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Abstract

Structures and electronic properties of the N-hydroxy metabolites (N-OH-OMe-AAB) of the monomethoxy-4-
aminoazobenzene dyes (OMe-AAB) have been calculated using density functional theory with a basis set that includes
polarization functions on all the atoms. Positional isomers with the methoxy group ortho to the hydroxyamino group
(N-OH-3(5)-OMe-AAB) are found to be lower in energy than isomers with the methoxy group meta to the hy-
droxyamino group (N-OH-2(6)-OMe—AAB). The geometrical parameters of the phenyl rings for the corresponding
isomers of OMe-AAB and N-OH-OMe-AAB are very similar. The length of the C-NHOH bond, however, is sig-
nificantly longer than the length of the C-NH, bond. The energies of the frontier orbitals are more negative for each of
the positional isomers of N-OH-OMe-AAB than for the corresponding isomer of OMe-AAB. In particular, the energy
of the lowest unoccupied molecular orbital decreases a few kcal/mol for each isomer, suggesting that these N-hydroxy

metabolites are slightly more electrophilic. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Small structural changes can radically alter the
carcinogenic behavior of aminoazo dyes [1], e.g. 3-
methoxy-4-aminoazobenzene (3-OMe-AAB) is a
potent hepatocarcinogen in rats and a mutagen in
Escherichia coli and Salmonella typhimurium,
whereas 2-methoxy-4-aminoazobenzene (2-OMe—
AAB) is a non-carcinogen and a nonmutagen
under similar conditions [2]. It is generally believed
that these positional isomers of OMe-AAB require

* Corresponding author. Tel.: +1-215-951-2876; fax: + 1-215-
951-6812.
E-mail address: chuck@]larry.philau.edu (C.W. Bock).

metabolic activation to their N-hydroxy derivatives,
N-OH-3-OMe-AAB and N-OH-2-OMe-AAB,
respectively, prior to reaction with cellular macro-
molecules [3]. This conclusion is in accord with the
observation that 3-OMe—AAB is essentially non-
mutagenic on the Salmonella mammalian muta-
genicity assay (Ames test) unless it is activated
with S-9, the 9000 g supernatant fraction of liver
homogenate [4,5]. On the other hand, N-OH-3-
OMe-AAB is strongly mutagenic without S-9
activation [4,5]. (It has also been observed that
injecting rats with N—~OH-3-OMe-AAB induced
sarcoma at the injection site, whereas injecting 3-
OMcO-AAB did not [6].) In contrast to the differ-
ent behavior of 3-OMe-AAB and N-OH-2-OMe-
AAB on the Ames test, neither 2-OMe-AAB nor

0143-7208/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0143-7208(00)00104-2



198 K.L. Bhat et al. | Dyes and Pigments 48 (2001) 197-207

N-OH-2-OMe-AAB is mutagenic on this test
even after treatment with S-9.

Hashimoto et al. [7] established that the ubiqui-
tous cytochrome P-450 enzymes are responsible
for the mutagenic activation of 3-OMe-AAB and
that, in contrast to other carcinogenic aromatic
amines, the activation is mediated by phenobarbi-
tal-P-450 (not by 3-methyl-cholanthrene-P-450).
The precise mechanism by which these cytochrome
P-450 enzymes catalyze the stercospecific N-hy-
droxylation of 3-OMe-AAB to N-OH-3-OMe-
AAB at physiological temperature, however, is not
completely understood [8,9]. Kojima et al. [2]
studied the effects of N-OH-2-OMe-AAB and N-
OH-3-OMe-AAB on DNA synthesis in vivo and
determined that they both preferentially form gua-
nine adducts under the action of seryl-tRNA syn-
thetase (from yeast). Although neither the structure
of these adducts nor the mechanism of their for-
mation was determined, a 3?P-post labeling assay
[10] revealed that N-OH-3-OMe-AAB gave 20-
fold more DNA adducts than did N-OH-2-OMe-
AAB. Furthermore, in DNA from rats treated with
3-OMe-AAB, five different adducts were observed,
whereas only one adduct was apparent in the DNA
of rats treated with 2-OMe—AAB [11]. These results
suggest that the observed difference in the hepato-
carcinogenic activity of 2-OMe-AAB and 3-OMe-
AAB is related to the inhibitory effects of their N-
hydroxy derivatives on DNA replication.

