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Proline-modified poly(propyleneimine) dendrimers as catalysts
for asymmetric aldol reactions
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Abstract

A series of surface-functionalized poly(propyleneimine) dendrimers (five generations) based on proline were synthesized and were evaluated
as catalysts for asymmetric aldol reactions. Using 6.5 mol% of the second generation modified dendrimer as catalyst, the products of the
aldol reactions were obtained in yields and and ee’s comparable to those observed using proline itself, in much less reaction time (2 h) in
comparison to that required for proline (16–18 h). In addition, the improved solubility of dendritic catalysts in organic solvents provides
completely homogeneous reaction mixtures.
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. Introduction

One of the most intensely studied areas in chemical syn-
hesis at present is the development of new catalytic and
ighly enantioselective processes[1]. Particular emphasis has
een given to nonmetallic small organic molecules termed
rganocatalysts. The natural amino acidl-proline is one such
mall molecule[2], which has given rich dividends in ee’s
nd yields in several asymmetric transformations, such as
ldol [3], Mannich[4] and Michael[5] reactions, Robinson
nnulation[6], synthesis of amino acids[7], �-amination of
ldehydes and ketones[8], �-oxidation[9] and�-alkylation
f aldehydes[10].

Dendrimers are highly branched macromolecules synthe-
ized stepwise from a central core and leading to a well-
efined number of generations and end groups. They have

hree architectural regions: a core, an interior, and a highly
unctionalized surface, and they possess a high degree of
ymmetry[11]. Surface functionalized dendrimers have been
roposed to fill the gap between homogeneous and hetero-
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geneous catalysis combining the advantages of both het
geneous (recycling of the catalyst) and homogeneous (
kinetics) catalysts[12].

The rather poor solubility of proline in organic solvent
is a major drawback for its application as a catalyst. Ve
recently, a number of proline-modified catalysts (acyl sulfo
amides[13] and tetrazoles[14]) have been reported to presen
improved solubility and catalytic properties. The aim of ou
project was to synthesize poly(propyleneimine) dendrime
modified at the surface by proline presenting improved s
ubility and to study their activities for the catalysis of asym
metric aldol reactions[15].

2. Results and discussion

To develop proline-based dendritic catalysts, we decid
to maintain the proline backbone, since both the c
boxylic acid and pyrrolidine functionalities are essenti
for effective asymmetric induction, and link this back
bone through a glutarate spacer with commercially ava
able poly(propyleneimine) dendrimers.l-Hydroxyproline,
E-mail address: gkokotos@cc.uoa.gr (G. Kokotos). which has already been used successfully as a catalyst
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Scheme 1. Synthesis of glutarylated 4-hydroxyproline derivative4.

of the aldol reaction[3c], seemed an ideal template.
Commercially available (2S,4R)-N-(tert-butoxycarbonyl)-4-
benzyloxy-proline (1) was converted into compound2 by
treatment withtert-butyl 2,2,2-trichloroacetimidate in the
presence of BF3·Et2O (Scheme 1). Catalytic hydrogenation
of compound2 afforded derivative3, which was further
reacted with glutaric anhydride in the presence of catalytic
amount of 4-dimethylamino-pyridine (DMAP) to give com-
pound4.

The commercially available diaminobutane poly(propyl-
eneimine) dendrimers DAB(AM)n (n = 4, 8, 16, 32, 64)5a–e,
containing 4, 8, 16, 32, 64 free amino groups, were coupled
with the carboxylic acid4 using 1-(3-dimethylaminopropyl)-
3-ethyl carbodiimide hydrochloride (EDC) as a condensing
agent[16] in the presence of 1-hydroxybenzotriazole (HOBt)
to produce the functionalized at the periphery dendrimers
6a–e, respectively (Scheme 2). Finally, treatment of den-
drimers6a–e with 5 N HCl/Et2O afforded the deprotected
chiral dendrimers7a–e with 4, 8, 16, 32, 64l-proline moi-
eties at the periphery.

The structure of dendrimers was established by NMR
spectroscopy and elemental analysis. The completion of
acylation of the terminal primary NH2 groups for the

DAB(AM) 64 dendrimer was also confirmed by reacting the
highest generation modified protected dendrimer6e with flu-
orescamine, a reagent suitable for the detection of primary
amines in the picomole range[17]. In this case, 99.6% of
the primary amino groups of DAB(AM)64 dendrimer were
fully reacted. It should be also noticed that in the spectra of
6a–e no signal was observed at 40–41 ppm, where the termi-
nal CH2NH2 carbons of the parent dendrimers5a–e resonate,
indicating that all the peripheral amino groups of5a–e were
fully acylated[18].

The asymmetric aldol reaction is one of the most pow-
erful C C bond forming reaction in organic synthesis[19]
and has been thoroughly investigated by Barbas and co-
workers using proline as catalyst[3c]. Therefore, the reaction
of 4-nitrobenzaldehyde with acetone was used as a model
reaction in our preliminary investigations and we have stud-
ied the catalytic effect of derivatives7a–e, l-HyPro, l-Pro
andl-ProHCl on this reaction. The results of our studies are
summarized inTable 1.

