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Abstract: A series of novel polymer-supported thioesters were pre-
pared and found to be effective catalysts for the enantioselective ad-
dition of diethylzinc to benzaldehyde. These catalysts gave 1-
phenylpropanol in up to 86% ee. The catalysts were fully recyclable
and could be used in subsequent additions with retention of the
enantioselectivity and efficiency levels.
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The development of catalysts to effect the enantioselec-
tive addition of diorganozinc reagents to aldehydes has
been a hugely fruitful area of research with many soluble
and polymer-supported systems being reported.2–4 While
a great diversity of structural motifs have been described
for these enantioselective catalysts, amino alcohols repre-
sent one of the largest group of compounds to be reported.
However, there is growing interest in the replacement of
the alcohol chelation site in amino alcohols with a sulfur
atom because such amino sulfur catalysts offer improve-
ments in enantioselectivity over their amino alcohol coun-
terparts.5 In this context, b-amino thiols, disulfides and
thioacetates generally provide the best efficiencies and
enantioselectivities.1,6

In the cases of b-amino disulfides (e.g. 1)5a,b and thiols,5f

the catalytically active species has been shown to be a thi-
azazincolidine 2 (in a dimer/monomer manifold). Kellogg
and co-workers have elegantly established that the thiaza-
zincolidine species 2 that are generated from b-amino di-
sulfides 1 do so by cleavage of the disulfide bond by
diethylzinc to give a thioether 3 and the thiazazincolidine
2 (Equation 1).5a,b The thioether 3 by-products are either
catalytically unproductive5a,b,7 or give less effective catal-
ysis.8 Therefore, in terms of stereochemical economy and
efficiency, b-amino thiols would be more desirable cata-
lysts than their disulfide counterparts. The disulfides may
also suffer from the fact that the thioether by-products 3
may degrade the overall enantioselectivity. Thus, in terms
of utilising stereochemical information and overall enan-
tioselectivity, the amino thiols may be more advantageous
catalysts. However, our observations concur with those of
Kellogg and co-workers5a,b that b-amino thiols rapidly ox-
idise to the disulfides, even under carefully controlled

storage conditions. In this context, we have reported the
preparation and use of oxidatively stable tertiary amino
thiols but found that the enantioselectivities were inferior
(8–64% ee) in comparison with the corresponding prima-
ry aminothiol (67–99% ee).9 We postulated that an alter-
native approach to oxidatively stable amino thiols might
be to immobilise such systems via a polymer support. This
would have the added advantage that the catalysts should
also be fully recoverable and recyclable. To our knowl-
edge, polymer-supported b-amino thiols or thioesters
have not been prepared previously. However, van Koten
and co-workers have prepared fluorous phase chiral aryl-
zinc thiolates as catalysts for the enantioselective addition
of diethylzinc to aldehydes.10 Unfortunately, these fluo-
rous phase systems were not recyclable and the ee
dropped dramatically after two cycles of use. Consequent-
ly, herein, we report the first preparation of polymer-sup-
ported b-amino sulfur ligands and their use and
recyclability in the enantioselective addition of diethyl-
zinc to aldehydes.

Equation 1 Formation of thiazazincolidines and thioethers from di-
sulfides

Initially, we investigated the possibilities of using a suit-
ably functionalised supported hydroxy proline moiety as
the source of the chiral discrimination. Such an approach
had been successfully used by Lui and Ellman in the de-
velopment of tetrahydropyranyl linked chiral amino alco-
hol catalysts.11 Furthermore, at the outset we were keen to
avoid attachment of the chiral discriminator via any of the
crucial chelation centres (nitrogen and sulfur). However,
employing hydroxyproline moieties and using dihydropy-
ranyl resins, Rink acid resin or attachment via a benzyloxy
linker with trichloroacetimidate12 or TOPCAT13 function-
alised polymers, all failed either at the attachment step or
in the subsequent functionalisation.

