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Abstract: (2S,4R)-4-Hydroxyproline has been anch-
ored to the monomethyl ether of poly(ethylene
glycol), MW 5000, by means of a succinate spacer to
afford a soluble, polymer-supported catalyst (PEG-
Pro) for enantioselective aldol and iminoaldol con-
densation reactions. This organic catalyst can be
considered as a minimalistic version of a type I
aldolase enzyme, with the polymer chain replacing
the enzyme×s peptide backbone, and the proline
residue acting as the enzyme×s active site. In the
presence of PEG-Pro (0.25 ± 0.35 mol equiv.), acetone
reacted with enolizable and non-enolizable aldehydes
and imines to afford �-ketols and �-aminoketones in
good yield and high enantiomeric excess (ee), com-
parable to those obtained using non-supported pro-

line derivatives as the catalysts. Extension of the
PEG-Pro-promoted condensation to hydroxyacetone
as the aldol donor opened an access to synthetically
relevant anti-�,�-dihydroxyketones and syn-�-hy-
droxy-�-aminoketones, that were obtained in moder-
ate to good yields, and good to high diastereo- and
enantioselectivity. Exploiting its solubility properties,
the PEG-Pro catalyst was easily recovered and
recycled to promote all of the above-mentioned
reactions, that occurred in slowly diminishing yields
but virtually unchanged ee×s.

Keywords: aldol reactions; asymmetric catalysis; imi-
noaldol reactions; soluble polymers; supported catal-
ysis

Introduction

Proline has long been known to catalyze enantioselec-
tive Robinson annulation processes.[1] On this basis
there has recently been a renewed interest in a broader
use of this amino acid for the biomimetic approach to
catalytic asymmetric C-C bond-forming reactions.[2±4] In
the context of aldol condensations,[2] proline plays the
role of an oversimplified version of type I aldolase
enzymes,[5] promoting the activation of an aldol donor
by formation of a ketone enamine and its enantioselec-
tive condensationwith an aldol acceptor (an aldehydeor
an imine). The use of proline represents an ™all-organic∫
(i.e., metal-free) alternative to themetal-based catalysts
for enantioselective aldol-type processes.[6,7]

In the course of a project aimed at the immobilization
of chiral ligands[8] and catalysts[9] on poly(ethylene
glycols) (PEGs),[10] we were attracted by the possibility
of using a modified PEG of MW 5000 (PEG5000) as
support for chiral organic catalysts.[11] We hypothesized
that a PEG-supported proline (PEG-Pro) could poten-

tially represent a very useful catalyst for the following
reasons. First, the solubility profile of PEG[12] would
secure PEG-Pro to be soluble in many organic solvents
and insoluble in a few other solvents, thus allowing us to
operate under homogeneous (and best-performing)
catalysis conditions, and to easily recover and recycle
the catalyst as if working under heterogeneous condi-
tions. Secondly, being a supported organic catalyst,
PEG-Pro would not suffer from metal leaching,[10a] a
major problem associated with the use and the recycling
of metal-based, polymer-supported catalytic systems,
which often require addition of fresh metal species to
fully restore the original catalytic activity.[13] Finally,
PEG-Pro can be considered a less dissimilar model than
proline itself of a type I aldolase enzyme, with the
polymer backbone roughly acting as the peptide skel-
eton[14] and proline acting as the catalytic site.
Here, we report that the immobilization of (2S,4R)-4-

hydroxyproline on PEG5000 monomethyl ether (MeO-
PEG) afforded an efficient and recyclable catalyst for
enantioselective aldol and iminoaldol reactions.[15]
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Results and Discussion

Synthesis of the Catalysts

Reaction of MeOPEG monosuccinate 1[10b] with diiso-
propylcarbodiimide (DIC, 2.2 mol equiv.) and (2S,4R)-
4-hydroxyproline (2.0 mol equiv.) at 140 �C for 20 h in
the absence of solvent (Scheme 1) afforded PEG-Pro 2
in 85 ± 95% yield (see the Experimental Section for the
determination of the yields of reactions that involve
polymer-supported substrates and the purity criteria for
polymer-supported products). Lower yields (35 ± 40%)
were observed by running the reaction for 40 h in
refluxing 1,2-dichloroethane using a four-fold excess of
DIC and 4-hydroxyproline with respect to MeOPEG.
Formation of product 2 was suggested by 300 MHz

1H NMR spectroscopy which showed that the coinci-
dent signals of the succinic methylene groups of 1 (a
singlet at 2.60 ppm) became two distinct triplets (at 2.66
and 2. 44 ppm) in 2. In a control experiment, it was
shown that amechanicalmixture of 1 and 4-hydroxypro-
line gave a singlet for the same protons. Configurational
stability of 4-hydroxyproline under the reaction con-
ditions required for the synthesis of 2was demonstrated
when a sample of the amino acid showed an unchanged
optical rotation after heating at 150 �C for 40 h. In order
to obtain a catalyst with a double loading of catalytic
sites, bis-succinate 3 was prepared from unprotected
PEG4600 and transformed into the bis-proline derivative
4 in 87% yield.

