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Enantioselective Nickel Catalyzed Grignard Cross Coupling
of Allyl Electrophiles. The Influence of the Alkyl Group of
the Grignard Reagent
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The enantioselective cross coupling reactions of 2-cyclopentenyl phenyl ether (la) and
2-cyclohexenyl phenyl ether (1b) with methyl-, ethyl-, n-propyl-, and isopropylmagnesium
bromide were carried out using either [(R,R)-trans-cyclopentane-1,2-diylbis(diphenylphosphine)]-
nickel(II) chloride (5a) or [ (R)-(6,6’-dimethylbiphenyl-2,2’-diyl)bis(diphenylphosphine)nickel-

(II) bromide (5b) as the catalyst precursor.

With both catalytic systems a maximum

enantioselectivity was observed for the ethylation reactions leading to 3-ethylcyclopentene (up
to 94% ee with 5b). Enantioselectivities are in general lower in the alkylation of 1b than in
that of la. The results are discussed on the basis of a nickel 73-allyl intermediate and of the
possible change of mechanism going from a small to a bulky alkyl group.

Introduction

Optically active polymers have recently attracted much
attention.! One approach for the synthesis of chiral
polymers is the polymerization of simple chiral olefins.?
The alkylation of allyl electrophiles with a Grignard
reagent in the presence of nickel complexes with optically
active phosphine ligands provides a versatile and straight-
forward access to these olefins.>-> However, to date this
methodology has provided a high enantiomeric excess in
only a few cases.*67

In our initial work8 we investigated the influence of the
electronic and steric factors of ligands on the reaction of
cyclic allyl phenyl ethers and ethyl Grignard reagent
(Scheme 1, R = ethyl). The products were obtained in
good yields and with high enantiomeric excesses (up to
94%). It was shown that the enantioselectivity was only
influenced by the steric properties of the ligands. The
only effect of increasing the basicity of the phosphorus
atoms was to decrease the reaction rate.

We were intrigued to know if it would be possible to
extend these good results to reactions with other alkyl
Grignard reagents. Herein we report the results obtained
from the reactions of 2-cyclopentenyl phenyl ether (1a)
and 2-cyclohexenyl phenyl ether (1b) with methyl-, ethyl-,
n-propyl-, and isopropylmagnesium bromide.
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Results

The cyclic allyl phenyl ethers 1 have the advantage that
a symmetric allyl ligand is formed during the oxidative
addition (Scheme 2). Asaconsequence, thestereochemical
information of the starting material is lost and the
enantiomeric excess of the product is only determined by
the enantioselectivity of the reductive elimination from
the alkyl allyl complex 4.2 Therefore, the kineticresolution
of the starting material which may occur does not influence
the enantiomeric excess.

On the basis of our previous work,? [(R,R)-trans-
cyclopentane-1,2-diylbis(diphenylphosphine)]nickel(II)
chloride {nickel (R,R)-cycpenphos dichloride} (5a) (which
contains a five membered chelate ring) and [(R)-(6,6-
dimethylbiphenyl-2,2’-diyl) bis(diphenylphosphine)]nick-
el(IT) bromide {nickel (R)-Biphemp dibromide} (5b) (which
contains a seven membered ring) (Chart 1) were chosen
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Table 1. Alkylation of 2-Cyclopentenyl Phenyl Ether (1a) and 2-Cyclohexenyl Phenyl Ether (1b) with RMgBr
yield of yield of §-H
alkyl yield of rearranged elimination i od
entry catalyst group phenol substrate products coupling product 2
no. precursor substrate R (%) 9 (%) 7+8(%) yield (%) ee (%)
1 Sa 1a Me 14.4 85.6 2.6 11.5 41.3
2 Et 99.3 0.7 0.0 91.2 82.7
3 n-Pr 95.3 3.9 12.1 80.3 71.2
4 i-Pr 10.3 89.0 6.6 3.2 328
5 1b Me 8.2 1.5 2.6 5.5 10.1
6 Et 100.0 0.0 0.6 99.4 74.8
7 n-Pr 99.1 0.7 75.8 17.3 28.4
8 i-Pr 16.6 3.2 15.1 0.5 8.1
9 5b 1a Me 56.3 43.7 1.4 53.0 514
10 Et 93.6 6.4 3.1 89.6 93.5
11 n-Pr 18.5 81.5 8.4 9.5 60.7
12 i-Pr 11.5 88.5 32 8.2 35.6°
13 1b Me 86.4 0.7 1.6 84.8 10.6
14 Et 92.3 1.1 1.7 84.1 83.5
15 n-Pr 14,7 2.2 10.8 3.6 16.9
16 i-Pr 28.4 3.5 18.7 1.0 50.2

@ The (S)-enantiomer always prevails, but for entry 12 for which the (R)-enantiomer was obtained.

