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Abstract-Secondary deuterium isotope effects have been determined for the epoxidation of p- 
phenylstyrene (la) and ~methyistyrene (I b) by cytochrome P-450 of rat liver microsomes. With both 
substrates there is an inverse isotope effect of 7 per centldeuterium (i.e. k&,=0.931 at C, of the 
olefin, but no isotope effect is observed at C . The epoxidation of (la) by m-chloroperbenzoic acid has 
previously been shown to be accompame by an inverse secondary isotope effect of 9 per cent/ .$ 
deuterium at Cg, with no detectable isotope effect at C,. Thus in both the enzymatic (P-450) and 
non-enzymatic (peracid) epoxkiation of styrene derivatives, the oxygen atom is transferred to the vinyl 
group in an asymmetric non-concerted fashion. However, the fact that the isotope effects for these 
two systems are reversed, together with previous comparisons of substituent effects on the two 
reactions, suggests that there is little mechanistic similarity between cytochrome P-450 enzymes and 
organic peracids as chemical models for these enzymes. 

Cytochrome P-4SO-dependent mono-oxygenase 
enzymes initiate the metabolic clearance of many 
drugs and foreign substances from the body [ 11, and 
are responsible for the formation of cytotoxic, 
carcinogenic and mutagenic metabolites of aromatic 
hydrocarbons and their derivatives E2-41. Despite 
considerable expenditure of effort, the exact mech- 
anism by which P-450 enzymes activate oxygen for 
reaction with organic substrates has remained 
elusive. Although it is known that substrate, elec- 
trons, protons and 0% are consumed in a 1:2:2: 1 
ratio, the difficulty in obtaining information on the 
nature of active oxygen and the atom-transfer pro- 
cess has led to considerable speculation based on 
putative chemical model systems. One model which 
has attracted considerabte attention is the organic 
peracid[.5,6]. and it has recently been suggested 
that a peracid or perimidic acid group is formed 
enzymatically at the active site of P-450 and that this 
is the reactive species that oxygenates the organic 
substrates161. Other proposals and models for 
the mechanism of cytochrome P-450 action have 
focused on the iron-porphyrin unit, invoking 0x0 
derivatives of Fe (IV) or Fe (V) [7-l I]. 

To date, most mechanistic studies of P-450 have 
centered on either the nature of the proteins and 
cofactors involved, or on the hydroxylation of ali- 
phatic groups or aromatic rings; olefinic substrates 
that form stable epoxides have received relatively 
little attention. Because the conversion of an olefin 
to an oxirane involves changes in the hybridization 
of two carbon atoms from sp2 toward sp3, secondary 
deuterium isotope effects are well suited as an ex- 
perimental probe of mechanism and transition state 
structure for this reaction. For example, application 
of this method to study the peracid epoxidation of 
styrene derivatives has recently revealed that this 
reaction occurs in two discrete C-O bond-forming 
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steps rather than a symmetrical O-atom transfer as 
previously assumed [ 121. Since styrenes are readily 
and selectively metabofized by cytochrome P-450- 
mediated epoxidation of the vinyl group, we have 
now studied the P-450 epoxidation of vinyl- 
deuterated styrenes as a probe of the mechanism of 
their enzymatic oxygenation. 

EXPERIMENTAL 

The deuterated styrenes used in this study (I in 
Fig. 1) were synthesized as described previousIy 
[ 12, 131, and were shown by nuclear magnetic reson- 
ance (n.m.r.) and mass spectroscopy tocontain > 99 
atom-% deuterium in the indicated positions. Micro- 
somes for the metabolism experiments were sedi- 
mented at 105,000g from a 30,OOOg post-mito- 
chondrial supernatant, and were supplemented with 
an NADPH-generating system, as described in a 
companion paper [ 131. 

Enzymatic isotope effects. For determining sec- 
ondary deuterium isotope effects on the enzymatic 
epoxidation, competition experiments were de- 
signed to give limited metabolic conversion from a 

3 4 

Fig. 1. Structures of styrenes, epoxide and diol metabo- 
lites, and acetonide derivatives. The X group is either CeH, 

or CH,, and L stands for either [‘HI or [*HI. 
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large pool of mixed protio and deuterated sub- 
strates. The d, and d, olefins were each weighed ac- 
curately and combined in solution to ensure mixing 
prior to incubation; a sample was retained for mass 
spectral analysis of the d,/d, mole fraction for com- 
parison to the calculated ratio. Approximately 0.1 g 
of olefin mixture was incubated for 30 min in each 
run with 3 g microsomes in 30 ml buffer and NADPH- 
generating system in a stoppered 250-ml flask. The 
incubations were run under an oxygen atmosphere 
at 33”, and were stopped by addition of KOH fol- 
lowed by ether extraction. 