Under the conditions employed (seeTable 1), the aldol
product was obtained in 70% ee and 69% ee, whenl-
hydroxyproline andl-proline were used as catalysts (entries 1
and 2, respectively). Similarly,l-proline hydrochloric salt led

sis of d
Scheme 2. Synthe
 endritic catalysts7a–e.
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Table 1
Direct asymmetric aldol reaction of acetone and 4-nitrobenzaldehyde using hydroxyproline-modified dendrimers as catalysts

Entry Catalyst Catalyst loading (%) Conditionsa Yield (%)b ee (%)c

1 l-HyPro 20 DMFd 71 70
2 l-Pro 20 DMFd 63 69
3 l-ProHCl 20 DMF 60 63
4 l-ProHCl 20 DMFd – –
5 7a 17 DMSO 40 35
6 7a 17 DMF 56 33
7 7a 7.5 DMF 62 38
8 7a 7.5 DMFe <5 n.d.f

9 7b 6.5 DMF 70 53
10 7b 6.5 DMFe 61 65
11 7b 1.0 DMF 34 36
12 7b 6.5 DMF/H2Og 70 38
13 7c 17 DMSO 40 27
14 7c 6.5 DMF 50 39
15 7c 3.2 DMF 68 41
16 7c 3.2 DMFe 58 32
17 7c 1.6 DMF 34 28
18 7d 1.6 DMF 60 21
19 7d 1.6 DMFe 55 38
20 7e 0.85 DMF 68 33
21 7e 0.85 DMFe 59 46

a Dried solvents and reactions carried out for 16–18 h unless stated otherwise.
b Isolated yields after column chromatography.
c The ee was determined by HPLC analysis on a Daicel Chiralpak AD-RH column.
d In the absence of Et3N.
e Reaction carried out for 2 h.
f Not determined.
g 2.5% (v/v) H2O.

to chemical yield and ee value comparable to those acquired
by using l-hydroxyproline andl-proline, in the presence
of an equivalent amount of Et3N (entry 3). However, when
the same experiment was carried out withl-ProHCl in the
absence of Et3N, no aldol product was produced (entry 4).
Thus, invoking the proposed mechanism[3a,20], the sec-
ondary amine group of the pyrrolidine ring should remain
free.

As shown inTable 1, the second-generation dendrimer
7b with eight l-hydroxyproline moieties at its surface
(Scheme 3) led to a chemical yield (61%) and an ee
value (65%) (entry 10) comparable to those obtained for
l-hydroxyproline orl-proline, whilst the first generation den-
drimer 7a as well as the higher generation derivatives7c–e
(third, fourth and fifth generation) led to lower enantiose-
lectivity but good chemical yields. Several loadings of the
dendritic catalysts7a–e were used in order to investigate
whether there is any proportional relationship between enan-
tioselectivity and dendrimer generation but unfortunately
such a connection was not ascertained. It is interesting to
note that the loading of the catalyst, even for the same den-
dritic compound, significantly influenced both the chemical
yield and the enantioselectivity.

The results concerning the second generation dendrimer
7b and higher generation dendrimers7c–e are in agreement
with those reported in the literature, where dendrimers of
low generation can possibly be expected to provide enan-
tioselelective catalytic activity higher than that of high gen-
eration dendrimers[21]. It seems that in higher-generation
dendrimers7c–e, with crowded surfaces, the catalytically
active proline moieties are not freely accessible for enan-
tioselective reactions. Hence, the loss of enantioselectiv-
ity for dendritic catalysts7c–e (negative dendritic effect)
might be ascribed to steric hindrance between the proline
moieties at the periphery. On the other hand, according to
the proposed mechanism[20], the intermediate enamine,
formed by the reaction of proline and acetone, approaches
the Re-face of the aldehyde carbonyl group, to provide the
(R)-aldol (Fig. 1). Therefore, it seems that in higher gen-
eration surface-crowded dendrimers the previous-mentioned
steric preference is partly inhibited. It is noteworthy that the
negative dendritic effect (loss of enantioselectivity in com-
parison to monomeric proline) was curiously observed even
for the first generation dendrimer7a, but this phenomenon
was vanished in the case of the second-generation dendrimer
7b.
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Scheme 3. Dendritic catalyst7b.

Sakthivel et al. reported that the model reaction between
acetone and 4-nitrobenzaldehyde catalyzed by simple
monomeric proline tolerates a small amount of water (<4%)
without affecting the enantiomeric excess of the aldol product
[3c]. However, in our study, the addition of an even smaller
amount of water (2.5%) greatly influenced the enantioselec-
tivity without affecting the chemical yield of the aldol product
(Table 1, entry 12 in comparison to entry 9), indicating that
the presence of water severely compromises the enantiose-
lectivity.

