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Abstract—MO theoretical calculations based on the perturbational method of Dewar provide good correlation
between predicted and observed structures of products formed during: (1) isomerization of arene oxides to
phenols; (2) hydration and nucleophilic addition to arene oxides; and (3) dehydration of arene dihydrodiols. The
method is equally applicable to the arene oxides, dihydrodiols, etc. derived from carcinogenic and noncarcinogenic
polycyclic hydrocarbons. Extension to the related enzymatic reactions occurring during metabolism of carcino-
genic hydrocarbons and to the reactions of the biologically active arene diolepoxides and aryloxiranes suggests the
potential utility of this approach in predicting (a) metabolite structure and (b) the structural requirements for

carcinogenic and mutagenic activity.
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significant mutagenic,'* carcinogenic,'*

cellular transformation'* activity coupled with the ability
to bind covalently to nucleic acids."” In a previous
paper® it was shown that reactions of K-region oxides
with the model nucleophile t-butylthiolate take piace
regioselectively in accord with MO theoretical predic-
tion. It is now proposed that isomerization and hydration
of arene oxides, both K-region and non-K-region, dehy-
dration of arene dihydrodiols, and related reactions of
other hydrocarbon metabolites are generally predictable
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isomeric phenols (3a, b) arising through ring-opening in
either direction via zwitterionic intermediates (1a,b) in
neutral or basic solution, or via carbocations (2a,b) in
acidic media (Scheme 1). Generally one of the two
possible phenols is formed preferentially or exclusively.
Although such preferences have been qualitatively
explained in individual cases in terms of intermediate ion
stability,">"? no general theoretical treatment has been
proposed.

We now report that' the phenolic products of
isomerization of arene oxides are conveniently predict-
able by application of the simpliﬁed MO methods of
ar.” In all cases, the predominant isomer is the one
for which the calculated value of N, for the correspond-
ing zwitterion or carbocation intermediate is minimum.
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Scheme 1.
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Table 1. Isomerization of arene oxides to the corresponding phenols

Arene N Phenol
Oxide (position)a Isomers (%) Reference
0
) ] 1.81 (1) 1-HO (90-100) 13
©‘ 2.12 (2) 2-HO (0-10)
2
‘ 0 1.86 (1) 1-HO (69-82) 11
©© ! 2.18 (2) 2-HO (18-31)
o] 3
u ‘ 1.96 (4) 4-HO (76-97) 11
©© 2.04 (3) 3-HO (3-23)
@@ 1.55 (7) 7-HO (~100) 14, 15
‘@@ 2.12 (8) 8-HO (~0)
0 7
010 @@ 1.73 (9) 9-HO (~100) 14, 15
’@@ 1.81 (10) 10-HO (~0)
1.66 (5) S-HO (85) 10
1.71 (6) 6-HO (15)
1.70 (10) 10-HO (major) 16
2.00.(11) 11-HO (minor)

%The values of Ny are calculated as described in the text. For example, the N, for

the 7-position of benzo[a]pyrene 7,8-oxide (Nt = 1.55) is calculated for structures
4a,b in which ring opening occurs to leave oxygen bonded to the 7-position.

N, is derived from the non-bonding MO coefficients
(NBMO) on the carbon atoms adjacent to that bearing
the O atom. Consider, for examplé, isomerization of
benzola)pyrene-7,8-oxide. Two sets of ionic inter-
mediates 4a, b and 5a, b, must be considered. In the
approximation employed, the C atom bearing oxygen is
omitted since it is tetrahedral and N, is calculated from
the formula

N:=2(a; +a,)

where a, and a, are the NBMO coefficients for the
adjacent positions (i.e. C-6a and C-8 in 4a, b and C-7 and
C-9 in 5a, b). In the case of BP-7,8-oxide, the N, value
for structure 4 is 1.55, while that for § is 2.12. Since the
former N, is lower, the isomeric intermediate 4 is more
stable, and ring-opening in this direction to furnish the
7-phenol is predicted to be favored. This agrees with
experimental observation.’*"* Furthermore, as shown in
Table 1, the distribution of the phenols formed from the
isomerization of arene oxides is in accord with similar
prediction in every case for which reliable experimental
data is available.

