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ABSTRACT

Chiral dienes possessing the bicyclo[2.2.2]octadiene framework were prepared readily through the [4 + 2] cycloaddition of (R)-r-phellandrene
with methyl propiolate as the key step. Diene 9, substituted with a tertiary alcohol on one of the two double bonds, is prepared in just one
step from the cycloadduct and is highly effective as a chiral ligand for rhodium-catalyzed asymmetric conjugate addition reactions, giving the
corresponding addition products with higher enantioselectivity than other chiral dienes.

The recent development of chiral diene ligands for transition-
metal-catalyzed asymmetric reactions has opened up new
vistas for ligand design.1 Chiral dienes have been found to
be superior to other types of chiral ligands, such as chiral
bisphosphines, in terms of both catalytic activity and
enantioselectivity, especially in rhodium-catalyzed asym-
metric carbon-carbon bond-forming reactions. The most
effective chiral dienes reported to date for catalytic asym-
metric reactions are those based on the bicyclic diene
frameworks, 1-5,2-7 as shown in Figure 1. Noteworthy

among these is Carreira’s diene (3), which has the advantage
that it is readily available from an inexpensive terpene, (-)-
carvone, through a seven-step sequence.4 The development
of even simpler routes to chiral diene ligands is expected to
spur further advances in transition-metal-mediated catalytic
asymmetric reactions.1b We report here an exceedingly
simple, two-step synthesis of a chiral diene from the
inexpensive terpene, (R)-R-phellandrene. The new diene is
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highly effective as a ligand for rhodium-catalyzed asym-
metric addition reactions, providing among the highest
enantioselectivities reported for these reactions.

One of the most efficient methods of constructing a
bicyclo[2.2.2]octadiene framework involves the [4 + 2] cy-
cloaddition of a 1,3-cyclohexadiene derivative with an acetylene.
We chose (R)-R-phellandrene, which is one of the most
inexpensive terpenes, as the chiral diene for construction of
enantiomerically enriched bicyclo[2.2.2]octadiene.8 Thus, tech-
nical grade (R)-R-phellandrene (∼70% chemical purity,9,10 1.05
equiv) was allowed to react with methyl propiolate in the
presence of chlorodimethylaluminum (1.0 equiv) in dichlo-
romethane at 0 °C for 6 h. The reaction mixture was
subjected to silica gel column chromatography to give 73%
isolated yield of the cycloaddition product 6, together with
an ene-type reaction product.11 The cycloaddition took place
with high regio- and diastereoselectivity to produce bicyclo-
[2.2.2]octadiene (R,R,R)-6 as a single diastereoisomer (Scheme
1). The enantiomeric purity of 6, determined using a chiral
stationary column (Chiralpak AD-H), was found to be 98.8
( 0.2% ee, coincident with the purity of the commercial
sample of (R)-R-phellandrene. An enantiomerically pure
sample of 6 was readily obtained using preparative chiral
HPLC. Alternatively, the cycloaddition can be performed
with R-phellandrene of higher enantiomeric purity.10

While cycloadduct 6 can itself be used as a chiral diene
ligand, the ester functionality can be easily modified to
generate derivatives. Thus, reduction of 6 with HAlBui

2 gave
alcohol 7, subsequent methylation of which gave methyl ether
8. A quantitative yield of tertiary alcohol 9 was obtained by
treatment of 6 with methyllithium. The corresponding ether
(10) was also prepared.

Chiral dienes 6-10, prepared in just one to three steps
from (R)-R-phellandrene, were examined as chiral ligands
for the rhodium-catalyzed asymmetric 1,4-additions (eq 1).12

Some of the results of this study are summarized in Table
1, which also contains the data reported with other dienes
for comparison. In the addition of phenylboronic acid (12m)
to 2-cyclohexen-1-one (11a), the (R,R,R)-dienes substituted
with an ester 6, alcohol 7, and its methyl ether 8 gave the
phenylation product 13am with 87%, 95%, and 94% ee,
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Figure 1. Chiral diene ligands for catalytic asymmetric reactions.

Scheme 1. Synthesis of Chiral Dienes
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respectively (entries 1-4). The enantioselectivity observed
here with 7 and 8 is comparable to that with the dienes 1-3
which had been the best diene ligands for this asymmetric
transformation (entries 7-10). To our delight, the dienes 9
and 10, which bear the tertiary alcohol and its methyl ether,
respectively, as a substituent on one of the two olefins, gave
13am with 99% ee (entries 5 and 6). The very high
enantioselectivity (99% ee) with dienes 9 and 10 was also
observed in the addition to linear enone, 3-nonen-2-one (11b)
(entries 11 and 12).