Chart 1

5a 5b

as the catalyst precursors for this study. Both complexes
proved to be efficient catalysts, providing the products
with high enantiomeric excess.

The effect of the solvent, the leaving group, and the
halide of the Grignard reagent was previously probed.4
These factors were shown to have little or no effect on the
outcome of the cross coupling reaction. These observations
are easily rationalized since neither the solvent, the leaving
group, nor the magnesium halide is intimately involved in
the enantioselective reductive elimination step. However
to exclude these factors diethyl ether as the solvent and
the phenoxy group as the leaving group were always used.
The Grignard reagent was generated from the cor-
responding alkyl bromides.

In the present study the reaction mixture was quenched
after 23 h with water and acidified, and the organic phase
was dried and directly analyzed by GC using a chiral
stationary phase (Lipodex C).1° The enantiomeric excess
was determined at 25 °C together with the low boiling side
products. The error in determination of the enantiomeric
excess was less than 2%, except for 3-n-propylcyclohexene
and for the isopropyl derivatives, where the separation
was worse and the error was about 10%.

The chemoselectivity was defined as the ratio of the
desired product to the sum of all observed low boiling
products. More than 90% of the low boiling side products
was derived from the 8-H elimination (Scheme 3) to give
cyclopentene (7a) or cyclopentadiene (8a), and cyclohexene
(7b) or 1,3-cyclohexadiene (8b), respectively. Unfortu-
nately, we were unable to distinguish between the mon-
oenes and the dienes. The other minor byproducts
probably arose from the isomerization of the cross coupling

(10) Schurig, V.; Nowotny, H.-P. Angew. Chem. 1990, 102, 969.
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products. As these were present in such small amounts,
they were not characterized.

By use of a high temperature gas chromatographic run
(180 °C), the remaining starting material, phenol, and 0-(2-
cyclopentenyl)phenol (9a) or o-(2-cyclohexenyl)phenol
(9b) were measured. The phenol was liberated during the
acidic workup from magnesium phenolate which was
formed when the allyl phenyl ether underwent oxidative
addition to the nickel complex. The 0-(2-cyclopentenyl)-
phenol (9a) and 0-2-(cyclohexenyl)phenol (9b) arose from
the Claisen rearrangement of the starting material (Scheme
4). In the case of the 2-cyclopentenyl phenyl ether (1a),
only phenol and 9a could be observed after 23 h, so the
rearrangement was quite fast. Inthe case of 2-cyclohexenyl
phenyl ether (1b) about 10% of the remaining starting
material after 23 h had rearranged. Since we were
interested in the cross coupling reaction, the arrangement
reaction was neglected for the calculation of the conversion,
which was therefore defined as the ratio of phenol to the
sum of the observed high boiling products. With this
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Figure 1. Conversion of the reactions of the Grignard reagent
with different alkyl moieties with 2-cyclopentenyl phenyl
ether (1a) and 2-cyclohexenyl phenyl ether (1b) in the presence
of nickel (R,R)-cycpenphos dichloride (5a).
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Figure2. Conversion of the reactions of the Grignard reagent
with different alkyl moieties with 2-cyclopentenyl phenyl
ether (1a) and 2-cyclohexenyl phenyl ether (1b) in the presence
of nickel (R,R)-Biphemp dibromide (5b).

definition the conversion becomes a rough measure of the
reaction rate; i.e. the higher the conversion the faster the
catalytic reaction. The results are summarized in Table
1.

The extents of conversion differed very strongly de-
pending on the Grignard reagent utilized (Figures 1 and
2) but were very similar for both cyclic allyl ethers. Inthe
case of cypenphos complex 5a as the catalyst, almost
complete conversion occurred with ethyl- and n-propyl-
magnesium bromide, whereas in the case of methyl and
isopropyl it was very poor (Figure 1). Similarly, with the
Biphemp catalyst 5b, the highest conversion was obtained
with the ethyl reagent. For the methyl reagent the
conversion was clearly increased in comparison to the
cypenphos case, but for n-propyl the same low conversion
was observed as for isopropyl.

