Prochiral selectivity and deuterium kinetic isotope effect in the oxidation of
benzyl alcohol catalyzed by chloroperoxidase
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The chloroperoxidase-catalyzed oxidation of benzyl alcohol
exhibits a very high prochiral selectivity, involving only the
cleavage of the pro-S C-H bond.

The mechanistic aspects of the reactions catalyzed by chloro-
peroxidase (CPO), a hemoprotein isolated from the fungus
Caldariomyces fumago, are attracting continuousinterest asthis
enzyme is able to catalyze the H,O.-promoted oxidation of a
large variety of organic compounds.® There is general con-
sensus that in all cases the active oxidant is an iron(rv) oxo
complex porphyrin IX (P) radical cation [P+—Fe'V=0], also
indicated as compound |, formed by reaction of the resting
enzyme with H,O, [egn. (1)].1d.2

P—Fe! + H,Op, — PH—FeV=0 + H,0 D
Compound |

Here we report on akinetic and products study of the oxidation
of benzyl alcohol 1 and the enantiomeric and racemic forms of
a-monodeuterated benzyl alcohol (1-d). The results obtained
have shown that the process is characterized by an extremely
high prochiral selectivity, providing us with useful information
about the reaction mechanism.

The racemic [«-2Hq]benzyl alcohol [(£)-1-d)] and the two
enantiomers (R)- and (S)-[«-2H,]benzyl alcohol [(R)-1-d and
(9-1-d, respectively] were reacted with H,O, in H,O at pH 6
(0.1 M phosphate buffer), in the presence of CPO (2 nmol for 10
mmol of H,0,). In each case, the molar ratio between PhCDO
and PhCHO produced in the reaction was measured by GC-MS
and/or *H NMR, the two methods giving very similar results.
The results are reported in Table 1. The kinetic parameters K,
and k.y for the CPO-catalyzed oxidation of deuterated and
undeuterated benzyl acohols were obtained, as usual, by
measuring the initial rates of formation of benzaldehyde at
different concentrations of substrate (Lineweaver—Burk plots).
These values are collected in Table 2.

Table 1 Oxidations of [«-2H;]benzyl alcohols with H,O, catalyzed by
CPOa

Substrate Yields (%)P PhCDO/PhCHOe
(9-[-2H]benzy! alcohol 58 <01
(R)-[«-2H]benzyl acohol 68 >30
()-[«-2H] benzy! a cohol 47 20

a The acohol (0.1 ml of asolution 0.5 M in CD3CN) and CPO (Sigma) (2
nmol) were magnetically stirred in 5 ml of 0.1 M phosphate buffer pH 6.0
at 25 °C, H,0, (200 ul, 0.5 M) was then slowly added in 1 h via a syringe
pump. After extraction with CDClI; reaction mixtures were analyzed by *H
NMR, GC and GC-MS. Benzaldehyde and [«-2H]benzal dehyde were the
only products formed. © Yields are with respect to the starting material.
Average of at least three determinations, the error is £10%. ¢ Molar ratio
measured via GC-M S by theratio between the corrected signal intensities of
the two molecular ions at m/z 107 and 106. Average of at least three
determinations, theerror is+10%. Similar valueswere obtained by *H NMR
considering that the signal of the benzylic protons ortho to the carbonyl is
due to the sum of the two products (PhCHO + PhCDO) and that of the
adehydic proton derives from PhCHO.

By looking at the data in Table 1, a very remarkable
observation is that from (9-1-d practicaly only PhCHO is
produced, whereas the oxidation of its enantiomer (R)-1-d leads
amost exclusively to PhCDO. Comparable amounts of deut-
erated and undeuterated benzal dehydes form instead from the
racemic acohol (+)-1-d.