Aldol Condensations

The aldol condensation between acetone (68 mol
equiv.) and 4-nitrobenzaldehyde 5a carried out at
room temperature (23 ± 25 �C) in the presence of
catalyst 2 (0.3 mol equiv.) was selected to establish the
best reaction conditions (Scheme 2 and Table 1, En-
tries 1 ± 8). These involved the use of an aprotic dipolar
solvent (with DMF performing better than DMSO or
acetonitrile, Entries 2, 4, 8), and of a reaction time of at
least 48 h (Entries 1 vs. 2, and 3 vs. 4). Under the best
conditions (Entry 4) aldol (R)-6a was obtained in 68%
isolated yield and 77% enantiomeric excess (ee), as
determined by HPLC analysis on a chiral stationary
phase. The absolute configuration was determined by
comparison of the sign of optical rotation.[2a,2e] Less
polar solvents (Entries 5 ± 7) performed poorly both in
terms of chemical yield and enantioselectivity. Remark-
ably, and quite surprisingly, the use of acetone as the
reaction solvent (Entry 7) gave an aldol of the opposite
absolute configuration.
A comparison of these results with those obtained

working with non-supported proline derivatives at the
same catalyst loading (0.3 ± 0.4 mol equiv.)[2a] showed
that the use of PEG-Pro achieved similar yield and
enantioselectivity. Among the non-supported catalysts,
the best term of comparison is perhaps represented by
(2S,4R)-4-acetoxyproline, which features an ester link-
age at C-4 as in 2.Working with this catalyst inDMSOat
room temperature, aldol 6a was obtained in 70% yield
and 74% ee; proline (68% yield, 76% ee), and trans-4-
hydroxyproline (85% yield, 78% ee) performed sim-
ilarly.[2a]With our catalyst, the use of DMSO rather than
DMF led to marginally higher yield but lower ee
(Entries 1 vs. 3 and 2 vs. 4).
Extension of this methodology to other aldehydes

(5b ± d, Entries 9 ± 12) was also possible. The corre-
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Scheme 1. Synthesis of PEG-supported catalysts 2 and 4.
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Scheme 2. Synthesis of �-hydroxyketones 6a ± d and ketone
7.
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sponding aldols 6b ± d were obtained in yields and ee
comparable to those reported using the non-supported
catalysts.[2a] The result obtained with the �-branched
cyclohexanecarboxyaldehyde 6d (Entry 12) was par-
ticularly relevant both in terms of yield (81%) and
enantioselectivity (ee � 98%). Although in this case
the use of DMSO and a long reaction time was
necessary, the efficiency of the process was superior to
that of the corresponding proline-catalyzed reaction.[2e]

The condensation between acetone and aldehyde 5a
(Entry 13) was used to test the bis-proline substituted
catalyst 4. At a 15%molar concentration this compound
was shown to behave virtually as catalyst 2, promoting
the synthesis of aldol 6a in 67% yield and 74% ee
(DMSO, 24 h). This result seems to indicate that the two
™catalytic sites∫ of 4 act independently from, and do not
interfere with, one another. It also shows that an
increase of the catalyst ™loading∫ (i.e., of the number
of active groups per gram of polymer) is a viable
protocol to reduce the weight amount of these highMw

polymer-supported reagents.[16]

The possibility of catalyst recovery and recycling was
studied using the synthesis of 6a and the experiments
reported in Entries 14 ± 18. The data showed that
catalyst 2, readily recovered by precipitation with

diethyl ether and filtration (70 ± 80% yield), could be
re-used at least three times (Entries 14 ± 16) with some
loss of chemical efficiency but almost no effect on the
enantioselectivity. Indeed, while the chemical yield of
aldol 6a showed a slow but steady decrease of about 5%
for each cycle (from 68%, 1st cycle, to 51%, 4th cycle),
the ee remained practically unchanged at the � 75%
level. A single recycling of catalyst 4 showed the same
trend (Entries 13 and 18).[17] Finally, a sample of 2
employed for the synthesis of aldol 6c could be re-used
to promote the formation of compound 6dwith virtually
unchanged stereoselectivity (Entries 10 and 17). These
recovery/recycling experiments can be compared to
those performed on non-supported proline.[2e] Proline
recovery was achieved by two different approaches:
simply running the aldol condensation in chloroform, a
solvent in which the catalyst is barely soluble and thus
easily recovered by filtration, or by performing the
reaction with a sample of proline non-covalently
immobilized on a silica gel column. However, both
modifications clearly depressed the efficiency of the
process, and it was concluded that the results did not
justify these approaches toward catalyst recycling.[2e]

From a more general point of view, it is worth
mentioning that the effect exerted by recycling a PEG-

Table 1. Catalytic enantioselective synthesis of �-hydroxyketones 6a ± d.

Entry Aldehyde Solvent/Time [h] Product Yield [%][a] ee [%][b]

1 5a DMSO/20 (R)-6a 36 60
2 5a DMSO/48 (R)-6a 73 62
3 5a DMF/20 (R)-6a 35 67
4 5a DMF/48 (R)-6a 68 77
5 5a CH2Cl2/48 6a 8 undetermined
6 5a Toluene/48 6a 15 undetermined
7 5a Acetone/48 (S)-6a 23 21
8 5a CH3CN/48 (R)-6a 50 41
9 5b DMF/60 (R)-6b 45 59
10 5c DMF/60 (R)-6c 55 63
11 5d DMF/60 (R)-6d 33 93
12 5d DMSO/130 (R)-6d 81 � 98
13 5a[c] DMSO/24 (R)-6a 67 74
14 5a[d] DMF/48 (R)-6a 63 77
15 5a[e] DMF/48 (R)-6a 58 77
16 5a[f] DMF/48 (R)-6a 51 75
17 5d[g] DMSO/130 (R)-6d 77 96
18 5a[h] DMSO/24 (R)-6a 60 74

[a] Isolated yields. For each aldehyde the highest yields were average values of at least duplicate experiments run on different
scales. The variations in yield were �4%.

[b] As determined by HPLC on a chiral stationary phase. The ee values for the highest yielding reactions were average values of
at least duplicate experiments. The variations in ee were �2%.