In an attempt to test the efficacy of our best dendritic
catalyst 7b, we submitted 4-bromobenzaldehyde and 2-
chlorobenzaldehyde as acceptor substrates to the aldol pro-
cess. The results are presented inTable 2. When proline
was used as catalyst in the reaction between acetone and
4-bromobenzaldehyde in 20 mol% loading, the aldol prod-

Fig. 1. Most favourable transition state for the proline catalyzed aldol reac-
t

uct was obtained in 62% ee value, whilst in 10 mol% proline
amount practically no aldol product was acquired (entry 2).
When catalyst7b was employed in 6.5 mol% catalyst loading,
the aldol product was isolated in a chemical yield (70%) and
an ee value (67%) comparable to that obtained forl-proline
(entry 2). In a similar manner, in the reaction between acetone
and 2-chlorobenzaldehyde, catalyst7b in 6.5 mol% amount
led to a chemical yield (78%) and ee value (64%) also com-
parable to that observed by using proline itself (64% ee for
20 mol% proline and almost no aldol product for 10 mol%)
(entry 3).

Benaglia et al. reported that poly(ethylene glycol)-
supported proline (PEG-Pro) enantioselectively catalyzes
aldol and imino aldol reactions[22] and also the synthesis of
�-nitroketones[23]. According to their findings, when PEG-
Pro (15–30 mol%) was used as catalyst, the aldol products
of the reactions between acetone and 4-nitrobenzaldehyde
and also between acetone and 4-bromobenzaldehyde were
obtained in chemical yields and ee’s comparable to those
acquired when employing non-supported proline derivatives
as catalysts, but in higher reaction times (20–60 h) in the
same solvent (DMF). However, the same aldol products were
also obtained in yields and ee’s comparable to those obtained
by using proline itself, but in much less reaction time (2 h)
(Table 2, entries 1 and 2), when dendritic catalyst7b was
employed in 6.5 mol% catalyst loading, which amounts to
ion.
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Table 2
The comparison between proline and catalyst7b in the direct asymmetric aldol reaction

Entry Substrate Product Prolinea (10 mol%) Prolinea (20 mol%) 7bb (6.5 mol%)

Yield (%)c ee (%)d Yield (%)c ee (%)d Yield (%)c ee (%)d

1 <5 n.d.e 63 69 61 65

2 <5 n.d.e 71 62 70 67

3 <5 n.d.e 80 64 78 64

a Reactions carried out for 16–18 h.
b Reactions carried out for 2 h.
c Isolated yields after column chromatography.
d The ee was determined by HPLC on a Daicel Chiralpak AD-RH column.
e Not determined.

52 mol% regarding catalytic proline sites, since dendrimer7b
contains eight proline residues at its periphery. It is worth not-
ing that the improved solubility of dendritic catalysts provides
completely homogeneous reaction mixtures (homogeneous
catalysis).

3. Conclusions

In conclusion, a series of functionalized at the periphery
poly(propyleneimine) dendrimers (five generations) based
on proline were synthesized and were evaluated as metal-
free catalysts for asymmetric aldol reactions. In particular,
employing 6.5 mol% of the second generation modified den-
drimer7b as catalyst, the products of the aldol reactions were
obtained in yields and and ee’s comparable to those observed
using proline itself and also in much less reaction time (2 h)
in comparison to that required for proline (16–18 h). In addi-
tion, these new catalysts offer improved solubility in organic
solvents.

4. Experimental

Melting points were determined on a melting point appa-
r mea-
s ctra
w ters.
W d on
C
n he
e these
r mers
a ilica
g sh)

for column chromatography were purchased from Merck.
Visualisation of spots was effected with UV light and/or phos-
phomolybdic acid and/or ninhydrin both in ethanol stain.
THF and 1,4-dioxane were freshly distilled from sodium-
benzophenone ketyl radical under an argon atmosphere and
immediately prior to use. Et2O was treated with calcium chlo-
ride and stored over Na. DMF was stirred in the presence
of P2O5 for 15 h and distilled under reduced pressure. Ace-
tone was dried overnight over 3̊A activated molecular sieves
(10%, w/v) and then distilled. All other solvents and chem-
icals were of reagent grade and used without further purifi-
cation. Elemental analyses were obtained in a Perkin-Elmer
2400 instrument from vacuum dried samples (over P2O5 at
1–2 mmHg, 48 h at r.t.) and were within±0.4% of theoretical
values.

