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Arene oxides: formation and metabolism in biological 
systems. 

In 19681 naphthalene-l,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.2i. Hepatic mono- 
oxygenases convert naphthalene to naphthalene-l,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-position 3. 
This phenomenon, the 'NIH Shift', has now been ob- 
served concomitant with the isomerization of many 
arene oxides to phenols 3-6. 
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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 ~, s. 
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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 trans-dihydrodiol and a glutathione con- 
jugate 9. 
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The interrelationship of hepatic monooxygenase and 
epoxide hydrase activity has recently been examined. 
Both enzymes are localized in micr0somal 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 controP ~. Soluble prepara- 
tions of the mono-oxygenases, cytochrome P-450 or 
P-448, contain high levels of epoxide hydrase activity 12, 
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 ~o 2, 3 and 4 ~. 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 tram-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. This is exactly 
what has been observed with liver homogenates ~, 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 21,14, benzene oxide 9, 9,14 phenanthrene 
9,10-oxide 6,1~,1s benzEalanthracene 516-oxide 7 is, 
benzEa]anthracene 8;9-oxide 1017, and indan-8,9- 

oxide 11 is to tram-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 4, while 14 is not a substrate for the hydrase be- 
cause of the sterically hindered trisubstituted oxirane 
ring ~9. 

Epoxide hydrase has been solubilized and partially 
purified from guinea-pig liver microsomes 2~ with the 
help of an assay based on the hydration of styrene-all - 
oxidO ~ The activity of the 'purified' enzyme was in- 
creased for naphthalene 1, 2-oxide, phenanthrene 9,10- 
oxide and styrene oxide to the same degree, approxim- 
ately 30-fold 15. Activity of the purified enzyme for 
benzene oxide was increased only 4-fold 15. Cross inhi- 
bition studies with various epoxides ~9 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 ~, 2~. 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 ~, m17. In vivo 
such glutatbione 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 23. Formation 
of glutathione conjugates during microsomal meta- 
bolism of estradiol has been discussed in terms of 
quinone and arene oxide intermediates 24. 
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Aromatic compounds are metabolized in higher or- 
ganisms to phenols, trans-dihydrodiols, glutathione 
coniugates, 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-0-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 I .  

In lower organisms, cis- rather than trans-dihydro- 
diols are formed by the action of dioxygenases ~9, as in 
the formation of a cis -dihydrodiol 16 from naphthalene ~~ 
Cyclic peroxides, such as 15, have been postulated as 
possible intermediates. The NIH shift does, however, 
occur during arene metabolism with certain lower 
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organisms and plants, suggestive of intermediate 
arene oxides. The biosynthesis of fungal metabolites, 
such as aranotin 18 and gliotoxin 19 51-5~, 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. 
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Stability of arene oxides-rearrangements to phenols and 
the mechanism of the N I H  shift. 

Arene oxides, aromatic compounds in which one of 
the formal double bonds has been epoxidized, have 
first been approached by NEWMAN and BLUM ~ who 
prepared oxides of phenanthrene and benz[al-anthra- 
cene. The route employed Mark's reagent, tris-dime- 

thyl-aminophosphine, to close the oxirane ring from 
the appropriate aromatic bis-aldehyde precursor: 

P(~NMe2)~ O ~  ~ 

Subsequently, VOGEL et al. a~ developed the dehydro- 
halogenation reaction of halo-epoxides. Variations on 
this theme are the synthesis of benzene oxide 9 and 
napthalene-l,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 2 a6 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 aS, 
for example, is in equilibrium with the seven-membered 
oxepin 20. Both extremes of the oxide-oxepin equili- 

O 
2 20 

brium can be observed: Napthalene 1,2-oxide exists 
solely as the oxide 57,56, since the oxepin 21 could only 

9 21 

exist with loss ot aromaticity in the benzene ring. By 
contrast, attempts to synthesize naphthalene 2,3- 
oxide 22 have produced only 3-benzoxepin 2359. Irre- 
versible oxepin tautomers, such as 23, are quite stable 

~ 0 ~ ~ 0  

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 N I H  
shift 6o-62. Kinetics for the isomerization of arene oxides 
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Table  I. Mammal ian  metabo l i sm of a romat ic  compounds  to d ihydro-  
diols and  mereap tur ic  acids:  Evidence  for the i n t e rmed iacy  of arene  
oxides �9 

Compound Metabolite 
R = CH2-CHCOOH 

[ 
NHCOCH 3 

Benezene 

Fluorobenzene 

OH SR 

Chlorobenzene 

OH SR 

Bromobenzene 

Br(~ Br@ 

OH SR 

Iodobenzene 

OH Sl~ 

Nitrobenzene 

OH SR 

1 2-Dichlorobenzene 

| c, | 

OH SR 

1,3-Diehlorobenzene 

cJ | cl | 

Ho' c, 
OH SR 

Biphenyl ~OH ~ S R  
OH 

Table I continued on p. 1133 
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Tab le  I (cont inued) .  M a m m a l i a n  m e t a b o l i s m  of a r o m a t i c  c o m p o u n d s  
to d ihyd rod io l s  a n d  m e r e a p t u r i c  ac ids :  E v i d e n c e  for  the  i n t e rmed-  
l a cy  of a rene  oxides  ~. 

Compound Metabol i te  
R = C H 2 - C H C O O H  

I 
N H R C H  a 

D i p h e n y l h y d a n t o i n  
~ N/CH3 @ 

HO~, I N--LO 
OH 

N a p h t h a l e n e  ..OH 

2 - M e t h y l n a p h t h a l e n e  

A n t h r a c e n e  

OH @ 

OH @ 
H s C ~  "'OH R 

OH 

P h e n a n t h r e n e  

H0 % 

@ 

OH @ 

@ 

SR| 

H o .... 

B e n z ( a ) a n t h r a c e n e  b 

6H 
~OH 

to phenols generally indicate two types of reactions 63--66 : 
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...~H/O@ ~H 

2l+ 25 

is predominant 64. 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 

H•O NIH S~t 

2 H 2 H 

enolization / 0 
dil~ ~'R '~R 26 

OH 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- 
eH-4-methylbenzene oxide 27 was observed torearrange 

CH3 OH 3 
27  28  

�9 The  t ab le  is no t  i n t e n d e d  as a comple te  s u r v e y  of the  l i t e r a tu r e  on  
d ihyd rod io l  a n d  (p r e )mercap tu r i e  acid  fo rma t ion .  In s t ead ,  selected ci- 
t a t ions  t o ' d i h y d r o d i o l  a n d  m e r c a p t u r i c  ac id  f o r m a t i o n  are  given.  In  
c e r t a i n  c o m p o u n d s ,  where  d i h y d r o d i o l  was  no t  r epo r t ed ,  the  fo rma-  
t ion  of ea teehol  has  been  ci ted.  
bMicrosomal  convers ion  of a series of po lycyc l i e  h y d r o c a r b o n s  to 
phenols  a n d  d i h y d r o d i o l s  has  been  r e c e n t l y  i nves t i ga t ed  ~8. Ea r l i e r  
l i t e r a tu re  is ci ted.  
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Soc. D., Chem. Commun. 784, (1972}. 
65 H. YAGI, D. M. JERINA, G. J. KASPEREK and T. C. BI~UICE, Proc. 

natn. Acad, Sci., USA 69, 1985 (1972). 
66 G. J. KASPEREK, T. C. BRUICE, H. YAGI, N. KAUBISCH and D. M. 

