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Allylic alcohols and ethers represent an important and
versatile class of substrates that are often used in the preparation
of a wide range of medicinally noteworthy natural products.
Therefore, methods that allow the preparation of these com-
pounds with high enantioselectivity are valuable to chemical
synthesis. Within this context, the well-known Ti-catalyzed
asymmetric epoxidation procedure of Sharpless1 is often used
to synthesize optically pure acyclic allylic alcohols through the
catalytic kinetic resolution of easily accessible racemic mix-
tures.2 However, when the catalytic epoxidation is applied to
cyclic allylic substrates, reaction rates are retarded and notably
lower levels of enantioselectivity are observed. Ru-catalyzed
asymmetric hydrogenation has been employed by Noyori to
effect resolution of five- and six-membered allylic carbinols;3

in this instance, as with the Ti-catalyzed procedure, the presence
of an unprotected hydroxyl function is required. Herein, we
report the results of our initial studies on the kinetic resolution4

of a variety of cyclic allylic ethers effected by asymmetric Zr-
catalyzed carbomagnesation.5 Importantly, in addition to six-
membered ethers, seven- and eight-membered ring systems can
be readily resolved by this catalytic protocol.
As illustrated in Table 1, when the benzyl ether of 2-cyclo-

penten-1-ol (1) is treated with 10 mol % of (R)-(EBTHI)Zr-
binol6 in the presence of 5 equiv of EtMgCl (THF, 70°C), the
recovered starting material is obtained in 52% ee (65%
conversion;7 chiral GLC). When allylic MEM ether2, derived

from cyclohexenol, is subjected to these conditions, at 63%
conversion the starting material is recovered in 50% ee (chiral
GLC). In contrast, the derivedn-butyl ether3 is resolved more
efficiently (79% ee at 63% conversion). The synthetically more
useful benzyl ether4 undergoes asymmetric ethylmagnesation
and is recovered with still better enantioselection than was
observed with the above substrates ((S)-4 is recovered in 81%
ee; chiral HPLC);8 the latter substrate reacts faster than2 or 3
as well (compare entries 2 and 3 with 4). Importantly, as shown
in entry 5, when racemic phenyl ether5 is treated to the Zr-
catalyzed resolution conditions for 2 h, (S)-5 is obtained in 97%
ee at 60% conversion.9

The resolution data depicted in entries 8-10 in Table 1
indicate the following. (i) Disubstituted allylic ethers can be
resolved through the Zr-catalyzed protocol; phenyl ether8 is
obtained in 98% ee after 55% conversion. To obtain excellent
levels of enantiomeric purity in the resolution with8 as the
substrate, 20 mol % of zirconocene (Vs10 mol %) must be used;
15 mol % of (EBTHI)Zr-binol affords the recovered starting
material in 84% ee at 60% conversion (kfast/kslow ) 8);10 with
10 mol % of precatalyst the reaction does not effectively proceed
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(7) All reactions described herein afford the expected ethylmagnesation
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freshly prepared catalyst batches of high purity. Sluggish reactions and/or
inferior enantioselectivities will be otherwise observed.

(9) The phenyl ether derived from cyclopentenol reacts with the
alkylmagnesium halide in the absence of the catalyst, preempting the
possibility of catalytic kinetic resolution (both at 22 and 70°C). Nonetheless,
the starting material is recovered in∼40% ee after 60% conversion.

Table 1. Zr-Catalyzed Kinetic Resolution of Five- and
Six-Membered Cyclic Allylic Ethersa

aReaction conditions: 10 mol % of (R)-(EBTHI)Zr-binol, 5.0 equiv
of EtMgCl, THF, 70°C. Reaction in entry 8 was carried out with 20
mol % of (R)-(EBTHI)Zr-binol. bConversions determined by GLC
analysis in comparison with an internal standard, by analysis of the1H
NMR of the reaction mixture, and through isolation (silica gel
chromatography).c The identity of the recovered starting materials was
determined through comparison with authentic enantiomers (see sup-
porting information for details). Enantiomeric excess was determined
by chiral GLC (BETADEX 120 chiral column by Supelco, entries 1-3,
6, and 7; CHIRALDEX-GTA chiral column by Alltech, entries 8 and
9). Recovered starting materials in entries 1, 3, 6, 7, and 8 were first
converted to their derived epoxides and then analyzed. Enantiomeric
excess was determined by chiral HPLC: CHIRALCEL OB-H for entries
4 and 5 and with CHIRALPAK AD for entry 10. Absolute stereo-
chemistry was directly determined for3, 4, 5, and8; the remaining
assignments were made by inference.
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past 40% conversion. (ii) Bicyclic 1,6-disubstituted ether9 is
resolved more efficiently than the derived monocyclic substrate
10; this outcome is notable, since we find the corresponding
methoxyisopropyl ether to be an inferior substrate for the Zr-
catalyzed resolution (kfast/kslow ) 1.5).
As entries 1 and 2 of Table 2 illustrate, with seven-membered

