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ABSTRACT Homoprolinol analogs, a class of optically active g-amino alcohols, were exam-
ined systematically in the enantioselective addition reactions of diethylzinc to aldehydes. By
comparison of the results catalyzed by these g-amino alcohols with those by the b-amino alco-
hols based on pyrrolidine architecture reported in the literature references, we have observed
that the g-amino alcohols are superior to the corresponding b-amino alcohols when the nitrogen
and the oxygen are unsubstituted. Among the homoprolinols we tested, 2b gave the best
results (45–88% yields, 44–81% ee) in the addition reactions. To the best of our knowledge, 2b
has been noticed as one of the most efficient g-amino alcohol catalysts based on pyrrolidine
framework. Chirality 23:921–928, 2011. VVC 2011 Wiley-Liss, Inc.
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INTRODUCTION

As an important approach to synthesize useful and optically
active secondary alcohols, the asymmetric alkylation of car-
bonyl compounds with organozinc reagents has been of great
interest.1,2 Since the first report by Oguni to use (S)-leucinol
as chiral ligand in the addition of diethylzinc to benzadehyde
with moderate enantiomeric excess,3 and Noyori’s work
with (-)-3-exo-(dimethylamino)isoborneol (DAIB) as chiral
ligand,4–9 tremendous efforts have been focused on exploring
new amino alcohols as efficient catalysts and diverse ligand
structures have been developed to date.10–68 Among them, b-
amino alcohols have been studied extensively and proven to
be the best ligands.10–23 Comparatively, g-amino alcohols have
been studied less than b-amino alcohols even though satisfac-
tory results were achieved with the former ligands.24–35

Martı́nez et al. studied the catalytic activity of norbornane-
derived b- and g-amino alcohols 1a–1f (Figure 1) in the addition
of dialkylzincs to aldehydes and presented a qualitative empirical
explanation to the observed enantioselectivity imposed by those
amino alcohols.27 Mechanistic studies have demonstrated that
the enantioselectivity is determined by both the bulkiness of the
substituent on nitrogen and the size of the chelated ring in the
transition states (TSs). Comparison of the catalytic results of 1a
and 1d, 1b and 1e led to the conclusion that both the b-amino
alcohols 1a and 1b are superior to the corresponding g-amino
alcohol 1d and 1e, respectively, in enantioselectivity. It has
been proposed that a more flexible six-membered alkylzinc-che-
lated aminoalkoxide complex was formed in the TS when g-
amino alcohols were used as catalysts while a stable five-mem-
bered TS was formed in the case of b-amino alcohol. On the con-
trary, b-amino alcohol 1c is inferior to g-amino alcohol 1f, which
maybe explained by the influence of the nitrogen substituents
on catalytic behavior. Similarly, the catalytic abilities of b- and g-
amino alcohols derived from other chiral architectures apart
from norbornane, such as menthane,30 varied greatly with differ-
ent substituent on the nitrogen, and no general trend could be
found to determine whether b-amino alcohol backbones is bet-
ter than g-amino alcohol backbones or not.

Pyrrolidine-based chiral b-amino alcohols such as prolinol
and its derivatives, prepared from (S)-proline, have been

proven to be very efficient in the catalysis of the enantiose-
lective addition of diethylzinc to aldehydes by Wang’s
group.21 Cicchi et al. have developed several homoprolinols
with N-methyl and 3-tert-butoxy group, which are homolo-
gous g-amino alcohols, and applied them to the alkylation of
benzaldehyde with diethylzinc. However, those ligands only
showed moderate asymmetric induction (up to 54% ee)
effect.32 Inspired by work of Martı́nez group’s in norbornane-
derived b- and g- amino alcohol systems,27 in which the cata-
lytic behavior was found to be greatly influenced by the sub-
stituent on the nitrogen, we believe that a systematic screen-
ing of the substituent in homoprolinol system may provide
an opportunity to find better g-amino alcohol catalysts based
on chiral pyrrolidine framework.

With an interest in developing an efficient chiral organoca-
talytic system, we have previously designed and synthesized
a series of novel g-amino alcohols 2a–2g and have demon-
strated their usefulness in the direct asymmetric Michael
addition of carbonyl compounds to nitroalkenes.69 To explore
the catalytic applications of the g-amino alcohols and their
derivatives further, we have performed systematic studies on
other types of catalytic addition reactions. Herein, we report
the catalytic results of 2a–2i (Figure 2) in the addition reac-
tion of diethylzinc to aldehydes.