4.1. (2S,4R)-di-tert-butyl 4-(benzyloxy)pyrrolidine-
1,2-dicarboxylate (2)

To a stirred solution of Boc-l-Pro(Bn)-OH (322 mg,
1.00 mmol) in CH2Cl2 (1 mL), a solution oftert-butyl-2,2,2-
trichloroacetimidate (440 mg, 2.00 mmol) in C6H12 (2 mL)
was added, followed by BF3·Et2O (20�L). The stirring was
continued for 24 h at room temperature. Work-up involved
filtration of the reaction mixture through a pad of Celite to
remove trichloroacetamide and removal of the solvent under
r ro-
m
t
1
2 38
(
( 6,
7 7.7,
1
N

atus and are uncorrected. Specific rotations were
ured on a polarimeter using a 10 cm cell. NMR spe
ere recorded on 200 and 300 MHz Varian spectrome
here applicable, structural assignments were base
OSY experiments. In accordance to the literature[24], the
umber of signals in13C NMR spectra is higher than t
xpected because of the existence of rotamers. Where
otamers are apparent, peaks for major and minor rota
re reported, when resolved. Analytical TLC plates (s
el 60 F254) and silica gel 60 (70–230 or 230–400 me
educed pressure. The residue was purified by column ch
atography using a mixture of CHCl3:MeOH 95:5 as eluent

o afford 2. Yellowish oil (315 mg, 84%); [�]D −23.9 (c
.0, CHCl3); 1H NMR (200 MHz, CDCl3) δ 1.45 (br, 18H),
.05 (m, 1H), 2.35 (m, 1H), 3.45–3.75 (m, 2H), 4.10–4.
m, 2H), 4.42–4.60 (m, 2H), 7.25–7.42 (m, 5H);13C NMR
50 MHz, CDCl3) δ 27.9, 28.3, 35.4, 36.7, 51.2, 51.8, 58.
1.1, 75.7, 76.7, 79.7, 79.9, 81.0, 127.6, 127.7, 128.4, 13
54.0, 172.1; Anal. Calcd. for C21H31NO5: C, 66.82; H, 8.28;
, 3.71. Found: C, 66.59; H, 8.38; N, 3.68.
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4.2. (2S,4R)-di-tert-butyl 4-hydroxypyrrolidine-
1,2-dicarboxylate (3)

To a stirred solution of (2S,4R)-di-tert-butyl 4-
(benzyloxy)pyrrolidine-1,2-dicarboxylate (2) (380 mg,
1.00 mmol) in anhydrous 1,4-dioxane (10 mL), 10% Pd/C
(40 mg) was added. The reaction mixture was stirred under
H2 for 24 h at room temperature. After filtration through a
pad of Celite, the solvent was removed and the residue was
purified by column chromatography using EtOAc as eluent
to give3. Colourless oil (240 mg, 84%); [�]D −68.0 (ca. 1.0,
MeOH); [Lit. [25] [�]21

D −68.9 (c 1.06, MeOH)];1H NMR
(200 MHz, CDCl3) δ 1.45 (br, 18H), 2.01 (m, 1H), 2.25 (m,
1H), 2.92 (br, 1H), 3.33–3.68 (m, 2H), 4.28 (m, 1H), 4.45
(m, 1H); 13C NMR (50 MHz, CDCl3) δ 27.9, 28.3, 38.3,
39.1, 54.5, 58.5, 69.1, 70.0, 79.9, 80.2, 81.1, 154.3, 172.2;
Anal. Calcd. for C14H25NO5: C, 58.52; H, 8.77; N, 4.87.
Found: C, 58.65; H, 7.69; N, 4.88.

4.3. 5-((3R,5S)-1,5-bis(tert-butoxycarbonyl)pyrrolidin-
3-yloxy)-5-oxopentanoic acid (4)

To a stirred solution of (2S,4R)-di-tert-butyl 4-hydroxy-
pyrrolidine-1,2-dicarboxylate (3) (287 mg, 1.00 mmol) in
CH2Cl2 (7 mL), a solution of glutaric anhydride (224 mg,
2.00 mmol) in CHCl (3 mL) was added, followed by DMAP
( 6 h
a nder
r oduct
w ic
l
2
s col-
u
y
1 ,
2 H),
4
1 52.1,
5 77.9;
F
A .
F

4
d

x
(
1 -3-
e
8
n ,
6 ,
6

24–72 h at room temperature. The solvent was removed,
water (12 mL) was added and the product was extracted
with EtOAc (3× 15 mL). The combined organic layers were
washed consecutively with 1 M KHSO4 (1× 25 mL), H2O
(1× 25 mL), 5% aqueous NaHCO3 (1× 25 mL), H2O (1×
30 mL), dried (Na2SO4), and the solvent was evaporated to
give the modified dendrimers6a–e.

4.4.1. Dendrimer 6a (n = 4)
Green, viscous oil (65 mg, 88%); [�]D −26.4 (c

0.50, CHCl3); 1H NMR (200 MHz, CDCl3) δ 1.47 [br,
72H, 8× C(CH3)3], 1.56–2.05 (m, 20H, 6× CH2CH2N,
4× CH2CH2CH2), 2.10–2.58 (m, 32H, 4× CH2CHN,
6× CH2N, 4× CH2CH2CH2), 3.16–3.40 (m, 8H,
4× CH2NH), 3.42–3.79 (m, 8H, 4× OCHCH2N), 4.16–4.35
(m, 4H, 4× CHN), 5.15–5.35 (m, 4H, 4× OCH), 6.70–6.95
(m, 4H, 4× NHCO); 13C NMR (50 MHz, CDCl3) δ 20.7,
24.7, 26.7, 27.9, 28.2, 29.5, 33.3, 34.1, 35.1, 35.4, 36.3, 38.1,
44.3, 51.9, 54.4, 58.2, 58.5, 71.7, 72.5, 80.3, 81.3, 153.8,
153.9, 171.5, 172.1, 172.3, 172.6; FAB-MS:m/z (%): 1851
(70) [M + H+]; Anal. Calcd. for C92H156N10O28: C, 59.72;
H, 8.50; N, 7.57. Found: C, 59.78; H, 8.69; N, 4.78.

