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ABSTRACT

Ferrocene-modified chiral pocket ligands have been studied in the palladium-catalyzed asymmetric alkylation of simple ketone enolates, in
which (R,R,Sp,Sp)-1 containing two pairs of matched chiralities, central chirality and planar chirality, behaved very efficiently in this reaction
and up to 95% ee value was achieved.

Asymmetric construction of quaternary carbon centers is a
difficult but interesting project.1 For initial attempts, the
asymmetry was mainly induced through stoichiometric chiral
auxiliary or self-replicating chirality.2 Asymmetric catalytic
methods in this area were very limited. However, several
advances have been made recently. Palladium-catalyzed
asymmetric allylic alkylation (AAA) of prochiral nucleo-
philes has been used effectively to create quaternary carbon
centers, in which the prochiral nucleophiles were usually
stabilized nucleophiles.3,4 For example, Ito used BINAP as
ligand to realize the AAA reaction ofâ-keto-R-aminoesters
with ee values of 76-95%.3a Simple ketone enolates are an

important class of nucleophliles, but the AAA reaction was
more difficult to effect because they are nonstabilized
nucleophiles. The situation is changed now. Trost realized
the construction of a quaternary carbon center with high
enantioselectivity recently by using simple ketone enolates
through palladium-catalyzed AAA reaction;5a the allylation
of 2-methyltetralone with allyl acetate may reach 88% ee
and 99% yield with their chiral pocket ligand. Although there
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have been a few successful methods to date, any virtual
improvement of asymmetric synthesis of quaternary carbon
centers will be noteworthy. Ferrocene derivatives have been
found to be the versatile and highly efficient ligands in certain
asymmetric reactions.6 As a result of the special structure
of ferrocene, planar chirality is easily introduced,7 and it plays
a decisive role in the enantiocontrol in many reactions. It
can be concluded that better enantiocontrol will be achieved
when a matched planar chirality with the existed central
chirality is introduced into the ligand.8,9 Recently, we
synthesized bis-N-[2-(diphenylphosphino)ferrocenylcarbonyl]-
diaminocyclohexane derivatives1 and2 and used them as

ligands in the palladium-catalyzed asymmetric allylic alky-
lation to synthesizeR-alkylated amino ester derivatives with
a quaternary chiral carbon center.10 These ligands can be
easily synthesized from ferrocene and diaminecyclohexane
and are stable in air also. Most interestingly, they are
seemingly somewhat similar to Trost’s chiral pocket but
different in size and backbone environment. Furthermore,
they could be modified with planar chirality, which might

give an enhancement in enantioselectivity of the asymmetric
reaction. As we expected, with ligand containing a pair of
matched chiralities, the product was achieved with good
enantioselectivity with the simplest allylic system. This
success emboldened us to apply these ligands to a more
challenging asymmetric reaction. In this paper, we report
the application of them to palladium-catalyzed alkylation of
simple ketone enolates.

First, we chose 2-methyl-1-tetralone with allylic ethyl
carbonate and [Pd(η3-C3H5)Cl]2 as the test reaction (eq 1).

The choice of solvent had a moderate effect on the enantio-
selectivity of the reaction. Several solvents were examined,
and THF gave the best result with ligand1 (90% yield, 82%
ee; Table 1, entry 2). DME has been reported as the best

solvent,5a but it only gave 66% ee (Table 1, entry 1). With
ligand 2, the product was obtained in 90% yield and 29%
ee (Table 1, entry 3), and the absolute configuration of the
product was opposite to that with ligand1. Obviously ligand
1 containing two pairs of matched chiralities was a better
ligand, as we found in our previous work.10 Ligand 3 was
synthesized in our laboratory, and the larger ring was formed
on chelating the two phosphorus atoms with the palladium.
However, ligand3 led to the product in 88% yield but 0%
ee. The easy rotation of the diphenylphosphorus-substituted
Cp ring may be the reason for this low selectivity.
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Table 1. Optimizing Reaction Condition for Alkylation with
4aa

entry ligand solvent time (h) yield (%)b ee (%)c

1 1 DME 1 96 66
2 1 THF 3 90 82
3 2 THF 1 90 29
4 3 THF 1 88 0
5 1‚2H2O THF 0.5 96 92
6d 1‚2H2O THF 1 93 95
7d,e 1 THF 2 68 87
8d,f 1‚2H2O THF 2 73 89
9d,g 1 THF 1.5 78 83