In the main, amino alcohols have been polymer-supported
via attachment through the nitrogen atom. Given the fore-
going problems with functionalised hydroxy proline, we
chose to support (2S)-prolinol via the nitrogen. Accord-
ingly, four different Merrifield resins 4 including three gel
type 4a–c (2% divinylbenzene with 1.74, 3.46 and 5.94
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mmol Cl/g) and one macroporous type 4d (80% divinyl-
benzene, 2.18 mmol Cl/g) were exhaustively treated, in
duplicate, with (2S)-prolinol using the conditions of
Lecavalier et al.14 until no chlorine remained by mi-
croanalysis (Scheme 1). This afforded the polymer-sup-
ported prolinol systems 5a–d (5a 77–85%; 5b 79–81%;
5c 67–69%; 5d 90–95% as judged from microanalytical
data). The lower yields of prolinol incorporation in the gel
type polymers, and in particular the highly functionalised
4c (5.95 mmol Cl/g), was attributed to some crosslinking
of the active sites by the bifunctional prolinol. Subse-
quently, the prolinol-supported polymers 5a–d were
smoothly converted into the corresponding thiobenzoates
6a–d by reaction with excess diethyl azodicarboxylate,
triphosphine and thiobenzoic acid.15 The efficiency of the
conversions of the gel type polymers 5a–c into the
thiobenzoates 6a–c (6a 80%; 6b 69%; 6c 30–43%) again
probably reflected the higher level of prolinol crosslink-
ing of the active sites and the decreased site accessibility.
The lower conversion rate for the macroporous beads 6d
(33%) was attributed to reduced accessibility following
derivatisation with prolinol residues and particularly to
hindrance of sites in micropores. In order to investigate
any steric problems with the thioester production the cor-
responding Mitsunobu reaction was repeated on the proli-
nol-supported resins 5a–d using thioacetic acid.15 This
afforded the thioacetates 7a–d. However, the conversion
for polymer 5a into 7a (88–93%) was only marginally
more efficient than for 6a (80%). The conversion into the
thioacetate macroporous resin 7d (28–40%) showed no
real improvement over the thiobenzoate 6d (33%) and fur-
ther supported the likelihood that only readily accessible
sites in resin 5d undergo reaction. In contrast, the conver-
sions for the gel type resins 5b and 5c into thioacetates 7b
(31%) and 7c (11%) were much lower than for the corre-
sponding thiobenzoates 6b (69%) and 6c (30–43%) and
may reflect the interaction of the aromatic backbone of the
polymer with thiobenzoic acid but not with thioacetic
acid.

Several attempts were made to convert the thiocarboxy-
late functionalities of resins 6 and 7 into the thiol moiety
8 without success (Red-Al, aq NH3, NH3/toluene,
DIBALH, HCl/MeOH). However, using pyrrolidine16 in
toluene with thioacetates 7a and 7d efficiently afforded
the corresponding thiols 8a and 8d as judged by sulfur/ni-
trogen microanalytical data and IR spectra (disappearance
of the carbonyl group).

It was important to be able to compare the catalytic abili-
ties (activity and selectivity) of the polymer-supported
catalysts 6–8 with analogous solution phase systems. Ac-
cordingly, (S)-prolinol was converted into the correspond-
ing N-benzyl derivative 9 in 87% yield using the method
of Govindachari et al.17 Subsequent Mitsunobu reaction
with diethyl azodicarboxylate, triphosphine and thioben-
zoic acid or thioacetic acid afforded the thiobenzoate 10a
or thioacetate 10b in 82% and 57% yields, respectively
(Scheme 2).

With the polymer-supported catalysts 6–8 in hand togeth-
er with the solution-phase analogues 10 the enantioselec-
tive addition of diethylzinc to benzaldehyde was
investigated (Table 1).18 To ensure that there was no ap-
preciable background catalytic effect, the unfunctiona-
lised chloromethyl polymer 4a was used in a blank
experiment in the addition of diethylzinc to benzaldehyde.
The use of chloromethyl polymer 4a gave racemic 1-phe-
nylpropanol in only 17% yield (Table 1, entry 1). As a
measure as to how effective the replacement of oxygen for
sulfur was the prolinol-supported catalysts 5a and 5d were
investigated. Both these systems showed very poor con-
version (8–13%) and racemic 1-phenylpropanol was gen-
erated (entries 2 and 3). These latter two results are in
contrast to the findings of Itsuno and Fréchet who found
that a similar polymer-supported prolinol derived from 1–
2% cross-linked chloromethylated polystyrene gave a
93% yield of 1-phenylpropanol in 24% ee.19

We were relieved to find that the polymer-supported
thiobenzoates 6 were effective catalysts (entries 4–7).
Surprisingly, gel type thiobenzoate 6c with the highest
initial loading of choloromethyl groups but the poorest in-
corporation of thiobenzoate groups (30%) gave the high-
est ee (entry 6, 86% ee). Similarly, the macroporous beads
6d showed a poor incorporation of thiobenzoate groups
(33%) but yet was still an effective catalyst (entry 7, 80%
yield, 77% ee). Clearly, the unreacted amino alcohol sites
do not detract from the overall enantioselectivity. These
results are also in contrast to the findings of Hodge and co-
workers with polystyrene-supported ephedrine where

Scheme 1 Synthesis of polymer-supported thioester 6, 7 and thiol
catalysts 8; Reagents and conditions: (a) excess (S)-prolinol, DMF,
60–70 °C; (b) excess DEAD, Ph3P and PhCOSH or CH3COSH; (c)
pyrrolidine, DMF
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lower amino alcohol loading (<1 mmol catalyst sites per
g) gave the best ee values.20

The results with the corresponding thioacetates 7 indicat-
ed that the lowest loading gel type 7a (entry 8, 80% ee)
and the macroporous thioacetate 7d (entry 11, 78% ee)
were the most enantioselective of the polymer-supported
thioacetates. Apart from a slight drop in yield, the poly-
meric catalysts 6a,d and 7a,d are largely unaffected by re-
placement of the thiobenzoate functionality by a
thioacetate (entries 4, 7, 8, 11). In the case of the solution-
phase analogues the enantioselectivities were similar for
the thiobenzoate 10a (entry 14, 90% ee, 67%) and thio-
acetate 10b (entry 15, 90% ee, 82%) but the efficiency
was greater for the latter. The enantioselectivities of the
solution-phase catalysts 10 (ca 90% ee) were superior to
the polymer-phase analogues 6–8 (34–86% ee).