JERINA, J. Am. chem. Soc., in press (1972). 
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to 4-methylphenol 28 with up to 85% retention of deu- 
terium depending on conditions 4. 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-tantomer 
was provided in the metabolism of naphthalene, where 
either 1-2H - or 2-~H-naphthalene lead to 1-naphthol 
with 70% deuterium retained 3. This requires a com- 
mon intermediate, presumably the keto-tautomer 29, 
whose formation predominates over the pathway of di- 
rect loss. Both 1-~H - and 2-2H-naphthalene-l,2-oxide 
(30 and 31) rearrange to 1-naphthol with comparable 

30 29 
OH Ci2r 

H 0 

31 

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 o 6~. Rearrangement of 1, 2-dimethylnaphthalene 1, 
2-oxide 32 leads to the stable methyl substituted ke- 
tone 335, 8. 

CH 3 

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 5, 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 64. 

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 

bonds substituted by one or two methyl groups, pre- 
sumably because of steric hinderance 5, 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. 6s) 
the highly specific enzyme, phenylalanine hydroxylase, 

CH3 CH 3 CH 3 
~ C H  3 OH 

~L.~o ,- ~ .OH + OH 3 

34 

CH3 CH~ 0 

H I~ "CH3 

35 

o 

CH a CH S CH 5 

36 13parts 87parts 

oxidizes 4-methylphenylalanine to 3-methyltyrosine 
(11 parts) and 4-methyl-3-hydroxyphenylalanine (1 
part) 69 with methyl migration presumably via the me- 
thyl-substituted oxide 37. The spontaneous non-enzy- 

INH 
,CH2-CH-COOH H3G OH H3C..DH 

CH 5 H H H s 

37 3B 
mixture of r trans-diols 

matic rearrangement of 1,4-dimethylbenzene oxide 
366, 65, 66 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. 

s7 D. JERINA, B. WITKOP, C. ~V~CINTOSH a n d  O. CHAPMAN, in  p r e p a r a -  
t ion.  

68 j .  DALY, Biochem.  P h a r m a c .  79, 2979 (1970}. 
69 j .  DALY a n d  G. GUROFF, Arch .  Biochem.  Biophys .  725, 136 (1968). 
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Further study of the rearranged phenols from the 
methyl-substituted benzene oxides 5, 6 has led 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 15- 

CH3 

39 ~ _ _ ~  

h0 

CH 5 

H 

tertiary 

tertiary 
OH 

cresol are formed. Likewise, in the microsomal meta- 
bolism of toluene only o- and/5-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 

H3C\'~ "CHs :-- H ~ C " ' ~  cH3 

H3 ~ "0 - -  ~CH5 "0H 

h2 

CH3 CH~ 

CH3 CH3 
/-,3 OH 

The N I H  shift: Migration of deuterium and tritium. 

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 

x OH 
~4 h~a 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-4aH to/5-tyrosine (Table II) oc- 
curs with > 90% retention of tritium regardless of 
whether phenylalanine hydroxylase from Pseudomo- 
nas To, 71, Penici l l ium 72 or liver 70, ~1 or whether tyrosine 
hydroxylase from adrenal glands 7~ is used. Cinnamic 
acid-4-aH 46 is converted to 4-hydroxyeinnamic acid- 
3-aH 47 in vivo and in vitro in different plants 75, 76 and 
plant preparations 77,7s to an extent of 85-90%. 

H H 
~ G O O H  ~ ~ G O O H  

3H ~.~./~ H HO ~, ' H 
~H 

~6 h7 

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 keta-tautomer. 

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

'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 NIH shift involving migration of 
isotopic hydrogen, methyl and probably of halogen are 
explicable in terms of isomerization of an intermediate 
arene oxide. Conversely, the NIFI shift now provides a 
priori evidence for the intermediacy of an arene oxide. 

70 G. GUROFF and J.  DALY, Arch. Biochem. Biophys.  122, 212 (1967). 
71 G. GUROFF, C. A. REIDSNYDER and J.  DALY, Biochem. biophys.  

ires. Commun.  24, 720 (1966). 
72 L. NOVER and M. LUCKNER, F E B S  Let te rs  3, 292 (1969). 
~a j .  DAL% J. LEVITT, G. GUROFE and  S. UDEXFRIE~D, Arch. Bio- 

chem. Biophys.  126, 593 (1968). 
74 G. GVROFF, M. LEVITT, J.  DALY and S. UDENERIEND, Biochem. 

Res. Commun.  25, 253 (1966). 
75 D. REED, J. VIMMERSTEDT, D. ]~/[. JERINA and J. W. DALY, Arch. 

Biochem. Biophys., submitted. 
76 M. H. ZENK, Z. Planzenphysiol. 57, 477 (1967). 
77 N. AMRHEIN and M. H. ZENK, Phytochemistry 8, 107 (1969). 
7s D. W. RUSSELL, •. ]~. CONN, A. SUTTER and  H. GRISEBACH, Bio- 

chim. biophys.  Ac ta  170, 210 (1968). 
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an i l ine  a n d  p h e n y l a l a n i n e  are  t y p i c a l  e x a m p l e s  (Table  

II) .  A m p h e t a m i n e - 4 - 3 H  48 is ox id i zed  to  49 b o t h  in vi-  

vo  a n d  in  v i t r o  b y  r o d e n t  e n z y m e s  w i t h  8 0 - 9 0 %  r e t e n -  

t i on  of t r i t i u m  79, a v a l u e  s i gn i f i c an t l y  h i g h e r  t h a n  t h e  

d e u t e r i u m  r e t e n t i o n  of 5 4 %  o b s e r v e d  w i t h  t h e  ana -  

logous  to luene -4 -2H ( c o m p o u n d  54, Tab le  I I I ) .  B y  

3 H ~  NH2 HO ~ ' ~ H  " NH2 

48 1.9 

c o n t r a s t ,  l a b e l e d  b e n z e n e s u l f o n a i d e ,  68, a n d  sa l icycl ic  

acid ,  78, los t  e i t he r  d e u t e r i u m  (Table  I I I )  or t r i t i u m  79,s~ 

c o m p l e t e l y  d u r i n g  h y d r o x y l a t i o n .  A c e t a n i l i d e  s o m e -  

t imes ,  b u t  n o t  a lways ,  r e t a i n s  t r i t i u m  to  a g r e a t e r  ex-  

t e n t  t h a n  d e u t e r i u m  (Table  IV).  

