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Since the discovery of chloroperoxidase (CPO, EC 1.11.1.10,
from Caldariomyces fumago) as an epoxidation catalyst,1 the
selectivity and efficiency of this reaction has been the subject
of considerable interest. Our previous work regarding the
asymmetric epoxidation of alkenes using CPO has entailed an
initial screening of olefins,2 evaluation of 2-methyl-1-alkenes
as substrates,3 and the utilization of CPO as a key step in the
synthesis of (R)-(-)-mevalonolactone.4 Zaks and Dodds5 have
expanded the scope of acceptable olefin substrates, while also
demonstrating the ability of CPO to catalyze allylic and benzylic
hydroxylation.6 Indeed, CPO is a quite versatile catalyst, having
been shown to mediate halogenations,7 sulfoxidations,8 dealkyl-
ations of alkylamines,9 dimerization of phenols,1a,10 and the
oxidations of alcohols to aldehydes,6,7c,11aldehydes to acids,5

and amines to nitroso compounds.12

The crystal structure13 of CPO has been determined, and its
oxidation mechanism has been investigated,5,14 though not
unequivocally determined. The enzyme is readily available and
shows considerable promise as a catalyst for preparatory
purposes. Most of the work so far with CPO-mediated
epoxidation has been exploratory and not very systematic. A
notable exception is the epoxidation of substituted styrenes.15

In order to further probe scope and limitations and ultimately

active site characteristics, this paper investigates the effect of
chain length of 2-methyl-1-alkenes on enantioselectivity and
conversion when subjected to CPO mediated epoxidation using
tert-butyl hydroperoxide as terminal oxidant.
While many CPO-mediated reactions involve H2O2 as the

terminal oxidant, this study utilizestert-butyl hydroperoxide
instead. The reason is primarily convenience. While CPO is
able to generate O2 from H2O2 in a catalase-type side reaction,16

causing foaming and potentially sweeping away more volatile
substrates, thetert-butyl hydroperoxide reaction can be per-
formed in a sealed vessel without appreciable pressure buildup.
Furthermore, CPO is quite sensitive to H2O2,17 losing activity
rapidly in the presence of excess reagent. In contrast, epoxi-
dations run smoothly withtert-butyl hydroperoxide even when
excess oxidant is present at the outset. Especially for larger
scale reactions, the use oftert-butyl hydroperoxide appears more
efficacious.
2-Methyl-1-alkenes were epoxidized under identical

conditions: Alkene (0.30 mmol) was stirred vigorously with
t-BuOOH (0.60 mmol) in 3.0 mL of 10 mM Na citrate buffer
adjusted to pH 5.5. CPO (2.5 mg, 0.06µmol) was added all at
once. The reaction vial was capped, and the reaction was stirred
for 1.0 h at ambient temperature, after which Na2S2O3 was added
and the mixture was extracted 3 times with ether. Combined
organic extracts were dried with MgSO4, and GC standard
(decane, dodecane, or tetradecane as appropriate) was added
prior to injection.
In all cases the predominant enantiomer produced was of the

R-configuration, except 3-bromo-2-methylpropene oxide which
was predominantlySonly because of the priority switch. The
enantiomer of this latter compound was synthesized from
commercially available (S)-methylglycidol to confirm stereo-
chemistry. (R)-2-Methylheptene oxide has previously been
prepared4 and correlated directly to the 7-bromo compound by
hydrogenolysis of the bromide. All other epoxides were
assigned stereochemistry based on their consistent elution order
during GLC analysis.
Substrate selectivity was approached by observing the effect

of chain length ofω-bromo-2-methylalkenes on substrate
conversion. Entries 1 and 2 in Table 1 (the two smallest
alkenes) were entirely converted to products, since no starting
material could be observed in reaction mixture extracts. Entries
3-5 illustrate a rapid decline in conversion with each additional
carbon. For these latter three substrates that failed to convert
completely, some attempts were made to increase conversions
(data not shown). Doubling the initial quantity of CPO did not
improve conversion. Likewise, extending reaction times to 3
h had no significant effect. On the other hand, 7-bromo-2-
methylheptene was treated with an additional 2.5 mg aliquot
of CPO after 0.5 h, and the reaction was quenched after another
0.5 h to reveal that conversion was improved modestly from
20% to 30%. Another increment of improvement to 36%
conversion was obtained when 5.0 mg of CPO was added in
four 1.25 mg aliquots at 15 min intervals. Clearly the enzyme
is being inactivated rather rapidly.
CPO activity is lost in the presence of oxidizing agents,17

