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Arene oxides: formation and metabolism in biological
systems.

In 19681 naphthalene-1,2-oxide 2 was identified as
the obligatory intermediate in the hepatic metabolism of
naphthalene 1. This isolation ended years of speculation
on the possible role of such arene oxides in the meta-
bolism of aromatic compounds [cf. ref.2]. Hepatic mono-
oxygenases convert naphthalene to naphthalene-1,2-
oxide, which then either spontaneously isomerizes to
1-naphthol 3, undergoes enzymatic hydration to the
trans-dihydrodiol 4, or conjugates both spontaneously
and by enzymic catalysis with glutathione to form 5.
The spontaneous isomerization 2 to 3 is accompanied by
migration of deuterium from the 1- to the 2-position3.
This phenomenon, the ‘NIH Shift’, has now been ob-
served concomitant with the isomerization of many
arene oxides to phenols3-¢,
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Recently, the conversion of polycyclic hydrocarbons
to oxides, such as phenanthrene 9,10-oxide 6, benz[a]-
anthracene 5,6-oxide 7, and dibenz[a,h]anthracene
5,6-oxide 8 has been reported -8,

The nature and distribution of metabolites which are
formed from an intermediate arene oxide depend on a
number of factors: 1.intrinsic stability of the oxide with
regard to isomerization to phenols, 2. susceptibility to
enzymatic hydration to trans-dihydrodiols as catalyzed
by microsomal epoxide hydrase, 3. susceptibility to con-
jugation with glutathione as catalyzed, in part, by a
soluble hepatic glutathione S-epoxide transferase and
4. the affinity to nucleophilic groups of macromolecular
tissue components. As an example, benzene oxide 9 iso-
merizes spontaneously to phenol and, enzymatically, is
converted to a tZans-dihydrodiol and a glutathione con-
jugate®.
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The interrelationship of hepatic monooxygenase and
epoxide hydrase activity has recently been examined.
Both enzymes are localized in microsomal fractions and
both are inducible in rodents by pretreatment of ani-
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mals with 3-methylcholanthrene or phenobarbital?.
The extent and mechanism of induction of total levels
of these two enzymes are, however, not comparable and
are under separate genetic control. Soluble prepara-
tions of the mono-oxygenases, cytochrome P-450 or
P-448, contain high levels of epoxide hydrase activity 2,
suggestive of a close association of mono-oxygenase and
epoxide hydrase in liver membranes. Reconstituted
cytochrome P-450 or P-448 systems containing NADPH,
cytochrome P-450 reductase and a lipid fraction con-
vert naphthalene to 2, 3 and 42 Total conversion of
naphthalene to metabolites with cytochromes P-450
and P-448 is comparable, but the ratios of naphthol 3,
which represents rearranged oxide, and the frans-dy-
hydrodiol 4 are markedly different. This difference is
expressed by a ratio of ~3:1 with cytochrome P-450
and 1:1 with P-448. This is in spite of the fact that the
P-450 preparation contains significantly higher total
levels of hydrase activity, which would be expected to
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favor dihydrodiol formation. These results suggest that
hepatic mono-oxygenases are associated with epoxide
hydrases in complexes of varying structures and stabi-
lities. Radioactive naphthalene oxide, generated from
radioactive naphthalene, should not completely equi-
librate with an added pool of carrier naphthalene oxide,
if such coupled mono-oxygenase-epoxide hydrase sys-
tems do catalyze the overall conversion of naphthalene
to dihydrodiol; i.e., the specific activity of dihydrodiol
should be greater than that of naphthol. Thisis exactly
what has been observed with liver homogenates13, and
strengthens the argument for the existence of a coupled
mono-oxygenase-epoxide hydrase system. The rele-
vancy of such coupled systems to the metabolism of
other mono-, bi- and polycyclic hydrocarbons is under
investigation. Varying degrees of association of the
two systems for different substrates could lead to vir-
tually, complete conversion of an arene oxide to a di-
hydrodiol on the one hand, and to phenols and gluta-
thione conjugates in the opposite extreme case.
Microsomal epoxide hydrases convert naphthalene
1,2-oxide 2114 benzene oxide 9,%'% phenanthrene
9,10-oxide 6,15:16 benz[a]anthracene 5,6-oxide 718,
benz[a]anthracene 8;%-oxide 107, and indan-8,9-
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oxide 1118 to frans-dihydrodiols. The enzymatic hydra-
tion of 11 to form 12 is unique in that it occurs by 1,6-
rather than 1,2-addition of water. The enzymatic hy-
dration of toluene-3,4-oxide 13 or of p-xylene-3,4-
oxide 14 could not be demonstrated in microsomal pre-
parations, probably because 13 isomerizes rapidly to p-
cresol®, while 14 is not a substrate for the hydrase be-
cause of the sterically hindered trisubstituted oxirane
ring1®.

Epoxide hydrase has been solubilized and partially
purified from guinea-pig liver microsomes2® with the
help of an assay based on the hydration of styrene-3H-
oxide0. The activity of the ‘purified’ enzyme was in-
creased for naphthalene 1,2-oxide, phenanthrene 9,10-

oxide and styrene 6xide to the same degree, approxim-

ately 30-fold?s. Activity of the purified enzyme for
benzene oxide was increased only 4-fold®. Cross inhi-
bition studies with various epoxides? also suggest that
‘benzene oxide hydrase’ differs from the other relatively
non-specific enzyme(s) of guinea-pig liver microsomes,

Arene oxides are readily opened by nucleophiles, es-
pecially those containing sulfur?'.22, Addition of the
thiol group of glutathione to arene oxides leads to
glutathione conjugates and the cases of 2, 9 and 10,
enzyme catalysis has been demonstrated!: %17, In vivo
such glutathione conjugates are metabolized to pre-
mercapturic acids by loss of the glycine and glutamic
acid residues followed by N-acetylation of the S-substi-
tuted cysteine. The resultant premercapturic acids are
readily dehydrated to mercapturic acids by treatment
with acid. From soluble hepatic proteins a glutathione
S-epoxide transferase which is highly active toward
many simple epoxides, but fails to act on benzene and
naphthalene oxide, has now been purified*®, Formation
of ghitathione conjugates during microsomal meta-
bolism of estradiol has been discussed in terms of
quinone and arene oxide intermediates?.

10 ' OpscH, D. M. JERINA and J. DaLy, Biochim. biophys. Acta 227,
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- Aromatic compounds are metabolized in higher or-
ganisms to phenols, #rans-dihydrodiols, glutathione
conjugates, and (pre)mercapturic acids via interme-
diate arene oxides. The dihydrodiols are conjugated
with glucuronic acid or are dehydrogenated to cate-
chols by a soluble hepatic dehydrogenase??. Catechols
may then be methylated to guaiacol derivatives by the
action of catechol-O-methyltransferase. Except for
phenols, occurrence of any of these compounds as
urinary metabolites provides evidence for the in vivo
formation of the corresponding arene oxide. A few ex-
amples of such metabolites are given in Table 1.

In lower organisms, cis- rather than frans-dihydro-
diols are formed by the action of dioxygenases?, as in
the formation of a cis-dihydrodiol 16 fromnaphthalene®0.
Cyclic peroxides, such as 15, have been postulated as
possible intermediates. The NIH shift does, however,
occur during arene metabolism with certain lower

organisms and plants, suggestive of intermediate
arene oxides. The biosynthesis of fungal metabolites,
such as aranotin 18 and gliotoxin 19553, appears to
involve an arene oxide intermediate, presumably a 2, 3-
oxide of phenylalanine 17. Aranotin 18 represents an
example of a metabolite derived from the oxepin form
of an arene oxide.

COOH COOH

NH, NH,

Stability of arene oxides-rearrangements to phenols and
the mechanism of the NIH shift.

Arene oxides, aromatic compounds in which one of
the formal double bonds has been epoxidized, have
first been approached by NewMaN and Brum5 who
prepared oxides of phenanthrene and benz[a]-anthra-
cene. The route employed Mark’s reagent, #ris-dime-
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thyl-aminophosphine, to close the oxirane ring from
the appropriate aromatic bis-aldehyde precursor:

Oatialita®

CHO CHO
0

Subsequently, VOGEL et al.58 developed the dehydro-
halogenation reaction of halo-epoxides. Variations on
this theme are the synthesis of benzene oxide 9 and
napthalene-1,2-oxide 2. A direct transfer of oxygen
from photo-excited pyridine-N-oxide to an aromatic
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acceptor as in the formation of 256 is of greater me-
chanistic than preparative interest.