I n  c e r t a i n  u n s y m m e t r i c a l  c o m p o u n d s ,  i so top ic  h y -  

d r o g e n  c a n  se l ec t ive ly  m i g r a t e  a n d  be  r e t a i n e d  in one  of 

t h e  t w o  a d j a c e n t  pos i t ions .  Th i s  was  f i rs t  n o t e d  d u r i n g  

t h e  h y d r o x y l a t i o n  of 5 - ~ H - t r y p t o p h a n  79 w i t h  t r y t o -  

p h a n  h y d r o x y l a s e  86. Mig ra t i on  o c c u r r e d  se l ec t ive ly  to  

Table II. Comparison of migration and retention of deuterium and 
tritium 

Metabolic pathway % Migration and retention of 

deuterium tritium 

OCH 3 

H* 

OCH 3 @ 

�9 , ~ /  "~ 60 79 

H* 

OH 

y \H* 
OH 

~ COOH 

,H~..--L.~ NH2 

~ C O O H  (~ 

H0 ~ / ~  NH2 

W 

12 

70 94 

~Either in vitro with hepatic microsomaI preparations or in vivo me- 
tabolism in rodents 75,27. bin vitro with hepatic microsomal prepara- 
tions from rodents 77,7s. ~In vitro with phenylalanine hydroxy- 
[ase 7o, 71~ 74. 

Table III. Phenol formation from substituted benzene with hepatic 
monooxygenases: migration and retention of deuterium 

Para-Hydroxylation % Migration and retention 

2H 

R = 50  -OCH~ 
51 -OCsH 5 
52  -C6H 5 
53 Jp-C6H4F 
54 -CH 3 
55 - F  
56  - C I  
57 -Br 

O 
II 

58 -CNH 2 
59 -CN 
60  - N O  2 
61 -NCHaSO2C6H ~ 
62 -NH 2 

.0  
If 

63  -NHCCH a 

0 
II 

64 -NHCNH 2 

0 

65  -NHCC6H 5 

O 
H 

66 -NHCH 

0 
II 

R = 67 NHCCF a 

68 -NHSO~C6H 5 

Ortho-hydroxylation 

R R 
I 2H I 

"%/~.2i_ [ 

OH 

60 b 

65 
64 
63~ 
54 
47 
54 a 
40 

42 e 
41 e 
40~ 
53 
6 

30 

26 

21 

19 

12 r 

1 

R -- 69 -OCH 3 60 
70 -CH 3 43 

O 
II 

71 -NHCCH 3 59 

Table III continued p. 1137 

79 J. DALY, Cr. GUROFF, S. UDENFRIEND and B. WITKOP, Arch. Bio- 
chem. Biophys. 733, 318 (1967). 

so j .  W.  DALV, Analyt. Biochem. 33, 286 (1970). 
81 j .  DALY, D. JERINA and B. WlTKOP, Arch. Biocbem. Biophys. 728, 

517 (1968). 
s2 j.  DALu and D. JERINA, Arch. Biochem. Biophys. 734, 266 (1969). 
s3 D. JERItqA, G. GOROFF and J. DALY, Arch. Biochem. Biophys. 72d, 

612 (1968). 
s4 j .  DALY, D. JERINA, J. FARNSWORTH and G. GUROFF, Arch. Bio- 

chem. Biophys. 737, 238 (1969). 
s5 D. M. 3rE~INA, J. W. DALY and B. WITKOP, Biochemistry f0, 366 

(1971). 
8s j .  RENSON, J. DALY, H. WEISSBACI~, B. WITKOP and S. UDEN- 

FRIEND, Biochem. biophys. Res. Commun. 25, 504 (1966). 
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Table  I I I  (continued).  Phenol  fo rmat ion  from subs t i t u t ed  benzene 
wi th  hepa t ic  monooxygenases  : migra t ion  and re ten t ion  of deu te r ium 3. 

Para-Hydroxylation % Migrat ion and  re ten t ion  

Meta-hydroxylation 

C1 C1 
I [ 2H 

0 N R = ,2 I , I j . .  
~ 2 H  O H  

Di- and  t r i - subs t i tu ted  bellzenes 

OCH 3 

CH 3 

CH 3 
J ~H 

R = 7 4  Y ) /  

OCH~ 

CH 3 
I 2H 

R = 75 ~ /  

CH 3 
H C 1 2H 

CH 3 
I 2H 

NHCCHa 

24 

53 

41 

34 

35 

3s 

O H  

/ ) / C O O H  

R = 78 " % /  0 
! 

Resul ts  ob ta ined  in  v i t ro  wi th  guinea-pig  or r abb i t  microsomal  pre- 
pa ra t iohs  a t  pH  8 unless o therwise  noted.  Values for compounds  
60-68 and 78 from reference sl unless o therwise  noted. Values for com- 
pounds  69-77 from refereneeSL b Reference 81 and s3. ~Reference 84. 
a Iden t i ca l  va lue  ob ta ined  in  v ivo  wi th  guinea-pig,  eValue ob ta ined  
in v ivo  wi th  guinea-pig,  fReference s6. gArrow indica tes  posi t ion of 
phenolic group. 

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 

3H~__~ COOH 
~k--~.~>k--.. N . J  NH 2 

H 

79 i 
3 H 

H O ~ C 0 0 H  

~'~...,,.>k.. N ,.,~ NH 2 
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 5-hydroxytryptophan 
85, but fails to explain many other compounds, such as 
4-hydroxyacetanilide 86, 4-ehlorophenol 87, 4-hydro- 
xyanisole 88, and others where isotopic hydrogen is 
preferentially retained when it is initially in the adja- 

0 

I 

81 l 

5parts 2parts $parts 

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 rabbitsSE 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- 

O 

82 47oarts 53!oarts 

s7 T. NAMBARA, M. NUMAZAWA and S. AKIYAMA, Chem. Pharma.  
Bull.,  Tokyo  17, 2394 (1969). 

88 S. UDENFI~IEND, P. ZALTZMAN-NIRENBERG, J. DALY, G. GUROFF, 
C. CHIDSEY and B. WITKOP, Arch. Biochem. Biophys.  120, 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 lostS% 

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- 

version of geissoschizine 96 to vindoline 97 in a plant 9t 
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 75. 

s9 W. R. BOWMAN, I. T. BRUCE and G. W. KIRBY, J. chem. Soc. D, 
7969, 1075. 

90 j .  DALY and D. JERINA, unpublished results. 
91 A. R. BATTERSBY and E. E. HALL, Chem. Commun. 7969, 793. 