10d,h 1 THF 1 85 79

a All reactions were performed with [Pd(η3-C3H5)Cl]2 /ligand/4a/LDA/
allyl ethyl carbonate (2.5/7.5/100/150/150).b Isolated yield.c Determined
by HPLC. d [Pd(η3-C3H5)Cl]2 and ligand were heated at 50°C for 1 h
before use.e 15 mol % H2O was used as additive during preparation of
catalyst.f Reaction was performed at 0°C. g 15 mol % MeOH was used as
additive during preparation of catalyst.h 15 mol % t-BuOH was used as
additive during preparation of catalyst.
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It was very interesting to note that ligand1 easily
crystallized with two water molecules.11 We found that the
crystalline ligand was easily formed as a dark-red solution
with [Pd(η3-C3H5)Cl]2 in THF. When this catalyst was
subjected to the identical reaction, 92% ee of the product
was obtained. This value is higher than that obtained by using
water-free1 as ligand. This result suggests that the crystal
water may be important in this reaction though the reaction
system included lithium reagents that react with the water
immediately. To get better coordination, [Pd(η3-C3H5)Cl]2

and the crystalline ligand were stirred for 1 h at 50°C before
being used as the catalyst. The ee of the product increased
to 95% (Table 1, entry 6). Although there were some reports
about the enhancement of reactivity of aldol reaction by the
presence of a small amount of water, the role of water here
should be further examined.12 For this aim, the following
reaction was performed. Palladium and water-free ligand
were stirred in THF with 15 mol % water at 50°C for 1 h
and product was obtained in 68% yield and 87% ee (Table
1, entry 7), which was still better than the result of entry 2.
The result also indicated the presence of a little water might
assist the coordination. The reaction was also done with other
hydroxy-containing reagents such as MeOH andt-BuOH as
additives. The reactions ran smoothly to give product in 83%
ee and 78% yield and in 79% ee and 85% yield, respectively
(Table 1, entry 9 and 10). With the same condition in entry
6 but with the reaction performed at 0°C, the yield and
enantioselectivity decreased a little (Table 2, entry 8).

Under the optimized reaction condition, several ketone
substrates and allylic reagents were investigated.13 We found

that ketones4 having different R substituents reacted with
allylic regent6a (eq 2) to give rise to good yields and high

enantioselectivities except for4b, which only gave moderate
enantioselectivity (66% ee) (entry 3 in Table 2). Fortunately,
when allylic reagent6b was used in this reaction with4a,
high enantioselectivity (87% ee) was also achieved (entry 4
in Table 2). The ee values obtained from ref 5a are also listed
in the table.

In conclusion, (R,R,Sp,Sp)-1was found to be an efficient
ligand in the palladium-catalyzed asymmetric alkylation of
simple ketone enolates. The reaction could construct a
quaternary carbon center with high enantioselectivity up to
95% ee. And interestingly, two molecules of crystalline water
of the ligand1 gave better results albeit no clear explanation
can be given for the moment.
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mg (0.03 mmol) of chiral ligand1‚2H2O in 0.5 mL of THF, and a solution
of 78 mg (0.6 mmol) allyl ethyl carbonate6a in 0.5 mL of THF (which
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The reaction was completed in 1 h. The reaction mixture was diluted with
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) 1/40) to afford 74 mg of5a in 93% yield, 95% ee, ([R]20

D ) -18.0,c
0.75 CHCl3), determined by HPLC (Chiralcel OD Column, 99.9:0.1 hexane/
2-propanol, flow) 0.7 mL/min); tR ) 16.46, 17.96 min.

Table 2. Palladium-Catalyzed Asymmetric Alkylation with
Different Ketone Enolatesa

entry R1 allylic reagent time (h) yield (%)b ee (%)c ee (%)d

1 Et 6a 1 95 66 80
2 Bn 6a 1.5 91 84 85
3 Me 6b 2 77 87 47

a All reactions were performed with [Pd(η3-C3H5)Cl]2 / 1‚2H2O/4a/LDA/
allylic reagent (2.5/7.5/100/150/150).b Isolated yield.c Determined by
HPLC. d Data from literature.5a
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