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The need for catalyst systems for the asymmetric dihydroxy-
lation of olefins (AD) that combine the positive characteristics
of the original homogeneous osmium catalysts with the ease
of separation of heterogeneous catalysts led to the introduc-
tion of polymer-supported alkaloid ligands. Two major strate-
gies for ligand recovery will be discussed here: (a) Attach-
ment of the alkaloids to a solid support, such as an organic

polymer or silica gel. After catalysis the ligands can easily be
recycled by simple filtration. (b) The alkaloids are anchored
to a polymeric unit which allows catalysis to be performed
under homogeneous conditions. After the reaction is com-
plete, the ligand is isolated by precipitation upon addition of
solvent followed by filtration. Recent results of investigations
of both strategies will be presented.

Introduction

Cinchona alkaloid catalyzed asymmetric Sharpless dihy-
droxylation (AD)[ has emerged as one of the most general
methods for the enantioselective functionalization of ole-
fins. Since its discovery in 1988,/ the alkaloid ligands and
cooxidant/solvent systems have been optimized so that now
almost all classes of olefins can be dihydroxylated with ex-
cellent enantioselectivity.[!

Due to the high cost of both the alkaloid-derived ligands
and the metal, methods for facile and efficient catalyst re-
covery are of major interest. This aspect is particularly im-

portant in large-scale applications. Various concepts have
been applied to address this problem. The most successful
alkaloid-derived ligands have been immobilized by at-
taching them on solid organic polymers or inorganic sup-
ports. In principle, this eased the separation of the ligands
after the AD, but many positive aspects of the original
homogeneous catalyst system, such as the high activity and
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enantioselectivity, were diminished. Significant optimi-
zation was required to develop heterogeneous AD catalysts
giving diols with high enantiomeric excess (ee). Alterna-
tively, soluble supported ligands have been prepared. When
they are applied, most characteristics of the homogeneous
AD remain, and products with very high enantiomeric ex-
cesses can be obtained. After the reaction, these ligands are
then easily recovered by precipitation followed by filtration.
All approaches described above allow a more or less ef-
ficient recovery of the ligands, and thus, important practical
applications can be foreseen. This short, but comprehensive
review summarizes in detail the current state of the art.

Organic Copolymers

The very first use of polymer-bound cinchona alkaloid
derivatives in the catalytic asymmetric dihydroxylation of
olefins has already been reported in 1990 by Kim and
Sharpless. P16 Besides other polyacrylonitriles, they synthe-
sized insoluble polymer 1 by radical copolymerization of a
9-(p-chlorobenzoyl)quinidine acrylate with acrylonitrile and
tested it in the AD of trans-stilbene.

CN
n m h
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With N-methyl morpholine N-oxide (NMO)!"! as second-
ary oxidant in acetone/water (10:1, v/v) good to excellent
enantioselectivies (85—93% ee) and reasonable reaction
rates (2—3 d) were observed. The asymmetric induction
varied slightly depending on the batches of the polymer.
Even after completion of the reaction the activity of the
0s0O,4—polymer complex was preserved, thus allowing repe-
tetive use of the complex with only moderate loss of reactiv-
ity and enantioselectivity.

Almost at the same time, Salvadori and coworkers®! de-
veloped the related polyacrylonitrile-supported 9-O-
acylquinine derivatives 2. In these compounds the alkaloids
are directly bound to the polymer chain without a spacer.
Under the same reaction conditions used by Sharpless vari-
ous optically active diols were obtained in good chemical
yields but with significantly lower enantiomeric excesses
(6—46% ee).