2H OH 

a ~ b 
miomsomes ~ mi~rosomes 

83 
a)68% 2H (~) 
b)68%2H 

~---.....,./~....~COOH_ a :,,_ ~ ' ~ O O H b  5 H ' ~ ' ~ ' ~ C O O H  

/L-.,-~ 9 ~H, pheny lalanine ...'~ ..~J NH~ pheny'a'anine "~.. ~ j NH~ 
3H" V . . . .  2 hydroxylase HO / ~ '~ I2 hydroxylase ~ . . . .  z 

~ 
84 

a) 94%5H SH @ 
b) 95-96% 

3 H 3 H 

3 H ~ . ~ ~ ~ C O O H  a :,,.HO" ~ ~ ..COOH_ b ~ C O O H  

L IJ. I.J i(lU tryptophan T~/ I ~  ~u ~ryptophan 
~N/- . . . .  2 hydroxylase ~ ~N / I~11 I2 hydroxylase 

H H H 
85 

85% 3H @ 
al:~ 85%3H 

O O O II II Jl 

microsomes ~ 'H ~microsornes *H H 

*H OH 
86 

a) 30 %2FI,45%3H ( ~  
b) 98%2H, 98%-101%3H 

CI Ct Cl 

in vivo. rodent H in vivo rodent H 

OH 
87 

a) 54%22H 
b) 96% H ~ 
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However, the multistep biosynthesis of capsaicin 129 
(p. 1142) and norpluviine 91, proceeds with identical 
tritium retentions (~-~50%) regardless of whether cinn- 

deuterated substrates. Similar results have been ob- 
tained with anisole-4-2H, 50, and toluene-4-2H, 54, 
in various fungi 92, 9% 

OCH3 OCH 3 OCH3 

r n i ~  H mlcrosomes 
H 

OH 
88 

a) 60% ZH 
b)86% ZH @ 

CI CI 

in vivo :,,, 
rodent 

H H 

93,>93%2H@ 

CH3 ,CH 3 CH 3 

a b 
i ~  microsomes 

H 0 
OCH 3 OCH 3 OCH 3 

B9 
al 41% .2H 
b) 95%LH @ 

2 H 
OCH 3 OCH 3 OCH 3 

icrosomes H microsomes 
H 

CH3 CH 3 OH 3 
90 

53%2H @ 
all 92% 2H 

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

O 

in vivo 
2H rodent }'- HO 

94,81%2H@ 

in vivo 
rodent 

2 H 

95,81%2H@ 

Deuterated benzenes containing an un-ionizable sub- 
stituent pars to the deuterium (Table III,  compounds 
50-61) show relatively high migration and retention of 
deuterium (40-64 %), while those substrates (Table III,  
compounds 62-68 and 78) with ionizable substituents 
pars to the deuterium retain only 0-30% 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 

.~"--x//~./COOH~HO-....~N ' ~ ~ C O O H  

3 i-. ~ in vivo plant i ,  ~ ~ JInv,voplant 
H / ~ CH30 / ~ ~ 

3H ~H 
~ HO)..../# 

91 
a) 51% 3H 
b128~ 3H @ 

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 I I I  presents 
data obtained in mammalian systems with a variety of 

R R 

rodent 
OH 

z H 

92e R=Ct,84% 2H,@ 
92b' R=F 87% 21-T~O) 
92 c: R=CONH2,78% 2H(~ 

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 - N H  2 in com- 
pound 62 or -NHSOIC6H ~ in compound 68 of Table III,  
will result in virtually complete loss of isotopic hydro- 
gen from the 'hydroxylated'  position. 

92 B. J. AURET, D. R. BOYD, t). M. ROBINSON, C. G. WATSON, J. W. 
DALY and D. M. JERINA, J. chem. Soc. D., Chem. Commun. 7971, 
1585. 

9~ j .  p. FERRIS, ~ .  FASCO, F. STYLIANOPOULOU, D. M. JERINA, J, W. 
DALY and A. M. JEFFREY, Biochemistry, submitted. 
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With acetanilide-4-2H, 63, an unusual situation 
exists with respect to the N I H  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 

~ 3 1 . :  t H H" nt 
.... CH30 / ~ "N, / " ~  "OAc 
H,~a 314 CH# O CO20H3 

CH302C" "~ 
96 OH 97, 76- 85~ 

pretreatment  of animals with phenobarbital or poly- 
cyclic hydrocarbons79, 81, s4, 88, 94. Retentions varying 
from 26-58~ (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) 81, 84. Likewise, retention values for closely 

Ordinarily migrations and retentions of deuterium 
during orr or para-hydroxylation are comparable as 
exemplified by the hydroxylations of 50 and 69 or 54 
and 70 (Table I I I ) ,  and by hydroxylation of tritiated 
cinnamic acids. Thus, cinnamic acid-4-3H, 46, is 
para-hydroxylated in plants with retention of 84- 

90% 75-78 compared with 92% retention in or- 
tho-hydroxylation of cinnamic acid-2, 6-H3, 110 to 
111, in vivo in a plant 95. 

The same plant hydroxylates benzoic acid- 
2, 6-~H, 112 to 113, with a tr i t ium migration and 
retention of only 15~ . The low tri t ium 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 I I I ) ,  or in the in vivo 

~H R 

3 H HO" 3~u~ 
H H(H) 

98 99 100 

101 102 103 

HO 

2H +H| ~. J~ +H 
HO ~ v -X ~ "XH 

2 H ~ x H  108 
2H H 

107 ~ 0 , ~ ' - ] 1  
+H @ 

L.. ~ 
-XH 

X=O, NH, NSO2C6H 5 109 

related acylanilines, such as 63-67 (Table I I I ) ,  should 
also depend on conditions. Retentions for benzanilide, 
65, vary  with pH s4 and for trifluoroacetanilide, 67, 
with species sh. 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 s4. Surprisingly, 
hydroxylation ortho to the acetamido function (com- 
pound 71, Table I I I )  led to ortho-hydroxyacetanilide 
which retained 60% deuterium independent of spe-  
cies 82. 

conversion of phenylalanine-3-aH 114 to the mold me- 
tabolite cyclopenin 115 73, which retains only 35% tri- 
t ium as compared with > 9 0 %  in the conversion of 
phenylalanine-4-aH 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 N I H  shift and its mechanism, and 
quantitation as a function of substrate structure has 

S u b s t r a t e  % Re ten t i on  3H in 

100 103 

O 
H 

104, R = NHCCH3,  in vivo,  r o d e n t  40 
in vi t ro ,  r o d e n t  mic rosomes  62 

105, R = OCH a, in  v ivo,  in  v i t ro ,  r o d e n t  77-80  

106, R - -  t r a n s - C H - C H C O O H ,  in v i t ro ,  p l a n t  90 92 

26 
40 

61 -64  

67 -68  

3 H 3H 

"OH 

110 111 

94 M. TANABE, D. YASUDA, J. TAGG a n d  C. MITOMA, Biochem.  P h a r -  
mac .  16, 2230 (1967). 

95 B. E.  ELLIS a n d  N. AMRKEIN, P h y t o e h e m i s t r y  10, 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 
NIH shift, to elucidate in vivo biosynthetic pathways 

tion and retention of 80785% (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 12877,~~ the first 
hydroxylation must have proceeded with a tritium mi- 

3 H 3 H [ coo.  coo. 
H ~H-OH 

112 113 

(as for example with 110 -~ 112). Similarly, the mold 
metabolism of 119 to patulin 120 containing only 2 
deuteriums i~176 was predictable, since initial hydroxyla- 
tion para to a phenolic hydroxyl should proceed with 
complete loss of one deuterium. 