[c] With catalyst 4.
[d] Carried out with a catalyst sample recycled after use in Entry 4.
[e] Carried out with a catalyst sample recycled after use in Entries 4 and 14.
[f] Carried out with a catalyst sample recycled after use in Entries 4, 14, and 15.
[g] Carried out with a catalyst sample recycled after use in Entry 10.
[h] Carried out with a sample of catalyst 4 recycled after use in Entry 13.
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supported chiral catalyst is different from that exerted
by recycling a PEG-supported chiral ligand,[8] a process
that, over three cycles, led to less stereoselective
reactions (from 96% ee, 1st cycle, to 88% ee, 3rd cycle)
that occurred in almost unchanged chemical yield (from
95 to 93%).

Synthesis of the Wieland±Mischler Ketone

As mentioned in the introduction, the original proce-
dure in which proline was recognized as an enantiose-
lective catalyst was the Eder±Sauer±Wiechert±Hajos
synthesis of bicyclic ketones, including the Wieland±
Mischler ketone 7, a useful starting material for natural
product synthesis.[1] When the PEG-Pro catalyst 2
(0.35 mol equiv.) was employed in the Robinson annu-
lation between 2-methyl-1,3-cyclohexanedione and 3-
propen-2-one (1.5 mol equiv.) at room temperature,
ketone (S)-7 was obtained in up to 55% yield and 75%
ee (Scheme 2). Optimum conditions involved the use of
DMSO for a reaction time of 90 h, whereas the use of
DMF led to lower yield (37%) and ee (66%). An
attempt to improve the yield of the reaction in DMSO
by prolonging the reaction time to 6 days failed, afford-
ing 7 in 37%yield and 72% ee.At its best, the PEG-Pro-
catalyzed reaction nicely compares with the proline-
promoted process (same catalyst loading, DMSO as
solvent, 89 h at room temperature) that afforded (S)-7 in
49% yield and 76% ee.[2c]

Iminoaldol Reactions

To the best of our knowledge [10a] a single report in the
literature has described the use of a polymer-supported
catalyst for the enantioselective iminoaldol reac-
tion.[18,19] In this example a BINAP ligand immobilized
on polystyrenewas used for the Pd-catalyzed addition of
the trimethylsilyl enol ether of acetophenone to a
glyoxylate-derived imine, that occurred in 95% yield
and 81%ee.After catalyst recovery and regeneration by
a basic treatment a second, less efficient cycle was
possible (72% yield, 71% ee). Since proline and its
analogues have been shown to promote the enantiose-
lective iminoaldol condensation between acetone and
pre-formed or in situ generated imines,[2e,3] catalyst 2was
tested in this type of process.
The reaction of acetone (36 mol equiv.)with imine 8 in

the presence of 0.3 mol equiv. of 2 at room temperature
(Scheme 3) afforded �-aminoketone (S)-9 in yields and
ee that depended on the reaction time and the sol-
vent (Table 2, Entries 1 ± 5). Best results (81% yield and
96% ee, Entry 5) were obtained in DMSO with a
reaction time of 72 h, whereas shorter condensations
(Entries 2 ± 4) or the use of DMF (Entry 1) were less
satisfactory.

A comparison of these results with those obtained
under similar conditions with non-supported proline[3] is
difficult, since the reported syntheses of compound 9
involved samples of imine 8 generated in situ (see
below). It must be noted, however, that the use of the
ortho-methoxy isomer of 8,[3b] led to the corresponding
adduct in 50% yield and 40% ee. The reported results
for the proline-catalyzed three-component syntheses of
9[3] differ slightly. List, working with 0.35 mol equiv. of
catalyst (DMSO, 48 h), claimed a 50% yield for a
product having a 94% ee;[3a] Barbas, working with
0.2 mol equiv. of catalyst (DMSO, 24 h), isolated com-
pound 9 in 52% yield and 89% ee.[3b] In both cases the
yields and the ee×s were lower than those observed with
catalyst 2 in the two-component reaction. In addition,
undisclosed amounts of the aldol product 6a and of the
corresponding �,�-unsaturated ketone were also ob-
tained in the proline-catalyzed three-component proce-
dure.[3]

When PEG-Pro 2 (0.3 mol equiv.) was used to
catalyzed the three-component synthesis of �-amino-
ketone 9 (DMSO, 48 h, RT; Entry 6), a 50:50 mixture of
this product and aldol 6a was obtained in only 20%
combined yield. With the aim of speeding up the imine
formation, 4 ä molecular sieves were added to the
reaction mixture. This increased the 9/6a ratio to 80:20
but exerted a marginal effect on the yield (36%,
combined). Slow addition of the aldehyde to the other
reagents was not beneficial either (9/6a ratio� 60:40;
27% combined yield). These results suggested that the
iminoaldol reaction catalyzed by 2 is slower than that
catalyzed by proline, and therefore the aldol process
remains an available pathway in the PEG-Pro-promot-
ed three-component reaction.
�-Ketols were also observed as separable by-products

(10 ± 20%) when the three-component condensation
was extended to imines derived from aliphatic alde-
hydes 10a and 10b (Entries 9 ± 14, Table 2).[20] The
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Scheme 3. Synthesis of �-aminoketones 9, 11a, and 11b.
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outcome of these reactions, carried out under conditions
similar to those employed for the synthesis of 9 (0.3 mol
equiv. of 2, DMSO, RT), strongly depended on the
reaction time. Best enantioselectivities were observed
after 24 h for both �-aminoketones 11a (R� i-Pr, 78%
ee, Entry 9) and 11b (R� i-Bu, 83% ee, Entry 12). The
chemical yields were moderate and decreased for
prolonged reaction time, as did the enantioselectivities
(Entries 11 and 14). In order to show that a process
involving �-elimination of 4-methoxyaniline from the �-
aminoketone followed by a non-stereoselective conju-
gate addition of the latter to the resulting unsaturated
ketone could account for the lower ee observed at long
reaction time, compound 11a (78% ee) was stirred for
24 h at RT in DMSO in the presence of 0.3 mol equiv. of
PEG-Pro 2. From this reaction the product was recov-
ered in 87% yield virtually in the racemic form, in
agreement with the proposed racemization mechanism.
Finally, it is worth mentioning that the results obtained
in the PEG-Pro-catalyzed three-component synthesis of
11a nicely compare to those obtained under similar
conditions with proline as catalyst (56% yield, 70%
ee).[3a]