The only other monomethoxy AAB dye that has
been studied in detail is 4-OMe-AAB, which is
carcinogenic, but to a lesser degree than 3-OMe-—
AAB. Interestingly, 4-OMe-AAB is slightly muta-
genic in TA98 even without S-9 activation [6]. It
becomes more mutagenic in the presence of S-9,
but with only about 7% of the revertants/nmol of
dye found with 3-OMe-AAB under similar con-
ditions; N-OH-4-OMe-AAB is mutagenic with-
out S-9 treatment, but with only about 24% of the
revertants/nmol of dye as that observed for N—-OH-
3-OMe-AAB [9]. Although no data on the carcino-
genic/mutagenic behavior of 2/- or 3-OMe-AAB or
their N-hydroxy derivatives are currently avail-
able, both 2’- and 3’-OMe—-4-dimethylaminoazo-
benzene are significant liver carcinogens in the rat
[12]; unfortunately, detailed results of mutagenicity
tests on these compounds have not been reported.

A recent computational paper [13] showed that
there are electronic and structural features of the
OMe-AAB positional isomers that correlate with
their carcinogenic behavior: (1) the Kohn—Sham
highest occupied molecular orbital (HOMO) of 3-
OMe-AAB involved the amino nitrogen lone pair
of electrons and the next highest occupied orbital
(HOMO{-1}) was localized in the vicinity of the
azo bond lone pairs; for 2-OMe-AAB, the order
of the corresponding orbitals was reversed; (2) the
Kohn—-Sham orbital energies of the HOMO and
the lowest unoccupied molecular orbital (LUMO)
of 3-OMe-AAB are lower in energy than those of
2-OMe—AAB; (3) the dipole moment of 3-OMe-—
AAB is smaller than that of 2-OMe-AAB; (4) the
C4—OMe bond length is longer in 3-OMe-AAB
than in 2-OMe-AAB, whereas the C,—~NH, bond
length is shorter.

The purpose of the present paper is to describe
the results of a computational study of the N-
hydroxy metabolites of OMe—AAB at the same
computational level employed to study OMe-AAB
[13]. The lone pairs of electrons on the hydroxy
oxygen atom in N-OH-OMe-AAB provide yet
another site for delocalization and interactions that
can influence the structure and behavior of these
molecules. It is important to note that such N-
hydroxy derivatives are not usually the ultimate
carcinogenic forms of aromatic amines under
physiological conditions (very few N-hydroxy
derivatives of aromatic amines bind to electron-
rich biotargets in vitro [14,15]), but are proximate
forms that need to be further metabolized [16]. This
study will determine the extent to which structural
and electronic properties of the positional isomers
of OMe—AAB are affected by N-hydroxylation.

2. Computational methods

Density functional theory calculations were
performed at the BP/DN** computational level
with SPARTAN version 5.0 [17]. This level uses
the non-local Becke-Perdew (BP) 86 functional
and employs the DN** basis set which includes
polarization functions on all the atoms [18,19].
Complete optimizations for a variety of con-
formers of each N-OH-OMe-AAB derivative



K.L. Bhat et al. | Dyes and Pigments 48 (2001) 197-207 199

were carried out; no symmetry constraints were
employed to minimize the likelihood of optimizing
to a transition state. In few cases, frequency
analyses were performed to ensure that the opti-
mized structures were local minima on the poten-
tial energy surfaces. Mulliken and electrostatic
charges were also calculated. For comparison, a
few optimizations were carried out at the B3LYP/6-
31+ G* computational level [20] using the GAUS-
SIAN 98 series of programs [21].

3. Results and discussion

Since no experimental structural data is avail-
able on N-hydroxy azo dyes, we optimized N-
OH-AAB to compare with our calculated struc-
tures of AB and AAB [13]. The two lowest-energy
conformers we found are shown as structures 1
and 2 in Fig. 1; conformer 2 is about 0.8 kcal/mol
higher in energy than conformer 1, see Table 1.
Comparing the structural parameters of AB, AAB
and N-OH-AAB in Table 2, it is evident that the
amino and hydroxyamino groups induce similar
distortions in the phenyl ring parameters of AB.

Fig. 1. BP/DN**//BP/DN** optimized structures of con-
formers 1 and 2 of N-OH-AAB.

On the other hand, the C4—N bond length in each
of the two conformers of N-OH-AAB, 1.405 and
1.404, is much longer than in AAB, 1.388 A, 1.e.
the hydroxyl group withdraws electron density
from the C,—N bond and reduces its double bond
character. To compensate for this loss of bonding
at Cy, there is a small increase in the double bond
character of one of the two carbon—carbon ring
bonds involving this carbon atom. The C-C bond
in the ring that is shortened most is syn to the
hydroxy group (C4—Cs for 1, C;—C4 for 2). It
should also be noted that the N-O bond length in
conformers 1 and 2 of N-OH-AAB, 1.441 and
1.438 A respectively, is much shorter than its
length, 1.468 A, in hydroxylamine, suggesting that
the N-O bond in N-OH-AAB has some double
bond character. The shift in electron density out
of the C4,—N bond results in an increase in the
pyramidal structure of the hydroxyamino group in
both conformers of N-OH-AAB, as compared to
the pyramidal structure of the amino group in
AAB; the sum of the three bond angles about the
amino nitrogen atom are 332.5° and 346.7°,
respectively. This increase in the tendency of N-
pyramidalization as a result of N-substitution by