Two reactions dominate the chemistry of arene ox-
ides: the valence bond tautomerism to oxepins, and
the facile rearrangement to phenols. Benzene oxide?,
for example, is in equilibrium with the seven-membered
oxepin 20. Both extremes of the oxide-oxepin equili-

T
0 — 0O
g

2 20

brium can be observed: Napthalene 1,2-oxide exists
solely as the oxide®™ %8, since the oxepin 21 could only

Q
/O
) = OO
1) 21

exist with loss of aromaticity in the benzene ring. By
contrast, attempts to synthesize naphthalene 2,3-
oxide 22 have produced only 3-benzoxepin 23%°. Irre-
versible oxepin tautomers, such as 23, are quite stable

a—
O =00
e
22 23

and do not rearrange to phenols. As yet, only arene
oxides which exist partly or entirely in the oxide form
have been established as metabolic intermediates.
Recently, considerable insight has been gained into
the mechanism by which arene oxides rearrange to
phenols. This mechanism is compatible with the intra-
molecular migration and retention of substituents ob-
served during enzymatic aryl hydroxylation, the NIH
shift89-%2, Kinetics for the isomerization of arene oxides

36 D, M., JeriNa, D. R. Bovp and J. W. DALy, Tetrahedron Lett.
1970, 457.

57 E. VogeL and R. G. KLARNER, Angew. Chem. ,Int. Edition 7, 374
(1968).

58 D, R, Boyp, D. M. Jerina and J. W. DALy, J. org. Chem. 35, 3170
(1970). )
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IIT{Ed. R.F. Gourp, American Chemical Society, Washington,
D. C. 1968), vol. 77, p. 279.
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Table I. Mammalian metabolism of aromatic compounds to dihydro-
diols and mercapturic acids: Evidence for the intermediacy of arene
oxides?

Compound Metabolite
R = CH,—CHCOOH
[
NHCOCH,
SR
Benezene @
F F
@
Fluorobenzene
OH
OH SR
¥ 1§
Chlorobenzene
“OH
OH SR
Br @ Bf
Bromobenzene
OH
OH SR
! f
Iodobenzene
H
OH SR

Nitrobenzeane

OH

OH SR
cl Cl
/ Cl Cl
1-2-Dichlorobenzene ’
HO™ N
OH SR

1,3-Dichlorobenzene

Biphenyl ‘ ‘
OH’ SR
OH

Table I continued on p. 1133
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Table I (continued). Mammalian metabolism of aromatic compounds
to dihydrodiols and mercapturlc acids: Evidence for the intermed-
iacy of arene oxidess,

Metabolite
R = CH,~-CHCOOH

|
NHRCH,

Compound

CSHS 0 N/CH3

Diphenylhydantoin N
H O

Generalia

Naphthalene

2-Methylnaphthalene

#The table is not intended as a complete survey of the literature on
dihydrodiol and (pre)mercapturic acid formation. Instead, selected ci-
tations to'dihydrodiol and mercapturic acid formation are given. In
certain compounds, where dihydrodiol was not reported, the forma-
tion of catechol has been cited.

bMicrosomal conversion of a series of polycyclic hydrocarbons to
phenols and dihydrodiols has been recently investigateds. Earlier
literature is cited.
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to phenols generally indicate two types of reactions 836
a spontaneous rearrangement in the neutral to basic
region, and an acid-catalyzed rearrangement at low
pH. The rate-determining step in the region of spon-
taneous isomerization is the opening to the zwitterion
24, while in acid the protonated form 25 of this species

H o® He _OH
l H l H
2 25

is predominant 4. A complete mechanism for rearrange-
ment of the arene oxide to the phenol must be com-
patible with the various retentions observed during the
NIH shift over a wide pH-range. The intermediate keto
tautomer 26 of the phenol satisfies these requirements.
The mechanism shown is for the spontaneous reaction
which predominates at physiological pH. The keto-
tautomer 26 requires tritium retentions higher than

R R R R

Q
H

enollzanon /
Ioss

duect
R
QH
OH .

those of deuterium, since enolization of 26 to the phenol
is known from analogies to show a substantial isotope
effect which might not be markedly affected by the
nature of the group R. Since retentions are, however,
strongly dependent on R, an alternate path leading to
direct loss of heavy hydrogen is also proposed. Dis-
cussion of these points will be resumed later (p. 1135).

This scheme, retention of heavy isotope during iso-
merization of an arene oxide, was confirmed when 1-
?H-4-methylbenzene oxide 27 was observed torearrange

NIH Shift

fhetiid’ Iy

2 OH
H 0 Y 24
CH; CH3
27 28

5 G. J. Kasperexk and T. C, BRUICE, J. Am. chem. Soc. 94, 198 (1972).

8 G. J. Kasperex, T. C. Bruicg, H. Yact and D. M. JerINA, J. chem,
Soc. D., Chem. Commun. 784, (1972).

8 H. Yacr, D. M. JErINA, G. J. Kasperek and T. C. Bruick, Proc.
natn. Acad. Sci., USA 69, 1985 (1972).

% G. J. Kasrerek, T. C. Bruicg, H. Yaar, N. Kavsiscu and D. M.
JERINA, J. Am, chem. Soc., in press (1972).
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to 4-methylphenol 28 with up to 859, retention of deu-
terium depending on conditions® Rearrangement of
the oxide 27 or hydroxylation of toluene-4-2H at the
same pH lead to comparable retentions.

Evidence for the intermediacy of a keto-tautomer
was provided in the metabolism of naphthalene, where
either 1-2H- or 2-2H-naphthalene lead to 1-naphthol
with 709, deuterium retained3. This requires a com-
mon intermediate, presumably the keto-tautomer 29,
whose formation predominates over the pathway of di-
rect loss. Both 1-2H- and 2-2H-naphthalene-1, 2-oxide
(30 and 31) rearrange to 1-naphthol with comparable

2
H 0 H
0
30 29 3
} o

904

retention, a result again explicable in terms of the com-
mon intermediate keto-tautomer, a species which may
be observed directly when generated photochemically
from naphthalene oxide at —198°. This unstable inter-
mediate isomerizes spontaneously when warmed to
—78°%7, Rearrangement of 1,2-dimethylnaphthalene 1,
2-oxide 32 leads to the stable methyl substituted ke-
tone 3356,

CHZJO 0 o
SONeos
32 33

The 3 monomethyl-, the 9 dimethyl-, and the symme-
trical trimethylbenzene oxides have all been synthe-
sized and their rearrangement products compared with
the phenolic metabolites obtained from the correspond-
ing alkyl benzenes by incubation with liver micro-
somes® 6, In all cases, one or more of the arene oxides
gave a matching distribution of phenolic metabolites.
However, isolation of the alkylarene oxides in vitro
was unfeasible because of their instability. The relative
stability of arene oxides is a function of the number and
type of substituents, e. g.,electron-donatingsubstituents
decrease, electron-withdrawing substituents increase
the stability of arene oxides®.

Of the methyl-substituted benzene oxides, those with
alkyl substitution on the oxirane ring, proved relatively
stable. However, when the microsomal metabolites
were compared with the phenols obtained on rearran-
gement of these oxides, it seemed apparent that the
microsomal system does not epoxidize aromatic double
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bonds substituted by one or two methyl groups, pre-
sumably because of steric hinderance 6. Such methyl-
substituted oxiranes (34, 35 and 36) rearrange to phen-
ols with and without methyl migrations. Whereas the
NIH shift of methyl groups has not been observed
with the non-specific microsomal system (cf. ref.%8)
the highly specific enzyme, phenylalanine hydroxylase,

CH; CHs

CHy OH
+

OH CH,

Q —

34

Oty oH,
Hs OH

- +
35
CHz

0O

CH,
36

e

L

c H;
Hs

0
c
C
CHq OH
' OH CH,
—_— +
CH, CHs

13parts 87parts

oxidizes 4-methylphenylalanine to 3-methyltyrosine
(11 parts) and 4-methyl-3-hydroxyphenylalanine (1
part) ® with methyl migration presumably via the me-
thyl-substituted oxide 37. The spontaneous non-enzy-

"
GHy~CH-COOH 6 o H,G_ OH

mixture of gis-and frans-diols

matic rearrangement of 1,4-dimethylbenzene oxide
365656 provides a pertinent model for this reaction:
The ratios of methyl-migrated and nonmigrated phe-
nols obtained from 36 at physiological pH, or from 4-
methylphenylalanine during enzymatic oxidation, are
comparable. The ratio of xylenols from 36 is strongly
dependent on pH. Acid-catalyzed isomerization leads
to nearly equal amounts of both compounds, while
spontaneous isomerization forms preponderantly the
methyl-migration product, 2,4-dimethylphenol. Under
acid conditions the arene oxide 36 is in equilibrium
with the 1,4-dihydrodiols 3865,

§7 D. JerINA, B. Witkop, C. McIntosH and O. CHAPMAN, in prepara-
tion.