4.4.2. Dendrimer 6b (n = 8)
Green, viscous oil (115 mg, 75%); [�]D −22.6 (c 0.60,

CHCl ); 1H NMR (200 MHz, CDCl ) δ 1.48 [br, 144H,
1
8
1 ,
8
4
7
δ 4.8,
3 80.0,
8 alcd.
f C,
5

4

(
2
1
1 ,
1
4 ,
1
( .3,
3 58.4,
7 72.4,
1 ;
N

4

0 ,
2 2
16 mg, 0.13 mmol). The stirring was continued for 3
t room temperature. The solvent was then removed u
educed pressure, water (8 mL) was added and the pr
as extracted with EtOAc (3× 8 mL). The combined organ

ayers were washed consecutively with 1 M KHSO4 (1×
0 mL) and H2O (1× 25 mL) and dried over Na2SO4. The
olvent was evaporated and the residue was purified by
mn chromatography using EtOAc as eluent to give4. Light
ellowish oil (300 mg, 75%); [�]D −37.3 (c 1.1, CHCl3);
H NMR (200 MHz, CDCl3) δ 1.47 (br, 18H), 1.92–2.08 (m
H), 2.17 (m, 1H), 2.27–2.51 (m, 5H), 3.40–3.78 (m, 2
.25 (m, 1H), 5.27 (m, 1H);13C NMR (50 MHz, CDCl3) δ

9.6, 27.8, 27.9, 28.2, 29.6, 32.8, 33.1, 35.5, 36.5, 51.9,
8.4, 71.9, 72.8, 80.3, 80.5, 81.5, 153.9, 171.6, 172.3, 1
AB-MS: m/z (%): 402 (10) [M + H+], 424 (2.5) [M + Na+];
nal. Calcd. for C19H31NO8: C, 56.84; H, 7.78; N, 3.49
ound: C, 56.65; H, 7.69; N, 3.48.

.4. General procedure for the preparation of modified
endrimers 6a–e

To a stirred solution of 5-((3R,5S)-1,5-bis(tert-buto-
ycarbonyl)pyrrolidin-3-yloxy)-5-oxopentanoic acid (4)
0.060× n mmol, n = 4, 8, 16, 32, 64) in CH2Cl2 (5–
0 mL) were added 1-[3-(dimethylamino)propyl]
thylcarbodiimide hydrochloride (0.070× n mmol, n = 4,
, 16, 32, 64), 1-hydroxybenzotriazole (0.060× n mmol,
= 4, 8, 16, 32, 64), Et3N (0.075× n mmol,n = 4, 8, 16, 32
4) and DAB(AM)n (5a–e) (0.040 mmol,n = 4, 8, 16, 32
4). The reaction mixture was stirred for 1 h at 0◦C and for
3 3
6× C(CH3)3], 1.55–2.05 (m, 44H, 14× CH2CH2N,
× CH2CH2CH2), 2.10–2.55 (m, 84H, 8× CH2CHN,
8× CH2N, 8× CH2CH2CH2), 3.15–3.38 (m, 16H
× CH2NH), 3.45–3.79 (m, 16H, 8× OCHCH2N),
.15–4.35 (m, 8H, 8× CHN), 5.19–5.34 (m, 8H, 8× OCH),
.00–7.20 (m, 8H, 8× NHCO).13C NMR (50 MHz, CDCl3)
20.7, 24.5, 24.8, 26.8, 27.8, 28.2, 30.2, 33.3, 33.8, 3
5.0, 36.3, 37.8, 48.7, 51.4, 51.9, 55.6, 58.2, 71.7, 72.5,
0.3, 81.3, 153.8, 154.0, 171.5, 172.3, 172.5; Anal. C

or C192H328N22O56: C, 60.04; H, 8.61; N, 8.02. Found:
9.89; H, 8.69; N, 8.18.