Q H 

~ COOH 

NH2 (3H)/ '~ H~C 
OH 

11/. 115 

3 H ~ P ~  ''Y/COOH Tyrosinein vitro . 3 H ~ C O 0  H 
HO ~_/"-~/~ NH 2 hydroxylase @, 

Tyrosinase @ HO/~/2 NH2 
5 H  OH 

116 

in vitr .  o _ ~ .  

Hepatic microsomes@ J, ^^ 
HO HO ,'~H~u 

OH 0 
117 OH 

* H ~  ~ H o ~ i n  vivo H O ~  

HO 
118a *H=2H 
118b *H=3H 

In the multistep biosynthetic pathways from cinnamic 
acid-4-aH 46 to kaempferol 121, formonetin 122, and 
biochanin A 123 in plants 1~ the initial hydroxylation 
of 46, as expected, is accompanied by a tritium migra- 

0 OH 

HO H ~  0 H ,  

CHsO ~ 

122, R=H, 80% 5H 
123, R=OH, 81% 3H 

gration of 60%, 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( 9)H under various conditions ~9, s4 

o o 
~ C H 3  NHCCI~H3 ;,,- 

2(5) H 
213)H OH 

% Migration and 
retention of 

Deuterium Tritium 

Microsomal preparations 
Rabbit, pH 8 31 • 1 45 
Rabbit, pFI 8, 0.45M acetone 38 -- 
Rabbit, pH 9 24 -- 
Rat, pH8 4 4 i  1 4 5 i  3 
Rat, induced phenobarbital, pH 8 50 ~: l 63 ::L 3 
Rat, induced 3-methylcholanthrene, pH 8 34 -4- l 24 =L 3 

In vivo 
Rat 34 38 
Rat, induced phenobarbital 40 -- 
Rat, induced 3-methylchoIanthrene 30 

2H H ~ :" H 

H3C ~ ~ "OH LH,c" ~ "OHJ 2H 
~H LH 
119 120 

96 T. NAGATSU, M. LEVITT and S. UDENFRIEND, Analyt. Biochem. 9, 
122 (1964). 

97 S. H. POMERA•rZ, Biochem. biophys. Res. Commun. 18, 188 (1964). 
9s T. NAMBARA, S. AKIYAMA and S. HONMA, Chem. pharm. Bull., 

Tokyo 79, 1727 (1971). 
9~ j .  FISE~AN, H. GUZlT and L. HELLMAN, Biochemistry 9, 1593 

(1970). 
]oo A. I. SCOTT and M. YALPANI, Chem. Commun. 7987, 945. 
1Ol A. SI]TTI~R and H. GRISEBAC~, 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 50% so. 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- 
~H-4-3H in place of cinnamic acid-4-3H. Tritium is ap- 

0 OH OH 

?H ~H OH OH 

y "-y" 
OH OH 

124, R=H,49% 3H 126,40% 5H 
125, R=rufinose,47% 5H 

\ /  
46 

o. / " ,  

3H OH 5H~~H COOR 

HO" ~ HO 
OH OH 

127, 31% 3H 128, 50% ,~H 

parently lost selectively from cinnamic acid -3-~H dur- 
ing biosynthesis of 91s9. 

The oxidation of phenylalanine-4-3H 130 in a plant 
to hydroquinone-3-3H 131 with 87% retention of tri- 
tium 1~ is not unexpected. The multi-step conversion 

0 
CH30"~NH~H 

~ HO/'~,, H //--- 
~ H 129 48% 5H 

/-,,6 . ~  

C H 3 0 ~  
' HO ~ V 

91, 51% 3H 

of phenylalanine-4-3H-#-14C 130 in barley yields N- 
methyltyramine 132 with 88% retention of tritium 1~ 
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- 
t ium retention of 43% 104. The migration and retention 
of tritium expected during 4-hydroxylation of an inter- 
mediate cinnamic aeid-4-3H should have led to a final 

retention of 68% 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 105. 

~ COOH 

~H ~,~'--~../~ NH2 

130 

IH ~f~/~,COOH' 
O" ~ NH2 

l 
H O ~  CH3 

132 

133 

OH 

OH 
131 

Selective migration of tritium may be involved in 
the plant biosynthesis of acronidine 137 and skimmian- 
ine 138, from the anthranilic acid prescursor 136 l~ 
containing varying amounts of tritium. The existence 

3 H - , ~ " ~ , ~  COOH C H 3 0 ~  

CHsO," "-~ HO ~ /4 . .~  NH 2 /L.~ ~ NH 2 
q OCH 3 

134 135,0% ~H 

102 I-I. KINDL, Hoppe-Seyler ' s  Z. physiol .  Chem. 350, 1289 (1969). 
lOa ]~. LEETE, R. M. BOWMAN and M. F. MANUEL, Phy toehemis t ry  10, 

3029 (1971). 
104 C. POUPAT and M. G. KUNESCtI, C. r. Aead. Sei., Par is  C 273, 433 

(1971). 
105 j .  LUNDSTR6M, Acta  pharm,  su6cica 8, 275 (1971). 
lO6 C. R. HALL and R. H. PRAGER, Aust .  J. Chem. 22, 2437 (1969). 



15.10. 1972 Generalia 1143 

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. 

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- 

~ ICOOH 

,~H ~ . , ' ~ N H 2  

136 

CH3 

Me(9" ~ "N ~ ~'0 ~ 
E l  

137, 19~/0 retention 
~ .  OCH~ 

CH30" "~ -,N ~ -..O ~ 

OCH 3 

138,10% retention 

Enzyme assays. 