EXPERIMENTAL GENERAL METHODS

All solvents were purified by standard procedures and distilled before
use. Diethylzinc was purchased from Acros Organics. Aromatic alde-
hydes had been freshly distilled before use. Unless otherwise indicated,
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the other reagents were purchased from commercial suppliers and used
without further purification. Reactions were monitored by thin-layer
chromatography (TLC) carried out on 0.25-mm silica gel plates visual-
ized with UV light and/or by staining with ethanol phosphomolybdic
acid. Flash column chromatography was performed on silica gel H (10–
40 l). NMR spectra were recorded on 300 MHz instruments. Chemical
shifts (d) are given in ppm relative to trimethyl silane (TMS), coupling
constants (J) in Hz. IR spectra were recorded on a PerkinElmer-GX spec-
trometer. Melting points were determined on an X-6 digital melting-point
apparatus and were uncorrected. Optical rotations were measured on a
PerkinElmer 341 Polarimeter at k 5 589 nm. Analytical high-perform-
ance liquid chromatography (HPLC) was carried out on WATERS 510
instrument (2487 dual k absorbance Detector and 515 HPLC pump)
using chiral column. Time of flight high resolution mass spectrometer
(TOF HRMS) was recorded on a Bruker Apex-2.

The Procedure for the Synthesis of Compound 4

Methyl homoprolinate hydrochloride 3 (3.6 g, 20 mmol) and triethyl
amine (TEA) (7 ml, 50 mmol) were dissolved in dry CH2Cl2 (40 ml). The
solution was cooled down to 08C with ice bath. (Boc)2O (5.4 g, 24.7
mmol) was added dropwise. After the addition, the reaction mixture was
warmed to r.t. slowly and stirred overnight and then diluted with CH2Cl2
and separated the organic phase. The aqueous solution was extracted
with CH2Cl2 (3 3 50 ml). The combined organic layers were washed
with saturated NH4Cl solution, brine, and dried over Na2SO4. The sol-
vent was evaporated in vacuo and the residue was purified by silica gel
chromatography to give 470 (4.65 g, 96%) as light yellow oil.

General Procedure for the Synthesis of Ligands 2a–2e
Synthesis of (S)-1,1-bis(4-methylphenyl)-2-(pyrrolidin-2-yl)etha-

nol 2b. To a solution of 4 (18.72 g, 80 mmol) in dry tetrahydrofuran
(THF) (500 ml) at 2788C under a nitrogen atmosphere, RMgBr (240 ml
of 1 M solution in THF) was added dropwise. The mixture was warmed
to r.t. gradually and stirred overnight. The reaction was quenched by sat-
urated aqueous NH4Cl, and THF was removed under reduced pressure
to give a milky residue. The residue was partitioned between ethyl ace-
tate and saturated NH4Cl solution. The organic layers were collected,
washed with brine, and dried over Na2SO4. The solvent was evaporated
in vacuo, and the residue was purified by silica gel chromatography to
give pure 5b in good yields (7.3 g, 96%).

5b (4.9 g, 12.4 mmol) was added into the mixture of NaOH (14.87 g,
372 mmol) in 90 ml anhydrous ethanol and stirred for 2 days under
refluxed at 988C. Ethanol was removed in vacuo. Water was added to dis-
solve excess NaOH. The aqueous solution was extracted with CH2Cl2 (3
3 50 ml). The combined organic layers were washed with saturated
NH4Cl solution, saturated NaHCO3, brine, and dried over Na2SO4. The
solvent was removed in vacuo, and the residue was purified by silica gel
column chromatography to give 2b71 (3.48 g) as white solid; yield (95%).
mp 88–898C, [a]D

25 5 122.3 (c 5 1, CHCl3);
1H NMR (CDCl3, 300

MHz): d 5 1.39–1.55 (m, 2H), 1.76–1.86 (m, 2H), 1.96–2.05 (dd, J 5 14.0
Hz, 11.9 Hz, 1H), 2.26 (s, 3H), 2.31 (s, 3H), 2.34–2.39 (dd, J 5 14.1 Hz,
2.99 Hz, 1H), 2.81–2.93 (m, 2H), 3.22–3.29 (m, 1H), 7.05 (d, J 5 8.01 Hz,
2H), 7.11 (d, J 5 7.96 Hz, 2H), 7.30 (d, J 5 8.15 Hz, 2H), 7.40 (d, J 5

8.1 Hz, 2H) ppm; 13C NMR (CDCl3, 75.5 MHz): d 5 20.89, 20.93, 25.9,
32.8, 43.9, 45.5, 55.8, 77.8, 125.3, 126.2, 128.62, 128.65, 135.4, 135.7,
144.8, 146.2 ppm; IR (KBr) m 3412, 3329, 3242, 3022, 2959, 2853, 1613,
1508, 1409, 1180, 1086, 822, 806, 778, 729, 585, 566 cm21. TOF HRMS:
calcd. for C20H26NO [M 1 H]1 296.2014; found 296.2083.