Catalyst recovery and recycling, tested in the synthesis
of (S)-9 (Entries 5, 15, and 16, Table 2), showed a trend
similar to that observed in the aldol condensation
reaction, with a constant, slow decrease of chemical
yield (from 81%, 1st cycle, to 64%, 3rd cycle), and no
erosion of the enantioselectivity (�96%).

Reactions with Hydroxyacetone as Aldol Donor

The extension of the proline-catalyzed enantioselective
aldol[2b,2e] and iminoaldol reactions [3a] to hydroxyace-
tone provided a convenient alternative to Sharpless×
asymmetric dihydroxylation [21] and aminohydroxyla-
tion protocols[22] for the synthesis of 2,3-dihydroxyke-
tones and 2-hydroxy-3-aminoketones, respectively. In
this context, the possibility of obtaining anti-2,3-dihy-
droxyketones,[2b,2e] a class of compounds not available in
this configuration via the asymmetric dihydroxylation
reaction,[23] was particularly appealing.
We were pleased to find that the supported catalyst

PEG-Pro 2 efficiently promoted also these synthetically
relevant reactions in good yields and enantioselectiv-
ities (Scheme 4 and Table 3). Condensation of hydroxy-
acetone (66 mol equiv.) with cyclohexanecarboxyalde-
hyde carried out in DMF in the presence of 0.25 mol
equiv. of catalyst 2 (48 h,RT) afforded adduct (3S,4S)-12
in 48% yield, � 20:1 anti-diastereoselectivity, and 96%
ee. The use of DMSO as solvent (60 h, RT) resulted in
identical stereoselectivities and 45% yield. The latter
was slightly lower than that observed in the proline-
catalyzed reaction carried out under identical condi-
tions (60%).[2b,24]

The condensations between hydroxyacetone (37 mol
equiv.) and imines 8 and 13 catalyzed by 0.35 mol equiv.
of PEG-Pro 2 were also investigated (Scheme 4 and
Table 3). Best conditions were established exploiting

Table 2. Catalytic enantioselective synthesis of �-aminoketones 9, 11a, 11b.

Entry Imine [a] Time [h] Product Yield [%][b] ee [%][c]

1 8 12 9 18[d] undetermined
2 8 12 9 29 undetermined
3 8 24 (S)-9 43 60
4 8 48 (S)-9 57 93
5 8 72 (S)-9 81 96
6 5a �PMPNH2 48 9� 6a 10� 10 undetermined
7 5a �PMPNH2 48 9� 6a 29� 7 undetermined
8 5a �PMPNH2 48 9� 6a 16� 11 undetermined
9 10a �PMPNH2 24 (S)-11a 41 78
10 10a �PMPNH2 48 (S)-11a 35 73
11 10a �PMPNH2 72 (S)-11a 38 55
12 10b �PMPNH2 24 (S)-11b 45 83
13 10b �PMPNH2 48 (S)-11b 51 83
14 10b �PMPNH2 72 (S)-11b 37 40
15 8[e] 72 (S)-9 71 96
16 8[f] 72 (S)-9 64 97

[a] In the reactions of Entries 6 ± 14 the imines were generated in situ.
[b] Isolated yields for reactions in DMSO (unless otherwise stated). Yields of Entries 6 ± 8 are for iminoaldol 9� ketol 6a.
Yields of Entries 9 ± 14 are for pure iminoaldols. For each imine the highest yields were average values of at least duplicate
experiments run on different scales. The variations in yield were � 4%.

[c] As determined by HPLC on a chiral stationary phase or by comparison of optical rotation values. The ee values for the
highest yielding reactions were average values of at least duplicate experiments. The variations in ee were � 2%.

[d] In DMF.
[e] Carried out with a catalyst sample recycled after use in Entry 5.
[f] Carried out with a catalyst sample recycled after use in Entries 5 and 15.
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the synthesis of �-hydroxy-�-aminoketone 14 (En-
tries 5 ± 8), that, after reaction in DMSO for 72 h, was
obtained in 71% yield as a 9:1mixture of diastereoisom-
ers. The relative configuration at the stereocenters of the
major isomer was determined as syn by its conversion
into the corresponding trans-oxazolidinone 16 (20%
phosgene in toluene, TEA,DMAP, 0 �C toRT, 1 h, 55%
yield). HPLC analysis showed a 94% ee for adduct 14 to
which the (3S,4R) configuration was tentatively as-

signed, on the basis of the reasonable assumption that
the stereocenters at C-3 in 12 and 14 should be the same,
andbyanalogywith the inversion of configurationatC-4
observed on passing from aldol 6a to iminoaldol 9a. �-
Hydroxy-�-aminoketone 15 (Entry 9) was also obtained
in almost identical yield (70%) and ee (93%), but lower
diastereoselectivity (syn:anti� 5.6:1).
In order to compare the efficiency of the supported

catalyst to that of non-supported proline, the synthesis
of 14 was repeated using the latter as the catalyst. The
product was obtained in the same yield (71%) and
diastereoselection (syn:anti ratio 9:1), and a marginally
higher ee (96%) after 20 h reaction in DMSO at room
temperature, showing that also in this condensation
PEG-Pro 2 is a chemically less efficient catalyst than
proline.[25]

Recovery and recycling of catalyst 2 in the reactions in
which hydroxyacetone acted as the aldol donor were
studied both in the case of the synthesis of �,�-
dihydroxyketone 12 (Entries 3 and 4, Table 3) and in
that of �-hydroxy-�-aminoketone 14 (Entry 8, Table 3).
The results confirmed the trend emerged in the previous
recycling experiments (see above), showing that catalyst
recycling was indeed possible and allowed us to perform
equally stereoselective reactions occurring in slowly
decreasing chemical yields.