.4.3. Dendrimer 6c (n = 16)
Pale yellow, viscous oil (244 mg, 78%); [�]D −20.4

c 1.0, CHCl3); 1H NMR (200 MHz, CDCl3) δ 1.47 [br,
88H, 32× C(CH3)3], 1.50–2.07 (m, 92H, 30× CH2CH2N,
6× CH2CH2CH2), 2.08–2.60 (m, 180H, 16× CH2CHN,
6× CH2CH2CH2, 42× CH2N), 3.10–3.38 (m, 32H
6× CH2NH), 3.40–3.78 (m, 32H, 16× OCHCH2N),
.16–4.40 (m, 16H, 16× CHN), 5.18–5.32 (m, 16H
6× OCH), 7.10–7.37 (m, 16H, 16× NHCO); 13C NMR
50 MHz, CDCl3) δ 20.8, 24.6, 24.9, 25.4, 26.9, 27.9, 28
0.2, 33.4, 34.9, 35.1, 36.4, 37.8, 48.9, 51.4, 52.0, 55.7,
1.8, 72.6, 80.1, 80.3, 81.4, 153.9, 154.1, 156.8, 171.5, 1
72.6; Anal. Calcd. for C392H672N46O112: C, 60.19; H, 8.66
, 8.24. Found: C, 59.95; H, 8.61; N, 8.28.

.4.4. Dendrimer 6d (n = 32)
Pale yellow, viscous oil (474 mg, 75%); [�]D −24.1 (c

.60, CHCl3); 1H NMR (200 MHz, CDCl3) δ 1.45 [br, 576H
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64× C(CH3)3], 1.53–2.04 (m, 188H, 62× CH2CH2N,
32× CH2CH2CH2), 2.04–2.65 (m, 372H, 32× CH2CHN,
90× CH2N, 32× CH2CH2CH2), 3.12–3.36 (m, 64H,
32× CH2NH), 3.36–3.78 (m, 64H, 32× OCHCH2N),
4.15–4.35 (m, 32H, 32× CHN), 5.18–5.32 (m, 32H,
32× OCH), 7.30–7.60 (m, 32H, 32× NHCO); 13C NMR
(50 MHz, CDCl3) δ 20.6, 24.2, 24.8, 26.8, 27.7, 28.1, 29.4,
33.2, 34.9, 35.3, 36.2, 37.5, 48.5, 51.1, 51.8, 54.3, 58.1, 71.6,
72.4, 79.9, 80.1, 81.2, 153.6, 153.9, 157.0, 171.2, 171.4,
172.4; Anal. Calcd. for C792H1360N94O224: C, 60.27; H, 8.68;
N, 8.34. Found: C, 60.20; H, 8.71; N, 8.50.

4.4.5. Dendrimer 6e (n = 64)
Yellowish, viscous oil (888 mg, 70%); [�]D −21.8 (c 0.67,

CHCl3); 1H NMR (200 MHz, CDCl3) δ 1.44 [br, 1152H,
128× C(CH3)3], 1.52–2.05 (m, 380H, 126× CH2CH2N,
64× CH2CH2CH2), 2.05–2.85 (m, 756H, 64× CH2CHN,
186× CH2N, 64× CH2CH2CH2), 3.05–3.35 (m, 128H,
64× CH2NH), 3.35–4.08 (m, 128H, 64× OCHCH2N),
4.13–4.40 (m, 64H, 64× CHN), 5.15–5.33 (m, 64H,
64× OCH), 7.48–7.79 (m, 64H, 64× NHCO); 13C NMR
(50 MHz, CDCl3) δ 20.8, 24.9, 25.5, 26.2, 27.9, 28.3, 30.2,
33.4, 33.8, 35.1, 36.4, 37.5, 49.1, 51.0, 51.9, 54.0, 58.3,
71.7, 72.6, 80.0, 80.2, 81.3, 153.8, 154.0, 156.9, 171.4,
171.6, 172.6, 172.8; Anal. Calcd. for C1592H2736N190O448:
C, 60.30; H, 8.70; N, 8.39. Found: C, 60.31; H, 8.78; N, 8.51.
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2.50–2.68 (m, 8H, 8× CHHCHN), 3.10–3.39 (m,
52H, 8× CH2NH, 18× CH2N), 3.40–3.72 (m, 16H,
8× OCHCH2N), 4.37–4.57 (m, 8H, 8× CHN), 5.39–5.50
(m, 8H, 8× OCH); 13C NMR (50 MHz, D2O) δ 21.4, 23.0,
23.3, 25.9, 32.2, 35.5, 37.1, 37.4, 38.8, 39.5, 52.3, 53.2,
53.6, 55.9, 56.5, 60.8, 61.1, 72.2, 75.7, 75.9, 173.7, 176.9,
178.7; Anal. Calcd. for C120H214Cl14N22O40: C, 46.47; H,
6.95; N, 9.94. Found: C, 46.50; H, 7.26; N, 9.80.