In all reactions, except in the reaction to 3-isopropyl-
cyclohexene catalyzed by the Biphemp complex, the sense
of asymmetric induction was the same (Figures 3 and 4).
The highest enantiomeric excesses were obtained with the
ethyl Grignard reagent (up to94 %) (Figure 3). Inall other
cases the enantiomeric excess was considerably lower.
2-Cyclohexenyl phenyl ether (1b) always gave a lower
enantiomeric excess than that obtained with 2-cyclopen-
tenyl phenyl ether (1a) in the corresponding reaction.

With the methyl and ethyl Grignard reagents, the
observed chemoselectivity was good (Figures 5 and 6). The
n-propy! Grignard reagent only gave in the reaction with
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Figure 3. Enantiomeric excess of the 3-alkylcyclopentenes
formed in the reactions of the Grignard reagent with different
alkyl moieties in the presence of nickel (B,R)-cycpenphos
dichloride (5a) and nickel (R,R)-Biphemp dibromide (5b).
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Figure 4. Enantiomeric excess of the 3-alkylcyclohexenes
formed in the reactions of the Grignard reagent with different
alkyl moieties in the presence of nickel (R,R)-cycpenphos
dichloride (5a) and nickel (R,R)-Biphemp dibromide (5b).
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Figure5. Chemoselectivity toform the 3-alkylcyclopentenes
of the reactions of the Grignard reagent with different alkyl
moieties in the presence of nickel (R,R)-cycpenphos di-
chloride (5a) and nickel (R,R)-Biphemp dibromide (5b).

cyclopentenyl phenyl ether (la) satisfying chemoselec-
tivity. In all other cases the elimination products rather
than the coupling product predominated.

Discussion

The mechanism of the Grignard cross coupling reaction
involving allyl electrophiles is reasonably well understood.
Mechanistic studies have shown that the reaction proceeds
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Figure 6. Chemoselectivity to form the 3-alkylcyclohexenes
of the reactions of the Grignard reagent with different alkyl
moieties in the presence of nicke! (R,R)-cycpenphos di-
chloride (5a) and nickel (R,R)-Biphemp dibromide (5b).
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via n3-allyl intermediate 4 (Scheme 2).1112 Not only is 4
a thermodynamically more stable intermediate than »!-
allyl complex 6 (Scheme 3), but it also reductively
eliminates much faster.

Using achiral Grignard reagent and cyclic allyl ethers,
the reductive elimination from the alkyl #®-allyl inter-
mediate 4 is the enantioselective step. The enantiodif-
ferentiation seems to be influenced exclusively by the steric
interaction of the alkyl and allyl moieties with the four
phenyl rings of the diphosphine ligand.®2 The four pheny!
rings form a chiral pocket!® in such a way that two rings
are pseudoaxial and two are pseudoequatorial in relation
to the chelate ring (Chart 2).14-18 The arrangement of the
phenyl rings is mainly determined by the conformation of
the chelate ring.!4¢ The A-conformation of the chelate
ring usually leads in our reaction to the (S)-enantiomer,
whereas the §-conformation leads to the (R)-enanti-
omer.!”18 The chelate ring of the nickel (R,R)-cycpenphos
complex 5a shows a A-conformation,!5 and that of the nickel
(R)-Biphemp complex 5b a chair A-conformation!® (Chart
2);s0it was expected that in both cases the (S)-enantiomer
would be predominantly formed.
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A possible explanation of this empirical rule could be
as follows. In order to undergo reductive elimination, it
seems very likely to us that the allyl ligand has to be rotated
a little bit, making one end more accessible for the attack
by the alkyl group. The steric interactions of the allyl
ligand with the phenyl rings of the ligand favor the rotation
in one direction and disfavors the opposite one. In our
specific case the favored counterclockwise motion leads
to the (S)-enantiomer (Chart 3). A similar model was
recently used to rationalize the palladium catalyzed
enantioselective synthesis of oxazolidin-2-ones through
intermediate allyl complexes.1?