Conclusion

In conclusion, succinic acid-modified poly(ethylene
glycol)s were shown to be suitable polymers for the
immobilization of (2S,4R)-4-hydroxyproline to afford
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Scheme 4. Synthesis of �,�-dihydroxyketone 12 and of �-
hydroxy-�-aminoketones 14 and 15.

Table 3. Catalytic enantioselective synthesis of �,�-dihydroxyketone 12 and �-hydroxy-�-aminoketones 14 and 15.

Entry Acceptor Time [h] Product Yield [%][a] anti/syn[b] ee [%][c]

1 5d 48 (3S,4S)-12 48[d] 20/1 96
2 5d 60 (3S,4S)-12 45 �20/1 96
3 5d[e] 60 (3S,4S)-12 37 �20/1 96
4 5d[f] 60 (3S,4S)-12 28 �20/1 96
5 8 48 (3S,4R)-14 21[d] 1/4 80
6 8 20 (3S,4R)-14 33 1/5.6 76
7 8 48 (3S,4R)-14 73 1/8 83
8 8 72 (3S,4R)-14 71 1/9 94[g]

9 8[h] 72 (3S,4R)-14 69 1/9 92
10 13 72 (3S,4R)-15 70 1/5.6 93[j]

[a] Isolated yields for reactions in DMSO (unless otherwise stated). For products 12 and 14 the highest yields were average
values of at least duplicate experiments run on different scales. The variations in yield were �4%.

[b] As determined by 300 MHz 1H NMR analysis of the crude reaction products.
[c] Reported values refer to the major isomer and were determined by HPLC on a chiral stationary phase. Highest ee values for

12 and 14 were average values of at least duplicate experiments. The variations in ee were �2%.
[d] In DMF.
[e] Carried out with a catalyst sample recycled after use in Entry 2.
[f] Carried out with a catalyst sample recycled after use in Entries 2 and 3.
[g] The ee of the anti-isomer was 40%.
[h] Carried out with a catalyst sample recycled after use in Entry 8.
[j] The ee of the anti-isomer was 40%.
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soluble, polymer-supported catalysts for the an enan-
tioselective version of the aldol and iminoaldol reac-
tions. Both acetone and hydroxyacetone could be
successfully employed as the aldol donors in these
processes. The PEG-Pro-catalyzed condensations gave
synthetically relevant products in yields and ee com-
parable to those observed in the reactions promoted by
non-supported proline derivatives. The immobilized
catalysts were recovered and recycled to perform
reactions occurring in slowly diminishing yields but
virtually unchanged enantioselectivities. These results
expand the scope of organic catalysts in the field of
enantioselective synthesis, making the search for these
reagents more and more appealing.

Experimental Section

General

All PEGsamples,with the exception of the recovered catalysts,
were melted at 90 �C under vacuum for 30 min before use to
remove traces of moisture. After reaction, PEG-supported
product purification involved evaporation of the reaction
solvent in vacuumand addition of the residuedissolved in a few
mL of CH2Cl2 to diethyl ether (50 mL g±1 of polymer), which
was stirred and cooled at 0 �C.After 20 ± 30 min stirring at 0 �C,
the obtained suspension was filtered through a sintered glass
filter, and the solid repeatedly washed on the filter with diethyl
ether (up to 100 mL/g of polymer, overall). 1H NMR spectra
were recorded at 300 MHz as solutions in CDCl3 at 25 �C; �
were in ppm downfield from TMS; IR spectra were recorded
on thin film or as solutions in CH2Cl2.

Yield and Purity Determination of PEG-Supported
Compounds

The yields of the PEG-supported compoundswere determined
by weight with the assumption that the Mw of the PEG
fragment is 5000 Da (for compound 2) or 4600 Da (for
compound 4). The Mw actually ranged from 4500 to 5500
(4200 to 5000). The indicated yields were for pure compounds.
The purity of these compounds was determined by 1H NMR
analysis in CDCl3 at 300 MHz with pre-saturation of the
methylene signals of the polymer centered at �� 3.63. In
recording the NMR spectra, a relaxation time of 6 s and an
acquisition time of 4 s were used to ensure complete relaxation
and accuracy of the integration. The relaxation delay was
selected after T1 measurements. The integration of the signals
of the PEGCH2OCH3 fragment at �� 3.30 and 3.36 were used
as internal standard. The estimated integration error was �
5%.

