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Abstract—A chiral bis(oxazoline) was grafted on ArgoGel and used in the palladium-catalysed substitution of (+)-1,3-diphenyl-2-
propenyl acetate with dimethyl malonate. The enantioselectivity was the same as that observed when the analogous monomeric
catalyst was used (94-95% e.e.), despite the fact that the C, symmetry of the ligand was affected when coupled to the polymer.
The polymer-supported catalyst could be recycled several times after removal of precipitated Pd(0). The polymer-bound
bis(oxazoline) was also applied in a zinc-catalysed Diels—Alder reaction but lower selectivity and reactivity than the monomer was

observed. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Immobilised chiral ligands as catalysts for asymmetric
synthesis have in recent years attracted renewed inter-
est.! The major advantages of solid-supported ligands
are the facile removal of the ligand after the reaction
and the possibility of recycling the catalyst. The use of
supported catalysts also opens up the possibility for use
in continuous flow reactions. Polymer-supported chem-
istry in general has also been advancing rapidly as a
result of developments in combinatorial chemistry.?

In a previous study we have shown that catalytically,
chiral pyridinooxazolines grafted to TentaGel and
ArgoGel were as efficient as a similar monomeric cata-
lyst in the palladium-catalysed substitution reaction of
(x)-1,3-diphenyl-2-propenyl acetate with dimethyl mal-
onate, affording products with up to 80% e.e.® Tenta-
Gel and ArgoGel are graft-copolymers of gel-type
polystyrene and polyoxyethylene.* Catalysts bound to
these supports behave like homogenous rather than
heterogeneous catalysts because of the long, flexible
poly(ethyleneglycol) linkers. Additionally, compared to
the traditionally used polystyrene-divinylbenzene resins,
they can be used in solvents with a wider polarity range
and they are also more easily analysed by spectroscopic
methods in the solvent-swollen state.

Chiral C,-symmetric bis(oxazolines) have been shown
to serve as successful ligands in several catalytic pro-
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cesses including Diels—Alder,>® aldol,*’ aziridination,®
allylic alkylation®® and cyclopropanation®®® reactions.
Several approaches for the immobilisation of these
ligands have been investigated. The methodology cho-
sen may affect the activity and selectivity of the cata-
lytic reaction. In some approaches the ligand has been
attached via non-covalent bonds and the resulting poly-
mers have been assessed in cyclopropanation and
aziridination reactions.'™'! In some cases re-use of the
catalyst was possible, but problems with leaching and
decreased selectivity were occasionally seen. Recently a
covalently bonded bis(oxazoline) was prepared using a
central methylene bridge with polymerisable groups.'?
This ligand was successfully used and recycled in the
copper-catalysed cyclopropanation of styrene with ethyl
diazoacetate. The morphology of the polymer had
important effects on the activity and selectivity of the
catalyst. Ligands from a related ligand family, aza-
bis(oxazolines), were attached to a soluble polymeric
support.!> These soluble catalysts were designed for
palladium-catalysed allylic alkylations and copper-
catalysed cyclopropanations. The monomer had
reduced reactivity in the allylic alkylation of 1,3-
(diphenyl)allyl acetate, but the results from the poly-
mer-bound catalysts were not reported. Re-use of the
cyclopropanation catalyst after precipitation in ether
was possible affording 80-39% yield and 87-90% c.e.
for the trans product and 81-85% e.e. for the cis
product in 10 cycles.

The heterogeneous Pd-catalysed allylic alkylation using
polymerised chiral diamino ligands was reported in
1995. The enantioselectivity was 80% for the most
selective polymer but the conversion was only 38%.'* A
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chiral resin-bound P,N ligand was used in the same
reaction in aqueous medium, affording product in 86%
yield with 91% e.e. with the benchmark substrates
(¥)-1,3-diphenyl-2-propenyl acetate and dimethyl mal-
onate, as well as affording high yields and high enan-
tioselectivities (up to 94% yield and 98% e.c.) with
cyclic substrates.!®

We demonstrate herein that it is possible to attach a
chiral bis(oxazoline) covalently to an ArgoGel resin
and to use the resulting polymer as a catalyst in allylic
alkylation reactions to afford products with high e.e.s.
We also show that it is possible to re-use the polymer-
bound ligand after removal of precipitated palladium
black by washing the polymer with saturated KCN in
DMSO.