The magnitude of the difference between the two
reactivity numbers may be expected to provide an ap-
proximate index of the ratio of the isomers anticipated to
be formed. A relatively large difference (e.g. 0.57 in the
case of BP-78-oxide) predicts a high probability of
formation of a single isomer, while the nearly equal
values found for the K-oxide of dibenz[a,hlanthracene
predict correctly a more equivalent ratio of both isomers.
However, no simple quantitative relationship of this type
is evident in the remainder of the cases in Table 1. The
number of examples for which reliable data is available
is still quite small, and the experiments were not
conducted under comparable conditions. Other factors
such as steric crowding in the bay regions, are un-
doubtedly also involved. However, in all instances N,
predicts reliably the predominant isomeric product, if not
the precise ratio of isomers.

Hydration of arene oxides. Hydration of arene oxides
to afford dihydrodiols competes with isomerization in
aqueous solution. Since water is a relatively poor
nucleophile, phenolic products generally predominate. In
the absence of epoxide hydratase, the ratio of the
phenolic to dihydrodiol products is determined by the
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relative rates of hydride shift (k,) and direct proton loss
(k2) to that of hydration (k;) of the carbocation (or
zwitterion) intermediate. The relative rates of these pro-
cesses may be expected to be a function of the stability
of the intermediate as measured by N.. A lower N,
implies a more stable intermediate which will have a
longer lifetime, favoring hydration and a greater extent
of diol formation. Where the value of N, is large, it is
likely that the carbocation is only partially formed as
hydride shift (or proton loss) begins. Benzene oxide and
phenanthrene 1,2- and 3,4-oxides have large N, values
(Table 2) and undergo exclusive isomerization to the
corresponding phenols,'* while the K-oxides of
phenanthrene, benz[a]anthracene, dibenzfa,hjanthracene,
and 3-methylcholanthrene which have lower values of N,
(Table 2) afford substantial amounts (20-30%) of the
dihydrodiols.”® While these results accord with predic-
tion, it should be kept in mind that the mechanistic
pathways, and consequently the phenol to dihydrodiol
ratios, are likely to be dependent upon the pH and other
conditions.

Enzymatic hydration of arene oxides affords efficiently
the corresponding dihydrodiols. It is pertinent to
inquire to what extent the site specificity of the enzymatic

process obeys purely chemical theoretical prediction.

The direction of ring opening has been shown for several
arene oxides (Table 3) by means of isotopic labeling to

involve regiospecific addition of water at one position. In .

the case of naphthalene 1,2-oxide and benzo[alpyrene
7,8-0xide,'® hydration occurs at the site favoring the
more stable ring-open form of the intermediate (e.g. 4b
rather than 5b) in agreement with MO theoretical predic-
tion. In the case of benzo[aJpyrene-9,10-oxide, hydration
occurs at C-9,"” contrary to prediction. In the case of
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benzo[a]pyrene 4,5-oxide, although the calculated values
of N, are equivalent at the 4 and 5-positions, attack
apparently takes place exclusively at the 4-position.’” A
tentative explanation of this selectivity on the 4,5- and
9,10-oxides may be that the relatively bulky dimensions
of the molecule direct attack on the less crowded side of
the oxide ring. Oesch et al.'” have demonstrated the
sensitivity of epoxide hydratase to steric effects. With
aryloxiranes, such as styrene oxide and naphthyloxirane
(Table 3), hydration appears to occur on the position
remote from the large arene ring system and contrary to
prediction. Thus, while enzymatic hydration of the arene
oxides examined to date appears to conform to predic-
tion on electronic grounds, steric effects are likely to
play an important role in other cases.