Synthesis of the Catalysts

To a mixture of 1 (3.0 g, 0.6 mmol, loading 0.196 meq/g),
previously dried under vacuum at 90 �C, and (2S,4R)-4-
hydroxyproline (0.156 g, 1.2 mmol) kept at 140 �C under N2,

DIC (0.204 mL, 1.32 mmol) was added dropwise. After 20 h
stirring at 140 �C, the thickmixturewas cooled atRT, dissolved
in CH2Cl2 (5 mL), and poured dropwise in Et2O (200 mL). The
precipitated pale brown solid was filtered, washed first withEt2O
(150 mL) and thenwith ice-cold absolute EtOH (150 mL), and
dried under vacuum to give 2; yield: 2.67 ± 2.93 g (85 ± 95%,
0.52 ± 0.57 mmol, loading 0.191 meq/g); 1H NMR: �� 5.58 ±
5.67 (m, 1H, HC-4 of proline), 4.25 [t, 3J(H,H)� 4.4 Hz, 2H,
PEG-CH2OCO], 4.00 ± 4.17 (m, 1H, HC-2 of proline), 3.30
(s, 3H, CH3O), 2.66 [t, 3J(H,H)� 6.8 Hz, 2H, CH2COO-
proline), 2.58 ± 2.70 (m, 2H, H2C-3 of proline), 2.44 [t,
3J(H,H)� 6.8 Hz, 2H CH2CH2COO-proline).
Starting from compound 3 (3 g, 0.63 mmol, loading

0.211 meq/g) and following the same procedure, catalyst 4
was isolated; yield: 2.74 g (87%, 0.548 mmol, loading 0.2 meq/
g); 1H NMR (D2O): �� 4.59-4.65 (m, 2H, HC-4 of proline),
4.25 ± 4.35 [dd, 3J(H,H)� 8.1, 2.1 Hz, 2H, HC-2 of proline),
4.22 [t, 3J(H,H)� 4.5 Hz, 4H, PEG-CH2CH2OCO], 3.90 [t,
3J(H,H)� 4.7 Hz, 4H, PEG-CH2CH2OCO], 3.43 [dd,
3J(H,H)� 13.0, 3.8 Hz, 2H, HC-5 of proline], 3.31 [dd,
3J(H,H)� 13.0, 1.0 Hz, 2H, HC-5 of proline], 2.64 [t,
3J(H,H)� 6.8 Hz, 4H, CH2COO-proline], 2.46 22 [t,
3J(H,H)� 6.8 Hz, 4H, CH2CH2COO-proline], 2.38 [ddd,
3J(H,H)� 14.0, 8.0, 1.0 Hz, 2H, HC-3 of proline], 2.11 [ddd,
3J(H,H)� 14.0, 8.0, 2.1 Hz, 2H, HC-3 of proline].

General Procedure for the Aldol Condensations

The synthesis of 6a is illustrative of the procedure. To a stirred
solution of catalyst 2 (0.160 g, 0.0306 mmol), previously dried
under vacuum at 90 �C, in dry DMF (2 mL) and acetone
(0.5 mL, 6.8 mmol), 4-nitrobenzaldehyde 5a (0.0151 g,
0.1 mmol) was added in one portion. The mixture was stirred
at RT for 48 h and then poured in Et2O (100 mL). The
precipitated 2 was filtered off, and the solid was washed with
Et2O (50 mL). Average recovery of catalyst ranged from 70 to
80% (0.110 to 0.130 g)when the reactionwas run on the above-
mentioned scale, and increased to � 90% when the reaction
was run on a doubled or a larger scale. The filtrate was washed
twice with water, and the Et2O phase was dried and concen-
trated under vacuum. The residue was purified by flash
chromatography with a 1:1 hexanes:Et2O mixture as eluant
to give the product; yield: 0.010 g (68%). The ee was
determined by HPLC (Daicel Chiralpack AS, hexane/i-
PrOH� 70:30, flow rate 0.8 mL/min, �� 270): tR: 13.28 min
(major) and 15.94 min (minor). [�]D23: � 55.3 (c 0.2, CHCl3) for
a sample of 77% ee (Lit.:[2e] [�]D23:�46.2, c 1.0, CHCl3 for a
sample of 76% ee).
Aldols 6a ± d,[2a,2e] and diol 12[2b] were known compounds.

They had spectral data in agreementwith those reported. Their
absolute configurationwas assigned on the basis of comparison
of optical rotation sign. 6b (Daicel Chiralpack OJ, hexane/i-
PrOH� 70:30, flow rate 0.8 mL/min, �� 270): tR: 4.92 min
(minor) and 7.35 min (major). [�]D23:� 42.0 (c 0.1, CHCl3) for a
sample of 59% ee (Lit.:[2a] [�]D23: � 41.8, c 1.0, CHCl3 for a
sample of 60% ee). 6c (Daicel Chiralpack AS, hexane/i-
PrOH� 85:15, flow rate 0.8 mL/min, �� 270): tR: 5.55 min
(minor) and 7.93 min (major). [�]D23:� 41.0 (c 0.1, CHCl3) for a
sample of 63% ee. 6d (Daicel Chiralpack OJ, hexane/i-
PrOH� 70:30, flow rate 0.8 mL/min, �� 270): tR: 3.64 min
(minor) and 4.17 min (major). [�]D23:� 45.5 (c 0.6, CHCl3) for a
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sample of 3 98% ee (Lit.:[2e] [�]D23: � 41.5, c 1.0, CHCl3 for a
sample of 85% ee). 12 (Daicel Chiralpack AS, hexane/i-
PrOH� 85:15, flow rate 0.8 mL/min, �� 270): tR: 6.84 min
(minor) and 7.85 min (major). [�]D23: � 82.2 (c 0.2, CHCl3) for a
sample of 96% ee (Lit.:[2b] [�]D23: � 83.0, c 1.0, CHCl3 for a
sample of the anti-isomer of � 20:1 diastereoisomeric purity
having a 99% ee). For this compound, the diastereoisomeric
ratio was determined by 1H NMR analysis of the crude
reaction product (the spectrum of the undetected syn-isomer
has been reported [2b]).