Table 1

Total molecular energies (a.u.) and relative energies (kcal/mol)
for N-hydroxy-n-methoxy-4-aminoazobenzenes calculated at
the BP/DN**//BP/DN** computational level

n Total molecular energies Relative
(a.u.) (BP/DN**//BP/DN**)  energies
(kcal/mol)

2 —818.135537 +6.2

3 —818.145385 0.0

5 —818.143086 +14

6 —818.140274 +3.2

2 —818.140071 +3.3

3 —818.143644 +1.1

4 —818.144311 +0.7

5 —818.143837 +1.0

6 —818.135106 +6.5
N-OH-AAB (1)  —703.569992 0.0
N-OH-AAB (2) —703.568693 +0.8
AAB —628.365269 -

AB —572.784293 -
H,O —76.471207 -
H,0, —151.636915 -
NH; —56.588906 -
NH,OH —131.791414 -
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Structural parameters [bond lengths (A), bond angles (°)] for AB, AAB, N-OH-AAB, and N-OH-n-OMe-AAB calculated at the BP/

DN**//BP/DN** computational level

n C-C, C»C; CyC;, C4Cs CsCq CeC, CsN C-N N=N OH
2 1438 1402 1402 1409  1.381 1.411 1405 1394  1.276 0.974
3 1415 1383 1427 1400 1394 1402 1397 1404  1.275 0.975
5 1406 1388 1404 1419 1387 1410 1397 1403  1.274 0.974
6 1409  1.381 1412 1402 1403 1425 1405 1400 1276 0.974
b 1410 1388 1410 1408 1389 1407 1406 1408  1.276 0.974
3 1410 1384 1408 1408  1.391 1406 1403 1409  1.273 0.974
g 1410 1386 1413 1403 1394 1405 1407 1412 1.276 0.974
5 1412 1384 1415 1403 1392 1405 1404 1408  1.274 0.975
6 1411 1382 1413 1404 1394 1404 1407 1416  1.276 0.974
N-OH-AAB (1) 1411 138 1416 1405 1390 1406 1405 1406 1273 0.974
N-OH-AAB (2) 1409 1385 1411 1409 1.391 1408 1404 1405  1.274 0.974
AAB® 1412 1384 1416 1411 1390 1406 1388 1405  1.274 -
(1.410)  (1.385)  (1.414)  (1.408) (1.390) (1.404) (1.389)  (1.408) (1.262)
AB 1409 1390 1405 1399 1396 1406 - 1417 1.270 -
n C-N  Cp—Cy CyCy C3-Cy CyCs CyCy GCoCp CyO OCH; =N, N-O
2 1418 1405 1396 1400 1403  1.391 1410 1355 1436 3315 1.437
3 1417 1406 1396 1399 1403 1393 1409 1378 1435 3351 1.433
5 1412 1404 1394 1400 1405 1390 1409 1377 1434 3327 1.439
6 1412 1405 1395 1399 1404 1392 1409 1361 1434 3328 1.436
bl 1.408 1425 1404 1396 1400  1.391 1408 1363 1432 3330 1.438
3 1411 1407 1396 1404 1398 1395 1404 1372 1432 3320 1.436
& 1.406 1403 1395 1402 1412 1385 1412 1368 1434 3311 1.441
5 1414 1402 1399  1.391 1410 1394 1410 1374 1432 3329 1.437
6 1399 1410 1389 1397 1398 1404 1432 1358 1433 3314 1.438
N-OH-AAB (1) 1417 1405 1396 1399 1404 1391 1408 - - 332.5 1.441
N-OH-AAB (2) 1413 1405 1396 1399 1403 1390 1407 3323 1.438
AABP 1416 1406 1397 1399 1404 1392 1409 - - 3467 -
(1.419)  (1.403)  (1.396)  (1.398)  (1.402)  (1.392)  (1.408) (346.7)
AB 1417 1406 1396 1399 1405 1390 1404 - - - -

2 The values in parentheses are at the B3LYP/6-31 + G*//B3LYP/6-31 + G* level.

® Sum of three bond angles at the amine nitrogen atom.

electronegative heteroatom is consistent with
earlier observations made by Mislow et al. [22] on
substituted hydroxylamines. The particular orien-
tation of the atoms in the -N—-O-H linkage in N—
OH-AAB (as well as in NH,OH) reduces the
interaction between the lone pair of electrons on
the nitrogen atom and the in-plane lone pair on
the oxygen atom.

