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Synergistic Effects in the Epoxidation of Mixtures of Styrene and Aliphatic Alkenes

catalysed by a Cytochrome P-450 Model
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In competitive experiments styrene increases the rate of epoxidation of aliphatic alkenes by the mono-oxygenase
model {meso-tetraphenylporphyrinato)manganese(n) chloride-sodium hypochlorite; this effect is caused by
phenylacetaldehyde, which is formed as a side-product of styrene epoxidation.

Biomimetic oxidation by single oxygen donors catalysed by
synthetic metalloporphyrins is an area of active research.1—3
Recently, we reported on the mechanism of alkene epoxida-
tion by the cytochrome P-450 model (meso-tetraphenyl-
porphyrinato)manganese(ur) chloride with sodium hypo-
chlorite as oxidant (Meunier system?2).3 In competitive
experiments we observed that styrene increases the rate of
epoxidation of aliphatic alkenes.3>* We now present evidence
that this rate enhancing effect is caused by aldehydes, which
are formed as by-products in the epoxidation reaction.

Experiments were performed in a two phase water—di-
chloromethane system with triethylbenzylammonium chloride
(TEBA) as phase transfer catalyst.t Rates were determined
by measuring the formation of epoxide by g.l.c. Under the
experimental conditions used, the order in alkene is 0. For
aliphatic alkenes in non-competitive experiments the order in
(meso-tetraphenylporphyrinato) Mn(m) chloride (MnTPP)
varies between 1 and 0 (Figure 1).

In competitive experiments with styrene (molar ratio of
aliphatic alkene to styrene 1:1) the epoxidation rate of the
aliphatic alkene increases and the order in catalyst changes
from less than one to first order. In order to trace the origin of
this phenomenon we tested the effect of various additives. We
found that phenylacetaldehyde, which is formed from styrene
as a by-product (ca. 20%122d), induces a similar change in
kinetics. Other aldehydes (benzaldehyde, propionaldehyde,
hexanal) also showed this behaviour, although the effects are
less pronounced (Figure 1). Ketones, e.g. cyclohexanone and
cyclopentanone, also accelerate the epoxidation reaction.
Further experiments were performed using phenylacetal-
dehyde or benzaldehyde as additive. The following observa-
tions were made: (i) Without TEBA, no epoxidation takes
place.The reaction cannot be induced by adding aldehyde,
indicating that the aldehyde does not act as a phase transfer
catalyst for OCIl-. (ii) Experiments performed with
cyclohexene (0.626 mol dm—3) to which various concentra-
tions of benzaldehyde (0—0.623 mol dm-3) were added,
reveal that the epoxidation rate is first order in aldehyde (k;
4.2 + 0.1 x 10-4 s~1; Figure 1 inset). Substitution (4-NO,,
4-F, 4-Me, 4-MeO) of the phenyl ring of benzaldehyde has
virtually no influence on the rate of epoxidation of
cyclohexene. (iii) The rate enhancing effect of the aldehyde
depends on the steric environment of the porphyrin catalyst
and decreases in the series MnTPP > (meso-tetramesityl-
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+ Unless otherwise indicated the following reaction conditions were
used: [MnTPP] 2.5 x 10-3, [TEBA]} 5 x 10-3, [alkene] 0.626,
[4-methylpyridine} 1.3 mol dm~3 in CH,Cl, (volume organic phase
0.63 ml), aqueous NaOCI (2 ml, 0.35 mol dm—3, pH 12.7). For
experimental procedures see ref. 3b.

porphyrinato) Mn(m) chloride (MnTMP) > {meso-tetra(2,6-
dichlorophenyl)porphyrinato} Mn(u1) chloride (MnTDCP)
(Table 1). (iv) The aldehyde is partly converted into carboxy-
lic acid; for the combination benzaldehyde (0.156 mol dm—3)
and cyclohexene (0.626 mol dm-3) the rates of benzoic acid
formation and cyclohexene oxide formation are 1.62 % 0.05 X
10-5 and 17.4 £ 0.1 X 10~5 mol dm—3 s—1, respectively. In
separate experiments we found that benzoic acid has no rate
enhancing effect on the epoxidation of cyclohexene.

We explain these results as follows. In a rate determining
step, manganese(111) porphyrin reacts with hypochlorite to
form an oxomanganese(v) porphyrin complex (1).3d Without
aldehyde, this complex has two decomposition routes: one
with alkene to give an epoxide, equation (1), and a second one
with manganese(11) to form an unreactive dimer, equation
(2).
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As we have shown previously3d equation (2) is much more
important for sterically unhindered porphyrins (MnTPP) than
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Figure 1. Rate of cyclohexene epoxidation as a function of [MnTPP] in
the presence of styrene (0.313 M, (), phenylacetaldehyde (0.156 m,
M), benzaldehyde (0.156 M, O), and without additive (@). Inset: rate
of cyclohexene epoxidation as a function of [benzaldehyde]. For
reaction conditions see footnote .
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Table 1. Rate of cyclohexene epoxidation by manganese porphyrin
catalysts in the presence and absence of phenylacetaldehyde.2

Rate X 105/moldm—3s—1b

Ratio of rate
Catalyst with aldehyde withoutaldehyde  constants
MnTPP 44.0 10.8 4.1
MnTMP 5.7 3.4 1.68
MnTDCP 1.53 1.33 1.15

a [PhCH,CHO] 0.156 mol dm-3. For reaction conditions, see
footnote 1. b Estimated error 5%.

for sterically hindered ones (MnTMP, MnTDCP). With
aldehyde the oxygen atom transfer from (1) to a substrate is
accelerated which causes less dimer to be formed. As a
consequence, the epoxidation rate increases and the order in
catalyst changes from less than one to first order. U.v.—-visible
measurements support this: without aldehyde the oxoman-
ganese(v) species (Amax. 422 nm) decomposes with a rate
constant k; 3 X 10—4s~—1. In the presence of 0.156 mol dm—3 of
benzaldehyde the decomposition rate is accelerated to such an
extent that we were unable to measure it (k; >>3 X 10-2s-1).

How aldehydes facilitate the oxygen transfer from oxoman-
ganese(v) porphyrins to alkenes is not clear yet. Low
temperature u.v.—visible experiments indicate that no inter-
mediate complex is formed between (1) and aldehyde.1b The
aldehyde could transfer a hydrogen atom to the oxygen atom
of (1) to give a Mn(1v)OH porphyrin complex.3c We think that
such a mechanism is unlikely as other hydrogen donating
compounds (e.g. isopropylbenzene) were found to be unreac-
tive in the epoxidation reaction. Also, the observation that
ketones accelerate the epoxidation reaction does not favour a
hydrogen transfer mechanism.

We tentatively propose that species (1) rapidly reacts with
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an aldehyde or a ketone to form a carbonyl oxide species (2) or
a dioxirane (3). Compounds of type (3) are known to be
effective epoxidizing agents.*

Recently a number of studies have appeared in which
mechanistic conclusions are drawn from competitive experi-
ments with styrene and aliphatic alkenes.h.2b.2¢ In view of the
results presented here, a re-evaluation of these experiments
may be required.
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