Reactions of arene oxides with nucleophiles. Reactions
of arene oxides with nucleophiles other than water are of
great potential biological significance, since interaction
with nucleic acids and other cellular macromolecules is
thought to be a key step in the mechanism of carcinogen
action. In a previous paper® it was shown that reactions
of a series of K-oxides with t-butylthiolate afford
products arising from addition of the nucleophile at
the position of the incipient carbocation in the ring-open
form of the epoxide having the minimum value of N,.
Reactions of several non-K-oxides derived from naph-
thalene and phenanthrene with oxygen, nitrogen, and
sulfur nucleophiles were investigated by Bruice et al.,>
and only the latter were found sufficiently reactive for
nucleophilic displacement to compete with aromatization
to phenolic products. Unfortunately, product structures
were not determined. The only non-K-oxide to be studied
and products characterized is naphthalene 1,2-oxide.?*
Reaction of the latter with ethylthiolate, azide, and

OH

HO
k2

19
OH
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Table 2. Hydration of arene oxides

Products (%)

Arene Nt Phenol  Dihydrodiol Reference
Oxide (position)
2.31 100 0 1llc
1.96 (4) 100 0 lla
2.04 (3)
1.86 (1) 100 0 1la
2.18 (2)
1.80 (9) 81 i9 10
1.80 (10)
1.66 (5) 67 33 10
1.66 (6)
1.66 (5) 78 22 10
1.71 (6)
1.66 (1) 74 26 10.
1.66 (12)

2The values cited are for benz[a)anthracene, since the effect of alkyl substi-

tution camnot be determined by these calculations.

It is reasonable to assume,

however, that ring opening at C-11should be favpred.

methyllithium furnished the products of attack at the
2-position. This result is also in agreement with MO
theoretical prediction. Thus the available experimental
information, though still somewhat limited, supports the
hypothesis that reactions of both K- and non-K-region
arene oxides with nucleophiles occur preferentially at the
C atom having the lowest Dewar reactivity number.
Dehydration of arene dihydrodiols. Dewar reactivity
numbers can also be utilized to predict the structure of
the isomeric product formed from dehydration of arene
dihydrodiols (cis or frans) or elimination of carboxylic
acid from the corresponding diesters. It is assumed that
the product determining step is loss of a hydroxyl (or
acyloxy) group to furnish intermediates (e.g. 2a, 2b)
identical or analogous to those obtained from acid-
catalyzed opening of the oxide ring. A relatively large
number of such reactions have been reported, and all the
available experimental results (Table 4), with one ex-
ception, are in accord with the molecular orbital
theoretical prediction. The c¢is- and trans-34-di-
hydrodiols of phenanthrene furnish principally 3-phenol,
apparently as a consequence of steric acceleration of
loss of the 4-HO group due to interaction between this
group and the H atom at C-5. This interaction is ap-

parently greater in the cis dihydrodiol, leading to forma-
tion of a higher percentage of the 3-phenol from this
isomer. Similar bay region steric interaction also explains
why only 9-HO-BP is obtained from dehydration of
BP-9,10-dihydrodiol. Theoretical calculations of charge
density and the index of free valence were employed
some years ago by Badger® for a similar purpose. While
these older correlations made on a much smaller number
of compounds are in approximate agreement with those
reported herein, the present method is considerably
simpler and more convenient for general use.

Reactions of arene diolepoxides. In light of the recent
evidence implicating a diolepoxide derivative (6) as the
biologically active metabolite of the carcinogen
benzo[alpyrene,” it is pertinent to inquire whether reac-
tions of diolepoxides are predictable theoretically. Reac-
tions on the epoxide ring are expected to occur pref-
erentially at the benzylic position, since reactions of
aryloxiranes, such as styrene oxide, are well established
to take place at this site in the absence of steric and
other effects.’ Ring-opening in this direction is favored
by stabilization of the carbonium ion intermediate by
conjugation with the aromatic system (7). Reaction of 6 -
with t-butylthiolate was shown by Beland and Harvey™
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Table 3. Enzymatic hydration of arene oxides and aryloxiranes

Arene N, for reaction Dihydrodiola Reference
Oxidea dat (position)
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®asterisk indicates '°0 istopic label employed in the arene oxide or water.
Dewar reactivity numbers were derived as described in the text for calculation

of Nt for structures 9 and 10.

Table 4. Dehydration of arene dihydrodiols and their diesters

Arene Nt Phenol

Dihydrodiol (position) Isomers (%) Reference

(or diester)
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Table 4. (Contd.)