The calculated gas-phase reaction energy for the
conversion of AAB to N-OH-AAB using hydro-
gen peroxide as the oxidizing agent,

AAB + H,0, - N—-OH-AAB+ H,O (1)

is —24.5 and —23.7 kcal/mol for conformers 1 and
2 respectively; the calculated energy change for the
reaction NH; + H,0, —-NH,OH + H,O is similar,
—23.1 kcal/mol.

In Fig. 2 we show several Kohn—Sham orbitals
for conformer 1 of N-OH-AAB; the structures of
these orbitals are analogous to those of AAB. The
HOMO in N-OH-AAB is primarily a lone pair
orbital localized at the azo linkage, 4 kcal/mol above
the next highest occupied orbital (HOMO({-1}); the
corresponding energy separation in AAB is 3 kcal/
mol. The HOMO({-1} in N-OH-AAB involves the
hydroxyamino nitrogen atom lone pair, but for
the AB backbone, it is essentially a pi-bonding
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LUMO

HOMO({-1}

Fig. 2. The Kohn-Sham HOMO{-1}, HOMO and LUMO of conformer 1 of N-OH-AAB calculated at the BP/DN**//BP/DN**
computational level.
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orbital. The LUMO in N-OH-AAB is pi-anti-
bonding for this backbone. Replacing one of the
hydrogen atoms in the amino group of AAB by a
hydroxy group lowers the energy of the Kohn—
Sham frontier orbitals, e.g. the LUMO, HOMO
and HOMO{-1} of structure 1 of N-OH-AAB are
3.5, 2.9 and 4.5 kcal/mol lower in energy than the
corresponding orbitals of AAB. The lower LUMO
energy of N-OH-AAB compared to that of AAB
suggests that this N-hydroxy metabolite is slightly
more electrophilic [23]. Ledo and Pavao [24] have
recently demonstrated computationally that it is
the more electrophilic metabolites of a carcino-
genic molecule that are responsible for its biologi-
cal activity with DNA [25]. Similar conclusions
have also been drawn experimentally [26]. There is
evidence that N-OH-AAB is slightly mutagenic
on Salmonella typhimurium TA98 without S-9
activation, whereas AAB is not [3].

For the various positional isomers of N-OH-
OMe-AAB, conformers in which the O—-Me bond
is nearly in the plane of the phenyl ring to which it
is bonded are lower in energy than those in which
the O—Me bond is oriented nearly perpendicular

to the phenyl ring. The specific direction of the
methyl group in the various positional isomers of
N-OH-OMe-AAB is similar to that for the cor-
responding OMe—AAB compounds [13]. Since the
amino hydrogen atoms are not equivalent in any
of the n-OMe-AAB isomers, we optimized sep-
arately structures in which each amino hydrogen
atom was replaced by a hydroxy group. In
Tables 1-3, we report energies, structural par-
ameters, and properties only for the lowest-energy
forms of N-OH-OMe-AAB that we found at the
BP/DN** level.

In most of the experimental literature on OMe-—
AAB and N-OH-OMe-AAB, no distinction is
made between substitution at the 3 and 5 (2 and 6,
3 and 5, or 2’ and 6') positions, see Chart 1A.
However, these pairs of compounds are distinct
with different electronic and structural properties
[13], e.g. adverse lone pair interactions in 2-OMe—
AAB make this compound nearly 3 kcal/mol
higher in energy than 6-OMe-AAB [13]. Thus,
when it is reported in the literature that 2-OMe-—
AAB is a noncarcinogen, it is not clear if this
refers to 2-OMe-AAB or 6-OMe-AAB, or to a

Table 3

Selected properties for AB, AAB, N-OH-AAB and N-OH-n-OMe-AAB calculated at the BP/DN**//BP/DN** computational level

n HOMO{-1} HOMO LUMO Log P¢ Electrostatic charge on Dipole
(a.u.) (a.u.) (a.u.) moment (D)

N O(Me) O(H)

