368 121.66
C6—H7 1.0874 1.099 C3—C10—-H26 118.275 118.42
C5—H8 1.0867 1.1 C11-C10—-H26  120.357 119.92
C4—H9 1.0874 1.113 C10—C11-C12  121.365 120.69
Cl11-H25 1.0875 1.091 C10—C11-H25 120.358 120.34
C10—H26 1.0875 1.126 C12—C11-H25 118.277 118.97
C15—-H18 1.0875 1.097 Cl11-CI12—C13  118.563 118.82
Cl16—H17 1.0875 1.098 Cl11-C12—C21 122413 121.97
C21-H22 1.0874 1.098 C13—C12—C21 119.024 119.22
C20—H23 1.0867 1.074 C2—C13—CI12 120.071 120.26
C19—H24 1.0874 1.109 C2—C13-Cl14 120.071 119.7
C12—C13—C14 119.858 120.05
C13—C14—C15 118.563 119.13
C13—C14—C19 119.024 118.94
C15—C14—C19 122413 121.94

C14—C15-C16  121.366 121.17
C14—C15-H18 118.276 118.38
C16—C15—-H18 120.358 120.25
C1-C16—Cl15 121.366 121.06
C1-Cl16—H17 118.276 118.99
C15—C16—H17 120.358 119.95
C14—C19—-C20  120.761 120.66
C14—C19-H24 119.144 118.72
C20—C19-H24  120.095 120.63
C19-C20—C21  120.572 120.66

C19—-C20—-H23 119.715 120.28
C21-C20—-H23 119.713 119.07
C12—-C21-C20  120.761 120.46
C12—C21-H22  119.146 119.32
C20—C21-H22  120.093 120.22

“C. A. Hazel, F. K. Larsen, M. S. Lehmann, Acta Crysta. B28 2977-2984 (1972).
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