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Rh(I)-catalyzed conjugate addition of alkenylzirconocene
chloride: stereoselective formation of carbocycles
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Abstract—Stereoselective formation of carbocycles was carried out through [RhCl(cod)]2-catalyzed reactions of alkenylzirconocene
chloride to x-carbonyl-a,b-ene carbonyls (ketone, ester, and amide) or to bis-enone derivatives. The Rh(I)-catalyzed reaction of
alkenylzirconocene chloride with x-carbonyl-a,b-enoyl amide, which is derived from Oppolzer’s sultam, showed high diastereo-
selectivity to yield an carbocycle (95% yield, >95% de).
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Additions of carbon nucleophiles to unsaturated bonds
are important tactics in organic synthesis. Particularly,
the importance of the 1,4-conjugate addition of organo-
metallic reagents to a,b-unsaturated carbonyls has been
well recognized, and thus, various organometallic
reagents for the purpose of the 1,4-conjugate additions
have been devised.1 Recently, we reported Rh(I)-
catalyzed 1,4-additions of alkenylzirconocene chloride
complex 1 to activated alkenes such as a,b-ene carbonyls
(-ketone, -ester or amide) (Scheme 1).2

In the course of our study on organozirconocene
chloride complexes, we envisioned the formation of
carbocycles through the Rh(I)-catalyzed reaction of 1
with x-carbonyl-a,b-ene carbonyls 2 or bis-a,b-enone 3
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Scheme 1. Rh(I)-catalyzed 1,4-addition of 1.
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compounds.3 We report herein the stereoselective
formation of carbocycles by a cascade process: (i) the
1,4-conjugate addition of 1 and (ii) the subsequent intra-
molecular aldol or 1,4-conjugate addition reaction.
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2. Results and discussion

In the beginning, the reaction of x-keto a,b-enone 2 was
examined, and the results are listed in Table 1. Thus, the
[RhCl(cod)]2 (2 mol %)-catalyzed reaction of (E)-3,3-di-
methyl-1-butenyl zirconocene chloride complex (1a)4

with x-keto a,b-enone 2a in toluene at 0 �C for 0.5 h
afforded a cyclization product 4a stereoselectively
(93%de) in a good yield (79%) (entry 1). Changing the
solvent to THF showed a slight decrease of the stereo-
selectivity to 73%de in 77% chemical yield (entry 2), and
the use of dioxane or CH2Cl2 as a solvent at 0 �C gave
poor results (entry 3). As expected, the carbonyl group
of the a,b-ene carbonyl in 2 is not restricted to ketone,2

and thus, ester and amide carbonyls gave cyclization
products 4c and 4d, respectively, in excellent yields
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Table 1. Formation of 4

R1OC

O

R2
n

R1OC

tBu

HO R2

n

tBu
ZrCp2Cl

[RhCl(cod)]2

2 4toluene, 0 °C
(2 mol%)

1a

Entry R1 R2 n 2 Yielda (%) deb (%) 4

1 C6H5 CH3 2 2a 79 93 4a

2 2a 77c 73 4a

3 2a 33d — 4a

4 CH3 CH3 2 2b 50 28 4b

5 OC2H5 CH3 2 2c 91 86 4c

6 N-Pyperidyl CH3 2 2d 76 >95 4d

7 C6H5 H 2 2e 71 84 4e

8 C6H5 CH3 1 2f 88 85 4f

9 CH3 CH3 1 2g 80 86 4g

10 OC2H5 CH3 1 2h 92 88 4h

11 C6H5 CH3 3 2i —e

a Isolated yields.
b Diastereomeric excess (de) was determined by HPLC and 1H NMR.
c Solvent: THF.
d Solvent: dioxane. 15% yield in CH2Cl2.
e Only 1,4-addition product was obtained in 75% yield.