4.5.3. Dendrimer 7c (n = 16)
White solid (213 mg, 95%); [�]D −22.4 (c 0.40,

H2O); 1H NMR (200 MHz, D2O) δ 1.70–2.45 (m, 172H,
16× CH2CH2CH2, 30× CH2CH2N, 16× CHHCHN),
2.45–2.67 (m, 16H, 16× CHHCHN), 3.08–3.69 (m, 148H,
16× CH2NH, 42× CH2N, 16× OCHCH2N), 4.32–4.56 (m,
16H, 16× CHN), 5.36–5.49 (m, 16H, 16× OCH);13C NMR
(50 MHz, D2O) δ 21.5, 23.0, 25.9, 27.1, 32.9, 35.5, 37.1,
37.3, 38.8, 39.4, 52.3, 53.2, 53.6, 54.5, 55.9, 61.2, 72.1, 75.9,
173.8, 176.8, 178.6; Anal. Calcd. for C248H446Cl30N46O80:
C, 46.43; H, 7.01; N, 10.04. Found: C, 46.63; H, 7.33; N,
9.72.

4.5.4. Dendrimer 7d (n = 32)
White solid (424 mg, 93%); [�]D −12.0 (c 0.64, H2O);

1H NMR (200 MHz, D2O) δ 1.75–2.45 (series of m, 348H,
3
2 ,
3
(
N .3,
3 75.8,
1
C ; N,
9

4

H s
o
6
1 ,
6
( .9,
3 76.6,
1
4 .95.

4
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hy-
d alde-
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o ent
a m
.5. General procedure for the removal of Boc and But

rotecting groups

Boc and But groups of6a–e (0.035 mmol) were remove
y treatment with 5 N HCl in Et2O (3.50× n mmol,n = 4, 8,
6, 32, 64) for 5 h at room temperature. After evapora
nder reduced pressure to a small volume (2–5 mL), a
rous Et2O was added (5 mL) and the precipitated prod
a–e were afforded through decantation.

.5.1. Dendrimer 7a (n = 4)
White solid (48 mg, 95%); [�]D −14.3 (c 0.90,

2O); 1H NMR (200 MHz, D2O) δ 1.60–1.91 (m, 20H
× CH2CH2N, 4× CH2CH2CH2), 2.10–2.25 (m, 8H
× CH2CH2CH2), 2.25–2.45 (m, 12H, 4× CH2CH2CH2,
× CHHCHN), 2.45–2.62 (m, 4H, 4× CHHCHN),
.98–3.22 (m, 20H, 4× CH2NH, 6× CH2N), 3.38–3.65
m, 8H, 4× OCHCH2N), 4.40–4.54 (m, 4H, 4× CHN),
.31–5.44 (m, 4H, 4× OCH); 13C NMR (50 MHz, D2O)
22.0, 23.1, 23.2, 26.0, 26.4, 32.2, 35.4, 35.5, 37.1,
8.8, 39.1, 39.5, 40.8, 53.1, 53.7, 54.7, 56.0, 57.6,
1.1, 72.2, 75.9, 173.7, 176.9, 178.8; Anal. Calcd.
56H98Cl6N10O20: C, 46.57; H, 6.84; N, 9.70. Found:
6.31; H, 7.15; N, 9.50.

.5.2. Dendrimer 7b (n = 8)
White solid (103 mg, 95%); [�]D −15.8 (c 0.40, H2O);

H NMR (200 MHz, D2O) δ 1.75–2.50 (series of m, 84
× CH2CH2CH2, 14× CH2CH2N, 8× CHHCHN),
2×CH2CH2CH2, 62× CH2CH2N, 32× CHHCHN),
.45–2.63 (m, 32H, 32× CHHCHN), 3.14–3.71 (m, 308H
2× CH2NH, 90× CH2N, 32× OCHCH2N), 4.29–4.41
m, 32H, 32× CHN), 5.39–5.47 (m, 32H, 32× OCH); 13C
MR (50 MHz, D2O) δ 23.0, 25.9, 32.1, 35.4, 37.0, 37
8.8, 39.3, 52.2, 53.1, 53.5, 55.8, 60.7, 61.1, 72.1,
73.7, 176.7, 178.5; Anal. Calcd. for C504H910Cl62N94O160:
, 46.40; H, 7.03; N, 10.09. Found: C, 46.62; H, 7.38
.89.

.5.5. Dendrimer 7e (n = 64)
White solid (868 mg, 94%); [�]D −15.8 (c 0.60,

2O); 1H NMR (200 MHz, D2O) δ 1.70–2.68 (serie
f m, 764H, 64× CH2CH2CH2, 126× CH2CH2N,
4× CH2CHN), 3.08–3.75 (m, 628H, 64× CH2NH,
86× CH2N, 64× OCHCH2N), 4.29–4.55 (m, 64H
4× CHN), 5.39–5.54 (m, 64H, 64× OCH); 13C NMR
50 MHz, D2O) δ 23.0, 25.9, 32.0, 35.6, 37.1, 37.4, 38
9.4, 52.3, 53.2, 53.7, 55.9, 61.1, 72.1, 75.8, 173.5, 1
76.8, 178.4; Anal. Calcd. for C1016H1902Cl126N190O320: C,
6.28; H, 7.27; N, 10.09. Found: C, 46.52; H, 7.58; N, 9

.6. General procedure for the preparation of aldol
roducts

To a mixture of anhydrous DMF (1.60 mL) and an
rous acetone (0.40 mL) was added the corresponding
yde (0.20 mmol) followed by the catalysts7a–e or l-Pro
r l-HyPro orl-ProHCl (0.85–34 mol%) and an equival
mount of Et3N. The resulting mixture was stirred at roo
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temperature for 2–15 h. Following aqueous workup with sat-
urated ammonium chloride solution and extraction several
times with EtOAc, the combined organic layers were dried
(Na2SO4), and the solvent was evaporated. The pure aldol
products were obtained by column chromatography using a
mixture of EtOAc:petroleum ether 40–60 1:1 as eluent.