The high enantioselectivity of dienes 9 and 10 can be
ascribed to the steric bulkiness of the 1-hydroxy- or 1-meth-
oxy-1-methylethyl group attached to the double bond. The
comparable results obtained with 9 and 10 precludes
hydrogen bonding as playing a role in organizing the
transition state complex. The absolute configuration of the
products, (R) for cyclic enone 13am and (S) for acyclic enone
13bm, is consistent with the stereochemical pathway pro-
posed for the reactions using C2-symmetric diene
ligands.2,3,13 In the case of (R,R,R)-9, which is unsymmetri-
cally substituted with methyl and the tertiary alcohol,
phenyl-rhodium bond may be formed on the open methyl
side leaving the other, sterically congested, side for coordina-
tion of an enone (Figure 2). The sterically bulky tertiary
alcohol appears to better distinguish the enantiofaces of
enones than the primary alkyl groups or aryl groups which
are the substituents on the chiral dienes reported to date.2-6,14

Chiral diene ligand 9 also induced high enantioselectivity
in the conjugate addition of other substrates, as shown in
Table 2. Thus, the addition of arylboronic acids 12n-p
substituted with 4-methoxy, 4-trifluoromethyl, and 2-methyl

all proceeded with over 99% enantioselectivity (entries 1-3).
Ligand 9 is also very effective for alkenylboronic acids
(entries 4-5). 2-Cyclohepten-1-one (11c) and linear enones,
11d and 11e, undergo the 1,4-phenylation with high enan-
tioselectivities (entries 6-8).

In summary, chiral dienes possessing the bicyclo[2.2.2]-
octadiene framework can be easily prepared through the [4 +
2] cycloaddition of the inexpensive chiral terpene (R)-R-
phellandrene with an alkynyl dienophile. Simple further elabo-
ration of the cycloadduct, requiring just one or two steps,
provides dienes that are the most effective ligands reported so
far for the rhodium-catalyzed asymmetric addition reactions.
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Table 1. Asymmetric 1,4-Addition of PhB(OH)2 (12m) to 11a
and 11b Catalyzed by Rhodium-Diene Complexesa

entry
diene

ligandb enone conditions
yieldc

(%) % eed ref

1 6e 11a 20 °C, 3 h 93 86 (R)
2 6 11a 20 °C, 3 h 89 87 (R)
3 7 11a 30 °C, 1 h 96 95 (R)
4 8 11a 30 °C, 1 h 88 94 (R)
5 9 11a 30 °C, 1 h 90 99.3 (R)
6 10 11a 30 °C, 1 h 90 99.1 (R)
7 1 11a 30 °C, 1 h 94 96 (R) 2a
8 2a 11a 30 °C, 1 h 97 95 (R) 3b
9 2b 11a 30 °C, 1 h 97 96 (R) 3b
10 3b 11a 25 °C, s 87 95 (S) 4b
11 9 11b 30 °C, 3 h 95 98.8 (S)
12 10 11b 30 °C, 3 h 90 99.0 (S)
13 2a 11b 30 °C, 1 h 94 98 (S) 3b

a The reaction was carried out with enone 11 (0.30 mmol), PhB(OH)2

(0.45 mmol), [RhCl(C2H4)2]2 (3 mol % Rh), diene (3.3 mol %), and 1.5 M
aq KOH (0.1 mL) in dioxane (1.0 mL). b Dienes 6-10 had >99.8% ee.
c Isolated yield. d Determined by HPLC analysis with chiral stationary-phase
columns. e ee ) 98.8%.

Figure 2. Stereochemical pathway with Rh/(R,R,R)-9.

Table 2. Asymmetric 1,4-Addition of Boronic Acids 12 to
Enones 11 Catalyzed by Rhodium/(R,R,R)-9 Complexa

entry enone boronic acid: R conditions
yield
(%)b % eec

1 11a 12n: 4-MeOC6H4 30 °C, 1 h 98 >99.5 (R)
2 11a 12o: 4-CF3C6H4 30 °C, 1 h 97 99.1 (R)
3 11a 12p: 2-MeC6H4 30 °C, 1 h 95 99.4 (R)
4 11a 12q: (E)-PhCH)CH 30 °C, 3 h 97 99.3 (R)
5 11a 12r: (E)-C5H11CH)CH 30 °C, 3 h 81 98.7 (R)
6 11c 12m: Ph 50 °C, 1 h 94 98 (R)
7 11d 12m: Ph 30 °C, 3 h 84 96 (R)
8 11e 12m: Ph 50 °C, 3 h 97 99.4 (S)
a The reaction was carried out with enone (0.30 mmol), RB(OH)2 (0.45

mmol), [RhCl(C2H4)2]2 (3 mol % Rh), (R,R,R)-9 (3.3 mol %), and 1.5 M
aq KOH (0.1 mL) in dioxane (1.0 mL). b Isolated yield. c Determined by
HPLC analysis with chiral stationary phase columns.
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