Changing from methyl to ethyl Grignard reagent
increased the enantioselectivity significantly. The dif-
ference in the activation energies, which is responsible for
the enantioselectivity, must also be enlarged in the case
of the ethyl reagent, probably because the steric interac-
tions between the different ligands on the nickel inter-
mediate were larger with the ethyl than with the methyl
group. Extension of this result to the more bulky n-propyl
and isopropyl groups led us to predict that the enantio-
meric excess would be even higher. But in any event a
lower enantioselectivity was observed, and in one case,
the opposite enantiomer was even preferentially formed.
This observation suggested that a change in the mechanism
occurred, possibly due to a larger steric interaction. The
course of the chemoselectivity strongly supports our
suggestion. The alkyl 3-allyl intermediate 4 involved in
the reactions with small alkyl groups has no free coordi-
nation site that would be necessary for the 8-H elimination,
and a high chemoselectivity is observed. The extensive
formation of 3-H elimination products in the reaction with
bulky alkyl groups strongly suggests that a different
intermediate having a vacant coordination site (e.g. a n!-
allyl intermediate) could be involved.

The lower reaction rate of the methyl group in com-
parison with that of the ethyl, might be caused by the
higher electron donating ability of the ethyl group. Since
the reductive elimination is increased with the donor
ability,2%2 the results indicate that the reductive elimina-
tion is the rate determining step. However, at this point
it is impossible to rule out that steric factors are not
responsible for the difference in the reaction rates, since
the activation energy of the reductive elimination could
be much lower for the ethyl intermediate, as it is more

" destabilized by the steric interaction of the ligands.

By careful comparison of the results it seems that there
was gradual change of the mechanism. In the reactions
with n-propylmagnesium bromide probably both pathways
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are available. With the cypenphos catalyst the reaction
seemed to proceed more through the alkyl n*-allyl inter-
mediate, whereas another intermediate was involved if
the Biphemp ligand was used.

Ourresultsseem to indicate that the cypenphos complex
has a slightly larger chiral pocket than Biphemp. This
small difference has, in the case of the n-propyl, an
impressive influence on the reaction. It should betherefore
possible to obtain high enantiomeric excesses with a variety
of Grignard reagents by selecting the correct phosphine
ligand.

In conclusion we have shown that simple unfunction-
alized olefins can be synthesized with very high enanti-
oselectivities by a nickel catalyzed Grignard cross coupling
reaction. In order to obtain a high enantiomeric excess
the ligand has to be tuned so as to maximize the steric
interaction without a change in reaction mechanism. Since
the enantioselectivity seems overwhelmingly influenced
by steric interactions, it should be possible to test a
rationally designed ligand by molecular modeling, prior
to investing time in their sometimes quite difficult
synthesis. With the data reported herein we have a very
good starting point for these types of calculations.

Experimental Section

2-Phenoxycyclopentene?? and 2-phenoxycyclohezene? were
synthesized as reported. The Grignard reagents were synthesized
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from the corresponding bromoalkanes using magnesium turnings
activated by dry stirring.2® Diethyl ether was dried according to
standard procedures and distilled under nitrogen. (R,R)-
Cycpenphos was synthesized as previously reported.’® Alter-
natively, it can be prepared in a larger scale by resolution of the
corresponding oxide, according to published procedures for
similar compounds.?* (R)-Biphemp? was a generous gift of F.
Hoffmann-LaRoche AG (through Dr. E. Broger).

NMR spectra were measured on a Bruker 300WB or a Bruker
AC 200 spectrometer. The gas chromatographic analyses were
carried out on a Shimadzu GC 8A equipped with a flame ionization
detector using a 50-m Lipopdex C capillary column (Macherey
Nagel) and hydrogen as the carrier gas. Optical rotations were
measured on a Perkin-Elmer 241 polarimeter.

Coupling Reactions, A 2.5-mL aliquot of Grignard reagent
(1 M) was added to a mixture of the nickel diphosphine complex
(0.01 mmol) and allyl phenyl ether (2.4 mmol) in dry diethyl
ether (2.5 mL) under nitrogen. After the reaction mixture was
stirred at room temperature for 23 h, it was quenched with ice
and acidified with aqueous hydrochloric acid (1 M). The ether
phase was dried over sodium sulfate and directly analyzed by
GC.
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