Synthesis of the Wieland±Mischler Ketone (S)-7

To a stirred solution of catalyst 2 (0.366 g, 0.070 mmol),
previously dried under vacuum at 90 �C, in dry DMSO
(2 mL), 2-methyl-1,3-cyclohexanedione (0.0252 g, 0.20 mmol)
and freshly distilled 3-buten-2-one (0.025 mL, 0.30 mmol)
were added, and the mixture was stirred at room temperature
for 90 h. The mixture was then poured in Et2O (100 mL). The
precipitated 2 was filtered off, and the solid was washed with
Et2O (50 mL). The filtrate was washed twice with water, and
theEt2Ophasewas dried and concentrated under vacuum.The
residue was purified by flash chromatography with a 1:1
hexanes:Et2O mixture as eluant to give the product; yield:
0.020 g (55%), the 1H NMRdata were in agreement with those
reported;[26a] [�]D23:�77.0 (c 0.2, toluene) (Lit.:[26b] [�]D23:�94.0, c
1.0, toluene for a sample of 96% ee). HPLC analysis (Daicel
ChiralpackOD, hexane/i-PrOH� 90:10, flow rate 0.8 mL/min,
�� 270): tR: 18.90 min (major) and 20.42 min (minor).

Synthesis of �-Aminoketone 9

To a stirred solution of catalyst 2 (0.160 g, 0.0306 mmol),
previously dried under vacuum at 90 �C, in dry DMSO (2 mL)
and acetone (0.5 mL, 6.8 mmol), N-4-methoxyphenyl-4-nitro-
benzaldimine 8 (0.0256 g, 0.1 mmol) was added in one portion.
Themixture was stirred atRT for 72 h and then poured inEt2O
(100 mL). The precipitated 2was filtered off, and the solid was
washed with Et2O (50 mL). Average recovery of catalyst
ranged from70 to 80%(0.110 to 0.130 g)when the reactionwas
run on the above mentioned scale, and increased to � 90%
when the reaction was run on a doubled or a larger scale. The
filtrate was washed twice with water, and the Et2O phase was
dried and concentrated under vacuum. The residuewas purified
by flash chromatography with a 1:1 hexanes:Et2O mixture as
eluant to give the product; yield: 0.025 g (81%). Since this
compoundwas known to racemize on standing as such,[3a] its ee
was determined immediately after isolation of the product by
HPLC (Daicel Chiralpack AD, hexane/i-PrOH� 60:40, flow
rate 0.8 mL/min, �� 270): tR: 9.70 min (minor) and 11.45 min
(minor). The product had 1H NMR data in agreement with
those reported.[3a] A sample for which an 84% ee was
determined had [�]D23: � 13.8 (c 0.14, CHCl3); no optical
rotation has previously been reported for this compound.

Synthesis of �-Aminoketones 11a and 11b

These products were obtained by the three-component version
of the iminoaldol reaction (see above), that involved addition
of the aldehyde (1 mol equiv.) to the stirred mixture of the

catalyst (0.3 mol equiv.) and 4-methoxyaniline (1.1 mol equiv.)
in DMSO at room temperature. The products were isolated as
described above for 9 and were considered to be likewise
configurationally unstable. Their ee×s were determined by
HPLC (Daicel Chiralpack OD, hexane/i-PrOH� 85:15, flow
rate 0.8 mL/min, �� 270). 11a: tR: 6.22 min (minor) and
7.64 min (major). 11b: tR: 6.00 min (minor) and 8.90 min
(major). These products had 1H NMR data in agreement
with those reported.[3a] A sample of 11a for which a 68%eewas
determined had [�]D23: � 8.1 (c 0.2, CHCl3). A sample of 11b for
which an 82% ee was determined had [�]D23: � 7.5 (c 0.15,
CHCl3). No optical rotation has previously been reported for
these compounds.

Synthesis of the �-Hydroxy-�-aminoketones 14 and 15

These compounds were prepared by condensing hydroxyace-
tone with imines 8 and 13 in the presence of 2 following the
procedure described above for the synthesis of compound 9.
Yields and diastereoisomeric ratios were reported in Table 3.
The diastereoisomeric ratios were determined by 1H NMR
analysis of the crude reaction products. The products were
purified by flash chromatography with a 3:7 hexanes:Et2O
mixture as eluant.

2-Hydroxy-3-(N-4-methoxyphenyl)amino-4-(4-nitrophenyl)-
2-butanone 14: The pure syn-isomer was a low-melting
material. 1H NMR: �� 8.22 [d, 3J(H,H)� 8.7 Hz, 2H, H ortho
to nitro group], 7.57 [d, 3J(H,H)� 8.7 Hz, 2H, Hmeta to nitro
group], 6.70 [d, 3J(H,H)� 8.9 Hz, 2H, H meta to methoxy
group], 6.48 [d, 3J(H,H)� 8.9 Hz, 2H, H ortho to methoxy
group], 5.03 [d, 3J(H,H)� 2.3 Hz, 1H, HC-3], 4.45 [d,
3J(H,H)� 2.3 Hz, 1H, HC-4], 4.33 and 3.93 (2 brs, 2H, OH
and NH), 3.70 (s, 3H, methoxy group), 2.40 (s, 3H, methyl
group); 13C NMR: �� 206.4, 153.0,148.0, 147.4, 139.2, 128.2,
124.0, 115.3, 115.1, 80.1, 58.8, 55.7, 25.0. IR (film liquid): ��
3375,1715, 1345 cm±1. A sample of 94% ee had [�]D23: ±12.1 (c
0.27, CHCl3); elemental analysis: calcd. (%) for C17H18N2O5