Polystyrene-supported 9-O-acylquinidine derivatives 3
were introduced by Lohray et al.[¥! Among all the polymers
examined, the one with 10% dihydroquinidine loaded on
the polystyrene backbone proved to be the most effective
for the AD of trans-stilbene, furnishing hydrobenzoin with
85% ee. An increase in the amount of immobilized alkaloid
led to a significantly reduced rate and lowered the enantio-
meric excess of the diol. Use of recycled polymer gave less
product with decreased enantioselectivity. The catalyst ef-
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ficiency with recycled polymer could be regained by the ad-
dition of 0.1 mol% of osmium. Interestingly, if the reaction
was carried out with the homopolymer of dihydroquinidine
4-vinylbenzoate (3 with n = 0, m = 1) nearly racemic hydro-
benzoin was formed in only 20% chemical yield after 2—3
d. Later, the use of this homopolymer was reinvestigated
by Song et al.,!!% and in sharp contrast to the previous
observations, ] they found that it exhibited excellent enanti-
oselectivity (eemax = 93% for trans-stilbene and 91% ee for
trans-methyl cinnamate) with Ks[Fe(CN)g] as secondary
oxidant. The asymmetric induction was slightly improved
by using crosslinked polystyrene-supported 9-(p-chloroben-
zoyl)quinine 4.0111
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In 4 a spacer group between the quinine derivative and
the polymer backbone was introduced to let the quinucli-
dinic moiety of the ligand, which is responsible for the OsO,
complexation, unaffected by the steric hindrance of the
polymeric chain. AD of trans-stilbene using this copolymer
and NMO as secondary oxidant gave the product with
good stereoselectivity (87% ee). In contrast, with
K;[Fe(CN)g] as oxidant in r-BuOH/water (1:1, v/v) no diol
was formed. In this polar protic solvent system the copoly-
mer probably collapses, thus preventing substrate penetra-
tion. This effect was overcome by the use of copolymer 5,
which bears hydroxyl groups in the polymer backbone.!?
Although 5 is insoluble, it swells very well in polar protic
solvents. The AD of several olefins, terminal and internal,
was investigated with either NMO or potassium ferricyan-
ide as secondary oxidants. In general, the reaction pro-
ceeded with high enantioselectivity (up to 95% ee), and in
many cases the results were comparable to those obtained
with 9-(p-chlorobenzoyl)quinine itself. Compared to NMO,
higher enantiomeric excesses were obtained with potassium
ferricyanide, as was also found in the homogeneous AD
reactions, indicating that the low-enantioselective “second
cycle” could thus be avoided.['3] Major results are summar-
ized in Table 1.

Table 1. Enantioselectivities in the AD using 5

No. Olefin ee [%)
K;[Fe(CN)] NMO

T T 90

2 CeHE 81 60

3 g N 60

T 75 13

5 CsHs/\ 65 40

6 CeHYT X 50 14

Polymer-supported 3,6-bis-(9-O-dihydrochininyl)pyrida-
zine [(DHQ),PYDZ] (6) was prepared by Lohray et al.['4l
It has a large pore size and its hydrophilic properties allow
the AD of trans-stilbene to proceed at 20°C when using
K;[Fe(CN)g] as secondary oxidant, giving the product with

MeO
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98% ee within 20 h. In comparison, the corresponding free
DHQD-pyridazine ligand gives the diol with >99% ee.!!]
In the continuous effort to further improve the asymme-
tric induction in the AD, Salvadori et al. introduced the
first  polymer-bound  1,4-bis-(9-O-dihydrochinidinyl)-
phthalazine [(DHQD),PHAL] (7).1191!71 In the homo-
geneous case the PHAL ligands provided the best enanti-
oselectivity for five out of six classes of olefins. With potass-
ium ferricyanide as secondary oxidant, 0.5—1 mol% of os-
mium tetroxide and 10—25 mol% of immobilized PHAL 7,
the highest enantiomeric excesses so far, in the AD using
organic polymers, have been achieved (Table 2).[16117]
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Table 2. Enantioselectivities in the AD using 7

No. Olefin ee [%)10

L o s 299099

2 Cy X 91 (97)
Me
3 >= 94 (94)
CeHs
4 97 (99)
CeHs

[l The ee values of products which were obtained from catalysis
with non-polymer-attached (DHQD),PHAL ligand are given in
parentheses.
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The insoluble polymeric chiral ligand is quantitatively re-
covered by filtration. Because of the significant loss of
metal during this separation, 0.2 mol% of osmium tetroxide
have to be added to restore the original reactivity.!!” The
swollen, polar polyhydroxyl methacrylic backbone provides
highly accessible reaction sites. This fact was revealed by
comparing the reaction rates of the AD of styrene using
either polymer 5 or the unbounded 4-chlorobenzoate of
quinidine.

Recently, Song et al.['8] reported the synthesis of the new
polymer-supported PHAL ligands 8. The AD of trans-stil-
bene and trans-cinnamate using 8 (R = Me) proceeded with
exceedingly high enantioselectivity (>99% ee for both ole-
fins).