The diol products (3 in Fig. I) were isolated as 
follows. An ether extract of the incubation was dried 
(Na,SO,) and filtered through ca. 2 g SiO,. 10% H,O 
to remove the polar phospholipids. This filtrate was 
concentrated and subjected to preparative thin-layer 
chromatography (t.1.c.) on silica eluted with ethyl 
acetate-hexane (60:40). Both p-methyl- and p- 
phenyl-styrene diols were isolated from a band of 
R, 0.35 to 0.45 in yields of 3-6 mglrun, and were 
converted to their acetonides as described pre- 
viously [ 141. 

Mass spectra of starting olefins and acetonides of 
product diols were determined on an Atlas CH-5 
mass spectrometer by direct probe inlet (cooled to 
5-10”) using 70 eV ionization energy. The results 
obtained did not vary as the ionization energy was 
decreased, and the low inlet temperature allowed 
at least ten measurements of each sample to be 
recorded under steady state conditions in the spec- 
trometer, which considerably improved the 
precision [ 14, 151. For the olefins the intensity of the 
parent peaks was used to calculate the mole fraction 
of protio and deuterated olefin by a reiterative pro- 
cedure which corrected for the small contributions of 
one compound to the ion current at the parent m/e 
of the other. Thus, it was absolutely necessary to 
have adequate mass spectral data not only for the 
mixtures but for the pure protio and deuterated 
compounds as well. As a check on the method, the 
mole fractions thus determined for the olefin 
mixtures agreed within 0.5 per cent of those cal- 
culated from the weights of the individual olefins. 

For the’ acetonides of product diols, mole ratios 
of protio and deuterated forms were determined by 
a similar analysis of the ratio of intensities of peaks 
at m/e 72 and 74, formed as shown in 4 in Fig. 1. 
Again mass spectral data for each pure acetonide as 
well as for known d,/d. mixtures were obtained. The 
latter gave the same mole fraction by mass spectral 
analysis as by weight ratio, indicating that there was 
no isotope effect on the fragmentation. 

RESULTS AND DISCUSSION 

Cytochrome P-450 mono-oxygenases are known 
to effect several kinds of metabolic oxygenations 
I. rl . . S.~_ mn-C.. ___..12_.1_- _,:_L_4:r L., 

oxygenases epoxidize simple olefinic substrates, we 
undertook a mechanistic comparison of enzymatic 
and peracid epoxidation in terms of secondary deu- 
terium isotope effects. 

By the measurement of secondary kinetic deu- 
terium isotope effects, one can derive information 
about the hybridization changes occurring at an 
isotopically substituted carbon atom as a set of 
reactants passes from their ground states to the 
transition state complex [l6, 171. These effects are 
related to the change in vibrational energy of C-H 
vs C-D out-of-plane bending modes. Because the 
potential energy curve for an H-C (sp*) bond is a 
relatively shallow parabola, the zero-point energies 
of the C-H and C-D reactants are relatively close. 
However, the potential curve for an H-C (spy) 
bond is a relatively steeper parabola, so that the 
zero-point energy of a C-D bond is substantially 
less than that of a C-H bond. Therefore, the energy 
of activation for an sp* --+sp’ change in hybridiza- 
tion is lower for the deuterated material and the 
kinetic isotope effect is inverse (k, > kn). 

Rat liver microsomes contain a closely coupled 
cytochrome P-450/epoxide hydrase enzyme system 
which catalyzes the net reaction 1+3. The inter- 
mediate epoxides, 2, may sometimes be trapped or 
isolated, but only with difficulty [4, lfl-201. Conse- 
quently, with styrene substrates one observes only 
styrene diols as metabolic products in vitro [ 13, 2 I, 
221. The secondary deuterium isotope effect on the 
epoxidation step can thus be determined by com- 
petition experiments using mixtures of protio and 
deuterio olefins and mass spectral analysis of 
changes in d,/d, mole ratios between starting olefins 
and diol products. Since the enzymatic hydration of 
both the protio- and the deutero-oxides proceeds to 
completion, the possibility of an isotope effect on 
this reaction (which is presently under investigation 
in our laboratory) will have no bearing on the H/D 
ratio observed in the diols. As shown in Table 1, the 
substitution of deuterium for hydrogen at CB of the 
vinyl group in p-methyl- and p-phenylstyrene leads 
to no detectable isotope effect on their enzymatic 
epoxidation. Because of the nature of the mass 
spectral fragmentation of acetonides of styrene 
diols (see 4) we were unable to measure directly 
the isotope effect associated with deuteration at C,. 
However, the results obtained with the a,@&d3 
derivatives clearly show that deuteration of C, does 
lead to a significant secondary isotope effect. For 
comparison purposes, similar dataforperacidepoxi- 
dation are also listed in Table 1. In all of these cases 
the secondary isotope effects observed are inverse, 
as expected for the conversion of an olefin to an 
oxirane. 