(330.3): C 61.81, H 5.49, N, 8.48; found: C 61.59, H 5.40, N, 8.64.
The pure anti-isomer was a thick oil. 1H NMR: �� 8.17 [d,

3J(H,H)� 8.8 Hz, 2H, H ortho to nitro group], 7.49 [d,
3J(H,H)� 8.8 Hz, 2H, H meta to nitro group], 6.73 [d,
3J(H,H)� 9.0 Hz, 2H, H meta to methoxy group], 6.56 [d,
3J(H,H)� 8.9 Hz, 2H, H ortho to methoxy group], 4.91 [d,
3J(H,H)� 3.3 Hz, 1H, HC-3], 4.75 [d, 3J(H,H)� 3.3 Hz, 1H,
HC-4], 3.83 and 3.60 (2 brs, 2H, OH and NH), 3.71 (s, 3H,
methoxy group), 2.26 (s, 3H, methyl group). A sample of 40%
ee had [�]D23: ±11.5 (c 0.29, CHCl3). The ee×s were determined
by HPLC (Daicel Chiralpack OD, hexane/i-PrOH� 85:15,
flow rate 0.8 mL/min, �� 270). Syn-14: tR: 11.90 min (major)
and 13.90 min (minor). Anti-14: tR: 9.09 min (minor) and
10.70 min (major).

3-(N-4-Chlorophenyl)amino-2-hydroxy-4-phenyl-2-buta-
none 15: This compound, a thick oil, was isolated as a mixture
of diastereoisomers. For the syn-isomer: 1H NMR: �� 7.20 ±
7.30 (m, 5H, Ph), 6.97 [d, 3J(H,H)� 8.8 Hz, 2H, H meta to
chloro], 6.38 [d, 3J(H,H)� 8.7 Hz, 2H, H ortho to chloro], 4.83
(brs, 1H, HC-3), 4.50 (brs, 1H, OH or NH), 4.36 [d, 3J(H,H)�
2.4 Hz, 1H, HC-4], 3.60 (brs, 1H, OH or NH), 2.25 (s, 3H,
methyl); 13C NMR: �� 207.1, 144.7, 138.7, 129.1, 128.7, 126.8,
122.8,115.1, 114.9, 80.6, 58.4, 25.2. For the anti-isomer:
1H NMR: �� 7.20 ± 7.30 (m, 5H, Ph); 7.00 [d, 3J(H,H)�
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8.7 Hz, 2H, Hmeta to chloro], 6.44 [d, 3J(H,H)� 8.8 Hz, 2H, H
ortho to chloro], 4.75 (brs, 1H,HC-3), 4.68 (brs, 1H,HC-4), 2.10
(s, 3H,methyl). IR (film liquid): �� 3380, 1715 cm±1; elemental
analysis calcd. (%) forC16H15ClNO2 (288.8): C 66.55,H 5.24,N,
4.85; found: C 66.33, H 5.07, N, 4.99. The ee×s were determined
by HPLC (Daicel Chiralpack OD-H, hexane/i-PrOH� 85:15,
flow rate 0.8 mL/min, �� 270). Syn-15: tR: 10.60 min (minor)
and 23.10 min (major). Anti-15: tR: 9.10 min (major) and
11.35 min (minor).

(4R,5S)-5-Methylcarbonyl-3-(4-methoxyphenyl)-4-(4-
nitrophenyl)-2-oxazolidinone 16

To a cooled (0 �C), stirred solution of compound syn-14
(0.130 g, 0.394 mmol) in dry toluene (5 mL), triethylamine
(0.164 mL, 1.18 mmol), 4-dimethylaminopyridine (0.040 g,
0.33 mmol), and a 20% solution of phosgene in toluene
(0.227 mL, 0.44 mmol) were added in this order. After 1 h
stirring at 0 �C, water was added to the bright yellow solution.
The organic phase was separated, and the aqueous phase was
extracted twice with CH2Cl2. The combined organic phases
were dried over sodium sulfate and filtered, and the filtratewas
concentratedunder vacuum togive the crude product. Thiswas
purified by flash chromatography with a 7:3 hexanes:ethyl
acetate mixture as eluant. The product was obtained as a pale
yellow solid; yield: 55%; mp 260 ± 262 �C. Longer reaction
times led to extensive product decomposition. 1H NMR: ��
8.23 [d, 3J(H,H)� 8.0 Hz, 2H, H ortho to nitro group], 7.55 [d,
3J(H,H)� 8.8 Hz, 2H, H meta to nitro group], 7.27 [d,
3J(H,H)� 9.2 Hz, 2H, H meta to methoxy group], 6.82 [d,
3J(H,H)� 9.0 Hz, 2H, H ortho to methoxy group], 5.64 [d,
3J(H,H)� 5.2 Hz, 1H, HC-5], 4.58 [d, 3J(H,H)� 5.2 Hz, 1H,
HC-4], 3.75 (s, 3H,methoxy group), 2.48 (s, 3H,methyl group );
13C NMR: �� 204.3, 157.0, 154.0,148.0, 144.9, 127.8, 124.8,
123.1, 115.8, 114.5, 82.6, 61.8, 55.5, 27.0; [�]D23: ±15.7 (c 0.7, CH2

Cl2); IR (CHCl3): �� 1764, 1727, 1387 cm±1; elemental analysis
calcd. (%) for C18H16N2O6 (356.3): C 60.67, H 4.53, N, 7.86;
found: C 60.53, H 4.44, N, 7.90.
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mixture of syn and anti isomers, the syn isomer having
a 65% ee and the same configuration indicated for
adducts 14 and 15. Attempts to use catalyst 2 in this
reaction led to the products in very low yields (10 ±
15%).
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