Arene Nt Phenol
Dihydrodiol (position) Isomers (%) Reference
(or diester)
OH
N
@ o 1.86 (1) 1-HO (66) 26
H 2.18 (2) 2-HO (34)
©© 1.67 (6) 6-HO (100) 27, 28
OH(AC) 1.90 (5) 5-HO (0)
OH(Ac)
‘ 1.66, (5) 5-HO (75) 28
© OH(Ac) 1-66 (6)  6-HO (25)
OH (Ac)
OBz
Bz0n_ @ 1.66 (11) 11-HO {65) 20
’@@ 1.92 (10) 10-HO (35)
© 1.66 (5) 5-HO (major) 29, 30
©©‘ 1.71 (6) 6-HO (minor)
Q "
\
OH
@ 1.70 (10) 10-HO (major) 16
. ‘@@ 2.00 (11) 11-HO (minor)
HO' @
OH
@@ 1.55 (4) 4-HO (40) 192, 27, 29
@@‘ 1.55 (5) 5-HO (60)
Y OH(Ac)
CI)H(Ac)
. @@ 1.55 (7) 7-HO (97) 19
‘@@ 2.12 (8) 8-HO (3)
o
OH
@@ 1.55 (7) 7-HO (~100) 29
‘@@ 2.12 (8) 8-HO (~0)
HO
OH
OH
HO ' @@ 1.73 (9) 9-HO (99) 19
’@@ 1.81 (10) 10-HO (1)
OAc
AcO
= 1.50 (12) 12-HO (~100) 29

o
%

1.81 (11) 11-HO (~0)
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_ Table 4. (Contd.)

Arene Nt Phenol
Dihydrodiol (position) Isomers (%) Reference
(or diester)

OH
OH
‘@ 1.50 (12) 12-HO (~100) 26
@@@ . 1.81 (11) 11-HO (~0)
OH
HO ‘ 2.04 (3) 3-HO (>98) 26
@@ 1.96 (4) 4-HO (<2)
o4
\
HO
‘| 2.04 (3) 3-HO (59) 26
1.96 (4) 4-HO (41)

3Yang et al.'® report detection of only the 5-phenol on dehydration of the

diol.

to afford the product of exclusive reaction at the 10-
position (8). Subsequently, reactions of 6 on the 2-NH,
group of guanosine in nucleic acids and reactions of 6
with other nucleophiles have also been shown to occur at
the same position.>">* It is reasonable to predict that
analogous reactions of other diolepoxides should also
take place preferentially in the benzylic position.

[ScoliliGe of

HO~
HO HO

£-~BuS

B o o4

HO”

HO
8

Prediction based on Dewar reactivity numbers
supports this expectation. Calculations were performed
on the two carbocations, e.g. 9 and 10, which represent

tAE gcioc is related to N, calculated as described herein by the
relationship N, = (2-AE 410c)8, since AEgei. = 2(1—ag)B and Nt =
2a08.

1A referee has correctly pointed out that there are actually two
factors to be considered, formation of a zwitterion and its
subsequent reaction. If formation of the zwitterion is favorable
as measured by AE ., it might be anticipated to be less, rather
than more, reactive as assumed in the Jerina theory. Therefore, it
may be the stability of the carbocation which ensures its
survival sufficiently long to react with DNA which is the unique
feature of the carcinogenic intermediates.

the essential structural components of the two ring-
opened forms of the diolepoxide derivatives. The N, for
9 (which represents attack at C-9) is the product of
interaction between an isolated methine at C-9, which by
definition has an NBMO a, of 1, and pyrene, which being
an even alternate hydrocarbon does not have NBMO's.
This gives an N, for this and all like species of 2. The N,
for epoxide ring opening via nucleophilic attack at C-10

5 &5

9 10

is based simply on the NBMO a, at this position of the
pyrenyl carbocation of 10. The calculated values of N,
for a series of diolepoxides (Table 5) predict, in accord
with expectation, that nucleophilic attack will occur
preferentially on the benzylic carbon atom of the epox-
ide ring. Of course, steric and other factors may
conceivably dictate attack on the alternative ring position
in special cases.

