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Chiral propargylic alcohols are important building blocks for
the enantioselective synthesis of complex molecules, in particular,
biologically active compoundsThere are two general strategies
for the asymmetric synthesis of propargylic alcohols: (a) enan-
tioselective alkynylation of aldehydeand (b) stoichiometric or
catalytic reduction of acetylenic ketongslowever, the most
direct procedure for the preparation of optically pure propargylic
alcohols would be the asymmetric hydroxylation of alkynes. Until
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Table 1. Enantioselective Propargylic Hydroxylation Catalyzed
by CPG

entry R R ee (%) vyield(%) config

1 CHs CHs 57 ® R

2 CH,CHs CHs 91° 26 R

3 CH, CH,CHjs CH;s 87 30 R

4 CHy(CH,).CH; CHs NL:s 8 R

5 Ph ChH 86° 15 R

6 CH.OAC CHs 95°d 52 R

7 CH.Br CH;s 94 65 R

8 CH.CH,OAc CHs 83 26 R

9 CH.CH,Br CH;s 94de 25 R
10 CH.OAc CH,CHjs 87 8 N.DI
11 COCH CHs no reaction

aHydrogen peroxide as the terminal oxidahbDetermined by GLC
on af-CDX column.© Determined by conversion to corresponding
trifluoroacetate and GLC analysis using a chiral G-TA column.
dDetermined by'H NMR analysis of the corresponding Mosher

now an effective and versatile catalyst for this approach has not (MTPA) ester.° Determined by GLC on a chiral G-TA columihUnless

been availablé.

Chloroperoxidase (CPO) is the most versatile and efficient
oxidation catalyst in the heme enzyme fantigince the discovery
of CPO more than three decades &golarge number of CPO-

otherwise specified, the isolated yields are after flash chromatography
and are not optimized.Determined by GLC analysi§.Determined

by hydrogenation (Pd/C, MeOH) followed by correlation B)-(nhono

or diols commercially available (Aldrich) or previously reported.

i Determined by comparison of the optical rotation with the known

catalyzed reactions have been described. CPO catalyzes halogengompoundi Not determined.

tion %7 the oxidation of alcohols to aldehydgaldehydes to acids,
dealkylations of alkylamine¥, dimerization of phenol$! and
oxidation of amines to nitroso compouniddn particular, CPO
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catalyzes several enantioselective oxidation reactions: epoxidation
of alkenes? allylic and benzylic hydroxylation¥,and sulfoxi-
dations!* There are very few reports concerning the enzymatic
oxidation of acetylene¥.We now report a new oxidation reaction
catalyzed by CPO, stereoselective propargylic hydroxylations.

Under appropriate conditiofsCPO catalyzes the enantiose-
lective hydroxylation of a variety of unfunctionalized and
functionalized alkynes yielding chiral propargylic alcohols. Both
hydrogen peroxide artért-butyl hydroperoxide (TBHP) can serve
as the terminal oxidant in this reaction. When hydrogen peroxide
is used as the oxidant, it is added slowly to the reaction mixture
to minimize the potent catalase activity of CPO. When TBHP is
used, the oxidation is started by adding 2 equiv of TBHP directly
to the reaction medium.

Table 1 records the results obtained with a variety of alkynes.
To assess the relative utilization of the different alkynes, all of
the reactions contained 1 equiv of alkyne, 2 equiv of oxidant,
and identical amounts of enzyme. All product yields and ee’s
are reported for 2-h reaction periods. The extent of the conversion
of an alkyne to product in a 2-h reaction is controlled by the rate
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of hydroxylation of the alkyne, the rate of inactivation of CPO, Table 2. Effect of Terminal Oxidant on Enantioselectivity

the loss of the chiral alcohol due to overoxidation, and the loss ee (%)

of oxidation equivalents via the catalase side reaction. Obviously _
in most cases the yield of product could be increased by the _ €Nty R R H20, TBHP
addition of more enzyme and oxidant. In the case of unfunction- 1 CH,CH3 CHs 91 86

alized acetylenes, the results in Table 1 record the effect of carbon 2 Ph CH 86 50¢

chain length on enantioselectivity and product yield. When the 3 CH,CH,OAc Chg 83 76c
smallest alkyne (entry 1) serves as a substrate, both the enantio- 4 CHOAC CH,CHs 87 43

metric excess and the yield of the propargylic alcohol are very > CheBr CHs 94 881(1
moderate (ee 57%, yield 7%). However, the enantioselectivity CHCH,Br Chs 94 i

and yield dramatically increase for an acetylene having an 2Determined by GLC on g3-CDX column.” Determined by
additional carbon atom (entry 2, ee 91%, yield 26%). CPO proved conversion to trifluoroacetate and GLC analysis using a chiral G-TA
to be progressively less stereoselective toward alkynes possessingolumn.© Determined byH NMR analysis of the corresponding mosher
additional carbons (ee 87 and 78%, respectively for entries 3 and(MTPA) ester. Determined by GLC on a chiral G-TA column.