The isotope effects observed on the P-450 epoxi- 
dations reveal several important features of the 
substrate oxygenation process, which in turn may 
l.,?. b~nh1.r rab\rnnt tn rnncirll=ratinn nf nrononals for 
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Table I. Secondary deuterium isotope effects on styrene epoxidations by 
microsomal cytochrome P-450 and m-chloroperbenzoic acid 

Epoxidizing system 

Styrene substrate (I) P-450 m-CIC,H,CO,H* 

X L Runs kr+lkD Runs kHlkD 

CHH, a-d, 5 0.99 f 0.03 
B&d;! 3 I .OO * 0.03 5 0.82 2 0.03 

a$$-d:, 4 0.93 ? 0.03 5 0.81 rt 0.03 
CH:, B .P-d, 2 I.01 ? 0.03 

a$,@-d:, 2 0.93 rt 0.03 

* Data from Ref. 12. 

enzyme system. This situation is analogous to the 
frequently observed primary deuterium isotope 
effects on P-450 hydroxylation and dealkylation 
reactions [ IS, 231. 

The magnitude of an isotope effect can also give 
information about the detailed mechanism of a 
reaction [ 16, 171. The maximum secondary isotope 
effect (kH/kD) expected for an sp2-+sp3 change is 
0.71. However, a value this large will only be ob- 
served if the transition state for the reaction occurs 
very late on the reaction coordinate and is essen- 
tially fully spy hybridized like the reaction product. 
It is more common to observe values of kH/kD in the 
range 0.8 to 0.9, corresponding to transition state 
geometries somewhere between sp’ and sp3; some 
relevant examples from the literature are given in 
Table 2. When the reaction involves a change from 
sp’ to less than fully tetrahedral geometry, as in 
epoxidation reactions, the transition state geometry 
will differ from the initial geometry even less, and 
the magnitude of the secondary isotope effect ex- 
pected will be reduced even further. For example, in 
the peracetic acid epoxidation of trans-stilbene [23] 
and in the m-chloroperbenzoic acid epoxidation of 
pphenylstyrene [ 121, the secondary isotope effects 
observed are both 9 per cent/deuterium. This value 
is close to the value of 7 per cent/deuterium ob- 
served for the enzymatic epoxidations reported in 
Table I. 

Perhaps the most significant and telling feature of 
the enzymatic isotope effects is their inequality at 
the a and /I carbons of the olefinic substrates. This 
inequality clearly indicates that enzymatic epoxi- 
dation, like peracid epoxidation, involves two 

discrete C-O bond-forming steps rather than a 
symmetrical transfer of the oxygen atom to the 
olefin. A similar situation obtains in the oxidation 
of styrene by CrO&I, [24]. However, the latter two 
chemical model reagents are clearly distinguished 
from the enzymatic oxygen atom-transfer reagent 
by the pattern of their secondary isotope effects, 
which is reversed from the enzymatic pattern (Table 
I), and by the fact that their reaction with styrenes 
shows a marked dependence on substituent effects 
(p = - 1.4 for peracid and p+ = - 1.99 for 
CrO& [ 12, 241, whereas the enzymatic epoxida- 
tion is virtually insenstive to substituent effects [ 131. 

While it might be tempting to conclude from the 
reversed pattern of the enzymatic isotope effects 
that the enzyme attacks the substrate first at C, and 
then at C, in forming the oxirane ring, we feel that 
this is unlikely in view of the fact that all chemical 
reagents which attack styrenes in a stepwise fashion 
attack first at Cp because of the mechanistic ad- 
vantage of resonance stabilization of intermediates. 
The applicability of this analogy between the che- 
mical and enzymatic behavior of styrenes has been 
discussed in detail in the previous paper [13]. As- 
suming that the enzyme, like other chemical re- 
agents, does attack the substrate first at CB and then 
at C, to close the oxirane ring, one is faced with the 
problem of explaining the lack of an isotope effect 
at Cg. Clearly, more information from a broader 
range of substrates will be needed to understand 
these isotope effects fully. However, the present 
information does lead to two straight-forward and 
important conclusions. The first is that the oxygen- 
ation of the vinyl side chain in styrene derivatives 

Table 2. Secondary deuterium isotope effects on chemical oxidations of styrene derivatives 

Substrate Reagent PCP’) hlk, Source of data 

t-Stilbene-dr 

r-Cinnamic acid 

-a-d, 
-B-d, 

Styrene 
-a-d, 
-p&d? 

CH,CO,H 
KMnO, 
OS04 
Ozone 
KMnO, 

CrO$ZI, 

- 1.1 

(- 1.99) 

0.90 
0.82 
0.88 
0.93 

0.76 
0.76 

0.98 
0.88 

Ref. 23 

* 

Ref. 24 

* D. G. Lee and J. R. Brownridge, J. Am. hem. Sm. 96, 5517 (1974). 
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does not occur in a symmetrical concerted fashion. 9. 
The second. which is also supported by substituent 
effect studies, is that there is little mechanistic 
similarity between cytochrome P-450 enzymes and IO. 

organic peracids as chemical models for these 
enzymes. If. 
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