68 J. DaLy, Biochem. Pharmac. 79, 2979 (1970).

% J.DaLy and G. GUROFF, Arch. Biochem. Biophys. 725, 136 (1968).
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Further study of the rearranged phenols from the
methyl-substituted benzene oxides® ¢ hasled to a simp-
le rule for predicting the direction of opening with un-
symmetrical oxides: the set of cationoid canonical con-
tributors to the transition state which contains more
tertiary than secondary ions will be favored. Thus with
the three toluene oxides 39, 40, and 41, only o- and -

CHs
Q H
CH; o CH;
0 OH
39 . H | —=
GHy
H .
0 tertiary
H
40
CH; H CH,
S 0 S
H ¢} H H g OH
4 tertiary

cresol are formed. Likewise, in the microsomal meta-
bolism of toluene only o- and p-cresol but no m-cresol
are observed. Other examples of such directed openings
are the rearrangement of 1,3, 5-trimethylbenzene oxide
42 to 2,4,6-trimethylphenol and 3, 5-dimethylbenzene
oxide 43 to 2,4-dimethylphenol. As predicted by the

>

RO
3 OH
HyC O,

42
CHy oH,

o; CHs CH,

43 OH

‘rule’ of cationoid canonical contributions, methyl does
not migrate in the first case, and the oxirane ring opens
selectively in the second. The ‘rule’ rationalizes the pre-
ponderant formation of 1- rather than 2-naphthol from
naphthalene 1,2-oxide 2, since the allylic carbonium
ion should be more stable than the alternative benzylic
ion.

All examples of the NTH shift involving migration of
isotopic hydrogen, methyl and probably of halogen are
explicable in terms of isomerization of an intermediate
arene oxide. Conversely, the NIH shift now provides a
priori evidence for the intermediacy of an arene oxide.
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The NIH shift: Migration of deuterium and tritinm.

This section attempts to review and tabulate all of
the known examples of the NIH shift represented in a
general form by 44 — 45, as brought about by mono-

—

x O OH

44 Lha 45

oxygenases. The source of the enzyme has little effect
on the migration of deuterium or tritium, which de-
pends solely on the nature of the substrate, i.e., the
chemical properties of the intermediate arene oxide
(44a). Rare exceptions to this generalization are the
acylanilides to be discussed below (p. 1140). Hydroxyla-
tion of phenylalanine-43H to p-tyrosine (Table II) oc-
curs with > 909, retention of tritium regardless of
whether phenylalanine hydroxylase from Pseudomo-
nas "7, Penicillium™ or liver "% 7 or whether tyrosine
hydroxylase from adrenal glands™ is used. Cinnamic
acid-4-*H 46 is converted to 4-hydroxycinnamic acid-
3-3H 47 in vivo and in vitro in different plants™:7 and
plant preparations?-7 to an extent of 85-909%.

H
X -COOH X ~CO0H
*H
46 47

A proposed keto-intermediate 26 which tautomer-
izes to the phenol with significant isotope effects re-
quires that tritium be retained to a greater extent than
deuterium, unless the nature of isotopic hydrogen
changes the ratio between the two major pathways of
isomerization of arene oxides: direct loss and formation
of the keto-tautomer.

Indeed, tritium usually migrates and is retained to a
higher degree than deuterium during formation of the
same phenolic metabolite. Hydroxylations of anisole,

7 G. GurorrF and J. Davy, Arch. Biochem. Biophys. 722, 212 (1967).

1 G. Gurorr, C. A. Remsnyper and J. Davy, Biochem. biophys.
Res. Commun. 24, 720 (1966).

72 L. Nover and M. LuckNER, FEBS Letters 3, 292 {1969).

7 J. DALy, J. Levirt, G. Gurorr and S. UDENFRIEND, Arch. Bio-
chem. Biophys. 726, 593 (1968). .

4 G. GUrOFF, M. LEviTT, J. DALY and S. UpENFRIEND, Biochem.
Res. Commun. 25, 253 (1966).

7 D. REED, J. VIMMERSTEDT, D. M. JEriNA and J. W. DaLy, Arch.
Biochem. Biophys., submitted.

76 M. H. ZENK, Z. Planzenphysiol. 57, 477 (1967).

77 N. AMRHEIN and M. H. Ze~ng, Phytochemistry 8, 107 (1969).

78 D. W. RusseLr, E. E. Conn, A. Surter and H. GrRISEBACH, Bio-
chim. biophys. Acta 770, 210 (1968).
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aniline and phenylalanine are typical examples (Table
II). Amphetamine-4-*H 48 is oxidized to 49 both in vi-
vo and in vitro by rodent enzymes with 80-909, reten-
tion of tritium?°, a value significantly higher than the
deuterium retention of 549, observed with the ana-
logous toluene-4-2H (compound 54, Table III). By

CH CH,§

3H NH;  Ho NH,
48 ' 49

contrast, labeled benzenesulfonaide, 68, and salicyclic
acid, 78, lost either deuterium (Table III) or tritium?®80
completely during hydroxylation. Acetanilide some-
times, but not always, retains tritium to a greater ex-
tent than deuterium (Table IV).

In certain unsymmetrical compounds, isotopic hy-
drogen can selectively migrate and be retained in one of
the two adjacent positions. This was first noted during
the hydroxylation of 5-*H-tryptophan 79 with tryto-
phan hydroxylase®. Migration occurred selectively to

Table II. Comparison of migration and retention of deuterium and

tritium

Metabolic pathway % Migration and retention of

deuterium tritium
OCH; “ocH, @
— 60 79
"
e OH
NH, NH, ®
_— 6 12
H*
H OH
COOH
" NH,
¢
cooH®
70 94
"o NH,
H*

sEither in vitro with hepatic microsomal preparations or in vivo me-
tabolism in rodents?: 7%, ®In vitro with hepatic microsomal prepara-
tions from rodents? ™, eIn vitro with phenylalanine hydroxy-
lase 0 7Ly 74,
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Table III. Phenol formation from substituted benzene with hepatic
monooxygenases: migration and retention of deuteriums

Para-Hydroxylation

A /R & /R
O - O
’H HO
. 2E]

% Migration and retention

R = 50 -OCH, 60°
51 -OCzH; 65
52 —CgH; 64
53 —p—C¢H,F 63¢
54 ~CH, 54
55 -F 47
56 —Cl 544
57 -Br 40

(o}
il
58 -CNH, 42e
59 -CN 41e
60 —-NO, 40e
61 -NCH,50,C,H; 53
62 -NH, 6
-0
i
63 ~NHCCH, 30
o}
I
64 -NHCNH, 26
0
Il
65 -NHCC H; 21
O
I
66 -NHCH 19
o}
I

R = 67 NHCCF; 12t

68 -NHSO,CsH, 1

Ortho-hydroxylation

i I
M _, |__OH
o X

N Napp
R = 69 ~OCH, 60
70 -CH, 43
o}
l
71 -NHCCH, 59

Table 111 continued p. 1137

% J. DaLv, G. GUrOFF, S. UDENFRIEND and B. WiTkop, Arch. Bio-
chem. Biophys. 733, 318 (1967).

8¢ J, W. Darv, Analyt. Biochem. 33, 286 (1970).

81 J. Davry, D. JErINA and B, Witkor, Arch. Biochem. Biophys. 728,
517 (1968).

82 T, Davy and D. JEriNA, Arch. Biochem. Biophys. 734, 266 (1969).

88 D, JErINA, G. GUrOFF and J. DaLy, Arch. Biochem. Biophys. 724,
612 (1968).

8¢ T, Dary, D. JEriNA, J. FarnsworTH and G. GUROFF, Arch. Bio-
chem. Biophys. 737, 238 (1969).

8 D, M. JeriNga, J. W. Dary and B. Witkor, Biochemistry 70, 366
1971).

8 f] RF.)NSON, J. DarLy, H. Wzsisssacu, B. Witkor and S. Upgn-
FRIEND, Biochem. biophys. Res. Commun. 23, 504 (1966).
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Table III (continuéd) . Phenol formation from substituted benzene
with hepatic monooxygenases: migration and retention of deuterium =.

Para-Hydroxylation % Migration and retention

Meta-hydroxylation
Cl

Cl
R =72 /] )\/ZH 24
O, — U
\2H =, \OH

Di- and tri-substituted benzeness

OCH,
2
CJ
R =173 53
[\
[ \
CH,
CH,
| 2
N
R =74 (J 41
=
| N
OCH,
CH,
| 2H
R=175 |//W1 34
cH0” ™
cH,
| *H
R =76 e /\”/ 35
N '\
CH,
| 2H
CI ‘
R =177 S (n)\ 38
NHCCH;
OH
__COoOH
R =178 L ] 0

P

¢ Results obtained in vitro with guinea-pig or rabbit microsomal pre-
parations at pH 8 unless otherwise noted. Values for compounds
60-68 and 78 from reference®! unless otherwise noted. Values for com-
pounds 69-77 from reference’?. ®Reference®! and®. cReferencess.
dIdentical value obtained in vivo with guinea-pig. ¢Value obtained
in vivo with guinea-pig. f Reference®. £Arrow indicates position of
phenolic group.

the 4-position of the 5-hydroxyindole 80. Other
examples of selective migration are observed in the me-
tabolism of steroids 81 and 82 in rabbits®. Migration
of isotopic hydrogen to alternate positions implies the
intermediacy of two arene oxides, as for example, the
2,3 and 3,4-oxides of 81, while selective migration im-
plies the intermediacy of only one oxide substituted
on the oxirane ring with isotopic hydrogen, as for
example, the 4,5-oxide of 79 and the 2,3-oxide of 82.