2 —0.190880* —0.175956° —0.105674 1.89 —0.53 -0.27 —0.39 4.05

3 —0.190449¢ —0.189757¢ —0.113902 1.83 —0.47 —0.25 —0.38 2.80

5 —0.189639° —0.188680* —0.114688 1.92 —0.49 —0.29 —0.38 2.79

6 —0.189450* —0.182742° —0.110815 1.89 —0.52 —-0.30 —0.39 3.91

2 —0.188980* —0.183039° —0.111980 1.80 —0.55 —0.34 —0.39 1.60

3 —0.194850* —0.190768® —0.115882 1.86 —0.55 —0.35 —0.39 3.19

4 —0.188308" —0.187042° —0.108944 1.83 —0.55 —0.30 —0.39 1.86

5 —0.196121¢ —0.190769¢ —0.115556 1.83 —0.54 —0.31 —0.39 3.18

6 —0.188431* —0.177544° —0.107264 1.86 —0.55 —0.34 —0.40 0.91

N-OH-AAB (1) —0.199456* —0.192288° —0.117499 2.03 —0.57 - 0.39 2.36

N-OH-AAB (2) —0.198135% —0.191581 —0.117278 —0.54 - 0.39 2.55

AAB —0.192206* —0.187648° —0.111910 247 —0.72 - - 3.61

AB —0.222337* —0.199380° —0.126611 3.30 - - - 0.07

4 Orbital involves amino nitrogen lone pair.
® Orbital involves azo bond lone pairs.

¢ Orbital is mixed, see text.

d Log P is the logarithm of the octanol-water partition coefficient calculated using the Dixon—Hehre algorithm in Spartan 5.0 [17].
This involves explicit evaluation of AM1,. and AM1,4 solvation models. The Ghose-Crippen approach gives log P=3.52 for all the
N-OH-n-OMe-AAB isomers and 3.64 for N-OH-AAB [28].
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mixture of these isomers. Experimental structural
data on monomethoxy AAB derivatives are clearly
needed.

3.1. N-OH-3-OMe—AAB and N-OH-5-OMe—-AAB

As can be seen from Table 1, the highly muta-
genic compound N-OH-3-OMe-AAB has the
lowest total molecular energy among all the pos-
itional isomers; the other ortho derivative, N-OH-
5-OMe-AAB, is only 1.4 kcal/mol higher in
energy. This is similar to what we observed for the
parent 3- and 5-OMe—AAB azo dyes [13]. For N-
OH-3(5)-OMe-AAB the structure of the lowest-
energy conformer has the -OH and —-OMe groups

positioned on opposite sides of the C4—N bond,
see Chart 1A. This arrangement keeps the two
negatively charged oxygen atoms further apart.

Many of the structural parameters of N—OH-
3(5)-OMe-AAB are very similar to those of 3(5)-
OMe-AAB [13]. The C4—N bond length, however,
is some 0.015 A longer in the N-hydroxy isomers,
and this leads to an increase in the pyramidal
structure of the hydroxyamino group compared to
that of the amino group; the sum of the three bond
angles involving the nitrogen atom is some 14° less
in N-OH-3(5)-OMe-AAB than in 3(5)-OMe-
AAB. The C,—N bond length for other positional
isomers of N-OH-OMe-AAB are even longer
than that found for the 3(5)-isomers, see Table 2.
Interestingly, the calculated electrostatic charge on
the nitrogen atom in the hydroxyamino group and
on the oxygen atom of the methoxy group are less
negative for N-NOH-3-OMe—AAB than for any of
the other positional isomers or for N-OH-AAB,
see Table 3. We showed previously that methoxy
substitution at the 3(5)-position in AAB reduces
the length of the C4,—NH, bond slightly [13]. Simi-
larly, the C,~NHOH bond length in N-OH-3(5)-
OMe-AAB, 1.397 /OX, is shorter than it is in N—
OH-AAB, 1.405 A (and in C¢Hs—NHa, 1.408 A).

The C4-O bond length in N-OH-3(5)-OMe-
AAB, 1.378 (1.377) A, is relatively long compared
to its length in the corresponding 2(6)-isomers,
1.355 (1.361) A, see Table 2, similar to what we
observed for the corresponding isomers of OMe—
AAB [13]. The calculated length of the C4—O bond
in 3-OMe-AB, where there is no substitution at the
4-position, is 1.373 A. Thus, the hydroxyamino
group serves to further reduce the double bond
character of the C4~O bond.

The reaction energy for the conversion of 3(5)-
OMe-AAB to N-OH-3(5)-OMe-AAB,

3(5-OMe—AAB + H,0, —
N—OH-3(5)-OMe—AAB + H,0 Q)

