Available online at www.sciencedirect.com

ienceDir JOURNAL OF
ScienceDirect CATALYSIS

ELSEVIER Journal of Catalysis 252 (2007) 30-38

www.elsevier.com/locate/jcat

Enantioselective allylic substitution on Pd/Al,O3 modified
by chiral diphosphines
Sven Reimann, Tamas Mallat, Alfons Baiker *

Institute for Chemical and Bioengineering, Department of Chemistry and Applied Biosciences, ETH Zurich, Honggerberg, HCI, 8093 Zurich, Switzerland
Received 10 August 2007; revised 30 August 2007; accepted 31 August 2007

Abstract

The allylic substitution of (E)-1,3-diphenylallyl acetate (1a) with dimethyl malonate was investigated on Pd/Al,O3 modified by (R)- and (S)-
BINAP, (S,S5)-Chiraphos, (R)-C3-Tunephos, and (R)-Solphos. Stable performance of Pd/Al,O3 required its reduction in hydrogen before the
allylic substitution reaction, which was carried out under Ar. The enantioselectivity of the Pd/Al,O3-BINAP system [58-60% ee to (§)-2] was
independent of the reaction temperature (60 and 120 °C), and only 300 ppm BINAP related to 1a was required. According to UV-vis analysis, only
a small fraction of BINAP was adsorbed on Pd/Al,03. At 120 °C, full conversion and 94% chemoselectivity were achieved in 6 h. For comparison,
analogous soluble Pd-BINAP complexes were poorly efficient and afforded low ee to the opposite enantiomer of the product at 60 °C or above.
Electron microscopy could detect no restructuring of Pd in Pd/Al, O3 during the reaction. Surprisingly, the addition of BINAP induced a significant
rate acceleration (by a factor of almost 7 at 60 °C) and also improved the chemoselectivity of Pd/AlO3. Among the diphosphine ligands tested,
(R)-Solphos was the most effective (67% ee). An important advantage of the Pd/Al,O3—-BINAP system is that it can transform not only the allyl
acetate 1a, but also the corresponding allyl alcohol 1b without the application of any additive.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction acetamide (BSA). The nucleophile has a large influence on the
performance of the Pd-BINAP system; for example, 80% yield
and 30% ee were achieved in 44 h when the sodium salt of
dimethyl malonate was used in THF [7]. When the nucleophile
was generated in situ in CD,Cly, the yield (85%) and partic-
ularly the enantioselectivity (90%) increased, but the reaction
time also doubled [8].

Intrigued by the well-known technical advantages of hetero-
geneous catalysts, Jansat et al. attempted the enantioselective
allylic substitution of 1a with Pd nanoparticles modified with
a chiral diphosphite ligand [9]. The modifier, which had been
synthesized in four steps, afforded excellent enantioselectivity
(97% ee). Interestingly, it was not possible to increase the con-
version beyond 61% even after a prolonged reaction time of
168 h. Instead, a high kinetic resolution (89%) was observed for
the substrate. More recently, allylic substitution of 1a with di-
ethyl malonate (instead of dimethyl malonate) as a nucleophile
was catalyzed with a Pd/C—(R)-BINAP system [10]. The reac-
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Allylic substitution is a versatile reaction for the forma-
tion of new carbon—carbon and carbon-heteroatom bonds. Af-
ter Tsuji reported the reaction of nucleophiles with m-allyl-
palladium chloride [1], Trost reported the first example of an
asymmetric allylic substitution reaction in the 1970s [2]. Since
then, the reaction has been investigated thoroughly, and nu-
merous novel chiral catalysts have been developed that allow
high yield and enantioselectivity [3—-6]. A widely used test re-
action is the allylic substitution of (E)-1,3-diphenylallyl acetate
(1a, Scheme 1) with dimethyl malonate. Depending on the lig-
ands and reaction conditions, >90% ee and good yields can be
achieved. The reaction is usually carried out at room temper-
ature in THF or CH;Cl,, and the nucleophile is added in the
form of its salt or generated in situ by N,0-bis(trimethylsilyl)
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Scheme 1. Pd-catalyzed allylic substitution of 1a with dimethyl malonate and the structure of chiral modifiers.

uration of the product was (R), not (§) as is usually observed
for (R)-BINAP.

Considering these heterogeneous catalysts from a broader
perspective, enantioselective reactions on chirally modified
(supported) Pd metal are well known. With only a few excep-
tions [11-13], research has focused on the hydrogenation of
C=C bonds [14-22], using mainly cinchona and vinca alka-
loids and their simple derivatives as modifiers. A fundamental
deviation from the homogeneous metal-ligand systems is that
on the metal surface, the substrate cannot interact with the same
metal atom that is blocked by the chiral modifier due to steric
limitations; this deviation is expected to lead to different reac-
tion characteristics and mechanisms.

Here we report the allylic substitution of 1a using a conven-
tional Pd/Al,O3 catalyst modified with various chiral biphos-
phines (Scheme 1). A detailed analysis of the reaction revealed
some unprecedented characteristics of this chirally modified Pd
catalyst.

2. Experimental
2.1. Materials

(E)-1,3-diphenylallyl acetate (rac-1a) was synthesized from
(E)-1,3-diphenylprop-2-en-1-ol (rac-1b, >98%, Fluka) as de-

scribed previously [23]. The diphosphite ligand 4 was prepared
by reacting the corresponding diol [24] with 2 equivalents

of 4,4,6,6-tetra-z-butyl-2,2-bisphenoxyphosphorus chloride
[25] in the presence of a base [26]. All synthesized com-
pounds were purified by column chromatography. The struc-
tures of 1a and 4 were confirmed by 'H and '3C NMR. Lig-
and 4 was also characterized by HR-MALDI-MS. The purity
(>99%) of 1a was confirmed by GC. Tetrahydrofuran (THF,
99.99%, Acros) was dried and stored over activated molecular
sieve (water content: 0.012 wt%). [Pd(n3—C3H5)Cl]2 (=>98%,
Fluka), Pd(OAc); (>99%, Merck), (R)-(+)- and (S)-(—)-
2,2'-bis(diphenylphosphino)-1,1’-binaphthalene ((R)- and (S)-
BINAP ((R)-and (S)-3), puriss., Fluka), (25,3.5)-(—)-bis(di-
phenylphosphino)butane ((S, S)-Chiraphos (5), Aldrich), (R)-
(6,6'-0-(1,3-propylene)-oxylbiphenyl-2,2’-diyl)bis(diphenyl)-
phosphine ((R)-C3-Tunephos (6), Aldrich), (R)-7,7'-bis(di-
phenylphosphino)-3,3’,4,4’'-tetrahydro-4,4’-dimethyl-8, 8'-bi-

(2H-1,4-benzoxazine) ((R)-Solphos (7), >97%, Aldrich),
dimetyl malonate (>99%, Aldrich), N,O-bis(trimetylsilyl)
acetamide (BSA, 95%, Acros), and NaH (60% dispersion in
mineral oil, Fluka) were used without further purification. The
5 wt% Pd/Al,O3 (No. 40692) catalyst was purchased from En-
gelhard.

2.2. Catalytic experiments
The commercial 5 wt% Pd/Al,O3 catalyst was stored in air

and prereduced in solution or in gas phase before use. For the
pretreatment in solution, the catalyst was stirred in 5 ml of THF
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