Knowledge gained from studies of the NIH shift in 
deuterated and trit iated aromatic substrates aided in 
the development of assays for the major mono-oxyge- 
nases. After pbenylalanine-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 spectrometry lo7. Tryptophan_5_3H 79 is 
oxidized by t ryptophan hydroxylase to 5-hydroxy- 
tryptophan-4-aH 80 s6 from which the tritium is readily 
released into water by brief treatment with acid sos. This 
method provides a simple and sensitive assay for tryp- 
tophan hydroxylase 1~ For a rapid assay of micro- 
somal 'aryl hydroxylase' activity, the substrate of 
choice is benzene-sulfonanilide-4'-3H (68, Table II) 
which on microsomal hydroxylation quantitatively 
generates trit iated water in the medium ~~ Tyrosine 
hydroxylase 9, and tyrosinase 97 are assayed by measur- 
ing formation of trit iated water during enzymatic con- 
version of tyrosine-3,5-3H 116 to dopa. When estra- 
diol-2-3H, l18b,  is hydroxylated, tritiated water is 
released stoichiometrically and this reaction has been 
used to follow in vivo metabolism 99. 

CI ~ NH2 HO ~/# CI H 
Ol OH 

13g 17parts 1part 2 parts 

xylation have been reported. The nonspecific hepatic 
microsomal 'aryl hydroxylases' instead effect benzylic 
hydroxylation of alkyl substituents s, 6, 6s, l~a. Phenyl- 

H3C ~"/"~. ~ NH2 H O ~  HsC OH2C 
OH 3 OH 

1/,0 11parts 1part 15parts 

alanine hydroxylase does not metabolize 4-methoxy- 
phenylalanine m. Tyrosine-4-1sO is converted to dopa- 
4-1s0 by tyrosine hydroxylase without any evidence 
for migration of the oxygen from position 4 to 3 73. 

Halogen migrations are elicited by the action of non- 
specific mono-oxygenases from animals, plants and 
fungi. In plants n5 and fungi ~6 2,4-dichloro-phenoxy- 

~ , , O C H 2 C O O H  C { ~ R  -I- O ~  R 

C( ~ "C[ "~ HO" ~ "OH H C[ 
CI 

141 142 143 
lOparts 1part 

~ I~.....~ COO H 
~ S '  ~ R  R 

CF ~ " HO" y -{-HO ~ "  
cl 

144 145 146 
Ipart 2-3 parts 

The N [ H 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 m,  bromo m and methyl substituents ~9. 4- 
Fluoro -m or 4-iodo-substitnents ~12 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- 

10~ G. GUROFS and A. ABRAMOWITZ, Analyt. Biochem. lg, 548 (1967). 
108 j .  W. DALY and ]3. WITKOP, J. Am. chem. Soc. 89, 1032 (1967). 
109 W. LOVENBERG, R. E. BENSINGER, R. L. JACKSON and J.  W. DALY, 

Analyt. Biochem. d3, 269 (1971). 
110 j .  W. DALY, Analyt. Biochem. 33, 286 (1970). 
111 G. GUROFF, K. I<ONDO and J.  DALY, Bioehem. biophys.  Res. Com- 

mun. 25, 622 (1966). 
llg t~. E. COUNSELL, P. S. CHAN and P. A. WEINHOLD, Biochim.  bio- 

phys. Acta 275, 187 (1970). 
113 j .  W. DALu G. GUROFF, S. UDENFRIEND and B. WITKOP, Bio- 

chem. Pharmac. 77, 31 (1968 i. 
114 G. GUROFF, personal  communica t ion .  
115 E. W. TI~OMAS, /3. C. LONOmaAN and R. G. POWELL, Nature, 

Lond. 204, 884 (1964). 
116 j .  K. FAULKNER and D. WOODCOCK, J. chem. Soe. 7965, 1187. 
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Cl Cl CL 
C I . ~  j N  el. ~ ~N. CI. ~ i N _ _  

OH 
14.7 

major minor 

CI 
HO. ~ N, 

+ C I ~ N > C F 3  
H 

148 
minor 

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 
hydroxylnT, 11s. 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 n% 

Microsomal mono-oxygenases metabolize 4-chloro- 
and 4-bromoacetanilides, 149 ab, to a variety of pheno- 
lic products among which a minor metabolite is the 
migration product, 3-halo-4-hydroxyacetanilide6S, 1~0. 
4-Chloroacetanilide yields only 4-hydroxyacetanilide 
with rabbit liver microsomal fractions m.  With 4-fluo- 

0 
II 

X OH X X OH 
149ob 

a)X=C[ @ ,  8parts, 18parts, 47parts, 27parts 
b)X=Br @, 4 parts, 21parts, 50parts, 25 parts 

roacetanilide, reminiscent of 4-fluorophenylalanine m,  
the 4-hydroxy product is formed with loss rather than 
migration of the fluorine n~,12~ Surprisingly, 4-iodo- 
anisole 150 yields 3-hydroxyanisole with loss of the 
iodo-substituent from the position adjacent to oxida- 
tive attack 6s in the same way as 3-fluoroaniline is de- 
graded to aniline and fluoride ~2~. The mechanism of 

~ 5 r~3 OCH3 ~ 5  

I I OH 
150 2parts 1part 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 

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

, ~ " - - x ~ ' ~  / CO0'H ~ _..OH 
I II I[ phenylpyruvate [" i)/ COOH 

0 oxidase R - ~ " ~  + C02 R ~.../L.~J 

150o R= 3H(~) 
150b R= F(~) 
150 c R = 01--~) 

the reducing agent for oxygen to effect aryl or alkyl 
oxygenations. Examples of this class of enzymes are 
thymine hydroxylase 125, proline hydroxylase of colla- 
gen 126, butyrobetaine hydroxylase ~27 and phenylpyru- 
vic acid oxidase ~s. Mechanisms ~s-~30 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 

0 o 0 o 

Uc-.-do 
151 

11~ D. M. FO~JLKES, Nature, Lond. 221, 582 (1969). 
its D. M. FOULKES, J. Pharmae. exp. Ther. 172, 115 (1970). 
11~ D. M. BOWKER and J. E. C~.SIDA, J. agrie. Food Chem. 17, 956 

(1969). 
120 V. ULLRICH, J. WOLFE, ]~. AMADORI and Hj. STAUDINGER, Hoppe- 

Seyler's Z. physiol Chem. 349, 85 (1968). 
121 j .  RENSON and V. BOURDON, Arehs int. Pharmaeodyn.  171, 240 

(1968). 
i22 H. KINDL, Europ. J. Bioehem. 7, 340 (1969). 
123 K. TANIGUCHI, T. KAPPE and IVL D. ARMSTRONG, J. biol. Chem. 

239, 3389 (1964). 
124 B. SCnEPARTZ and G. GURI•, J.  biol. Chem. 185, 663 (1949). 
12a E. HOL~IE, G. LINDSTEDT, S. LINDSTEDT and M. TOFFT, Biochim. 

biophys. Aeta 212, 50 (1970). 
138 R. E. RHOADS and S. UDENFRIEND, Proc. natn. Aead. Sei., USA 

60, 1473 (1968). 
! 27 B. LINDBLAD, G. LINDSTEDT, S. LINDSTEDT and M. TOFFT, J. Am. 

chem. Soe. 91, 4604 (1969). 
128 B. LINDBLAD, G. LINDSTEDT and S. LINDSTEDT, J. Am. chem. Soe. 

