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Abstract—The asymmetric intramolecular Mizoroki–Heck reaction of prochiral tricarbonyl(2,6-dibutenylchlorobenzene)chromium
in the presence of a chiral phosphine–palladium catalyst gave the corresponding bicyclic chromium complex up to 73% ee.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Transition metal p-complexes exist in two enantiomeric
forms based on a planar chirality when the arene or Cp
ring is substituted with different groups at the ortho- or
meta-positions. Thus planar chiral metal complexes,
such as ferrocene and (arene)chromium complexes, have
been widely employed in asymmetric reactions and nat-
ural product synthesis.1,2 For the preparation of opti-
cally active planar chiral p-complexes, resolution of
the corresponding diastereomers by chromatography,3

enzymatic resolution,4 diastereoselective complexation5

and diastereo- or enantioselective ortho-lithiation6 utiliz-
ing chiral auxiliaries or chiral lithium amides are em-
ployed. However, these procedures require more than
stoichiometric amounts of the chiral reagent. Catalytic
asymmetric synthesis of the planar p-complexes is the
most attractive and challenging approach. With this in
mind, we reported the first catalytic asymmetric desym-
metrization of a prochiral o-dichlorobenzene chromium
complex by a Suzuki–Miyaura cross-coupling reaction
in the presence of a chiral palladium catalyst (Scheme
1).7 However, the yield and enantiomeric excess of the
monocoupling products in this catalytic asymmetric
desymmetrization were moderate. In order to achieve
highly enantiomerically enriched monocoupling prod-
ucts in this reaction, it is essential to discriminate be-
tween the carbon–chlorine bonds of the prochiral
dichlorobenzene chromium complex at the oxidative
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addition step. However, only a few examples have been
reported in which both high yield and enantiomeric ex-
cess are obtained by this desymmetrization strategy.8

As a further extension of this asymmetric desymmetr-
ization reaction, Schmalz reported a similar type of
palladium-catalyzed methoxycarbonylation. In this
methoxycarbonylation, a kinetic resolution of the ini-
tially formed monocoupling products giving dicoupling
product is included.9 An improvement of the enantio-
meric excess of the monocoupling product in this cata-
lytic system is based on different rates of the two
competing catalytic cycles leading to the enantiomeric
monocoupling products and subsequent dicoupling
reaction. Therefore, the yield of the monocoupling prod-
uct decreased in this palladium catalyzed asymmetric
coupling. There is still much room for further develop-
ment of efficient catalytic asymmetric synthesis of planar
chiral transition metal p-complexes with satisfactory
yield and enantiomeric excess.10 To overcome these
problematic features, an intramolecular asymmetric
cyclization of prochiral p-complexes in which a key step
is insertion after oxidative addition, is promising. Bräse
reported an intramolecular Mizoroki–Heck reaction of
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prochiral arene chromium complexes, although an
asymmetric variant has not been reported.11 We report
herein a catalytic asymmetric intramolecular Mizor-
oki–Heck reaction of the prochiral tricarbonyl(2,6-di-
butenylchlorobenzene)chromium complex 1.
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Figure 1. Chiral ligand L*.
2. Results and discussion

We began our study by surveying chiral ligands for the
asymmetric intramolecular Mizoroki–Heck reaction
of tricarbonyl(2,6-dibutenylchlorobenzene)chromium 1.
The results are summarized in Table 1. Reaction of 1
catalyzed by palladium(0) with a variety of chiral
ligands including BINAP 4, PPFA 5 and DIOP 6 gave
good to moderate yields of bicyclic products 2 and 3,
although in a racemic form (entries 1–3). Since bidentate
phosphine ligands were not effective for this reaction, we
next turned our attention to chiral monophosphine
ligands, developed by Feringa and co-workers (Fig.
1).12 However, P–N ligands 7 and 8 derived from TAD-
DOL also gave the product in a racemic form. We were
pleased to find that P–N ligand 9 possessing a binaph-
thyl backbone afforded enantiomerically enriched Heck
product 2 in 46% ee.13 Other types of P–N ligands 10–
12, 14 and P–O ligand 13 possessing a binaphthyl back-
bone resulted in lower enantioselectivities (entries 7–11).

We next optimized the reaction conditions and exam-
ined other substrates using chiral ligand 9 (Table 2). It
is generally believed that in the asymmetric Mizoroki–
Heck reaction, Ag(I) salts act as halide scavengers and
enhance reactivity and enantioselectivity.14 However,
the addition of silver ions decreases the yield and enan-
tioselectivity in this reaction (entry 2). Tertiary amine
organic bases such as a proton-sponge� are also
detrimental to the reaction (entry 3). In the presence
of amine bases, the major product was 2, which has an
endo-cyclic double bond, along with a small amount of
exo-cyclic double bond product 3. When using the inor-
Table 1. Asymmetric intramolecular Mizoroki–Heck reaction of prochiral a

Cl

Cr(CO)3

Pd2dba3 (5 mol% Pd)

chiral ligand L*,
Et3N, toluene,
100 ˚C

1

Entry Chiral ligand L* (mol %) Time (h)

1 4 (5) 1.5

2 5 (5) 16

3 6 (5) 0.5

4 7 (10) 0.5

5 8 (5) 0.5

6 9 (10) 10

7 10 (10) 1

8 11 (10) 22

9 12 (10) 18

10 13 (10) 1

11 14 (5) 16
ganic base K2CO3, the exo-cyclic double bond chro-
mium complex 3 was obtained as the sole product
with 64% ee (entry 4). We also studied the effect of
solvent. While methanol led to a racemic product,
employment of nonpolar solvents such as toluene or
1,2-dichloroethane, increased the enantioselectivity of
the product. Increasing the amount of chiral ligand 9
and decreasing the temperature improved the yield and
enantioselectivity. The best conditions were found to
be 20 mol % of Pd and 40 mol % of the chiral ligand
in dichloroethane, leading to an enantiomeric excess of
73% ee (entry 7).15 Prochiral chromium complex 15
(n = 3) with a longer side chain was also examined, how-
ever in this case, the enantioselectivity of Heck product
17 dropped to 40% ee (entry 10).
rene chromium complexes