4), and yields also decreased from 30to 3%. The modest ee fortO the system via a syringe pump in a continuous and slow
entry 1 must be due to the small difference in asymmetry between ; yition process (1Q:L/min for 1.0 mmol of substratess,

the two substituents on the prochiral propargylic carbon. As the hydrogen peroxide is maintained at a very low concentration

carbon chain lengthens, the asymmetry becomes more apparenf,ing the propargylic hydroxylations. This not only protects the
and the enantioselectivity increases, but only to a point. Obviously enzyme from inactivation by D, but also avoids further

steric requirements at the gctive site of CPO sevgrely Iim.it 'ghe oxidation of the propargylic alcohols to-ynones. Thus, in some
entry of the larger acetylenic substrates. These size restrictions

L X M cases the maintenance of low concentrations of oxidant in the

are similar to those noted in the CPO epomdatlomefalk_enes reaction is essential for achieving high stereoselectivity.
and 2-methyl-1-alkyne$.CPO also hydroxylates the conjugated " 5| cases the chiral product which is produced is of the
phenyl acetylene (entry 5) with good selectivity, but the yield is g _configuration. Different substituents at the prochiral propargylic
very modest n this case. . ) carbon have no significant effect on the stereo-orientation of

Very surprisingly, when an electron-withdrawing group (ac- g pstrates in the active site of CPO. These results are similar to
etoxy or bromo) is attached to the methyl group remote from the yhe enantioselective epoxidation of alkenes by GPO.
prochiral progargylic carbon (entries 6 and 7), the enantioselec- |, ¢onirast to P450 cytochromes, CPO is very readily available,
tivity and the yields show remarkable enhancements (ee 95%,;; ilizes H,0, or TBHP instead of oxygen as the terminal
%/ieldt_52°/r, and ee 94%, yield 6‘?%% reSFt)re]CtitV.el?’)'bWZe? tr:e_se oxidant, and it does not require a cofactdklthough selective
unctional groups are more remote from the triple bond (entries ~ : - :
8 and 9), the ee still remains high for entry 9 (94%), but there is hydroxylations of allylic or benzylic €H groups are a qite

R 0 common feature for the cytochrome P450 family of enzymes,
a significant decrease for entry 8 (from 95 to 83%). In both cases gy mmetric propargylic hydroxylations are rare. The X-ray crystal
the yields are significantly lower (from 52 to 26% for entry 8,

structure shows that CPO possesses a unique active-site environ-
and 65 to 25% for entry 9). Furthermore, the presence of an ethyl P g

. h hiral i ment!® The proximal heme iron ligand is a cysteine thiolate and
group adjacent to the prochiral propargylic carbon (entry 10) 5 giytamate residue hydrogen bonded to a histidine functions as
promotes high stereoselectivity; however the yield decreases

q - 5 %. Th | hat th >~>an acid-base catalyst distal to the heme. The thiolate ligand is
ramatically from 52 to 8%. These results suggest that the active g, rounded by a positive electrostatic environment which serves
site of CPO is very sterically constrained.

. X ) to increase the oxidation potential of this heme enz§#€&This
The mechanism of the propargylic hydroxylation catalyzed by nique heme environment in CPO undoubtedly plays a significant
CPO is ambiguous. However, since radical intermediates can be,

- . . o ; role in promoting its unusual propargylic hydroxylation activity.
stabilized by electron-withdrawing groupsit is tempting to Herein, we have reported highly enantioselective propargylic
speculate that the propargylic hydroxylations go via a free radical 1y groxylation reactions catalyzed by CPO. In all cases the carbon
intermediate. This hypothesis differs from the mechanism pro- cjain length of the substrate plays a significant role in the overall
posed for CPO benzylic hydroxylation reactichs. o enantioselectivity and vyields of the reaction. CPO prefers
Itis interesting to note that the terminal oxidant has a significant 4cetylenes containing short, straight carbon chains and produces
effecf[ on the enantloselectlwty_ of propargylic hy_drqulatpn products with high ee and in good yields. These results indicate
reactions (Table 2). In all cases _hlgher §tereose|ect|V|ty is obtainedinat CPO shows considerable promise for the production of chiral
when HO, serves as a terminal oxidant rather than TBHP qhargyiic alcohols. The potential for modification of the active
although the yields of the alcohols are only modestly affected. gjie of CPO by random and/or site-directed mutagenesis provides

In particular, entries 2 and 4 give lower ee’s with TBHP as 5, exciting approach for broadening the substrate specificity and
oxidant. When TBHP serves as the oxidant (2 equiv of TBH_P), improving the selectivity of the propargylic hydroxylations.

the ee of the propargylic alcohol (entry 2) decreases progressively
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