In the simplest case deuterium or tritium would be
expected to migrate quantitatively during isomeriza-
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tion of an intermediate arene oxide to the keto-tauto-
mer and to show an isotope effect of 3-10 in the iso-
merization of the ketone to the phenol. Such a simpli-
fied mechanism requires that the enzyme does not as-
sist in abstracting isotopic hydrogen from an adjacent

3y
HO COOH
N NH,
H
>85% retention
80

position and that retention of isotopic hydrogen be the
same, regardless of whether it is initially present at the
ultimate position of the phenolic hydroxyl group or in
the adjacent position. This simplified mechanism ade-
quately rationalizes the NIH shift in the formation of
1-naphthol 83, tyrosine 84, and 3-hydroxytryptophan
85, but fails to explain many other compounds, such as
4-hydroxyacetanilide 86, 4-chlorophenol 87, 4-hydro-
xyanisole 88, and others where isotopic hydrogen is
preferentially retained when it is initially in the adja-

0

e1i

Y
IS PeIe!
HO HO HO
2

Sparts 2parts 3parts
0]
H HO HO
— - +
H
53parts

82 47parts

87 T. NamBARA, M. Numazawa and S. Arivama, Chem. Pharma.
Bull., Tokyo 77, 2394 (1969).

8 S. UDENFRIEND, P. ZALTZMAN-NIRENBERG, J. DALY, G. GUROFF,
C. Caipsey and B. Wirkop, Arch. Biochem. Biophys. 720, 413
(1967). :
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cent position. The retentions for compounds 83-90
have been corrected where necessary for the presence
of isotopic hydrogen at only one of two equivalent po-
sitions. In a single case, the biosynthesis of norpluviine
91 from cinnamic acid, the converse is true, and tri-
tium, adjacent to the position of hydroxylation, is se-
lectively lost . :

A number of other aromatic substrates lose some
deuterium from a position adjacent to that of the in-
coming phenolic hydroxyl group (92 abc, 93, 94, 95).
The possibility of selective migration, or lack of data
preclude a valid comparison of the results with those
that pertain during hydroxylation of the same sub-
strate labeled with isotopic hydrogen at the point of
oxygenation. The loss of tritium during in vivo con-
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version of geissoschizine 96 to vindoline 97 in a plant !
is not expected.

The keto forms 99 and 102 of the phenols 98 and 101
should exhibit a significant isotope effect in the iso-
merization to the phenols 100 and 103. More tritium
should be retained in 100 than in 103, since in the latter
case, the tritium was originally flanked by deuterium.
This expectation was verified with acetanilide 104 and
anisole 105 both in vitro and in vivo in rodents, and
with cinnamic acid 106 in vitro with a plant enzyme ",

89 W. R. Bowman, I. T. BrRuce and G. W. KirBvy, J. chem. Soc. D,
1969, 1075.

% J. DALy and D. JErINA, unpublished results.

90 A, R. BartersBy and E. E. Hacr, Chem. Commun. 7969, 793.

2y OH
H 4
SO e or
miorosomes microsomes

68%2H
b)68% @
COOH 00H COOH
S St
N phenylalamne NH, Phenylaianine NH
hydroxylase ~ HO 2 hydroxylase 2
8
84 s
a) 94% °H
b) 95-96% 3@
8
COOH COOH COOH
trypt h tryptoph
ryptophan yp op an
NH, 2 hydroxylase Hy hydroxylase N
H
a) 85% 3H
b) 85%3H ‘
(Il) | |
NHCCH; NHCCH, NHCGH,
a b
microsomes .
! &y microsomes H H
*H OH
86
a) 30%2H 45%3H 84,89
b) 98%2H, 98%-101%3H
Cl Cl Cl
a b
in vivo. rodent 24 in vivo rodent 24
2y OH
87
a) 54%2 H

@

b) 96%2H



15.10. 1972

However, the multistep biosynthesis of capsaicin 129
(p- 1142} and norpluviine 91, proceeds with identical
tritium retentions (~509,) regardless of whether cinn-

OCH; OCH; OCH;
a S
© microsomes ©\ mlcrosomes ,
H
Iy
88
60%
b)86"/ [ .
GH; CHs CHs
Iy OH
a b
microsomes 5,, Microsomes 9
H H
OCH; OCH; OCH;
89
a) nx;
o) Sewin @
OCH; OCH; OCH;
Iy OH
a b
microsomes” microsomes
ZH 2
H
CH;z CH3 CH;
90

) 53 %
) 92% ZH .

amic acid-4-*H or cinnamic acid-4-3H, 3, 5-2H serve as
precursors®. Further investigation will be needed to
clarify these apparent inconsistencies.

/@/\/COOH HO.
a

invivo Iant

3 P

HO
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deuterated substrates. Similar results have been ob-
tained with anisole-4-2H, 50, and toluene-4-2H, 54,
in various fungi® %,

Cl Cl
o OH
invivo
rodent
& &
93,>93%2H®)
0]
H
) in vivo
H rodent HO
94, 81%2HED)
0]
invivo
rodent HO
2 2
95, 81% 2H®E?)

Deuterated benzenes containing an un-ionizable sub-
stituent para to the deuterium (Table ITI, compounds
50-61) show relatively high migration and retention of
deuterium (40-649,), while those substrates (Table III,
compounds 62-68 and 78) with ionizable substituents

para to the deuterium retain only 0-309, of deuterium.

These results may be rationalized in terms of an alter-
nate stabilization of an intermediate cation 107 {p. 1140)
by ionization of the substituent to yield 108. Such a

S -CO0H

in vivo piant

a) 51%

Extensive studies on the migration and retention of
deuterium or tritium indicate that the magnitude of
the retention is greatly influenced by the nature and
position of other ring substituents. Table III presents
data obtained in mammalian systems with a variety of

in vivo
rodent
OH

4 L

92a,R-Cl 84%2H.
92b. R=F 87% 2
92 ¢, R=CONH,, 78% 2H®)

) 28% 3H €9

pathway would compete with the migration of isotopic
hydrogen that yields 109. Regardless of the mechanism
for the increase in the direct loss pathway, the obser-
vations have provided an empirical rule that enzymatic
‘hydroxylation’ ortho- or para- to a phenolic group or
other highly activating groups, such as -NH, in com-
pound 62 or -NHSO,C¢H; in compound 68 of Table II1,
will result in virtually complete loss of isotopic hydro-
gen from the ‘hydroxylated’ position.

% B. J. Aurer, D. R. Boyp, P. M. Rosixson, C. G. Warson, J. W.
Davy and D. M. Jerina, J. chem. Soc. D., Chem. Commun. 7977,
1585.

% J. P. FERRIs, M. Fasco, F. StyrianorourLou, D. M. JERINA, J. W.
Dary and A. M. JEFFREY, Biochemistry, submitted.
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With acetanilide-4-2H, 63, an unusual situation
exists with respect to the NIH shift. Retention values
are dependent on the pH of the microsomal incubation
medium, on the presence or absence of acetone in the
medium, on the animal source of the microsomes and on

34

L 3
invivo__ 1

plant
CH:0

|
3 CH3Ho CO,CH;
96 OH 97 76-85%°H

pretreatment of animals with phenobarbital or poly-
cyclic hydrocarbons?. 81,84, 88,94 Retentions varying
from 26-589%, (Table IV), have been interpreted as
caused by the effects of pH and microenvironment on
alternate pathways leading from 107 to 108 and 109
(X =NAcyl) 884 Likewise, retention values for closely

H R H R| H R
- —_—
3H 0 s HO
H LW SH(H)
08 99 100
2 R | R 24 R
—_— —_—
3H LO HO
s H 3HEH)
101 102 103

related acylanilines, such as 63-67 (Table I11I), should
also depend on conditions. Retentions for benzanilide,
65, vary with pH?® and for trifluoroacetanilide, 67,
with species3. Retentions with other aromatic sub-
strates which do not contain an ionizable substitutent,
such as compounds 50, 52, 53 and 56 of Table III, were
not influenced by the above factors®*.- Surprisingly,
hydroxylation ortho to the acetamido function (com-
pound 71, Table III) led to ortho-hydroxyacetanilide
which retained 609, deuterium independent of spe-
cies®2,

Substrate % Retention 3H in
100 103
(e}
104, R = NHgCHa, in vivo, rodent 40 26
in vitro, rodent microsomes 62 40
105, R = OCH,, in vivo, in vitro, rodent 77—80 61-64
106, R = trans-CH-CHCOOH, in vitro, plant 90-92 67-68
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Ordinarily migrations and retentions of deuterium
during ortho- or para-hydroxylation are comparable as
exemplified by the hydroxylations of 50 and 69 or 54
and 70 (Table III), and by hydroxylation of tritiated
cinnamic acids. Thus, cinnamic acid-4-3H, 46, is
para-hydroxylated in plants with retention of 84-
909, 75-7® compared with 929, retention in or-
tho-hydroxylation of cinnamic acid-2, 6-Hj, 110 to
111, in vivo in a plant®. ‘

The same plant hydroxylates benzoic acid-
2,6-H, 112 to 113, with a tritium migration and
retention of only 159%,. The low tritium reten-
tion in the salicylic acid 113 obtained from the
metabolism of 110 in this plant, is proof for the
sequence in vivo 110 — 112 — 113 rather than for an
alternative pathway involving initial hydroxylation
of 110. Retention values for para-hydroxylation of
benzoic acid-4-3H have as yet not been reported.