It is tempting to inquire whether N, which provides an
index of diolepoxide reactivity may also furnish some
insight into the relationship between reactivity and
carcinogenic activity. Recently, Jerina et al.** estimated
the relative reactivity of the diolepoxide derivatives of
various polycyclic hydrocarbons through calculations of
the difference in delocalization energy (AE4ei0c) between
the epoxide structure and its ring-opened ionized form.
They predicted from comparison of the calculated values
of (AEaci.c)t that arene diolepoxides having the oxide
ring in a bay region should exhibit exceptional reactivity
and proposed that this structural feature is characteristic
of the active metabolites of carcinogenic hydrocarbons.t
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Table 5. Dewar reactivity numbers (N,)* of arene diolepoxides

3The calculated values of Nt in benzylic positions are twice the coefficient of

the NBMO ag, i.e. Nt = z(ao + 0)B.

The relationship was not clearcut, however, and a
number of exceptions were noted. Comparison of the
calculated values of N, in Table 5, while confirming a
tendency towards smaller values in bay regions, reveals a
relatively narrow overall range in magnitude between the
predicted least reactive (N,=1.51) and most reactive
(N, = 1.21) diolepoxides. Comparison of the calculated
values of N, with the biological activity of the parent
hydrocarbons reveals no simple relationship. Thus, the
values for the derivatives of the potent carcinogens
benzo[a]pyrene (N.=121) and dibenz[ahJanthracene
(N, = 1.26) are close to.those for the inactive or border-
line hydrocarbons benzo[e]pyrene (N,=1.29) and
benz{a]anthracene (N¢=1.23). Unfortunately,
experimental data on the biological activity of the diole-
poxides themselves is still largely unavailable. Prelim-
inary results on the mutagenic activity of the diol
epoxides of benz[a) anthracene indicate that the 3,4-diol-
1,2-epoxide is the most mutagenic,”® in agreement with
theoretical prediction. On the other hand, the anti-isomer
of the 89-diol-10,11-epoxide of benz[a]anthracene has
been shown to interact moderately effectively with viral
DNA,’ contrary to what might be expected if the
capability of reaction with DNA is the distinguishing
feature of active carcinogen metabolites. Indeed, the
assumption that reactivity is the principal factor deter-
mining the extent of the reaction with DNA is open to
question. A highly reactive metabolite is also likely to be
rapidly destroyed through indiscriminate reactions with
water, protein and other cellular nucleophiles. Therefore,
there may be an optimum range of reactivity. Clearly,

current knowledge is inadequate to reach any meaningful
conclusion in this regard which must await the results of
more complete biological studies with a wider range of
synthetic diolepoxide derivatives.

DISCUSSION

The foregoing results indicate that the direction of
isomerization of arene oxides, the site of hydration of
nucleophilic addition to arene oxides, and the products
of dehydration of arene dihydrodiols, both K-region and
non-K-region, are all predictable by the simple pertur-
bational MO method of Dewar.” A rather good cor-
relation between product structure and the calculated
values of the corresponding Dewar reactivity numbers,
N,, is evident in all cases. Since N, is readily calculable
for any even alternate hydrocarbon by simple arithmetic
methods, N, provides a convenient predictive tool for
reactions of this type. The method appears to provide a
sufficiently good account of these reactions that apparent
discrepancies between experiment and theory can be
used to elucidate steric and other effects not considered
in the theory. A case in point is the preferential dehy-
dration of the 3,4-dihydrodiol of phenanthrene prin-
cipally to the 3-phenol isomer. Another type of example
involves reaction of arene oxides with glutathione.
Several such reactions have been reported to occur
regioselectively to afford the same isomeric addition
products when conducted in the presence or in the
absence of glutathione-S-transferase.' The isomer struc-
tures assigned do not correspond in several cases to
those predicted theoretically or to those found from
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analogous reactions with another sulfur nucleophile t-
butylmercaptan.® Since the structures of the glutathione
adducts have been generally assumed without rigorous
chemical proof, these earlier structural assignments must
now be considered questionabie.