OH

R1

O

R2

R n

O

R1

R2O

n

R

Rh

intramolecular
aldol reaction

O
O

R2

R1

R

Rh

H

H

n

A

5 4

Scheme 2. Intramolecular aldol reaction of Rh(I) (Z)-enolate.
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under the identical conditions (entries 5 and 6). It is worth
noting that the formation of 4e indicates the tolerance of
x-aldehyde for the initial attack of the vinyl group
(entry 7).5 Although five- and six-membered ring com-
pounds were obtained in excellent yields and selectivity
(entries 1–10), the formation of seven-membered ring
is unsuccessful (entry 11). The stereochemistry of the
major products 4 was determined as shown in Table 1
by 1H NMR analysis.6

The formation of 4 is a result of a series of reactions; (i)
the formation of alkenyl Rh(I) species (transmetalation),
(ii) the 1,4-addition of the alkenyl Rh(I) to the a,b-enone
portion of 2 giving 5, and (iii) the intramolecular aldol
reaction of the enolate 5 with the x-carbonyl group
(Fig. 1). The stereochemical outcome of products 4 sug-
gests that the reaction of (Z)-Rh(I)-enolate 5 with the x-
carbonyl group proceeds through six-membered chair-
form transition state A (Scheme 2) as proposed by
Krische et al.3 It should be mentioned that the reaction
of alkylzirconocene chloride complex instead of alkenyl-
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Figure 1. Catalytic cycle for the formation of 4.
zirconocene complex 1 turned out to be inefficient under
the present conditions. This is considered to be the result
of the inefficiency of the alkylzirconocene complex in the
transmetalation step.2

Recently, Oi7 and Nicolaou8 groups reported highly
enantioselective additions of 1 to a,b-enones by the
use of [Rh(cod)(MeCN)2]BF4-(R)-BINAP catalyst sys-
tem. The application of the enantioselective protocol
to 2a–d, however, gave mostly racemic products albeit
excellent chemical yields (>90%), and other examined
ligands such as Chiraphos, Pyraphos, Duphos etc.,
provided us with a disappointingly poor induction of
enantiomeric excess (ee) in less than 20% ee.9

Thus, we turned our attention to the use of a chiral
amide auxiliary based on the excellent reactivity of
amide compound 2d in the present ring formation (see,
Table 1, entry 6). As the chiral amide auxiliary, Oppol-
zer’s chiral sultam10 was used since the highly diastereo-
selective 1,4-addition of 1 to a,b-enoyl chiral sultam
under the Rh(I)-catalyzed conditions has been estab-
lished by us.2

The reaction of 1a with chiral sultam 6 under the estab-
lished conditions for the formation of 4 gave cyclization
product 7 in 70% chemical yield with excellent diastereo-
selectivity (>95% de), and the relative and absolute
stereochemistry of 7 was confirmed by a single crystal
X-ray analysis as shown in Scheme 3.11 It should be
mentioned that the Rh(I)-catalyzed reaction of alkenyl-
zirconocene chloride complex 1 has been suggested pro-
ceeding through a nonchelating mechanism.2 Thus, the
absolute stereochemistry of 7 indicates that the p-facial
differentiation of the alkenyl group of 6 for the initial
attack of vinyl group could be explained by taking into
consideration either of the reactive conformer B or C
(Fig. 2); (i) s-cis C@O/S@O and s-cis C@O/C@C in con-
former B as proposed for the reaction of OsO4 oxida-
tion10 or (ii) s-trans C@O/S@O and s-cis C@O/C@C
in conformer C as proposed for the reaction of the
1,3-dipolar cycloaddition of nitrile oxide.12 No matter
which reactive conformer is, the attack of the vinyl
group to the less crowded Cb si-face would explain the
observed chirality.