2. Results and discussion
2.1. Synthesis of polymer-supported bis(oxazoline)

The polymer-supported bis(oxazoline) 2 was synthe-
sised from 1'¢ and ArgoGel-Wang-Cl in DMF in the
presence of K,CO; (Scheme 1). Both *C NMR spec-
troscopy and eclemental analysis were used to analyse
compound 2, showing the degree of functionalisation to
be 0.071 mmol/g.

2.2. Allylic substitution

The polymer-bound bis(oxazoline) 2 was tested in the
allylic substitution of (+)-1,3-diphenyl-2-propenyl acet-
ate 3 with dimethyl malonate 4 (Scheme 2). This
substrate was chosen since it serves as a benchmark
substrate to compare the outcome of different ligands.
The reaction was performed in dichloromethane at
room temperature. The catalytic complex was gener-
ated from 2 mol% of bis[(r-allyl)palladium chloride]
and 6 mol% of the ligand.® The nucleophile was gener-
ated in situ from dimethyl malonate in the presence of
N,O-bis(trimethylsilyl)acetamide (BSA) and a catalytic
amount of KOAc. To study whether the polymer had a
positive or negative effect on the selectivity and activity,
the commercially available (R)-(+)-2,2"-isopropylidene
bis(4-phenyl-2-oxazoline) 5 was used as a reference
ligand. The reaction was repeated three times with the
polymer-bound catalyst and two times with the
monomeric catalyst. The yields varied from time to
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Scheme 1.
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time, whereas the enantioselectivity remained essentially
constant. The reason for the variation in yield is not
known. The yield after 4 days was 67-95% when ligand
5 was used and the (R)-enantiomer formed predomi-
nantly with e.e.s of 95-96%. When the polymer-bound
bis(oxaxoline) 2 was used as the ligand, the yields after
4 days were 28-70% and the e.e. was 94-95% (R)-enan-
tiomer. It is interesting to note that the selectivity
remained essentially the same despite the fact that
ligand 2 has C, symmetry, whereas ligand 5 is C,-

symmetric.
o
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Palladium(0) precipitated during the reaction, thus pre-
venting recycling of the polymer. However, after
removal of palladium with saturated potassium cyanide
in DMSO!7 the polymer-bound ligand could be re-used
without any loss in selectivity (recycling up to five times
was performed). The yields varied between 29 and 93%
in the cycles and the trend in the yields indicated an
increase in activity of the catalyst.

o O
OAc [(n*-C3Hs)PdCI,, ligand MeOJ\)J\OMe
Ph™ X Ph (MeOCO),CH,, BSA, KOAc Ph/\/g\ Ph
3 4
Scheme 2.

2.3. Diels—Alder reaction

The zinc-catalysed Diels—Alder cyclisation of 3-(2-
propenoyl)-2-oxazolidone 6 and cyclopentadiene
(Scheme 3) was attempted with ligands 2 and 5 (Scheme
3). Ligand 5 was used as a reference catalyst to com-
pare monomer with polymer and also to compare with
already published results (values within parentheses).
The catalytic complex was prepared from 10 mol%
Znl,, 11 mol% ligand and 20 mol% AgSbF, in
dichloromethane at room temperature and the reaction
was performed at —78°C, as described in the litera-
ture.’® The reaction was extremely slow at this tempera-
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ture (traces of product were formed after 48 h) when
ligand 2 was used, whereas full conversion was
observed after 15 h with ligand 5. Ligand S gave the
endo product with 85% e.e. (R) (literature value: 92%
e.e.’®) and the endo:exo ratio was 94:6 (literature value:
49:1°%). At room temperature both ligands catalysed the
reaction to completion but the polymer-supported lig-
and gave racemic product, whereas ligand 5 gave the
endo product 57% e.e. (R). The reaction employing 2 as
a catalyst was still very slow at —40°C resulting in
merely 13% conversion overnight. This low reactivity
might be explained by the fact that the polymer is
probably more rigid and less swollen at lower tempera-
tures, causing the surface area of the polymer to be
decreased, and thereby preventing exposure of a large
fraction of the ligands.