(S)-1,1-Diphenyl-2-(pyrrolidin-2-yl)ethanol 2a. White solid; mp
136–1378C, [a]D

255 124.2 (c 5 1.0, CHCl3);
1H NMR (CDCl3, 300

MHz): d 5 1.41–1.58 (m, 2H), 1.78–1.88 (m, 2H), 1.99–2.08 (dd, J 5 13.9
Hz, 11.9 Hz, 1H), 2.17 (s, 1H), 2.38–2.44 (dd, J 5 14.1 Hz, 2.98 Hz, 1H),
2.80–2.96 (m, 2H), 3.23–3.30 (m, 1H), 7.13–7.34 (m, 6H), 7.42–7.45 (d, J
5 7.63 Hz, 2H), 7.52–7.55 (d, J 5 7.59 Hz, 2H) ppm; 13C NMR (CDCl3,
75.5 MHz): d 5 25.9, 32.8, 43.8, 45.5, 55.7, 78.0, 125.4, 126.0, 126.3,
127.9, 147.7, 148.8 ppm; IR(KBr) m 3414, 3328, 3256, 2958, 2853, 1617,
1492, 1445, 1125, 1061, 748, 697 cm21. TOF HRMS: calcd. for C18H21NO
[M 1 H]1 268.1701; found 268.1703.

(S)-1,1-Bis(4-propylphenyl)-2-(pyrrolidin-2-yl)ethanol 2c. Color-
less oil, [a]D

25 5 114.4 (c 5 1.0, CHCl3).
1H NMR (CDCl3, 300 MHz): d

5 0.89–0.98 (m, 6H), 1.42–1.68 (m, 6H), 1.81–1.87 (m, 2H), 1.99–2.08
(dd, J 5 13.7 Hz, 12.1 Hz, 1H), 2.37–2.42 (dd, J 5 14.1 Hz, 2.78 Hz, 1H),
2.49–2.59 (m, 4H), 2.83–2.93 (m, 2H), 3.26–3.29 (m, 1H), 7.06–7.14 (m,
4H), 7.35(d, J 5 8.07 Hz, 2H), 7.44 (d, J 5 8.0 Hz, 2H) ppm; 13C NMR
(CDCl3, 75.5 MHz): d 5 13.8, 13.9, 24.45, 24.47, 25.9, 32.7, 37.56, 37.59,
44.0, 45.4, 55.8, 77.8, 125.2, 126.1, 127.9, 128.0, 140.1, 140.5, 144.9, 146.4
ppm; IR (neat) m 2958, 1613, 1452, 1295, 1260, 1182, 1101, 1018, 841, 745,
602 cm21. TOF HRMS: calcd. for C24H34NO [M 1 H]1 352.264; found
352.264.

(S)-1,1-Bis(4-pentylphenyl)-2-(pyrrolidin-2-yl)ethanol 2d. White
solid; mp 76–778C, [a]D

25 5 122.3 (c 5 1.0, CHCl3);
1H NMR (CDCl3,

300 MHz): d 5 0.83–0.90 (q, J 5 14.3 Hz, 6H), 1.27–1.45 (m, 9H), 1.47–
1.61 (m, 5H), 1.78–1.82 (m, 2H), 1.94–2.03 (dd, J 5 13.7 Hz, 12.1 Hz,
1H), 2.33–2.39 (dd, J 5 14.0 Hz, 2.7 Hz, 1H), 2.49–2.58 (m, 4H), 2.81–
2.90 (m, 2H), 3.26 (m, 1H), 7.06 (d, J 5 8.1 Hz, 2H,), 7.11 (d, J 5 8.0 Hz,
2H), 7.32 (d, J 5 8.1 Hz, 2H), 7.42 (d, J 5 8.0 Hz, 2H) ppm; 13C NMR
(CDCl3, 75.5 MHz): d 5 13.9, 14.0, 22.50, 22.52, 26.0, 31.0, 31.1, 31.4,
31.6, 32.8, 35.40, 35.47, 44.0, 45.4, 55.7, 77.8, 125.2, 126.1, 127.8, 127.9,
140.4, 140.7, 145.0, 146.4 ppm; IR (KBr) m 3329, 3271, 3026, 2998, 2926,
2854, 1615, 1573, 1508, 1461, 1412, 1377, 1290, 1128, 1105, 904, 826, 728
cm21. TOF HRMS: calcd. for C28H42NO [M 1 H]1 408.3266; found
408.3232.

(S)-1,1-Bis(3,5-bis(trifluoromethyl)phenyl)-2-(pyrrolidin-2-yl)ethanol
2e. White solid; mp 125–1268C, [a]D

25 5 –4.8 (c 5 0.5, CHCl3);
1H

NMR (CDCl3, 300 MHz): d 5 1.50–1.64 (m, 2H), 1.85–1.96 (m, 2H), 1.98–
2.07 (dd, J 5 14.1 Hz, 12.2 Hz, 1H), 2.45–2.50 (dd, J 5 14.3 Hz, 2.97 Hz,
1H), 2.81–2.90 (m, 1H), 2.98–3.05 (m, 1H), 3.24–3.32 (m, 1H), 7.73 (s,
1H), 7.78 (s, 1H), 7.90 (s, 2H), 8.03 (s, 2H) ppm; 13C NMR (CDCl3, 75.5

Fig. 1. Reported results of the asymmetric addition of diethylzinc to benz-
aldehyde catalyzed by selected norbornane-based b- and g-amino alcohols
derivatives.