The Rh(I)-catalyzed reactions of x-carbonyl-a,b-enones
2 with 1 prompted us to examine bis-enone compounds
3 which would be expected to yield carbocycles 8
through the initial 1,4-conjugate addition of the vinyl
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group and the subsequent intramolecular 1,4-conjugate
addition. The reactions of bis-enone compounds 3 with
various organometallic reagents have been reported to
show a peculiar reactivity of 3 giving the reductive cycli-
zation product depending on the organometallic reagent
and catalyst employed.13,14

The results of the Rh(I)-catalyzed reactions of 3 with 1
are listed in Table 2. The addition of 1 (2 equiv) to
bis-enone 3 in THF (0.033 M) in the presence of
[RhCl(cod)]2 (5 mol %) at ambient temperature afforded
Table 2. Reactions of bis enone 3

X

R

C6H5

O
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O

X
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[RhCl(cod)]2
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R
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Entry 1 R 3 X n Time (h) 8 Yielda (%)

1 tBu 1a CH2 3a 1 17 70 8a

2 nBu 1b 3a 1 8 71 8b

3 C6H5 1c 3a 1 5 73 8cb

4 1a O 3b 1 10 70 8d

5 1c O 3b 1 10 62 8e

6 1a C(CO2C2H5)2 3c 1 1 89 8f

7 1a NTs 3d 1 1 73 8g

8 1a CH2 3e 0 5 86 8h

9 1c 3e 0 16 88 8i

10 1a CH2 3f 2 —c

a Isolated yield.
b Formation of bis-1,4-addition side-product 9 (16%).

C6H5

C6H5CO COC6H5

C6H5

3

9
c Formation of a mixture of bis- (23%) and mono-1,4-addition (46%)

products.
a cyclization product 8 as a single stereoisomer along
with bis vinyl 1,4-addition product 9. The reaction was
effective for five- and six-membered ring formation as
in the reactions of 2 (entries 1–9). The stereochemistry
of the cyclization product 8 was determined by NMR
analysis.15 Attempted preparation of a seven-membered
ring ended with the formation of a mixture of mono vi-
nyl 1,4-addition (46% yield) and bis vinyl 1,4-addition
(23% yield, a mixture of diastereomers) products, and
no cyclization product was observed in the reaction mix-
ture (entry 10). It should also be mentioned that the
reaction of bis a,b-ene-ester did not give even six-mem-
bered carbocycles but gave a mixture of mono- and bis
1,4-addition (a mixture of diastereomers) products in
54% and 28% yields, respectively. The stereoselective
formation of 8 by a mechanism involving sequential
conjugate additions showed the identical stereoselectiv-
ity with the reported example.13a

In summary, the Rh(I)-catalyzed 1,4-conjugate addition
reaction of the alkenylzirconocene chloride complex was
extended to stereoselective formations of five- and six-
membered carbocycles. The procedure was applied to
the preparation of an enantiomerically pure carbocycle
through the use of Oppoltzer’s chiral sultam auxiliary.
Although the enantioselective procedure by the use of
chiral catalyst for the corresponding ring formation
was unsatisfactory, the diastereoselective preparation
of the carbocycle using chiral auxiliary would indicate
the usefulness of the vinylzirconocene chloride complex
as a reagent for the organic synthesis.
3. Typical experimental procedure

Preparation of 4: Under an Ar atmosphere, to a solution
of 1 (1.25 mmol) in toluene (4 mL) was added a solution
of 2 (0.5 mmol) and [RhCl(cod)]2 (2 mol %) in toluene
(1 mL) at 0 �C, and the solution was stirred at the same
temperature for 0.5 h. After being quenched with
aqueous NaHCO3, the mixture was extracted with ethyl
acetate. The combined organic layer was dried over
MgSO4, filtered, and concentrated. The crude product
was purified by silica gel column chromatography using
hexane–ethyl acetate to give 4.

Preparation of 8: Under an Ar atmosphere, to a solution
of 1 (1.25 mmol) in THF (14 mL) was added a solution
of 3 (0.5 mmol) and [RhCl(cod)]2 (5 mol %) in THF
(1 mL) at ambient temperature, and the solution was
stirred at the same temperature for 3–8 h. After being
quenched with aqueous NaHCO3, the mixture was
extracted with ethyl acetate. The combined organic layer
was dried over MgSO4, filtered, and concentrated. The
crude product was purified by silica gel column chroma-
tography using hexane–ethyl acetate to give 8.
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