When the polymer-bound catalyst was used the salts
formed were not possible to filter off from the catalytic
complex. To study whether the presence of salts might
have a detectable effect, the reaction with the
monomeric catalyst was performed without filtration.
The salts were found not to have any negative effect on
the conversion at —-40°C, but the e.e. of the endo
product decreased from 71 to 63%. The formation of
the racemic product cannot thus be explained by the
presence of salts.

3. Conclusion

The results presented show that it is possible to synthe-
sise a polymer-supported bis(oxazoline) 2. In the palla-
dium-catalysed allylic alkylation the polymer had no
negative effect on the selectivity and activity despite the
reduction in symmetry of the ligand. The ligand could
be re-used several times without significant losses in
selectivity or reactivity after removal of palladium(0) by
washing with a saturated solution of KCN in DMSO.
In the zinc-catalysed Diels—Alder reaction, the polymer
seems to inhibit the reaction at lower temperatures. At
room temperature reaction occurred, but a racemic
product was obtained.

4. Experimental
4.1. General

'H and '*C NMR spectra were recorded in CDCI; at
400 and 100.6 MHz, respectively. Enantiomeric excesses
were determined by HPLC using a chiral column
(Chiracel OD-H). For the analysis of 4 a wavelength of

254 nm, a flow of 0.5 mL/min and a solvent composi-
tion of 99:1 hexane:propan-2-ol were used. For the
analysis of 7 a wavelength of 240 nm, a flow of 0.5
mL/min and a solvent composition of 90:10 hex-
ane:propan-2-ol were used. ArgoGel-Wang-Cl was pur-
chased from Aldrich (bead size ca 170 pm).

4.2. Polymer-supported (R)-bis(4-phenyl-2-oxazoline) 2

K,CO; (42 mg, 0.31 mmol) was added in one portion to
a suspension of ArgoGel-Wang-Cl (0.35-0.45 mmol/g,
0.486 g, 0.17 mmol) and 1'¢ (87 mg, 0.20 mmol) in dry
DMF (3.4 mL) in a dry flask. The reaction mixture was
stirred overnight under a nitrogen atmosphere at 60°C.
The polymer was filtered off and washed successively
with MeOH (2 mL), THF:H,O 1:1 (2 mL), H,O (2
mL), acetone (2 mL), CH,Cl, 2mL) and MeOH (2
mL). The polymer was dried at room temperature in
vacuo overnight, resulting in 2 (0.616 g) containing
0.20% N (corresponding to 0.071 mmol of ligand/g
polymer); '*C NMR: § 169.27, 169.11, 158.73, 158.24,
142.31, 142.15, 128.76, 128.67, 128.49, 127.65, 127.51,
126.76, 123.36, 117.31, 114.76, 114.62, 113.84, 113.29,
75.45, 75.34, 71.40, 69-73 (several signals), 67.53, 64.53,
43.80, 42.80, 42.21, 30.99, 21.72.

4.3. General procedure for removal of precipitated
Pd(0)

After the allylic alkylation ligand 2 contaminated with
Pd(0) was filtered off and washed with dichloromethane
and ether to collect the product 4. Ligand 2 was
regenerated by washing the polymer with ca. 5 mL each
of the following solvents: H,O, CH,Cl,, DMF, satd
KCN/DMSO, MeOH, H,0, MeOH, CH,Cl,. The light
yellow polymer was dried under vacuum and could be
used again as ligand in the catalytic reaction.
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