MeO.

A similar PHAL ligand exhibiting high asymmetric in-
duction (>98% ee for trans-stilbene) had previously been
mentioned by Salvadori et al.['® Their UV spectrophoto-
metric analysis of the polymer washings after prolonged ex-
traction time (up to 7 days) still showed a significant ab-
sorption maximum belonging to the chiral monomer. From
this they concluded that the PHAL monomer was not com-
pletely bound to the polymer matrix, but that it was only
absorbed to some extent in the swollen polymer.

The homogeneous AD of terminal monosubstituted ole-
fins is best performed with 4,6-bis-(9-O-dihydrochininyl)py-
rimidine (PYR) ligands. Recently, a polymer-bound version
of such ligands was introduced.['”! Using 9 in the AD of
1-decene, 64% ee was achieved. 3,3-Dimethyl-1-butene and
vinylcyclohexane gave 76 and 67% ee, respectively. Com-
pared to catalysis with non-supported ligands, however,
these ee-values are lower by about 10%.

Silica Gel

As a more practical approach to the heterogeneous cata-
lytic AD reaction for large-scale synthesis, Lohray et al. im-
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mobilized 3,6-bis-(9-O-dihydrochininyl)pyridazine on silica
gel.P% This inorganic support should have superior mech-
anical and thermal properties compared to organic counter-
parts. Furthermore, the cinchona alkaloid derivatives were
expected be located on the surface of the silica, therefore
completely exposed to the reactants. Compared to catalysis
with organic polymers, where the ligand may be encapsu-
lated in the less rigid polymer matrix, this fact could lead
to an enhanced enantioselectivity.

First attempts along these lines, however, remained un-
satisfactory. Thus, silica gel-supported pyridazine 10 exhib-
ited significantly reduced enantioselectivity. trans-Stilbene
and styrene were dihydroxylated with only 80 and 56% ee,
respectively, using potassium ferricyanide as secondary oxi-

R = CHg, CH,CH,OH

dant.% These values were even lower than those previously
reported for ADs with the purely organic polyacrylate-
bound pyridazine ligand.!'4

More successful were ADs with the silica gel-supported
(DHQ),PHAL ligand 11, which was recently described by
Song et al.?!l Aromatic 1,2-di- and trisubstituted olefins
were dihydroxylated with the same enantioselectivity as the
free homogeneous phthalazine from Sharpless. Reuse of fil-
trated 11 without addition of osmium tetroxide, however,
led to an about 40% prolonged reaction time and decreased
enantioselectivity (tested in the AD of 1-phenylcyclohex-
ene). Both observations can be explained by a significant
loss of metal during catalyst recovery.

The polymeric second generation pyridazine (PYDZ) and
phthalazine (PHAL) ligands reviewed so far were bound to
the polymer backbone (with or without spacer group) via
the olefinic double bond of the cinchona alkaloids. We in-
troduced a different approach.?? In ligands 12 and 13 the
chirality-bearing part of the molecule is connected to the
inorganic support through the nitrogen-containing hetero-
cycles. By this attachment negative steric interactions be-
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tween the polymer backbone and the quinuclidinic moiety,
responsible for osmium complexation, are minimized.
Therefore ligands of this type were expected to give highly
favorable results in AD reactions.

Supporting this concept, it was found that ester-bound
DPP ligand 12a exhibited a very high asymmetric induction
in the AD of styrene (97% ee).??) In order to test the ef-
ficiency of the catalyst recovery, reactions with recycled li-
gand were performed. It was found that after four consecu-
tive runs the enantioselectivity slightly dropped (to 94% ee).
Because this decrease in ee was believed to be due to a loss
of ligand via ester hydrolysis under the standard aqueous
basic (pH 12.2) AD reaction conditions with potassium fer-
ricyanide as oxidant, aryl ether-bound DPP ligand 12b was
synthesized. As expected, 12b also provided products with
exceedingly high enantiomeric excesses (trans-stilbene: 99%
ee; styrene: 98% ee). Now, a significant reduction of the ee
value using recycled ligand was not observed anymore.

A summary of results with various silica gel-supported
alkaloid ligands is given in Table 3.