Meta-hydroxylation of mono-substituted benzenes
results in a lower migration and retention of deuterium
as in compounds 56 and 72 (Table III), or in the in vivo

HO HO
oL
/ X XH
108

HO
Z“
XH H H
"
+H@
XH
X=0, NH, NSO,CH5 109

conversion of phenylalanine-3-*H 114 to the mold me-
tabolite cyclopenin 11572, which retains only 359%, tri-
tium as compared with >909%, in the conversion of
phenylalanine-4-*H to tyrosine (Table II).

As mentioned above, ortho- and para-hydroxylations
of phenolic substrates occur with complete loss of iso-
topic hydrogen from that position. A few additional
examples, 116, 117, and 118 ab, illustrate the general-
ity of this observation.

Recognition of the NIH shift and its mechanism, and
quantitation as a function of substrate structure has

3H 5H

< COOH s COOH

OH

10 m

94 M. TANABE, D. Yasupa, J. Tace and C, Mrtoma, Biochem. Phar-
mac. 16, 2230 (1967).
9 B, E. ErL1s and N. AMreEIN, Phytochemistry 70, 3069 (1971).
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removed many uncertainties from biosynthetic studies
with tritium or deuterium ring-labeled aromatic pre-
cursors. Indeed, the retention of isotopic hydrogen has
been used, in conjunction with basic knowledge of the
NTH shift, to elucidate in vivo biosynthetic pathways

Iy iy
COOH COOH
H OH
3y
12 "3

(as for example with 110 — 112). Similarly, the mold
metabolism of 119 to patulin 120 containing only 2
deuteriums1% was predictable, since initial hydroxyla-
tion para to a phenolic hydroxyl should proceed with
complete loss of one deuterium.

3
14 15
H COOH _invitro 3y COOH
Tyréasme ®.
NH hydroxylase
HO 2 T HO
N yrosinase

16

3 . 3
H in vitro H
NH Hepatic microsomes(79)
Ho G CHs H.O NHGC
3H 0 O

17
OH
*H dnvive HO
rodents
HO HO
18a*H=2y
18b *H=3y

Inthemultistep biosynthetic pathways from cinnamic
acid-4-°H 46 to kaempferol 121, formonetin 122, and
biochanin A 123 in plants!®, the initial hydroxylation
of 46, as expected, is accompanied by a tritium migra-

o 0
% H HO ’H NN
— — H
HsC OH HC OH N0 0H
2y 2y '
19 120
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tion and retention of 80-85%, (see 46 — 47, p. 1135). In
the conversion in plants of 46 to dihydroxylated pro-
ducts including quercetin 124, rutin 125, cyanidin 126,
leucocyanidin 127 and chlorogenin 12877101 the first
hydroxylation must have proceeded with a tritium mi-

122, R=H, 80%3H
123, R=OH, 81% 3H

gration of 609%,, while the second hydroxylation, ortho
to the new phenolic group, entails, as expected, the
complete loss of hydrogen from that position; i.e., the
apparent percent migration and retention of tritium
has been halved by the second hydroxylation.

Table IV, Migration and retention of deuterium and tritium during
hydroxylation of acetanilide-4-2(3)H under various conditions?:84

i
NHCCH;

I
NHCCHS % Migration and
retention of
—
Deuterium Tritium
23y
28y OH

Microsomal preparations
Rabbit, pH 8 3141 45
Rabbit, pH 8, 0.45 M acetone 38 —
Rabbit, pH 9 24 —
Rat, pH 8 44+ 1 45+ 3
Rat, induced phenobarbital, pH 8 50 41 63+ 3
Rat, induced 3-methylcholanthrene, pH 8 34 4+ 1 2443
In vivo
Rat 34 38
Rat, induced phencbarbital 40 —
Rat, induced 3-methylcholanthrene 30

9% T. Nacarsvu, M. Levirr and S. UDENFRIEND, Analyt. Biochem. 9
122 (1964).

%7 S.H. PomERANTZ, Biochem. biophys. Res. Commun. 76, 188 (1964).

% T. NamBARA, S. Akivama and S. Honma, Chem. pharm. Bull.,
Tokyo 79, 1727 {1971).

9 J. Frsuman, H. Guzit and L. HELLMAN Biochemistry 9, 1593
(1970).

190 A. I. Scorr and M. Yarpant, Chem. Commun. 7967, 945.

101 A. SurTer and H. GrisesacH, Phytochemistry 8, 101 (1969).

;
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" In plants cinnamic acid 46 is converted in vivo to
capsaicin 129 and norpluviine 91 with final retentions
of 509, 8%. The pathways involved in the biosynthesis of
129 and 91 are unique, since the;tritium retentions still
are about 50%,, even with the use of cinnamic acid-3, 5-
2H-4-*H in place of cinnamic acid-4-H. Tritium is ap-

OH
HO__-
o i‘ OH
0

OH

124, R=H, 49% *H 126,40% °H

125, R=rutinose, 47% 3H
H
\\_-COOR

A
s OH
127, 31% 3H 128,50% °H

parently lost selectively from cinnamic acid -3-*H dur-
ing biosynthesis of 918°.

The oxidation of phenylalanine-4-°H 13¢ in a plant
to hydroquinone-3-*H 131 with 879, retention of tri-
tium19? is not unexpected. The multi-step conversion

0]
H
CH0 " _
HO H
/ 34

129, 48%3H

46

91 51% %y

of phenylalanine-4-2H-5-%C 130 in barley yields N-
methyltyramine 132 with 889, retention of tritium103,
Presumably, the reaction sequence involves initial for-
mation of tyrosine, followed by decarboxylation and N-
methylation. The biosynthesis to lunarine 133 from
130 in the plant Lunaria blennis occurs with a final tri-
tium retention of 439,1%. The migration and retention
of tritium expected during 4-hydroxylation of an inter-
mediate cinnamic acid-4-3H should have led to a final
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retention of 689, in 133. However, in 133, the tritium
is labilized by the keto group and may undergo partial
exchange during isolation.

The lack of retention of tritium in mescaline 135,
derived from tyrosine-3,5-3H 134, is proof that 4-
methoxyphenethylamine and 4-methoxy-3-hydroxy-
phenethylamine are not on the biosynthetic pathway,
since such tritiated intermediates should on further
hydroxylation yield mescaline containing tritium in the
2-position 195,

130
\ OH
‘ COOH
b NH, H
H3 OH
131
HO NHCH;
3y
132
H
N/ﬁ/\
HN
- /

Selective migration of tritium may be involved in
the plant biosynthesis of acronidine 137 and skimmian-
ine 138, from the anthranilic acid prescursor 136108,
containing varying amounts of tritium. The existence

M COOH CH;0
———~
NH, NH,
HO CHyf
*H OCH;
134 135,0% °H

102 I, Kinpr, Hoppe-Seyler’s Z. physiol. Chem. 350, 1289 (1969).

103 B, LEeTE, R. M. BowMmaN and M. F. MANUEL, Phytochemistry 70,
3029 (1971).

104 ¢, PoupaT and M. G. KunescH, C. r. Acad. Sci., Paris C 273, 433
(1971).

105 J LuNDSTRGM, Acta pharm. suécica 8, 275 (1971).

106 C, R. Harr and R. H. PrRAGER, Aust. J. Chem. 22, 2437 (1969).
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of an alternate minor pathway which involves initial
hydroxylation of 136, para to the amine group, followed
by complete loss of tritium during formation of 138 can,
however, not be excluded.

137 19%retention

OCH;
136 T H N
|
CH;0 Nggiae

OCH,
138,10% retention

Enzyme assays.