Fig. 2. Pyrrolidine-based g-amino alcohols and derivatives.
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MHz): d 5 25.9, 32.7, 43.1, 45.4, 55.5, 77.4, 117.8, 121.1 (q), 121.5, 125.1,
125.4, 125.5, 126.3, 128.7, 131.4 (q), 132.2, 132.4, 132.3 (q), 149.3, 150.0
ppm; IR (KBr) m 3339, 3087, 2968, 1622, 1462, 1374, 1278, 1122, 1027,
982, 890, 842, 710, 681 cm21. TOF HRMS: calcd. for C22H18F12NO [M 1
H]1 540.1197; found 540.1223.

The Procedure for the Synthesis of Ligand 2f

LiAlH4 (76 mg, 2 mmol) was carefully added in batches into the solu-
tion of 5a (0.367 g, 1 mmol) in THF (5 ml) with ice bath cooling, and
stirred until no gas bubble existed. The mixture was refluxed for 2–3 h
further and then cooled to 08C. Water was added dropwise to quench
the reaction and the solid was removed by filtration. The THF was
removed in vacuo, and the residue solution was extracted with ethyl ace-
tate (3 3 30 ml). The combined organic layers were washed with satu-
rated NaHCO3, brine, and dried over Na2SO4. The solvent was removed
in vacuo, and the residue was purified by silica gel column chromatogra-
phy to give 2f72 (0.221 g) as white solid; Yield (79%). mp 78–798C, [a]D

25

5 225.2 (c 5 0.5, CHCl3);
1H NMR (CDCl3, 300 MHz): d 5 1.31–1.40

(m, 1H), 1.71–1.82 (m, 2H), 1.86–1.96 (m, 1H), 2.10 (s, 3H), 2.16 (s, 1H),
2.33–2.39 (m, 1H), 2.42–2.50 (m, 1H), 2.80–2.87 (m, 1H), 3.06–3.15 (m,
1H), 7.12–7.34 (m, 5H), 7.45–7.47 (d , J 5 7.57 Hz, 2H), 7.55–7.57 (d, J 5
7.54 Hz, 2H ) ppm; 13C NMR (CDCl3, 75.5 MHz): d 5 22.6, 29.2, 42.8,
42.9, 53.4, 63.7, 124.8, 125.4, 125.5, 125.7 127.4, 148.0 ppm.

The Procedure for the Synthesis of Ligand 2g

The solution of pivaloyl chloride (0.195 ml, 1.5 mmol) in dried ethyl
ether was added dropwise into the mixture of 2a (0.268 g, 1 mmol) and
triethylamine (0.56 ml, 4 mmol) in dried ethyl ether (5 ml) with ice bath.
The mixture was slowly warmed to rt and stirred further for 3 h. Then
diluted with ethyl ethanoate and washed with saturated NH4Cl solution,
saturated NaHCO3, brine, and dried over Na2SO4. The solvent was
removed in vacuo and the residue was purified by silica gel column chro-
matography to give white solid (0.35 g, 100% yield). With the same pro-
cedure for the synthesis of ligand 2f, use the obtained white solid as
start material to give 2g72,73 (0.163 g) as white solid; Yield (49%). mp 74–
768C, [a]D

25 5 –34.90 (c 5 1, CHCl3);
1H NMR (CDCl3, 300 MHz): d 5

0.85 (s, 9H), 1.37–1.40 (m, 1H), 1.70–1.84 (m, 3H), 1.88–1.92 (d, J 5 13.1
Hz, 1H), 2.03–2.08 (m, 1H), 2.11–2.15 (d, J 5 12.86 Hz, 1H), 2.25–2.30
(m, 1H), 2.65–2.72 (m, 1H), 3.07–3.16 (m, 2H), 7.11–7.33 (m, 6H), 7.42–
7.45 (d, J 5 7.54 Hz, 2H), 7.57–7.60 (d, J 5 7.52 Hz, 2H) ppm; 13C NMR
(CDCl3, 75.5 MHz): d 5 22.0, 28.6, 29.2, 32.5, 42.8, 52.9, 67.4, 70.3, 78.2,
125.2, 126.1, 126.2, 126.6, 127.8 127.9, 128.0, 147.5, 149.3 ppm.