4.6.1. (4R)-(4-Nitrophenyl)-4-hydroxy-2-butanone (8)
[3c]

1H NMR (200 MHz, CDCl3) δ 2.21 (s, 3H), 2.83 (m, 2H),
3.56 (d,J = 3.2 Hz, 1H), 5.25 (m, 1H), 7.52 (d,J = 7.0 Hz,
2H), 8.20 (d,J = 7.0 Hz, 2H); HPLC (Daicel Chiralpak AD-
RH, CH3CN/H2O 30/70, flow rate 0.5 mL/min,λ = 254 nm):
tR (major) = 16.58 min;tR (minor) = 20.26 min.

4.6.2. (4R)-(4-Bromophenyl)-4-hydroxy-2-butanone (9)
[3c]

1H NMR (300 MHz, CDCl3) δ 2.20 (s, 3H), 2.82 (m, 2H),
3.40 (d,J = 3.0 Hz, 1H), 5.12 (m, 1H), 7.24 (d,J = 8.4 Hz,
2H), 7.47 (d,J = 8.4 Hz, 2H); HPLC (Daicel Chiralpak AD-
RH, CH3CN/H2O 30/70, flow rate 0.5 mL/min,λ = 254 nm):
tR (major) = 27.31 min;tR (minor) = 30.77 min.

4.6.3. (4R)-(2-Chlorophenyl)-4-hydroxy-2-butanone
(10) [3c].

1 3
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38;

122
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02)

(f) A.B. Northrup, D.W.C. MacMillan, J. Am. Chem. Soc. 124
(2002) 6798.

[4] (a) B. List, J. Am. Chem. Soc. 122 (2000) 9336;
(b) B. List, P. Pojarlief, W.T. Biller, H.J. Martin, J. Am. Chem. Soc.
124 (2002) 827;
(c) A. Córdova, C.F. Barbas III, Tetrahedron Lett. 44 (2003)
1923;
(d) Y. Hayashi, W. Tsuboi, M. Shoji, N. Suzuki, J. Am. Chem. Soc.
125 (2003) 11208;
(e) A. Córdova, Chem. Eur. J. 10 (2004) 1987;
For a review see:
(f) A. Córdova, Acc. Chem. Res. 37 (2004) 102.

[5] (a) S. Hanessian, V. Pham, Org. Lett. 2 (2000) 2975;
(b) B. List, P. Pojarliev, H.J. Martin, Org. Lett. 3 (2001) 2423;
(c) J.M. Betancort, K. Sakthivel, R. Thayumanavan, C.F. Barbas III,
Tetrahedron Lett. 42 (2001) 4441;
(e) D. Enders, A. Seki, Synlett 1 (2002) 26.

[6] T. Bui, C.F. Barbas III, Tetrahedron Lett. 41 (2000) 6951.
[7] (a) A. Córdova, W. Notz, G. Zhong, J.M. Betancort, C.F. Barbas III,

J. Am. Chem. Soc. 124 (2002) 1842;
(b) A. Córdova, S. Watanabe, F. Tanaka, W. Notz, C.F. Barbas III,
J. Am. Chem. Soc. 124 (2002) 1866.

[8] (a) B. List, J. Am. Chem. Soc. 124 (2002) 5656;
(b) N. Kumaragurubaran, K. Juhl, W. Zhuang, A. Bøgevig, K.A.
Jørgensen, J. Am. Chem. Soc. 124 (2002) 6254;
(c) A. Bøgevig, K. Juhl, N. Kumaragurubaran, W. Zhuang, K.A.
Jørgensen, Angew. Chem. Int. Ed. 41 (2002) 1790;
For a review see:
(d) R.O. Duthaler, Angew. Chem. Int. Ed. 42 (2003) 975.

[9] (a) S.P. Brown, M.P. Brochu, C.J. Sinz, D.W.C. MacMillan, J. Am.
Chem. Soc. 125 (2003) 10808;
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H NMR (300 MHz, CDCl3) δ 2.22 (s, 3H), 2.64–3.0
m, 2H), 3.61 (br, 1H), 5.56 (m, 1H), 7.19–7.34 (m, 3
.64 (d,J = 7.7 Hz, 1H); HPLC (Daicel Chiralpak AD-RH
H3CN/H2O 30/70, flow rate 0.5 mL/min,λ = 254 nm):tR
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