The results with the polymer-supported thiols 8a (entry
12, 57% ee) and 8d (entry 13, 49% ee) were quite poor in
comparison to the corresponding thiobenzoates 6a (entry
4, 82% ee) and 6d (entry 7, 77% ee). It is conceivable that
the thiol functionalities in 8 could interact to form a disul-
fide bridge. This would halve the number of catalytically
competent sites as well as reducing the ability of the re-
agents to access these active sites.

In studies on polymer-supported ephedrine-based cata-
lysts, Hodge and co-workers have shown that the level of
cross-linking is important. Thus, these workers found that
a 1% cross-linked polymer gave better enantioselectivi-
ties (85% ee) than the corresponding 2% cross-linked
polymer (70% ee).20 This was attributed to the more light-
ly cross-linked polymers being more easily swollen by the
reaction solvent (toluene) so that the catalytic sites are
more accessible. Accordingly, we prepared two 1% divi-
nylbenzene thiobenzoates (1.24 and 1.78 mmol S/g) cor-
responding to 6a and 6c. However, these were much less
effective than their 2% divinylbenzene counterparts giv-
ing 7% (0% ee) and 62% (54% ee) yields of 1-phenylpro-
panol, respectively.

The use of polymer-supported catalysts greatly facilitates
the separation of the solid catalyst from reactants and
products that should allow the catalyst to be recycled. To
investigate this potential recyclability, the polymer-sup-
ported thiobenzoate 6b was reused in a batch type process
(Table 2). The method of polymer recycling was found to
be important and any form of aqueous quench resulted in
the loss of catalytic activity (Table 2, entries 2 and 3).
Simply decanting the reaction solvent and washing with
anhydrous toluene allowed the polymer-supported cata-
lyst 6b to be used in three successive runs without any loss
of catalytic activity in terms of yield and enantioselectiv-
ity (Table 2, entries 4 and 5). After recycling three times
the ee remained consistently high (80–84% ee) and, in
principle, allow these catalysts to be used in continuous
flow reactors.

In summary, a series of polymer-supported chiral b-ami-
nothioesters 6 and 7 and thiols 8 were prepared along with
solution-phase b-amino ester analogues 10. Both the poly-
mer-supported thioesters (≤86% ee) and solution-phase
analogues (ca. 90% ee) were effective catalysts for the
enantioselective addition of diethylzinc to benzaldehyde.
These thioesters 6 (77–86% ee) and 7 (34–80% ee) were
more enantioselective catalysts in diethylzinc addition to
benzaldehyde in comparison with immobilised b-amino

Table 1 Catalytic Enantioselective Addition of Diethylzinc to Ben-
zaldehyde

Entry Catalyst Catalyst concd (%) Yield (%)a ee (%)b

1 4a 10 17 0

2 5a 10 8 0

3 5d 10 13 1

4 6a 10 49 82

5 6b 10 47 82

6 6c 10 54 86

7 6d 5 80 77

8 7a 5 34 80

9 7b 10 13 34

10 7c 2.5 29 68

11 7d 10 59 78

12 8a 10 33 57

13 8d 10 57 49

14 10a 10 67 90

15 10b 10 82 91

a Isolated yield for purified material.
b Determined by chiral HPLC, Daicel Chiralcel OB, hexane–i-PrOH 
(97:3), 0.5 mL/min.

Ph H

O

Ph Et

OH
Catalyst, Et2Zn, C6H5CH3, 0 °C

Table 2 Polymer-Supported Catalyst Recycling for the Enantiose-
lective Addition of Diethylzinc to Benzaldehyde by 10 mol% of Poly-
mer-Supported Catalyst 6b

Entry Run Recycling 
methoda

Yield (%) ee of 1-phenyl-
1-propanol (%)

1 1 – 48 80

2 2 A 13 3

3 2 B 8 5

4 2 C 53 84

5 3 C 56 81

a Method A: the polymer-supported catalyst 6b was filtered, then 
washed sequentially with H2O, toluene, CH2Cl2 and dried (40 °C 0.1 
mmHg). Method B: the polymer-supported catalyst 6b was filtered, 
then washed sequentially with saturated aq NH4Cl, H2O, THF, tolu-
ene and dried (40 °C 0.05 mmHg). Method C: the solvent was decant-
ed and 6b was washed with three portions of anhyd toluene.
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thiols 8 (49–57% ee). The polymer-supported thiobenzal-
dehyde 6b was fully recyclable without diminishing the
catalytic effectiveness in terms of enantioselectivities or
efficiencies.
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