The Procedure for the Synthesis of Ligand 2h

Benzyl chloride (1.27 ml, 11 mmol) was added to the solution of 3
(1.795 g, 10 mmol) and diisopropylethylamine (DIPEA) (3.85 ml,

22 mmol) in toluene at 08C. The mixture was heated to 1108C and
refluxed for 6 h, then cooled to r.t. Water was added and the solution
was extracted with EtOAc twice. The combined organic layers were
washed with saturated brine and dried over Na2SO4. The solvent was
evaporated in vacuo and the residue was dissolved in dried THF (20 ml).
Phenyl magnesium bromide (30 mmol) was added dropwise to the
upper solution within 10 min at 08C. The mixture was stirred at r.t. for
24 h and quenched with saturated NH4Cl solution. After work up, gave
2h74 (3.55 g) as white solid; Yield (94%). mp 134–1368C, [a]D

25 5 122.3
(c 5 1, CHCl3);

1H NMR (CDCl3, 300 MHz): d 5 1.39–1.47 (m, 1H),
1.70–1.81 (m, 2H), 1.92–2.01 (m, 1H), 2.15–2.23 (m, 1H), 2.36–2.42 (m,
1H), 2.48–2.56 (m, 1H), 2.80–2.89 (m, 1H), 3.10–3.22 (m, 2H), 3.43–3.47
(m, 1H), 7.12–7.32 (m, 13H), 7.46–7.48 (d, J 5 7.42 Hz, 2H), 7.58–7.61
(d, J 5 7.34 Hz, 2H) ppm; 13C NMR (CDCl3, 75.5 MHz): d 5 22.6, 30.0,
43.7, 49.7, 59.8, 63.4, 78.2, 125.4, 126.0, 126.1, 126.3, 127.1, 127.9, 128.0,
128.4, 128.8, 138.3, 147.7, 148.7 ppm.

The Procedure for the Synthesis of Ligand 2i

2a (2.67 g, 10 mmol) was dissolved in ethyl formate (80 ml) and
stirred at 558C for 48 h. The solvent was removed in vacuo, and the resi-
due was purified by silica gel column chromatography to give 7 (95%
yield). NaH (0.36 g, 15 mmol) was added to the solution of 7 and ethyl
iodide (1 ml, 12.3 mmol) in THF at 08C. After the addition, removed the
ice bath, warmed to r.t. and continued to stir for 12 h, then cooled to
08C, cold saturated NH4Cl solution was added to quench the reaction,
the THF was removed in vacuo and the residue solution was extracted
with EtOAc twice. The combined organic layers were washed with satu-
rated salt solution, and dried over Na2SO4. The solvent was evaporated
in vacuo and the residue was purified by silica gel column chromatogra-
phy to obtain 8 (99% yield). The solution of KOH (15%, 50 ml) was added
to the solution of 8 (3.2 g, 9.9 mmol) in 1, 4-dioxane (5mL) and refluxed
for 72 h. After cooling to room temperature, water was added, and the
mixture was extracted three times with ether. The combined organic
layers were washed with saturated brine, and dried over Na2SO4. The
solvent was removed in vacuo, and the residue was purified by silica gel
column chromatography to give 2i71,75,76 (2.54 g) as colorless oil; Yield
(87%). [a]D

25 5 192.2 (c 5 0.5, CHCl3);
1H NMR (CDCl3, 300 MHz): d

5 1.10–1.24 (m, 4H), 1.48–1.71 (m, 3H), 2.47–2.53 (q, J 5 4.8, 1H), 2.61–
2.67 (m, 3H), 2.81–2.86 (m, 1H), 2.88–2.92 (m, 1H), 3.10–3.15 (m, 1H),
3.22–3.27 (m, 1H), 7.10–7.38 (m, 10H) ppm; 13C NMR (CDCl3, 75.5

Scheme 1. Reagents and conditions: (i) (Boc)2O/Et3N, CH2Cl2, 96%; (ii)
R1MgBr, THF, 96%; (iii) NaOH(S), C2H5OH, 95%; (iv) BnCl, DIPEA, toluene,
0–1108C, reflux 6 h; (v) PhMgBr, THF, 08–r.t., 24 h, 94% (two steps); (vi) 5a,
LiAlH4, THF, 79%.

Scheme 2. Reagents and conditions: (i) HCO2Et, 558C, 2 days, 95%, (ii)
EtI, NaH, THF, )8C–r.t., overnight, 99%; (iii) NaOH, Dioxane, 1208C, 3 days,
87%; (iv) 1) (CH3)3CCOCl, quant. 2) LiAlH4/THF, 49%; (v) NaOH(S),
C2H5OH, 95%.
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MHz): d 5 15.3, 23.7, 31.9, 41.2, 45.5, 54.6, 57.6, 81.6, 126.4, 126.6, 126.8,
127.7, 127.8, 145.7, 145.9 ppm.