is —23.4 (—22.8) kcal/mol, which is similar to that
found for the conversion of AAB to N-OH-AAB.
Thus, substitution of a methoxy group at the 3(5)-
position has relatively little effect on the thermo-
dynamics of N-hydroxylation.
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Replacing the amino group in 3(5)-OMe-AAB
with a hydroxyamino group lowers the energy of
the frontier orbitals, see Table 3; the energy of the
orbital involving the amino nitrogen atom lone
pair of electrons is lowered slightly more than that
of the orbital involving the more distant azo lone
pairs, e.g. 3.2 kcal/mol vs. 2.7 kcal/mol. Since in
3(5)-OMe-AAB the HOMO involves the amino
lone pair of electrons [13], the energy separation
between the HOMO and HOMO{-1} is smaller in
N-OH-3(5)-OMe-AAB. In N-OH-3-OMe-AAB
the HOMO and HOMO({-1} differ in energy by
only 0.4 kcal/mol and have become mixed, i.e.
both orbitals involve contributions from both the
azo and amino lone pairs. The HOMO of N-OH-
5-OMe—-AAB still involves only the amino lone
pair, similar to what we found for 5-OMe-AAB.
Although the energy of the LUMO in N-OH-
3(5)-OMe-AAB is lower than the energy of the
LUMO in 3(5)-OMe—AAB, it is higher in energy
than the LUMO in N-OH-AAB. The HOMO-
LUMO energy gap in 3(5)-OMe-AAB, N-OH-
3(5)-OMe-AAB, AAB and N-OH-AAB are all
quite similar, ranging from 46.4 to 47.6 kcal/mol.

3.2. N~NOH-2-OMe—-AAB and N-OH-6-OMe—
AAB

The nonmutagens N-OH-2-OMe-AAB and N-
OH-6-OMe-AAB are calculated to be 6.2 and 3.2
kcal/mol, respectively, higher in energy than N-
OH-3-OMe—-AAB, see Table 1. For these isomers,
the -OH and —OMe groups are positioned on the
same side of the C4—N bond, see Chart 1B. The
relatively high energy of the 2-isomer is a result of
greater adverse interactions involving the lone pairs
on the methoxy oxygen atom and one of the azo
nitrogen atoms. (This adverse interaction is also
evident in 2-OMe-AAB, which is 2.7 kcal/mol
higher in energy than 6-OMe—AAB.) These results
suggest that the compounds labeled in the exper-
imental literature as 2-OMe-AAB and N-OH-2-
OMe-AAB may actually be the 6-isomers, see
Chart 1A.

Many of the calculated structural parameters of
N-OH-2(6)-OMec-AAB, see Table 2, are similar
to their corresponding values in 2(6)-OMe-AAB
[13], e.g. the C;—C, bond length for N-OH-2-

OMe-AAB, 1.438 A, is similar to its value in 2-
OMe-AAB, 1.436 A, and is the longest phenyl ring
C—C bond we observed in this study. On the other
hand, the C4—N bond length in N-OH-2(6)-OMe-—
AAB, 1.405 A, is approximately 0.015 A longer
than its length in 2(6)-OMe-AAB, and 0.008 A
longer than in the ortho substituted compounds,
N-OH-3(5)-OMe-AAB. The electrostatic charge
on the hydroxyamino nitrogen atom in N-OH-2(6)-
OMe-AAB is more negative than it is in N—OH-
3(5)-OMe-AAB and the corresponding dipole
moments are more than 1 debye larger, see Table 3.
The C4-O bond length in N-OH-2(6)-OMe-
AAB, 1.355(1.361) A, is very similar to its value in
2(6)-OMe-AAB, 1.356 (1.362) A, and some 0.02 A
shorter than the corresponding bond lengths in N—
OH-3(5)-OMe-AAB. Thus, the presence of the
hydroxy group does not interfere with delocaliza-
tion involving the methoxy-oxygen atom out-of-
plane lone pair, which gives the C4—O bond addi-
tional double bond character.

The calculated value of the reaction energy for
the N-hydroxylation of 2(6)-OMe-AAB,

2(6)-OM6—AAB + H,0, —
N—OH—2(6)-OMe—AAB + H,0 3)

is —24.1 (—24.2) kcal/mol. These results are simi-
lar to those for the corresponding reaction with
AAB, and are only marginally more exothermic
than those involving 3(5)-OMe-AAB. Thus, the
presence of a methoxy group at the 2(6)- or 3(5)-
position does not have a significant effect on the
energetics of these model oxidation reactions.
There is evidence that the dimethoxy compound
2,5-OMe—AAB is resistant to N-hydroxylation [6],
but the corresponding reaction energy is —24.3
kcal/mol, suggesting that this resistance is not a
thermodynamic issue.