Knowledge gained from studies of the NIH shift in
deuterated and tritiated aromatic substrates aided in
the development of assays for the major mono-oxyge-
nases. After phenylalanine-4-3H is converted to tyro-
sine-3-3H with phenylalanine hydroxylase®™, tritium
may be selectively and quantitatively liberated from the
product as water by iodination with N-iodosuccinimide.
The tritiated water is then readily separated and assayed
by scintillation spectrometry1%?. Tryptophan-5-3H 79 is
oxidized by tryptophan hydroxylase to 5-hydroxy-
tryptophan-4-3H 808¢ from which the tritium is readily
released into water by brief treatment with acid 198. This
method provides a simple and sensitive assay for tryp-
tophan hydroxylase!®®. For a rapid assay of micro-
somal ‘aryl hydroxylase’ activity, the substrate of
choice is benzene-sulfonanilide-4’-*H (68, Table II)
which on microsomal hydroxylation quantitatively
generates tritiated water in the medium°. Tyrosine
hydroxylase % and tyrosinase® are assayed by measur-
ing formation of tritiated water during enzymatic con-
version of tyrosine-3,5-H 116 to dopa. When estra-
diol-2-*H, 118b, is hydroxylated, tritiated water is
released stoichiometrically and this reaction has been
used to follow in vivo metabolism %.

The NIH shift: Migration of halo- and alkyl-substituents.

Phenylalanine hydroxylase accepts a variety of 4-
substituted phenylalanines as substrates and con-
verts them to 3-substituted tyrosines with migration of
chloro!!, bromo!! and methyl substituents®®. 4-
Fluoro-! or 4-iodo-substituents1? are, however, re-
placed by hydroxyl to yield tyrosine as the sole pro-
duct. Such replacement of substituents also occurs to a
minor extent with 4-chlorophenylalanine 139, and 4-
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bromophenylalanine, but not with 4-methylphenyl-
alanine, 140. In the latter case, benzylic hydroxylation

becomes a major metabolic route. No other examples
of simple alkyl migration during enzymatic aryl hydro-

ey

2parts

COOH
o| K
17parts 1part
xylation have been reported. The nonspecific hepatic

microsomal ‘aryl hydroxylases’ instead effect benzylic
hydroxylation of alkyl substituents® 668113 Phenyl-

LT
HOHZ

15parts

COOH

H3C Hy

140 11parts 1part

alanine hydroxylase does not metabolize 4-methoxy-
phenylalanine !4, Tyrosine-4-20 is converted to dopa-
4-180Q by tyrosine hydroxylase without any evidence
for migration of the oxygen from position 4 to 37,
Halogen migrations are elicited by the action of non-
specific mono-oxygenases from animals, plants and
fungi. In plants!® and fungi® 2,4-dichloro-phenoxy-

OCH,COOH Ci R R
O — L
Cl Cl HO H H Cl
Cl

14 142 143
10parts Tpart
T%COOH
S R R
+
—_—
Cl HO HO
C
144 145 146
1part 2-3parts

107 G. Gurorr and A, ABRAMOWITZ, Analyt. Biochem. 79, 548 (1967).

18 J, W. DavLy and B. Witkor, J. Am. chem. Soc. 89, 1032 (1967).

109 W. LovENBERG, R. E. BENSINGER, R. L. Jackson and J. W. Dary,
Analyt. Biochem. 43, 269 (1971).

10 . W. DaLy, Analyt. Biochem. 33, 286 (1970).

111 G. Gurorr, K. Konpo and J. DALy, Biochem. biophys. Res. Com-
mun. 25, 622 (1966).

112 R. E. CounsELL, P. S. CuaN and P. A. WEiNHOLD, Biochim. bio-
phys. Acta 275, 187 (1970).

18 J. W. Dary, G. Gurorr, S. UpeNrFrieNDd and B. Witkop, Bio-
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acetic acid 141 undergoes selective migration of the ha-
logen to yield 142 as the major product.

In mammals the antiinflammatory agent 144 is me-
tabolized to a mixture of products in which the chloro-
substituent either migrates (145) or is replaced (146) by
hydroxyl1t%-138 The in vivo and in vitro metabolism of
the insecticidal agent 147 in rodents yields a small
amount of a phenolic product 148 in which halogen has
migrated 19,

Microsomal mono-oxygenases metabolize 4-chloro-
and 4-bromoacetanilides, 149ab, to a variety of pheno-
lic products among which a minor metabolite is the
migration product, 3-halo-4-hydroxyacetanilide 68120,
4-Chloroacetanilide yields only 4-hydroxyacetanilide
with rabbit liver microsomal fractions 3. With 4-fluo-

NHGCH3 R R R
OH
+ + +
X OH
OH X X OH
1490b
a)X=Cl () 8parts, 18 parts, 47parts, 27 parts
b)X=Br @), 4parts, 21parts, 50parts, 25parts

roacetanilide, reminiscent of 4-fluorophenylalanine!!!,
the 4-hydroxy product is formed with loss rather than
migration of the fluorine!3120, Surprisingly, 4-iodo-
anisole 150 yields 3-hydroxyanisole with loss of the
iodo-substituent from the position adjacent to oxida-
tive attack® in the same way as 3-fluoroaniline is de-
graded to aniline and fluoride®!. The mechanism of

OCH OCH; OCH; OCH;§
© microsomes @\ Q\ ©
OH
2parts Tpart 2parts

loss of halogen from positions either adjacent to or at
the position of the phenolic hydroxyl and its relation-
ship to the intermediacy of arene oxides is at present
unknown. Arene oxides with a halogen-substituted
oxirane ring have as yet not been synthesized.
Although the migration of the side chain in the
breakdown of phenylpyruvates (150abc) to phenyl-
acetic acids might be considered an example of the
NIH shift, a variety of considerations indicate that an
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minor minor

entirely different mechanism is involved. This reaction
actually provides an intramolecular example of a new
class of oxidative enzymes which utilize a keto acid as

COOH
henxlpyruvate
Rm oxidase COOH +CO;

150a R=3H@D
150b R=F@
150c R=(QHI®

the reducing agent for oxygen to effect aryl or alkyl
oxygenations. Examples of this class of enzymes are
thymine hydroxylase?®, proline hydroxylase of colla-
gen!?® butyrobetaine hydroxylase!?” and phenylpyru-
vic acid oxidase!?®. Mechanisms12$-130 proposed for the
conversion of phenylpyruvates to phenylacetic acids in-
voke the intermediacy of a cyclic peroxide, 151, which
decarboxylates with concomitant migration of the side
chain and regeneration of the aromatic nucleus.

R R R
l
G — H —
/

0 { J !
O———0° 0 "o HO o ~pe

e
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Nonenzymatic oxidations accompanied by the NIH shift
and a mechanism for mono-oxygenase oxidations.

There are a great number of mono-oxygenases or
mixed-function oxidases which catalyze the incorpora-
tion of molecular oxygen into aromatic and aliphatic
substrates. These enzymes share a common stoichio-
metry; i.e., two reducing equivalents are consumed for
each mole of substrate and molecular oxygen with the
production of oxygenated cubstrate, water, and the
oxidized form of the reducing agent:

Substrate 4 2¢7 4 2H+ 4 O, — Substrate -OH 4 H,0O

The present discussion centers on the enzymes found
in the endoplasmic reticulum of hepatic cells, microso-
" mal P-450, since the system has been well studied. Ma-
ny of the other mono-oxygenases may function by si-
milar mechanisms.

The microsomal hemoprotein cytochrome P-450 is
looked upon as the terminal oxidase for oxygen acti-
vation and substrate oxidation in the electron transport
chain in liver. Intensive investigation from several la-
boratories has lead to a working hypothesis for the ac-
tion of this enzyme system?®. In essence, the oxidized
form of the hemoprotein (P-450+++) binds substrate(s)
and undergoes a one electron reduction. The reduced
enzyme-substrate complex binds molecular oxygen. At

this point superoxide, the radical anion of the oxygen

molecule, has been implicated in the scheme32, Addi-
tion of the second electron leads, without detectable
intermediates, to oxidized substrate (SOH) and water.
Little is known about the key step during which sub-
strate is oxidized.