General Procedure for the Enantioselective Addition of
Diethylzinc to Aldehydes

2b (14.5 mg, 0.05 mmol) was dissolved in the mixture solvent of anhy-
drous toluene (3 ml) and n-hexane (1.5 ml) under an argon atmosphere,
and cooled to 08C. Et2Zn (1 M, 1.5 mmo1) was added to the solution and
stirred at 08C for 1 h, then cooled to 2108C and freshly distilled benzal-
dehyde (0.051 ml, 0.5 mmo1) was added. The reaction mixture was
stirred for the appropriate time to complete the reaction (TLC monitor-
ing). Hydrochloric acid (1 M, 3 ml) was added to quench the reaction at
08C, and the solution was extracted with EtOAc (4 3 10 ml), the com-
bined organic layers were dried over Na2SO4. The solvent was removed
in vacuo, and the residue was purified by silica gel column chromatogra-
phy to give the product 1-phenyl-1-propanol (58 mg, 86% yield) as color-
less liquid with 81% ee.

RESULTS AND DISCUSSION

The synthetic routes to 2a–2f and 2h were summarized in
Scheme 1. Starting from methyl homoprolinate hydrochlor-
ide 3, Boc protection followed by Grignard addition gave
5a–5e, which were treated with NaOH to afford the g-amino
alcohols 2a–2e. Direct reduction of 5a with LiAlH4 gave 2f.
Alternatively, protection of 3 with Bn group followed by the
treatment of phenyl magnesium bromide, afforded 2h.

2g and 2i were prepared starting from 2a (Scheme 2).
Acylation of 2a with pivaloyl chloride followed by reduction
with LiAlH4 gave 2g. The attempts to synthesize 2i from 5a
gave very low yield of 10. This maybe ascribed to the forma-
tion of the unexpected oxazinone byproduct 9. We postu-
lated that the hydroxyl group deprotonated by NaH favorably
attacked the carbonyl of Boc. In order to avoid this side

reaction, we chose 2a as the starting material, in which the
nitrogen was protected by formyl (CHO). Thus, acylation of
2a with ethyl formate gave 7, which was etherified with
ethyl iodide to afford 8. Removal of the formyl group of 8
with NaOH afforded 2i.

The g-amino alcohols 2a–2i were then tested in the enan-
tioselective addition of diethylzinc to benzaldehyde and the
results were summarized in Table 1. Good results could be
obtained when the reaction proceeded in the mixed solvent
of hexane and toluene (1:1) at 2108C. Under such condi-
tions, 2a–2i were further examined (entries 1–9). Significant
differences in both catalytic and enantioselective activities of
2a–2i were observed. When the reaction was catalyzed by
2a, 65% yield and 70% ee were obtained. The enantionselec-
tivity was better than that of the reaction catalyzed by the
corresponding b-amino alcohol (70.3% yield and 55.2% ee).21

The catalytic activities were significantly influenced by R1.
When R1 was changed from phenyl (2a) to para-methyl-
phenyl (2b), the yield and enantioselectivity of the products
were increased from 65 to 86% and 70–81% ee, respectively.
An increase in the size of para-substituent on the phenyl ring
led to a decrease in catalytic reactivity, that is, 59% yield for
2c and 54% yield for 2d, as well as a decrease in enantiose-
lectivity, 72% ee for 2c and 73% ee for 2d. Introduction of
two electron-withdrawing groups (��CF3) on the phenyl ring
(2e) led to a sharp decrease in reactivity giving only 35%
yield with moderate enantioselectivity (62% ee). The substitu-
ents R2 and R3 also affected the reactivity and enantioselec-
tivity greatly. When the substituent R3 was changed from
hydrogen (2a) to methyl (2f), the reactivity remained the
same; however, the enantioselectivity decreased from 70
to 41% ee. An increase in the size of the substituent by

TABLE 1. Enantioselective addition of diethylzinc to benzaldehyde in the presence of c-amino alcohols 2a–2ia

Entries Cat. (%) Solvent (v/v) T (8C) Time (h) Yieldb (%) Eec(%) Config.d

1 2a (10) Hex/Tol (1:1) 210 86 65 70 S
2 2b (10) Hex/Tol (1:1) 210 90 86 81 S
3 2c (10) Hex/Tol (1:1) 210 64 59 72 S
4 2d (10) Hex/Tol (1:1) 210 64 54 73 S
5 2e (10) Hex/Tol (1:1) 210 117 35 62 S
6 2f (10) Hex/Tol (1:1) 210 96 62 41 S
7 2g (10) Hex/Tol (1:1) 210 141 45 37 S
8 2h (10) Hex/Tol (1:1) 210 96 72 27 S
9 2i (10) Hex/Tol (1:1) 210 96 57 6 S
10 2b (10) Hex 210 90 44 70 S
11 2b (10) Tol 210 90 48 56 S
12 2b (10) Hex/DCM (1:1) 210 96 54 65 S
13 2b (10) Hex/THF (1:1) 210 96 40 68 S
14 2b (10) Hex/Et2O 1:1 210 96 42 67 S
15 2b (10) Hex/Tol (2:1) 210 113 81 70 S
16 2b (10) Hex/Tol (1:2) 210 96 79 74 S
17 2b (10) Hex/Tol (1:1) 220 110 54 68 S
18 2b (10) Hex/Tol (1:1) 0 90 75 69 S
19 2b (10) Hex/Tol (1:1) 10 65 66 67 S
20e 2b (10) Hex/Tol (1:1) 210 90 88 78 S
21f 2b (10) Hex/Tol (1:1) 210 90 79 82 S
22 2b (5) Hex/Tol (1:1) 210 96 22 67 S
23 2b (20) Hex/Tol (1:1) 210 96 87 75 S