An understanding of the basic laws which govern the
purely chemical aspects of carcinogen metabolism is the
first step towards understanding the more complex en-
zymatic processes involved in hydrocarbon activation
and detoxification. Extension of the theoretical concepts
developed herein to interpretation of the factors govern-
ing related enzyme catalyzed processes is hampered by
the relative deficiency of relevant experimental data.
The regiospecificity of enzymatic hydration of arene
oxides accords with MO theoretical prediction (Table 3)
in only two of four examples. The steric factor appears
to dominate in the other cases. Hydration of the related
aryloxiranes cataiyzed by epoxide hydratase occurs
contrary to theoretical prediction (Table 3); it appears
that the steric requirements of substituent groups may
contribute importantly to determining the orientation of
the substrate within the enzyme cavity, thereby influenc-
ing the site of hydration. Steric effects are probably

responsible for the inactivity of epoxide hydratase in the
hydration of benzo[a]pyrene diolepoxide, 6, and other
sterically crowded epoxides.” Further experiments
with a wider range of epoxide substrates will be required
to provide greater insight into the reiative contributions
of the steric and electronic factors.

One of the principal values of any new hypothesis lies

anaoaat
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results which otherwise might not have been anticipated.
Consider, for example, extension of the perturbational
MO theory of Dewar to the epoxide derivatives of poly-
cyclic hydrocarbons, i.e. aryloxiranes, such as 1-
oxiranylpyrene (11) and 6- and 1-oxiranylbenzo[alpyrene
(12, 13). The calculated value of N, for 11 (N,=1.21) is
identical with that for 6, since it is calculated on the same
structure, 10. Similar calculations on all possible oxiranyl
derivatives of benzo[a]pyrene (Table 6) reveal the
minimum value to reside at the 6-position (N, = 1.00)
followed by that at the I-position (N,=1.13). On this
basis it may be predicted that 12 should be more reactive

thon 12 ar avan tha ralatad hav ragian dialanavida ctemia
ulali 10 OF Oven ui€ Ciaida ua_y eIt GIOICPORIGE STuc-

ture 14, In general, minimum values of N, calculated in
this manner appear to fall in the meso regions of many

Table 6. Calculated values of N, for arylmethyl‘carbocationsf

Renzolalnyrene

o ~ OH
12 1 +
n AAL AR
wr I, AL
Q00 — QQO
7 [ E}
Position Nt Position Nt
1 1.13 7 1.22
2 1.50 8 1.46
3 1.15 9 1.31
4 1.22 10 1.34
5 1.22 11 1.34
6 1.00 12 1.20
@@C@ OO @%%j
cH* CHy * CH,*
N, = 1.12 N, = 1.07 N, = 0.91
(A
+ )
OO
QOQ Qo0
CHp*
N, = 1.17 N, = 0,97

tValues of N; are calculated as in Table 5.
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hydrocarbons. Examples of predicted highly reactive
meso substituted carbonium ions are presented in Table
6. On this basis it would be predicted that the cor-
responding aryloxiranes (or other derivatives capable of
formation of a carbonium ion in this region) should be
highly reactive. While it does not follow that reactivity
will correlate with biological activity, since this depends
on survival of the compound long enough to reach the
critical target and other factors, these findings suggest
that compounds such as 12 or potential procarcinogens
such as 6-vinylbenzofa] pyrene (15) deserve serious
attention as potential carcinogens and mutagens.”

In summary, the simplified perturbational MO theory
of Dewar provides a good correlation between predicted
and observed structures of products formed during: (1)
isomerization of arene oxides to phenols; (2) hydration
and nucleophilic addition to arene oxides; and (3) dehy-
dration of arene dihydrodiols. The method is equally
applicable to the arene oxides, and dihydrodiols derived
from carcinogenic and non carcinogenic polycyclic
aromatic hydrocarbons. Extension to the related en-
zymatic reactions occurring during metabolism of
carcinogenic hydrocarbons and to the reactions of the
biologically active arene diolepoxides and aryloxiranes
suggests the potential utility of this approach in predic-
ting (a) metabolite structure and (b) the structural
requirements for carcinogenic and mutagenic activity.
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