presumably while the enzyme is in its compound I form, that
is, possessing a heme radical cation coordinating FeIVdO
functionality. Its best protection against self-destruction appears
to be the oxidation of substrate molecules, thus relieving
compound I of the two electrons that may be regarded as
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thermodynamically dangerous to its health. When oxidation
of substrate is slow, the life span of the catalyst is short.
The crystal structure13 of CPO reveals a catalytic heme

functionality immersed in a proteinaceous pocket. Entry into
this active site is likely to be increasingly inhibited toward
substrates with greater steric requirements. Thus, it is likely
that the slower rate of diffusion into the active site pocket for
longer chain substrates is what allows for compound I self-
destruction and, hence, lower conversions.
Poor solubilities of these substrates in water entail that

preparatory scale reactions be conducted as two-phase systems.
Kinetic experiments must be conducted at concentrations at and
below maximum solubility, which did present difficulties, but
approximate kinetic parameters could be obtained for several
of the alkenes. In each case, a kinetic burst was observed which
quickly leveled off to a steady-state reaction. Figure 1 illustrates
Lineweaver-Burk plots using epoxide formation data collected
from steady-state analyses. These plots provide the kinetic
parametersVmaxandKm which corroborate faster reaction rates
for shorter chain substrates while binding is somewhat enhanced
for the longer chain alkenes (Table 1).
Like conversion data, enantiomeric excess data in Table 1

show an interesting trend. Methallyl bromide (entry 1) was
epoxidized resulting in moderate enantioselectivity (62% ee)
while the ee of the oxide of 4-bromo-2-methyl-1-butene was
good (88%, entry 2) and that of 5-bromo-2-methyl-1-pentene
was excellent (95%, entry 3). CPO proved to be progressively
less stereoselective toward alkenes possessing additional car-
bons. 6-Bromo-2-methyl-1-hexene (entry 4) and 7-bromo-2-
methyl-1-heptene (entry 5) provided epoxides with 87 and 50%
ee, respectively.
The modest ee associated with the smallest substrate is

reasonable considering that the plane of symmetry dividing each
substituent on the double bond is disturbed only by a bromine
atom which possesses a Van der Walls radius of 1.84 Å,18

slightly less than that of a methyl group. As the chain lengthens,
the nonsymmetry becomes more pronounced and enantioselec-
tivity increasessbut only to a point. Again, consideration of
active site structural features can be informative. 2-Methyl-
alkenes with especially long chains are liable to fold into higher
energy conformations as required by the steric constraints of
the active site pocket. Meanwhile, the energy difference
betweenre and si orientation for oxygen transfer diminishes
for these substrates resulting in lower ee values for epoxide
products.
A question that remains is whether admission to the active

site or the activation energy for epoxidation represents the higher
energy barrier. Further research is expected to proceed involv-
ing reaction kinetic experiments, molecular modeling, and
random and site-directed mutagenisis.
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Table 1. Chloroperoxidase-Mediated Epoxidation of
ω-Bromo-2-methylalkenes: Conversions, Kinetic Parameters, and
Enantioselectivities as a Function of Chain Lengtha

a See text and Supporting Information for experimental details.
bDetermined by chiral GC analysis.cData derived from Figure 1.

Figure 1. Lineweaver-Burk plots for severalω-bromo-2-methyl-1-
alkenes;V is the velocity (µmol/min) of epoxide formation under steady-
state conditions. Reaction mixtures contained 10 mM sodium citrate
buffer, 0.18µM CPO, 40 mM TBHP at 22°C, and either 4-bromo-
2-methyl-1-butene (+), 5-bromo-2-methyl-1-pentene ([), or 6-bromo-
2-methyl-1-hexene (b).
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