aUnless specified, reactions performed with 3 equiv. diethylzinc in the presence of 2b in the solution of total volume of 6 ml (0.083 M).
bIsolated yield.
cDetermined by chiral HPLC with a ChiralPak AS-H column.
dDetermined by comparison of the optical rotation value with the literature.
eThe total volume of solution was 3 ml (0.167 M).
fThe total volume of solution was 12 ml (0.042 M).
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neopentyl group (2g) and benzyl group (2h), led to further
decrease in enantioselectivity (37 and 27% ee, respectively).
It is interesting to note that the yield increased slightly (72%)
in the case of 2h. Similar effect of N-substituent-induced dif-
ference in enantioselectivity of other g-amino alcohol cata-
lysts derived from a-pinene has already been observed by
Fülöp group.28 We also tested 2i in the reaction, the enantio-
selectivity decreased sharply giving the product with only 6%
ee. Therefore, among the examined g-amino alcohols 2a–2i,
the most promising catalyst was 2b.

In order to achieve high reactivity and enantioselectivity,
various reaction conditions were investigated. A series of sol-
vent systems, including hexane, toluene, the mixture of hex-
ane and toluene, dichloromethane (DCM), Et2O, and THF,
were screened using 2b as the catalyst (Table 1, entries 2,
10–16). The best result was still achieved in the mixed sol-
vent of hexane/toluene (1:1). We also optimized the reaction
temperature and found that the highest yield and the best
enantioselectivity were achieved at 2108C (Table 1, entries
2, 17–19). When the reaction proceeded at 2208C, both the
yield and the enantioselectivity were decreased from 86%
yield and 81% ee to 54% yield and 68% ee even with elonga-

tion of reaction time (Table 1, entries 2, 17) . When the reac-
tion proceeded at 0 and 108C, the similar enantioselectivities
were observed ranging from 67% to 69% ee (Table 1, entries
17–19). In terms of the effect of concentration on the reac-
tion, we found that concentration has only slight influence on
yield and enantioselectivity (Table 1, entries 2, 20, and 21).
The influence of catalyst loading on the reaction was exam-
ined as well. When the catalyst load was reduced to 5 mol %
from 10 mol %, the catalytic performance of 2b decreased
dramatically. When the catalyst load increased to 20 mol %,
the yield of the product remained almost the same as that
catalyzed by 10 mol %; however, the enantioselectivity
decreased slightly from 81 to 75% ee (Table 1, entries 2, 22,
and 23).

With the optimal conditions in hand, the scope of the reac-
tion was examined (Table 2). The results showed that the
reaction has broad applicability. In general, aldehydes pos-
sessing either electron-withdrawing or electron-donating
groups on their aromatic ring reacted smoothly to afford the
corresponding alcohols with moderate to good yields (45–
88%) and enantioselectivities (63–81% ee) (Table 2, entries
1–15). The electronic property of the substituents on aro-

TABLE 2. Asymmetric addition reaction of diethylzinc and other aldehydes using 2b as the catalysta

Entries Aldehydes Time (h) Yieldb(%) E.e.c(%) Config.d

1 Benzaldehyde 90 86 81 S
2 2-Fluorobenzaldehyde 88 71 68 S
3 4-Fluorobenzaldehyde 88 74 80 S
4 4-Chlorobenzaldehyde 84 83 75 S
5 4-Bromobenzaldehyde 84 88 74 S
6 3-Methylbenzaldehyde 92 72 75 S
7 4-Methylbenzaldehyde 92 63 66 S
8 4-(Methylthio)benzaldehyde 144 78 78 S
9 2-Methoxybenzaldehyde 89 82 80 S
10 3-Methoxybenzaldehyde 89 45 77 S
11 4-Methoxybenzaldehyde 92 67 78 S
12 1-Naphthaldehyde 90 71 63 S
13 2,3-Dimethoxybenzaldehyde 90 88 68 S
14 3,4-Dimethoxybenzaldehyde 92 75 71 S
15 2,4-Dichlorobenzaldehyde 92 82 64 S
16 Cinnamaldehyde 92 73 47 S
17 Cyclohexanecarboxaldehyde 48 52 72 S
18 Hexanal 50 45 44 S

aAll reactions performed with 3 equiv diethylzinc in the presence of 10 mol % 2b in 6 ml Hex/Tol (1:1) at 2108C.
bIsolated yield.
cDetermined by chiral HPLC with a ChiralPak AS-H column.
dDetermined by comparison of the optical rotation value with the literature.