The presence of a methoxy group meta to the
amino or hydroxyamino group alters the two
highest occupied Kohn—Sham orbitals differently
than when the methoxy group is ortho to either of
these groups. In the carcinogen 3(5)-OMe-AAB
and its N-hydroxy metabolite, the HOMO and
HOMO({-1} are close in energy, differing by no
more than 1.3 kcal/mol, and the orbital involving
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the amino or hydroxyamino nitrogen atom lone
pair is generally higher in energy. In the non-
carcinogen 2(6)-OMe-AAB and its N-hydroxy
metabolite, the HOMO and HOMO({-1} have a
greater energy separation, between 3.6 and 9.4 kcal/
mol, and the orbital involving the amino lone
pairs is consistently /ower in energy. The azo lone-
pair orbitals in 2-OMe-AAB and N-OH-2-OMe-
AAB are higher in energy than those for the cor-
responding 6-isomers. The particular arrangement
of atoms near the trans azo linkage causes electron
overcrowding in this region to be more severe for
substitution at the 2-position than at the 6-pos-
ition. The energy of the LUMO of N-OH-2(6)-
OMe-AAB is lower than that of 2(6)-OMe-AAB,
but the LUMOs of 2(6)-OMe-AAB and N-OH-
2(6)-OMe-AAB are consistently higher in energy
than those of the corresponding 3(5)-isomers,
suggesting that the 2(6)-isomers of OMe-AAB
and N-OH-OMe-AAB are slightly /less electro-
philic than the corresponding 3(5)-isomers.

3.3. NNOH-3'-OMe-AAB and N-OH-5-OMe—
AAB

The positional isomers N-OH-3'(5')-OMe-AAB
are only 1.1 (1.0) kcal/mol higher in energy than
N-OH-3-OMe-AAB, see Table 1. In these iso-
mers the hydroxyl group is on the same side of the
C4—N bond as the methoxy group. Methoxy sub-
stitution at the 3'- or 5-position does not lead to
any significant interactions among the various
lone pairs on the oxygen or nitrogen atoms and
does not have much of an effect on the structural
parameters of either of the phenyl rings beyond
those already present in N-OH-AAB.

N-OH-3'(5')-OMe-AAB has the second largest
dipole moment we observed for the positional
isomers of N-OH-OMe-AAB, see Table 3. For
3'(5)-OMe-AAB and N-OH-3-OMe-AAB, the
HOMO involves the azo lone pairs and the
HOMO({-1} involves the hydroxyamino nitrogen
atom lone pair. Interestingly, for N—-OH-5-OMe—
AAB the HOMO and HOMO({-1} are slightly
mixed, i.e. having contributions from both the
hydroxyamino and azo lone pairs. Compared to
the other positional isomers of N-OH-OMe-AAB
the HOMO, HOMO({-1} and LUMO energies of

3'(5)-OMe-AAB are closer to those of N-OH-
AAB. N-OH-3'(5)-OMe-AAB have the lowest
LUMO energies among the N-hydroxy derivatives.

3.4. N-OH-2'-OMe—AAB and N-OH-6"-OMe—
AAB

The positional isomers N-OH-2'-OMe-AAB
and N-OH-6’-OMe-AAB are calculated to be 3.3
and 6.5 kcal/mol higher in energy than N-OH-3-
OMe-AAB. The 6'-isomer is the highest-energy
form of N-OH-OMe-AAB we found, 0.3 kcal/mol
above N-OH-2-OMe-AAB, see Table 1. The rela-
tively high energy of N-OH—6'-OMe-AAB is again
the result of adverse lone pair interactions in this
isomer, similar to what we observed N-OH-2-OMe—
AAB. The lowest energy conformers of N-OH-
2/(6')-OMe—-AAB are such that the —OH and —OMe
groups are on the same side of the C4—N bond.

Many of the structural parameters of N—OH-
2/(6')-OMe-AAB are similar to those of 2/(6)-
OMe-AAB, e.g. the C;—N bond length in N-OH-
6’'-OMe-AAB is the shortest we observed in this
study, 1.399 A, and its value in 6'-OMe-AAB is
1.401 A. The C4—O bond length for 6-OMe-AAB
and N-OH-6'-OMe-AAB, 1.359 [16] and 1.358 A,
respectively, are quite short; the only shorter C~O
bonds we observed are for the corresponding 2-iso-
mers, 1.356 and 1.355 A. N-OH-6-OMe-AAB has
the lowest dipole moment, 0.9 D, of any of the
positional isomers of OMe-AAB or N-NOH-OMe-
AAB.

The Kohn-Sham HOMO of 2/(6')-OMe-AAB
and N-OH-2'(6')-OMe-AAB all involve the azo
lone pairs. The energy of the HOMO of N-OH-6'-
OMec-AAB is extremely high, analogous to that
found in N-OH-2-OMe-AAB; these N-hydroxy
compounds have similar adverse lone pair interac-
tions and have the highest-energy LUMOs we
observed for any of the positional isomers of N—
OH-OMe-AAB.