SOH
P-450%*+. 3
Hzo *
p_4‘50+++
S
le”

9

P-t}SO++

P_4|50++

5 5 N\CORNC)
o7 2 \M COR-NC)

| _450++
P—t}SOJ”’+ P 150
S inactive

The observation that the NIH shift is mediated by
arene oxides allows considerable insight into the me-
chanism of oxygen activation and substrate oxidation
catalyzed by mono-oxygenases. From a chemical stand-
point, the formation of arene oxides would be termed
an oxygen atom transfer reaction, with the reactive
oxidant consisting of a neutral oxygen atom with 6 va-

2
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lence electrons. Such a species, equivalent to ‘oxene’ in
analogy to the reactions of the well known isoelectronic
species carbene and nitrene, should add to alkenes and
aromatics to form epoxides and arene oxides and should
also insert itself between carbon-hydrogen bonds to
form alcohols (or phenols). Addition reactions might be
expected to be favored for oxene in the singlet state
and insertion reactions in the triplet spin state. Me-
chanisms for the enzymatic generation of oxene have
been discussed (ref. 1 and 62 and references therein).
The concept of an ‘oxeneoid mechanism’ agrees with
the wide range of oxidations catalyzed by microsomal
P-450. Oxene should be a weak and thus selective
electrophile in its attack on carbon-hydrogen and car-
bon-carbon double bonds. In the carbon-hydrogen
bond case, this accounts for the preponderance of de-
alkylation at heteroatoms, for benzylic and allylic oxi-
dations, and for oxidations at tertiary positions. All of
these reactions occur by insertion at electron rich car-
bon hydrogen bonds. Insertion reactions would be ex-
pected to take place with an isotope effect and this is
indeed the case with a number of substrates!3, Addi-
tion reactions of oxene to isolated or conjugated double
bonds would form epoxides or arene oxides as observed
with hepatic mono-oxygenases3. The product distri-
bution of phenols from various aromatic substrates
would reflect not only the electrophilic character of
oxene, but also directed openings of intermediate arene
oxides and specificity of the mono-oxygenase. Addition
of oxene to form an intermediate arene oxide should
occur without a primary isotope effect. Isomerization
of arene oxides to phenols also occurs without a prima-
1y isotope effect %. Thus, the rate of enzymatic phenol
formation should be uneffected in tritiated or deuter-
ated aromatic substrates. This is generally the
case” 8,134,135 Hydroxylation of deuterated zox-
azoleamine is the only reported exception!®, Meta-
hydroxylation of nitrobenzene in vivo also occurs with
an isotopic effect (K4 /x p) of approximately 1.5%. These

exceptions indicate that phenols are formed enzymati-
cally in certain instances by insertion, rather than by
addition.

Since carbon monoxide and ethyl isocyanide are iso-
electronic with oxene it is not suprising that they
inhibit P-450. The actual enzyme-generated oxidant

81 R. W. EstABROOK, in Handbook of Experimental Phyrmacology
(Eds. B. B.Bropik and J. R. GILLETTE ; Springer-Verlag, New York
1971), vol. 28, part 2, p. 264.

182 H. W. StroBeL and M. J. Coox, J. biol. Chem. 246, 7826 (1971).

138 J. W. DALY, in Handbook of Experimental Pharmacology (Eds B. B.
Brobik and J. R. GiLrerTE; Springer-Verlag, New York 1971),
vol. 28, part 2, p. 285.

134 M. TANABE, D. Yasupa, J. Tace and C. Mrroma, Biochem. Phar-
mac. 76, 2230 (1967).

185 J. M. PEREL, P. G. DavTon, C. L, TAURIELLO, L. BrAND and L. C.
MaRrk, J. med. Chem. 70, 371 (1967).

186 M. TanaBE, J. TAGG, D. Yasupa, S. E. LEVALLEY and C. Mitoua,
J. med. Chem. 73, 30 (1970).
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is probably an oxo-iron species (Fe=0) which shows
little radical character when it reacts with aromatic
substrates by addition and substantial radical character
when it attacks saturated positions by insertion. This
mechanistic dualism is worthy of note.

Over the past 20 years, since UDENFRIEND et al 137-139
described a chemical system which utilized molecular
oxygen and was capable of hydroxylating aromatic
rings, a variety of model systems have been investi-
gated. Criteria, such as relative reactivity of saturated
positions, relative reactivity of substituted benzenes
and their o-m-p-product ratios, as well as the range of
different types of oxidation served to evaluate the re-
semblance of these models to enzyme systems. The ad-
vent of the NIH shift provided a new and highly
sophisticated criterion by which to judge such models$2.
When phenols are formed without the NIH shift, the
model system has no relevance to the enzyme-catalyzed
reaction and probably hydroxylates by a radical me-
chanism. Systems, such as those described by FENTON
(Fet+, H,0,) 0, UDENFRIEND (Fet+, O, and an organic
reducing agent, such as ascorbate!¥:138 reduced pteri-
dines™-142 or thiosalicylate!#?) and by HaMILTON
(Fett++, H,0,, catalytic amount of catechol#4) do not
exhibit the NIH shift %145, The model system, Fe+t,
0, and thiosalicylate does form dihydrodiols from
naphthalene as reported#?, but the mechanism is radi-
cal in nature and does not involve the intermediate for-
mation of naphthalene-1,2-oxide!48. Both c¢is- and
trans-dihydrodiols are formed from naphthalene.
Hydroxylation of deuterated acetanilide or anisole
with this system did not occur with a concomitant NIH
shift %.

Phenols are formed from labeled anisole and acetani-
lide with horseradish peroxidase by a radical mechanism
since the NIH shift does not occur!#’. Oxidation of
phenylacetic acid-4-*H to 2-hydroxyphenylacetic acid-
43.H with plant peroxidases proceeded without migra-
tion of the side chain48,

Peroxyacids hydroxylate a variety of deuterium-
and tritium-labeled aromatic substrates with conco-
mitant NIH shift85,145, Retention in general was sub-
stantially lower than in the corresponding enzymatic

NHCOCH; NHCOGH;
peroxytrifluoroacetic acid
Cl
Cl OH
152 153
CH3 OH 0 CH;§
CH; HsC. CHz CH;
peroxylrifluoroacetic acid +
+BF
CH3 $ CH3 CH3
CHs CHy CHs

154 155 156
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hydroxylations, possibly due to extensive direct loss
of label during isomerization of the intermediate arene
oxide in the strongly acidic medium. Migrations of
halo- and alkyl-substituents have also been observed
during peracid oxidation of suitable aromatic sub-
strates117.120,149 e o  of 152 to 153120, 154 to 155 and
15614%. Halogen substituents may undergo an NIH
shift which appears to be intramolecular but in reality
is simulated by a multi-step pathway as shown for the
conversion of 157 to 159 with peroxyacetic acid!®.
Initial hydrolysis yields chloride ion and 158, which is
then chlorinated to yield 159 (cf., multiple halogena-
tions reported in ref.%).

¢l OH OH
N\, CH,CO3H ~ N9
N N N
OCH; OCH, OCH,
157 158 159

Photo-activated N-oxides hydroxylate deuterated
anisole, acetanilide, toluene, chlorobenzene and bro-
mobenzene®, with NIH shifts comparable to those of
enzymatic ‘hydroxylation’ of the corresponding aro-
matic substrates. The results obtained with different
photo-activated systems are, however, variable and
somewhat difficult to interpret, since the intermediate
arene oxides are isomerized to phenols by light5¢ and as
yet little is known of what effect this will have on the
ultimate magnitude of migration and retention of iso-
topic hydrogen. However, in the case of naphthalene,
the photo-isomerization of the intermediate naphthalene
oxide appeared to be negligible under the conditions
employed for the reaction %¢. Nonetheless, equal amounts
of naphthalene 1,2-oxide and 1-naphthol were isolated
as products from photo-activated pyridine-N-oxide

137 S, UpenFrRIEND, C. T. CLARK, J. AxELROD and B. B. Bropig, J.
biol. Chem. 208, 731 (1954).

138 B, B. BroDIE, J. AXELROD, P. A. SHORE and S. UDENFRIEND, J.
biol. Chem. 208, 741 (1954).

139 B, B. Brobig, P. A. SHORE, J. AXELROD and S. UDENFRIEND,
Fedn. Proc. 77, 326 (1952).

140 R, O. C. NorMaN and J. R. LiNDsAY-SmiTH, in Oxidases and Re-
lated Redox Systems (Eds. T.E. King, H. S. Maso~ and M. MoRRI1-
son; Wiley, New York 1965), vol. 1, p. 131.
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and naphthalene®. Presumably, a portion of this 1-
naphthol was formed by an insertion mechanism rather
than by isomerization of the intermediate oxide.

Perhaps model systems closest to mono-oxygenases
are those which involve oxy-transition metal com-
plexes and, in addition, show the NIH shift. A Snt++,
O, system 151152 converts deuterated anisole, acetani-
lide and chlorobenzene to phenols with a significant
NIH shift®. When 2,6-xylenol-4-*H was oxidatively
polymerized with a Cut+, O, system, tritium migrated
and was retained 153, Similarly, chromyl acetate effects
a substantial migration and retention of tritium during
oxidation of 160 to 161154,

5 0
O0—-0r
0
160 161

A combination of Mo(CO)g and feré-butylhydropero-
xide hydroxylate deuterated anisole with an NIH shift
comparable to the enzymatic process?®. There are still
no effective model systems resembling the oxo-iron spe-
cies apparently involved in enzymatic reactions.

Carcinogenicity and toxicity of arene oxides.