Scheme 3. Enantioselectivity controlling transition states.
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matic ring had influences on reactivity. The presence of an
electron-donating substituent at the para position of sub-
strates caused the reactivity to decrease (Table 2, entries 1,
7, and 11). In the aspect of stereoselectivity, similar results
were achieved to those reported by Walsh.77 Influences of
electronic property of the substituents on the enantioselectiv-
ity which exist in the catalytic system of b-amino alcohols,
described by Noyori,78 have not yet been observed in this
catalytic system. This may be attributed to the increase of
conformational flexibility in the TS of g-amino alcohols
(Scheme 3). The substitution patterns of substrates also had
some influences on reactivity and enantioselectivity. For
example, when the substitution of methoxy group was
changed from 2- to 3-position, the yield decreased from 82 to
45%, and enantioselectivity decreased slightly from 80 to 77%
ee (Table 2, entries 9 and 10). Cinnamaldehyde also gave the
corresponding alcohol in 73% yield and remarkably lower
enantioselectivity (47% ee) (Table 2, entry 16). Cyclohexane-
carboxaldehyde and hexanal had been applied in the cata-
lytic system but only moderate yields and enantioselectivities
were obtained (Table 2, entries 17, 18). Under the reaction
conditions, and with aliphatic aldehyde substrates, the aldol
reaction took place as the side reaction, resulting in the low
yields. In addition, when compared with aromatic aldehydes,
aliphatic aldehyde substrates with lower steric hindrance
substituents were reacted to give products with lower enan-
tioselectivity due to lower energy difference between the
two competitive anti-types TSs (anti-Si and anti-Re). There-
fore, hexanal gave the corresponding product with only
44% ee in comparison with 72% ee in the case of cyclohexane-
carboxaldehyde.

The catalytic system was then examined to determine if a
nonlinear effect was present.6,79–82 The reactions were pro-
ceeded in 6 ml toluene/hexane (1:1) with 0.25 M (C2H5)2Zn,
0.083 M C6H5CHO and 8.3 mM 2b at 2108C for 90 h
(Figure 3). The results demonstrated that a positive nonli-
nearity occurred when the enantiomeric excess of ligand 2b
is lower to 70% ee, and that a slightly negative deviation from
linearity occurred when the ee of 2b was higher than 70%.
The latter may be due to the experimental error.

The achievement of stereocontrol may be explained by the
mechanism proposed by Noyori:7–9 The g-amino alcohol

gave a tricyclic 6/4/4 TS, in which the Zn-atom is part of a
flexible six-membered ring in the catalytic chelate (Scheme
3). The stable TS is the anti-Si and the Si-face of the benzal-
dehyde is attacked to give the observed (S)-alcohol. There
may also exist two other higher-energy TSs, namely anti-Re
and syn-Re, which lead to the (R)-alcohol. If the ethyl group
transfers via the anti-Re TS, the repulsion interaction
between the Zn-Et and the phenyl results higher activation
energy. Via syn-Re, the electrostatic and nonbonded repul-
sion arise from the unreactive two syn-oriented Zn-Et specta-
tors also lead to higher TS energy. As demonstrated by Mar-
tı́nez27 and Goldfuss83 groups, the more flexible the ligands
are, the less the energy difference between anti-type and syn-
type TSs. Therefore, with the increase of flexibility of
ligands, stereoselectivity of the alcohols may decrease due to
the competitive participation of less energetically differenti-
ated syn- and anti-TSs. By such mechanism, the 6/4/4 TS
derived from the pyrrolidine-based g-amino alcohols is flexi-
ble and the energy difference among the anti-Si, anti-Re, and
syn-Re is decreased. Thus, the proportion via the competitive
reaction pathways anti-Re and syn-Re are increased, resulting
low enantioselectivity (81% ee) of the product when g-amino
alcohol 2b was used as chiral ligand. By such hypothesis,
the origin of the nonlinear effect (NLE) can be ascribed to
the reservoir effect. However, the practical situation may be
more complicated. Both the ML2 model and reservoir effect
may coexist in the catalytic system as demonstrated by
Kagan79 and Blackmond.81

CONCLUSIONS

g-Amino alcohols and their derivatives based on pyrroli-
dine were evaluated systematically in the enantioselective
addition reactions of diethylzinc to aldehydes. Among the
homoprolinols tested, the best results (45–88% yields, 44–
81% ee) in the addition reactions were from 2b. To the best
of our knowledge, 2b has been found to be the most efficient
g-amino alcohol catalyst based on pyrrolidine framework.
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