allylic ethers, significantly higher levels of enantioselection are
achieved (in comparison to six-membered ring derivatives);11
and 12 are resolved to afford recovered starting materials in
>99% ee (chiral GLC). Data presented in entries 1 and 4 in
Table 1 and entry 1 in Table 2 thus indicate that, with increasing
the size of the carbocyclic ring structure, larger rate differences
in the carbomagnesations of substrate enantiomers are detected
(kfast/kslow ) 2.8, 7.8, and>25 for 1, 4, and11). A similar
trend emerges when we compare catalytic ethylmagnesations
of phenyl ethers5 and12. The exact reason for the dependence
of the resolution efficiency on ring size must await future
mechanistic studies. Although the observed selectivity patterns
can be reliably extended to larger ring systems, the levels of
resolution efficiency may not be. In the kinetic resolution of
the phenyl ether derived from 2-cycloocten-1-ol,kfast/kslow is
∼8 (Vs >25 for 12). Regardless, because of the ease of
preparation of the racemic cycloheptenol and cyclooctenol
derivatives and due to the paucity of available methods for the
enantioselective synthesis of seven- and eight-membered ring
systems, this procedure should prove useful in applications to
asymmetric synthesis of natural products.
Our attempts to effect the Zr-catalyzed resolution of silyl ether

derivatives of cyclohexenol were not successful; the derived
TES and TBS ethers reacted sluggishly and nonselectively (kfast/
kslow does not exceed 1.8). Parent allylic alcohols cannot be
resolved through this procedure; however, allylic ethers depicted
in Tables 1 and 2, which are resolved effectively by this catalytic
procedure, can be deprotected to yield the parent nonracemic
allylic carbinol.11

Results illustrated in Tables 1 and 2 indicate that simple
structural changes can lead to notable differences in resolution
efficiency; the reaction rate differential between phenyl ether
enantiomers of5 and benzyl ethers4 is a case in point. In the

absence of more extensive studies, it is difficult to identify the
basis (steric or electronic) of the observed variations in
selectivity. However, data shown in the table do imply that
subtle electronic factors can be important; entries 2 and 3 suggest
that electronic effects can influence the resolution efficiency
(n-butyl and MEM groups have near identical steric require-
ments, unless the OMEM unit is coordinated to a Mg ion). As
another example, reactions of5 Vs 6 or 5 Vs 7, or that of13 Vs
14, illustrate that alteration of the electronic character of the
allylic heteroatom substituent leads to detectable changes in
enantioselection. Studies designed to clarify the origin of the
above differences in enantioselectivity are underway.
Modes of addition shown in Chart 1 are consistent with extant

mechanistic work5b,12and accurately predict the identity of the
slower reacting enantiomer. It is noteworthy, however, that
variations in the observedleVelsof selectivity as a function of
the steric and electronic nature of substituents and the ring size
cannot be predicted on the basis of these models alone; more
subtle factors are clearly at work. In spite of such mechanistic
dilemma, which will be the subject of future investigations, the
metal-catalyzed resolution protocol provides an attractive option
in asymmetric synthesis. This is because, although the maxi-
mum possible yield is∼40%, it requires easily accessible
racemic starting materials and conversion levels can be ma-
nipulated so that truly pure samples of substrate enantiomers
are obtained.13 Further studies in the area of Zr-catalyzed
asymmetric carbomagnesation and its applications to the total
synthesis of natural products continue in these laboratories and
will be reported shortly.
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(13) Representative procedure: 3-Phenoxycyclohept-1-ene12 (282 mg,
1.50 mmol) was dissolved in 7.5 mL of anhydrous THF, containing
hexadecane (0.50 mL) as an internal standard. After addition of EtMgCl
(5.2 mL, 7.50 mmol) and (R)-(EBTHI)Zr-binol (96 mg, 0.15 mmol), the
reaction mixture was placed in an oil bath heated to 70°C. Stirring continued
at this temperature for 5 h, after which GLC analysis indicated the reaction
had proceeded to 56% conversion. The reaction was quenched with 10.0
mL of H2O; the aqueous layer was subsequently washed 3 times with 5.0
mL of Et2O. Evaporation of the organic solvents in vacuo and purification
by silica gel chromatography afforded 122 mg (0.65 mmol, 98% yield based
on percent conversion) of12 which was shown to be>99% ee by chiral
GLC analysis (minor enantiomer not detected).

Table 2. Zr-Catalyzed Kinetic Resolution of Seven- and
Eight-Membered Cyclic Allylic Ethersa

a,b See Table 1.c The identity of the recovered starting materials was
determined through comparison with authentic enantiomers (see sup-
porting information for details). Enantiomeric excess was determined
by chiral GLC (ALPHADEX 120 chiral column by Supelco). Absolute
stereochemistry was directly determined for11, 13, and 14; the
remaining assignment was made by inference.

Chart 1
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