92, 7446 (1970). 
129 B. WITKOP and S. GOODWIN, Experientia 8, 377 (1952). 
130 j .  W. DALY, in Phenolic Compounds and Metabolic Regulation (Ed. 

B. J.FINKLE and V. C. RUNECKLES; Appleton-Century-Crefts, New 
York 1967), p. 280. 
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Nonenzymatic oxidations accompanied by the N I H  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 aliphatie 
substrates. These enzymes share a common stoichio- 
metry;  i.e., two reducing equivalents are consumed for 
each mole of snbstrate and molecular oxygen with the 
production of oxygenated substrate, water, and the 
oxidized form of the reducing agent: 

Substrate + 2e- + 2H+ + O~ -+ Substrate - O H  + H~O 

The present discussion centers on the enzymes found 
in the endoplasmic reticulum of hepatic cells, microso- 
real 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 lal. In essence, the oxidized 
form of the hemoprotein (P-450+++) binds substrate(s) 
and undergoes a one electron reduction. The reduced 
enzyme-snbstrate complex binds molecular oxygen. At 
this point superoxide, the radical anion of the oxygen 
molecule, has been implicated in the scheme la2. 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+++ s 

P-4~O +++ 

~ 1e- 

5~ ___JP-15~ - - ~  

S %x.CO(R NC) 
le- ~_ 02 ~ -  

12 
P-450 +++ 

I 
s 

CO(R-NC) 
I 

P-450 ++ 
I 

S 
inactive 

The observation that  the N I H  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- 

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 a t tack 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 tert iary 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 1~. Addi- 
tion reactions of oxene to isolated or conjugated double 
bonds would form epoxides or arene oxides as observed 
with hepatic mono-oxygenases 18~. The product distri- 
bution of phenols from various aromatic substrates 
would reflect not only the electrophilic character of 
oxene, but als0 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 pr imary isotope effect. Isomerization 
of arene oxides to phenols also occurs without a prima- 
ry  isotope effect 65. Thus, the rate of enzymatic phenol 
formation should be uneffected in tritiated or deuter- 
ated aromatic substrates. This is generally the 
caseTO, S2,134,135 Hydroxylat ion of deuterated zox- 
azoleamine is the only reported exception 1~6. Meta- 
hydroxylation of nitrobenzene in vivo also occurs with 
an isotopic e f f e c t  (KH/KD) of approximately 1.5 9o. 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 

131 R. W. ~STABROOK, in Handbook o] Experimental Phyrmacology 
(Eds. B. B. BROOIE and J. Ft. GILLETTE ; Springer-Verlag,  New York 
1971), voL 28, pa r t  2, p. 264. 

182 H. W. STROBEL and M. J.  COON, J.  biol.  Chem. 246, 7826 (1971). 
188 j .  W. DALY, ill  Handbook ot Experimental Pharmacology (Eds B. B. 

BRODIE and J.  R. GILLETTE; Springer-Verlag,  New York  1971), 
vol. 28, pa r t  2, p. 285. 

134 M. TANABE, D. YASUDA, J.  TAGG and C. ~-~{ITOI~IA, Biochem. Phar :  
mac.  16, 2230 (1967). 

135 j .  M. PEREL, P. G. DAYTON, C. L. TAURIELLO, L. BRAND and L. C. 
MARK, J. reed. Chem. 10, 371 (1967). 

136 1VL TANABE, J. TAGG, D. YASUDA, S. E. LEVALLEY and C. IV[ITOMA, 
J.  reed. Chem. 73, 30 (1970). 
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is probably an oxo4ron species (Fe=O) 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 UI)ENrRIENI) et al. ~37-~a9 
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 s2. 
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 
(Fe++, H,O~) ~0, UDENFRiEND (Fe ++, O~ and an organic 
reducing agent, such as ascorbate ~"7,~s reduced pteri- 
dinesX~, ~ or thiosalicylate ~*a) and by HAMILTON 
(Fe ++§ H~O~, catalytic amount of catechol 1~) do not 
exhibit the NIH shift s~,~. The model system, Fe++, 
Oz 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-l,2-oxide ~ .  Both cis- and 
trans-dihydrodiols are formed from naphthalene. 
Hydroxylation of deuterated acetanilide or anisole 
with this system did not occur with a concomitant NIH 
shift ~0. 

Phenols are formed from labeled anisole and acetani- 
lide with horseradish peroxidase by a radical mechanism 
since the NIH shift does not occur ~7. Oxidation of 
phenylacetic acid-4-~H to 2-hydroxyphenylacetic acid- 
4~-H with plant peroxidases proceeded without migra- 
tion of the side chain ~8. 

Peroxyacids hydroxylate a variety of deuterium- 
and tritium-labeled aromatic substrates with conco- 
mitant NIH shift 8~,xa~. Retention in general was sub- 
stantially lower than in the corresponding enzymatic 

NHCOCH 3 NHCOCH 3 

~ peroxytrifluoroacetic acid ~ C  l 

CI OH 

152 153 

CH 3 OH 
F'~'~ CH3 ,O, CH 3 CH3 
I II peroxytrifluoroacetic a~d L'-. 1 "q- 

+m "C - (  
CH 3 CH 3 CH 5 
154 155 156 

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- 
strates 117,1~~ e.g., of 152 to 15312~ 154 to 155 and 
1561~9. 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 15~ 
Initial hydrolysis yields chloride ion and 158, which is 
then chlorinated to yield 159 (cf., multiple halogena- 
ti0ns reported in ref.Ss). 

CI OH OH 

OCH 3 OCH 3 OCH 3 

157 158 159 

Photo-activated N-oxides hydroxylate deuterated 
anisole, acetanilide, toluene, chlorobenzene and bro- 
mobenzene 5~, 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 light 5s 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 56. Nonetheless, equal amounts 
of naphthalene 1, 2-oxide and 1-naphthol were isolated 
as products from photo-activated pyridine-N-oxide 

187 S. UDENFRIEND, C. T. CLARK, J.  AXELROO and B. B. BRODIE, J .  
biol. Chem. 208, 731 (1954). 

188 B. B. BRODIE, J.  AXELROD, P. A. SHORE and S. UI)ENFRIEND, J.  
biol. Chem. 208, 741 (1954). 

189 B. B. BRODIE, P. A. SHORE, J.  AXELROD and S. UDENFRIEND, 
Fedn.  Proc. 11, 326 (1952). 

140 R. O. C. NORMAN and J. R. LINDSAY-SMIT~I, in  Oxidases and Re- 
lated Redox Systems (Eds. T.E.  KING, H. S. MASON and M. MORRI- 
SON; Wiley,  New York  1965), vol. 1, p. 131. 