Some xenobiotic compounds are converted in vivo
to toxic or carcinogenic metabolites?s5 158, Thus, 2-
acetylaminofluorene 162 is hydroxylated to the N-
acetylhydroxamic acid 163 and then to the active car-
cinogen 164 by esterification with sulfate or ace-
tate!%7:158 Such esters reach with nucleophilic tissue

OH
|

162 163
|
v
70580
O ‘ O NCOCH,
164

constituents. The toxic effects of dialkyl nitrosamines
165 have also been linked to the metabolic formation of

CHs HOH,G
A
Jro—= N-NO— CHzNHNO —= CH,N, +H,0
CH; CHs

165 ' 166
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a reactive electrophile, in this case a diazoalkane
16615°, which reacts with hepatic proteins0,

The hepatotoxicity of pyrrolizidine alkaloids 167 has
been ascribed to the metabolic formation of an alkylat-
ing agent such as the carbonium ion species 169 derived
from dehydroheliotrine 16816! or of a toxic epoxidelé2,
Certain diepoxides, such as 170, are carcinogenic pre-
sumably due to their alkylating ability 183, The destruc-
tion of the heme moiety of cytochrome P-450 seen
during metabolism of the allylic substrates 171 and
172164,165 may be linked to the fact that both com-
pounds are metabolized to epoxides166-168, An alternate
metabolic pathway may be allylic hydroxylation, re-

0 0
I I
OH  CHrOCR OH  CHOCR OH  CHy
\ —_— /. —_— =
N N/ N/
167 168 169
AVAVEVAVIV,
H, CHz
170
CH,CH=CH,
| HN
CH3;C—N~CH;—CH=CH, HCH;
N CsHq
H{CH;), B
171 172

verse aldolization and liberation of acrolein, a highly
reactive aldehyde capable of undergoing additions and
condensations.

151 V. Urrricu and H. STAUDINGER, in Microsomes and Drug Oxida-
tion (Eds. J. GILLETTE, A. CONNEY, G. CoSMIDES, R. ESTABROOK,
J. Fouts and G. MANNERING; Academic Press, New York 1969),
p. 199,
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The carcinogenicity of polycyclic compounds, such
as 7,12-dimethyl-benzanthracene, is due to metabolic
conversion to an active species !, for which carbonium
ions generated at the benzylic positions!®®, radical ca-
tions!? and arene oxides! have been suggested. With
benzpyrene only the epoxide possibility need to be
considered. Initial in vivo studies with polycyclic arene
oxides were inconclusive!®3:171,172 perhaps because
such reactive compounds must be generated in situ.

Thus, in a wide variety of compounds the metabolic
generation of an electrophilic species with alkylating
properties appears responsible for toxicity or carcino-
genicity.

Arene oxides are opened by a variety of nucleophiles,
such as azide, water, methanol and mercaptides!s %21, 85,
Accordingly, arene oxides as reactive alkylating agents
might be responsible for the metabolism-linked hepa-
totoxicity of halobenzenes!?, the bone marrow toxicity
of benzenel™, the cytotoxicity of benzpyrenel™, lesions
resulting from long-term use of aromatic drugs and
carcino-genicity of polycyclic hydrocarbons. These as-
pects are now under active investigation in several la-
boratories.

Bromobenzene 173 is converted by hepatic mono-
oxygenases to a reactive intermediate, presumably the
arene oxide 17417, Reaction of 174 with glutathione
yields 177, while reaction with tissue constituents evokes
necrotic lesions. The metabolism-linked reaction of
radioactive bromobenzene with tissue constituents
provides protein fractions in which radioactivity is as-
sociated with sulfur-containing amino acids'?.

The toxicity of bromobenzene is enhanced by pre-
treatment of animals with phenobarbitall?3, an agent
which increases the hepatic levels of the monooxygen-
ases responsible for formation of the intermediate arene

Br
173
By
Rx with sulfhydryl Necrosis
Groups of proteins
0
174
Br i \ Br
Br
OH
OH " ~OH G
175 OH 177

176
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oxide and is lowered by SKF-525a'7%, a potent inhibitor
of these enzymes. Surprisingly, 3-methylcholanthrene,
another inducer of mono-oxygenases, had the opposite
effect of phenobarbital: the toxicity of bromobenzene
decreased 179 3-Methylcholanthrene may induce
alternate metabolic pathways for bromobenzene, such
as formation of 2-bromophenol via 2-bromobenzene
oxide, or else the dihydrodiol 176 might now be formed
by an enzyme complex in which mono-oxygenase and
epoxide hydrase are coupled. Such a concerted reac-
tion would convert the arene 173 to the relatively non-
toxic diol 176 without significant release of 174 into the
medium. Evidence for such coupled mono-oxygenase-
hydrase systems, inducible by 3-methylcholanthrene,
has recently been adduced 213,

The evidence is growing that arene oxides are the
active carcinogens formed from polycyclic aromatic
hydrocarbons8-182, The 5,6-oxide of benz(a)anthra-
cene 7, the 5,6-oxide of dibenz(a, h)anthracene 8 and
the 11,12-oxide of 3-methylcholanthrene 178 are

178 179

highly active in inducing malignant transformations in
rodent cells8 in contrast to the comparatively inac-
tive cis-dihydrodiols, phenols and parent hydrocar-
bons. A non-K-region epoxide, such as the relatively
less stable 8,9-epoxide of benz(a)anthracene 10 is much
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less active than the corresponding K-region expoxide 7
in this test system?82. K-region epoxides of noncar-
cinogenic hydrocarbons such as phenanthrene 9,10-
oxide 6 and chrysene-5,6-oxide 179 were completely
inactivel®, Polycyclic arene oxides are active alkylat-
ing agents that bind to, and react with DNA, RNA and
proteins 83188 Certain polycyclic arene oxides are po-
tent mutagens in strains of Salmonella'®?, in bacterio-
phages'®® and in a clone of chinese hamster cells?8?,
possibly because of interaction with DNA.

Arene oxides are important as metabolic intermedia-
tes capable of initiating tissue necrosis and carcino-
genesis. Correlation of stability and reactivity with the
structure of arene oxides will provide a sound basis for
predictions of cytotoxicity. For example, alkylarene
oxides which have low stability and rapidly rearrange
to phenols, should not be cytotoxic or give diols®¢, In
addition, phenols may be formed by oxygenases either
directly or via intermediate arene oxides and this du-
alism may depend on the structure of the aromatic sub-
strate. Compounds which form phenols directly by an
insertion reaction would be expected to be nontoxic.
The cytotoxic activity of intermediate arene oxides
could probably be counteracted and offset by enhancing
the rate of detoxification of such oxides, either through
increases in levels of gluthatione or epoxide-hydrase.
The present review indicates how efforts initiated to
elucidate an unprecedented phenomenon, ‘the NIH
shift’, have now opened up active research in the mul-
tidisciplinary area of formation, metabolism, toxicity,
carcinogenicity and chemical reactivity of the novel
labile metabolites known as arene oxides.
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Zusammenfassung.

Nach der Isolierung des ersten Arenoxyds als labiler
Zwischenverbindung im oxydativen Abbau von Naph-
thalin mit Lebermikrosomen besteht kein Zweifel mehr,
dass im Stoffwechsel aromatischer Substrate ganz all-
gemein Arenoxyde obligatorische Primirprodukte
sind, von denen sich durch enzymatische und nicht-
enzymatische Additionen und Umlagerungen zwangs-
laufig Dihydrodiole und (Pri-)Merkaptursiduren ablei-
ten. Die Mono-Oxygenasen des Tier- und Pflanzen-
reichs einschliesslich der Pilze und Bakterien fithren
die Hydroxylgruppe unter Wanderung des urspriing-
lichen Substituenten ein, eine Umlagerung, die als
NIH-Verschiebung bekannt wurde und als Beweis fiir
das intermediidre Auftreten von Arenoxyden giiltig ist.
Die kurz- und langfristige Toxizitdt aromatischer Arz-
neimittel sowie die krebserregende Wirkung polyzykli-
scher aromatischer Kohlenwasserstoffe, wie Modell-

‘versuche andeuten, lisst sich von der Offnung von

Arenoxyden durch nukleophile Gruppen im Gewebe
und kovalente Bindung an Biopolymere erkliren.
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Compounds of Papilionid Caterpillars (Baronia brevicornis S.)

In recent years the chemical study of insects has in-
duced a big interest in that field, specially with the dis-
covery of the metamorphosis hormones which play a vital
role within the postembrionic development of the insect.

The defense mechanism of the caterpillars of butterflies
of the family Papilionidae have been investigated recent-
ly?l, tinding that the principal products everted by the
defensive gland, the osmeterium, are two aliphatic acids,
isobutyric and 2-methyl butyric acids, which are known
to play therole of larvae protectors, especially from ants?2.

Since Baronia brevicoynis Salv. is a singular specimen of
the Mexican fauna and its philogenetic characters have
been studied?, therefore it was interesting to study the
larvae from the chemical point of view. We wish to report

now on some of the products found in the bodies of the
caterpillars of Bavonia brevicornis S.

The caterpillars were collected in km 23 of the road
from Jojutla to Cuautla, Estado de Morelos, México, being
in the 5th stage of its living cycle; in average, the weight
per larvae was 350 mg.
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