Cr(CO)3 Cr(CO)3

2  3

+

Yield (%) 2 Yield (%) 3 % Ee of 2

73 1 0

20 11 0

53 12 0

60 — 3

68 — 1

44 5 46

53 7 31

32 6 9

20 11 30

53 7 31

20 4 10



Table 2.

Cr(CO)3

Cl

Cr(CO)3

Pd2dba3 (5 mol% Pd)

ligand 9 (10  mol%)

n = 2;   1
n = 3; 15

Cr(CO)3
base

+

(   )n

(   )n

(   )n

(   )n–1

(   )n

(   )n–1

n = 2;   2
n = 3; 16

n = 2;   3
n = 3; 17

Entry Compound Solvent Temp (�C) Yield (%) 2 or 16 Yield (%) 3 or 17 % Eef

1a 1 Toluene 100 44 5 46

2a,d 1 Toluene 100 27 22 36

3b 1 (ClCH2)2 60 38 7 20

4c 1 Toluene 60 — 93 64

5c 1 Toluene 40 — 89 70

6c 1 (ClCH2)2 60 — 92 67

7c,e 1 (ClCH2)2 40 — 78 73

8c 1 MeCN 60 — 59 57

9c 1 MeOH 60 — 54 3

10c 15 (ClCH2)2 60 — 38 40

a Triethylamine was used as base.
b Proton-sponge� was used as base.
c Potassium carbonate was used as base.
d In the presence of AgOTf.
e 20 mol % of Pd and 40 mol % chiral ligand were used.
f % Ee of the major product.
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The absolute configuration of the cyclization product
was determined as follows (Scheme 2). Enantiomerically
pure (+)-(1S)-o-chlorobenzaldehyde chromium complex
18 {½a�19D ¼ þ1162 (c 0.20, CHCl3)}16 was reduced and
subsequently acetylated to give complex 19
{½a�20D ¼ þ24 (c 0.15, CHCl3)}. Reaction of 19 with allyl
trimethylsilane17 in the presence of BF3ÆOEt2 followed
by the introduction of a formyl group gave 2-chloro-3-
butenylbenzaldehyde chromium complex 20 {½a�20D ¼
�526 (c 0.40, CHCl3)}. Reduction and acetylation gave
complex 21 {½a�21D ¼ �13 (c 0.39, CHCl3)}, which was
converted to (+)-complex 2 {½a�20D ¼ þ900 (c 0.42, tolu-
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Scheme 2.
ene)} by an intramolecular Heck reaction and following
the introduction of an allyl group at the benzylic posi-
tion. Thus, the absolute configuration of the major
product 2 {½a�18D ¼ �365 (c 0.39, toluene)} obtained
using chiral ligand 9–palladium catalyst system was
the antipode of the authentic (+)-complex 2 derived
from (+)-(1S)-o-chlorobenzaldehyde chromium complex
18. We further extended the asymmetric desymmetriza-
tion of the prochiral chromium complex 1 to the in situ
trapping of the palladium intermediate with phenyl- or
vinylboronic acids for cascade processes. Thus, the pal-
ladium catalyzed reaction of (arene)chromium complex
1 was performed in the presence of p-methoxyphenyl
boronic acid under the optimized conditions for an
asymmetric Mizoroki–Heck reaction using ligand 9.
Fortunately, an intramolecular Heck reaction followed
by a Suzuki–Miyaura cross-coupling reaction occurred
to give the desired exo-benzyl substituted indan deriva-
tive 22 as a single diastereomer in 54% yield with 68%
ee18 (Table 3, entry 1). Other phenyl or vinyl boronic
acid derivatives were also examined to give the desired
products in the optically enriched forms (entries 2–4).
3. Conclusion

In conclusion, we have developed a valuable catalytic
asymmetric synthesis of planar-chiral (arene)chromium
complexes by the asymmetric intramolecular Mizor-
oki–Heck reaction of tricarbonyl(2,6-dibutenylchloro-
benzene)chromium in the presence of a chiral
phosphine–palladium catalyst in good yield with moder-
ate enantioselectivity. We have also further developed
the asymmetric cascade Mizoroki–Heck reaction/
Suzuki–Miyaura cross-coupling reaction. Further



Table 3. Asymmetric cascade reaction of intramolecular Mizoroki–

Heck reaction followed by Suzuki–Miyaura cross-coupling

R

Cr(CO)3

Pd2dba3 (20 mol% Pd)
ligand 9 (40 mol%)

+1

22

3
RB(OH)2

K2CO3, (CH2Cl)2

60 ˚C

Entry RB(OH)2 Yield 22 Yield 3 % Ee 22

1 4-MeOC6H4B(OH)2 54 13 68

2 3,4-Di-MeOC6H3B(OH)2 66 10 67

3 CH2@CHB(OH)2 51 10 64

4 PhCH@CHB(OH)2 65 12 67

1422 K. Kamikawa et al. / Tetrahedron: Asymmetry 16 (2005) 1419–1423
investigations directed towards developing an efficient
catalytic asymmetric synthesis of these planar chiral
transition metal p-complexes are in progress.
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