1~1 A. BOBST and M. VlSCONTINI, Helv.  claim. Aeta  d9, 884 (1966). 
1~ M. VlSCONTINI, H. LEIDNER, C. MATTERN and T. OKADA, Helv.  

ehim. Acta  49, 1911 (1966). 
148 V. ULLRICH, Z. Naturforsch.  24b, 699 (1969). 
lst  G. A. HAMILTON and J.  P. FRIEDMAN, J.  Am. chem. Soe. 85, 1008 

(1963). 
1~5 D. JRRINA, J.  DALY, W. LANmS, B. WITKOF and S. UDENrRIEND, 

J.  Am. chem. Soc. 89, 3347 (]967). 
z48 A. M. J~FFREY, D. M. JERINA, J. W. DALY and D. T. GIBSON, Fedn.  

Proe. 31, 869 Abs tr. (1972). 
1~7 j .  W. DALY and D. M. JERINA, Bioehim biophys.  Ac ta  208, 340 

(1970). 
Z48 H. t~INDL, Phy tochemis t ry  10, 1475 (1971). 
149 H. HART, Acct. chem. Research g, 337 (1971). 
158 T. KUMAZI and R. WOLFFENSTRIN, Chem. Ber. 41 ,297  (1908). 
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and naphthalene5% 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 N I H  shift. A Sn ++, 
02 system ~51,152 converts deuterated anisole, acetani- 
lide and chlorobenzene to phenols with a significant 
N I H  shiftG% When 2,6-xylenol-4-3H was oxidatively 
polymerized with a Cu ++, Oz system, tr i t ium migrated 
and was retained15< Similarly, chromyl acetate effects 
a substantial migration and retention of tr i t ium during 
oxidation of 160 to 161154. 

a reactive electrophile, in this case a diazoalkane 
166159, which reacts with hepatic proteins 169. 

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 168161 or of a toxic epoxide 162. 
Certain diepoxides, such as 170, are carcinogenic p re -  
sumably due to their alkylating ability1% The destruc- 
tion of the heme moiety of cytochrome P-450 seen 
during metabolism of the allylic substrates 171 and 
172 ~s~,165 may  be linked to the fact that  both com- 
pounds are metabolized to epoxides ~66-1~8. An alternate 
metabolic pa thway may  be allylic hydroxylation, re- 

~H o 

oo.cr 
o 

160 161 

A combination of Mo(CO)6 and tert-butylhydropero- 
xide hydroxylate deuterated anisole with an N I H  shift 
comparable to the enzymatic process 56. 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 metabolites155,15% 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  157,a58. Such esters reach with nucleophilic tissue 
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constituents. The toxic effects of dialkyl nitrosamines 
165 have also been linked to the metabolic formation of 
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verse aldolization and liberation of acrolein, a highly 
reactive aldehyde capable of undergoing additions and 
condensations. 

151 V. ULLRICH 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 ls9, for which carbonium 
ions generated at the benzylic positions 169, radical ca- 
tions 17~ and arene oxides 1 have been suggested. With 
benzpyrene only the epoxide possibility need to be 
considered. Initial in vivo studies with polycyclic arene 
oxides were inconclusive 163,m,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 mereaptides 1, 9,21, 6s. 
Accordingly, arene oxides as reactive alkylating agents 
might be responsible for the metabolism-linked hepa- 
totoxicity of halobenzenes 173, the bone marrow toxicity 
of benzene 174, the cytotoxicity of benzpyrene ~75, 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 17s. 

The toxicity of bromobenzene is enhanced by pre- 
treatment of animals with phenobarbitaP 7a, an agent 
which increases the hepatic levels of the monooxygen- 
ases responsible for formation of the intermediate arene 

oxide and is lowered by SKF-525 a 177, 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 17s,170. 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 12,13. 

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

178 179 

highly active in inducing malignant transformations in 
rodent cells is~ 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-epoxJde of benz(a)anthracene 10 is much 
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less active than the corresponding K-region expoxide 7 
in this test system ~s2. K-region epoxides of noncar- 
cinogenic hydrocarbons such as phenanthrene 9,10- 
oxide 6 and chrysene-5,6-oxide 179 were completely 
inactive ~s2. Polycyelic arene oxides are active alkylat- 
ing agents that bind to, and react with DNA, RNA and 
proteins ~s3-~s6. Certain polycyclic arene oxides are po- 
tent mutagens in strains of Salmo~cella ls7, in bacterio- 
phages lss and in a clone of chinese hamster cells ~s", 
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 5,6. 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. 

Zusammenfassung. 

Nach der Isolierung des ersten Arenoxyds als lanier  
Zwischenverbindung im oxydativen Abbau von Naph- 
thalin mit Lebermikrosomen besteht kein Zweifel mehr, 
dass im Stoffwechsel aromatischer Substrate ganz all- 
gemein Arenoxyde obligatorische Prim~irprodukte 
sind, von denen sich durch enzymatische und nicht- 
enzymatische Additionen und Umlagerungen zwangs- 
1/iufig Dihydrodiole und (Pr/i-)Merkapturs/iuren ablei- 
ten. Die Mono-Oxygenasen des Tier- und Pflanzen- 
reichs einschliesslich der Pilze und Bakterien fiihren 
die Hydroxylgruppe unter Wanderung des ursprang- 
lichen Substituenten ein, eine Umlagerung, die als 
NIH-Verschiebulcg bekannt wurde und als Beweis fiir 
das intermedi~ire Auftreten yon Arenoxyden gtiltig ist. 
Die kurz- und langfristige Toxizit~tt aromatischer Arz- 
neimittel sowie die krebserregende Wirkung polyzykli- 
scher aromatischer Kohlenwasserstoffe, wie Modell- 

versuche andeuten, l~isst sich von der 0ffnung von 
Arenoxyden durch nukleophile Gruppen im Gewebe 
und kovalente Bindung an Biopolymere erkl~iren. 
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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 1, 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 the role of larvae protectors, especially from ants 2. 

Since Baronia brevicornis Salv. is a singular specimen of 
the Mexican fauna and its philogenetic characters have 
been studied 3, 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 Baronia brevicornis S. 

The caterpillars were collected in km 23 of the road 
from Jojutla to Cuautla, Estado de Morelos, M6xico, being 
in the 5th stage of its living cycle; in average, the weight 
per larvae was 350 rag. 

1 T. EISNER, T. E. PLISKE, M. IKEDA, D. F. OWEN, L. VAZQUEZ, 
H. P~REZ, J. G. FRANCLEMONT and J. MEINWALD, Ann. ent. Soc., 
Am. 63, 914 (1970). 
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3 G. L. VAZQUEZ and H. P~REZ, An. Inst. Biol. Univ. M6x., 32, 295- 

311 (1962); 37, 195-204 (1966). 