These results clearly indicate that in the oxidation of (9-1-d
the bond broken is ailmost exclusively the C-D bond, whereas
the oxidation of (R)-1-d involves almost exclusively the
cleavage of the C-H bond. Thus, the ratio between the ke
valuesfor (R)-1-d (C—H bond cleavage) and (S)-1-d (C-D bond
cleavage), reported in Table 2, should provide us with a lower
limit for the intrinsic kinetic deuterium isotope effect of the
reaction (ky/kp).3 A value of 2.8 is obtained which is dlightly
smaller than those (3.3, 3.5) found in the benzylic hydroxylation
of p-methylanisole.li It therefore seems possible to suggest a
similar mechanism for the two processes, i.e. the oxidation of
benzyl alcohol catalyzed by CPO should involve the transfer of
a hydrogen atom to the ferryl oxygen of the iron oxo complex
(Scheme 1, path a).5 An «-hydroxy carbon radical and the iron
hydroxy complex P—FeV-OH form. They may lead to the
hydrated form of benzaldehyde directly (oxygen rebound,
Scheme 1, path b) or stepwise with formation of the inter-
mediate «-hydroxybenzyl cation (Scheme 1, path c and d). A
similar sequence has aso been proposed for the oxidation of
benzyl alcohol catalyzed by cytochrome P-450.6

The possibility of an electron transfer mechanism facilitated
by the aromatic ring seems unlikely since the value of ky/kp is
significantly higher than that (1.8) determined in the oxidation
of racemic 1-d induced by the genuine one-electron oxidant
804_'.7

The data presented in Table 1 also allow some speculation
concerning the orientation of the substrate in the enzyme active
site. In particular, it can be suggested that the substrate binds to
the enzyme orienting the C-D bond of the Senantiomer, and the

Table 2. Steady-state kinetic constants for the chloroperoxidase catalyzed
oxidation of benzyl acohols by H,0,

Substrate Km/mMa Kea/S—12
1 1.3+0.1 172+ 0.7
(9-1-d 1.1+01 6.6+04
(R)-1-d 16+0.1 18.7+ 0.9

a Obtained from a Lineweaver—Burk plot. Theinitial ratesfor the formation
of benzaldehyde were determined spectrophotometrically at 25 °C and pH
6 following the increase of absorbance at 280 nm.

d\im +H,0

P*_Fe"=0 + PhCH,OH —3P -FeV-OH + PhéHOH—Ir PhCH(OH),
| - P-Fe e*—HzO

PhCHO

Scheme 1
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Fig. 1 Proposed orientation of (R)-1-d and (S)-1-d with respect to the iron

oxo complex in the CPO active site.

C—H bond of the R enantiomer, towards the oxygen of the active
oxidant, asillustrated in Fig. 1.

It follows that the oxidation of benzyl alcohol catalyzed by
CPO should be characterized by a very high prochira
selectivity with only the pro-S hydrogen [Fig. 2(a)] involved in
the process. An additional very interesting notation is that the
same spatial orientation as that observed for the oxidation of
benzyl acohol appears to be aso required in the CPO-induced
oxidation of ethylbenzene, which accordingly has been reported
to produce (R)-1-phenylethanol,1i-8 exclusively [Fig. 2(b).

pro-S
wod ° cpd " °
H ®H
pro-R

(@ (b)

Fig. 2 Proposed orientation of (a) benzyl acohol and (b) ethylbenzene with
respect to the iron oxo complex in the CPO active site.

Thus, it would seem that in the oxidation of benzyl acohol
the OH group does not play any specific role with respect to the
spatial orientation assumed by the substrate in the enzyme
reacting pocket. Accordingly, the orientation appears not to
change when OH is replaced by a Me group. Probably, the
interaction of the aromatic ring with the side chains of Phe 103
and/or Phe 186 playsthe major rolein thisrespect. Both Phe 103
and Phe 186 are situated at the bottom of the opening of the CPO
substrate-binding pocket and have been suggested to be of
fundamental importance in establishing hydrophobic inter-
actions with organic substrates.® Theoretical calculationsto test
this hypothesis are under way.
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