For the AD of terminal aliphatic olefins, supported PYR
ether 13 was introduced. With 13 the corresponding diol of
I-decene was obtained with 84% ee, which is only slightly
lower than the result of the reaction under homogeneous
conditions (89% ee).l?%

Although these silica gel-supported DPP ligands are eas-
ily recovered, their consecutive use still requires the ad-
dition of ca. 1 mol% of osmium after each run to avoid a
decrease in chemical yield and enantioselectivity. Further
studies are directed towards isolation procedures which re-
duce this metal loss during catalyst recovery.

Polyethylene Glycol

Catalyst modification by polyethylene glycol (PEG) has
been known for a long time.23112411251126] Already in the sev-
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Table 3. Comparison between various silica-bound ligands in the

No. Olefin Ligand Yield [%] ee [%)
1 CﬁHs/\/CeHs 10 9% 80
2 1 88 >99
3 12b 77 >99
4 C6H5/\ 10 92 56
5 12b 93 97
6 12b 94 98

enties, Bayer and Schurig reported the use of a number of
soluble polymer-attached hydrogenation catalysts, including
PEG-functionalized ones, which could be separated from
the reaction mixture by precipitation or membrane fil-
tration. 24231261 For the AD, Han and Janda introduced
PEG-modified ligands in 1996.27 Alkaloids bound to poly-
ethylene glycol monomethyl ethers (MeO-PEG; MW 5000),
such as dihydroquinidine 14, are completely soluble under
the usual AD reaction conditions using NMO as oxidant
and acetone/water (v/v = 1:1) as solvent. Due to this prop-
erty, positive effects such as the strong “ligand-acceler-
ation”,[?8] which were observed in the original homo-
geneous Sharpless system remain unaffected.

o}
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MeO-PEG-modified ligand 14 can be considered as a
member of the first generation of AD ligands, and it is
therefore not surprising that the AD of selected olefins gave
products with only unsatisfactory ee values (e. g. trans-stil-
bene 88% ee, styrene 60% ee). After the reaction, the PEG-
bound cinchona alkaloid can be recovered almost quanti-
tatively (>98%) by precipitation upon addition of dialkyl
ethers followed by filtration. Repetitive use of the ligand
was possible without significant loss of enantioslectivity
when osmium tetroxide was added after each run.

With the desire to further improve this method, MeO-
PEG-modified phthalazine 15P°1 was tested in the AD
using potassium ferricyanide as secondary oxidant. For

MeO

16

17
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trans-stilbene, trans-methyl styrene, styrene and trans-5-de-
cene the corresponding diols were now obtained with very
high enantiomeric excesses (>96% ee). As an extension of
this work, 15 has recently been used in the AD of polymer-
bound substrates.3%

The first polymer-supported diphenylpyrazinopyridazine
(DPP) and pyrimidine (PYR) derived ligands (16 and 17)
were introduced by Bolm and Gerlach.?! Pyridazine 16 ex-
hibits exceedingly high asymmetric induction in the AD of
trans-stilbene (99% ee), styrene (98% ee) and 2-methylstyr-
ene (95% ee). Reaction of 1-decene and 3,3-dimethyl-1-but-
ene using pyrimidine 17 provided the corresponding diols
with 87% and 90% ee, respectively. These ee-values are the
highest ones for aliphatic terminal monosubstituted olefins
using polymer bound alkaloid ligands.

Ligand recovery and sequential catalyst use was tested in
the AD of styrene with pyridazine 16. After constant ee-
values in the first 4 runs a slight decrease of the enantiose-
lectivity was observed (run 1—4: 98% ee; run 5: 97% ee; run
6: 96% ee). This effect was explained by a loss of alkaloid
due to minor ester hydrolysis under the basic reaction con-
ditions using K;Fe(CN)¢/K,CO3. Changing the MeO—
PEG-attachment from an ester- to an ether linker solved
this problem and the significant reduction in the enantiose-
lectivity with recycled ligand was not observed anymore.[3?]

Conclusion

The osmium-catalyzed asymmetric dihydroxylation of
olefins developed by Sharpless et al. during the last decade
has become a highly mature method for the synthesis of
optically active diols. For ligand recovery various successful
protocols based on the properties associated with the ap-
plied polymeric supports have been introduced. Which of
those will be most applicable in large-scale use is not obvi-
ous yet. This decision will also be influenced by the extent
to which osmium can be recycled when a particular poly-
meric support is used. Intensive research will also undoubt-
edly offer solutions to this problem.
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