3.5. N-OH—4'-OMe-AAB

The mutagenic isomer N-OH-4'-OMe-AAB is
only 0.7 kcal/mol higher in energy than N-OH-3-
OMe-AAB, making it the second lowest-energy
isomer we found, see Table 1. As can be seen in
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Table 2, the C4—N bond length in this isomer,
1.407 A, is the longest we observed for these N-
hydroxy derivatives. As we reported for 4-OMe-—
AAB, the Kohn—Sham HOMO and HOMO{-1} are
close in energy and involve contributions from both
the azo and amino lone pairs [13]. The HOMO in
N-OH-4-OMe-AAB, however, involves only the
azo group and the HOMO({-1} involves only the
hydroxyamino group. The uncoupling of these orbi-
tals is a result of the hydroxy group, which lowers the
energy of the orbital involving the lone pair on the
amine nitrogen to a greater extent than the energy of
the orbital involved with the azo lone pairs.

4. Concluding remarks

An N-hydroxy metabolite of the potent hepato-
carcinogen 3-OMe—AAB is found to be lower in
energy than any of the other positional isomers of
N-OH-OMe-AAB at the BP/DN**//BP/DN**
computational level. This conformer of N-OH-3-
OMe-AAB has the —OH and —OMe groups
arranged on opposite sides of the C4,~N bond
which keeps the negatively charged oxygen atoms
relatively far apart; the 2(6)-, 2/(6')-, and 3/(5)-
isomers all have the hydroxy group on the same
side of the C4—N bond as the methoxy group, see
Chart 1. The highest-energy positional isomers of
the OMe-AAB dyes and their N-hydroxy metab-
olites involve the methoxy group at the 2- and 6'-
positions where the adverse lone pair interactions
between the azo linkage and the methoxy group
are greatest. These results suggest that the com-
pound referred to as 2-OMe-AAB (N-OH-2-
OMe-AAB) in the experimental literature actually
corresponds to 6-OMe-AAB (N-OH-6-OMe-
AAB) in our numbering system.

The structural parameters of the corresponding
positional isomers of N-OH-OMe-AAB and
OMe-AAB clearly show that the amino and
hydroxyamino groups alter the phenyl ring par-
ameters of AB in a similar way and by a similar
amount. As expected, the main structural effect of
the hydroxy group is to lengthen the C,~N bond;
this leads to a more pronounced pyramidal struc-
ture of the hydroxyamino group [22]. This increase
in pyramidalization occurs even though the N-O

bond length is shorter for all the positional iso-
mers of N-NOH-OMe—-AAB than it is in hydroxyl-
amine.

Comparing the electronic features of the corre-
sponding conformers of OMe-AAB and N-OH-
OMe-AAB shows that the hydroxy group lowers
the energies of the frontier orbitals. For example,
in going from 3-OMe-AAB to N-OH-3-OMe-
AAB, the energy of the LUMO decreases by 3.1
kcal/mol. The energy of the orbital involved with
the lone pair on the amine nitrogen atom is typi-
cally lowered by about 1 kcal/mol more than the
energy of the orbital involved with the lone pairs
at the azo linkage. The calculated electrostatic
charge on the nitrogen atom of the hydroxyamino
group in N-OH-OMe-AAB is some 25% less
than the electrostatic charge on the nitrogen atom
of the amino group in the corresponding isomer of
OMe-AAB. Methoxy substitution at the 3-position
of N-OH-AAB, which leads to the most carcino-
genic monomethoxy form, has the /least negative
charge on both the hydroxyamino nitrogen and
methoxy oxygen atoms for any of the N-OH-OMe-
AAB positional isomers. The dipole moment of
each positional isomer of N-OH-OMe-AAB is
smaller than that of the corresponding isomer of
OMe-AAB, with reductions in the range from 16
to 55%. The largest dipole moments we observed
in this study are found for the noncarcinogens N—
OH-2-OMe-AAB and N-OH-6-OMe-AAB.

The lower LUMO energies in the N-hydroxy
derivatives of OMe-AAB suggest that each of
these positional isomers is somewhat more elec-
trophilic than the corresponding isomer of OMe—
AAB. Since the OMe-AAB dyes that have been
tested to date do not appear to be mutagenic per
se on the Ames test, whereas some of their N-
hydroxy metabolites are mutagenic, this increase
in the electrophilic character of the N-hydroxides
is in accord with expectations based on decades of
experimental work by the Millers [26] and the
recent computational results by Ledo and Pavdo
[24]. However, in going from any one of the pos-
itional isomers of OMe-AAB to its corresponding
N-hydroxy compound, the energy of the LUMO
only decreases by 4-5%. Such a small decrease is
consistent with the idea that these N-hydroxy
derivatives are only the first step in the metabolic
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activation of these monomethoxy AAB dyes [7].
There is some evidence that N-OH-OMe-AAB
compounds undergo further activation in vivo via
esterification [27]. We are currently investigating
the structures and electronic features of N-acetyl
and N-acetoxy derivatives of OMe-AAB dyes.
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