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Abstract—A series of new chiral ligands derived from D-glucose has been synthesized and applied in the enantioselective addition
of diethylzinc to aldehydes. Up to 94.1% e.e. was obtained in the ethylation reactions. In contrast to the ligands derived from
D-fructose, ligands derived from D-glucose gave the opposite asymmetric induction. © 2003 Elsevier Science Ltd. All rights
reserved.

1. Introduction

The enantioselective addition of diethylzinc to alde-
hydes is one of the most important synthetic procedures
for obtaining enantiopure secondary alcohols,1 which
are key intermediates in the preparation of many bio-
logically active compounds. Since the first report on the
asymmetric reaction in 1984 by Oguni and Omi, who
used certain �-amino alcohols as catalysts,2 numerous
efforts have been made to search for new effective
ligands in the reaction and to elucidate the reaction
mechanism.3

As analogs of �-amino alcohols, pyridyl alcohols have
been proved to be effective ligands for this reaction and
although a variety of pyridyl alcohols derived from
natural products such as camphor and nopinone have
been synthesized,4 reports on the design and develop-
ment of cheap and effective pyridyl alcohols derived
from carbohydrates are scarce.5 Moreover, it is difficult
to obtain two antipodal ligands derived from the natu-
ral products, because both enantiomers of the natural
product are not always readily available.

Recently, we synthesized a series of novel pyridyl alco-
hols derived from D-fructose as catalysts to explore the

structure–activity relationship of pyridyl alcohol ligands
in the enantioselective addition of diethylzinc to alde-
hydes.6 Some relevant observations from that study are
that the appropriate backbone length between the coor-
dinating nitrogen and oxygen is crucial for a highly
effective catalysis with these ligands. As might be
expected, all ligands derived from the D-fructose gave
the products with the same absolute (R)-configuration.
This led to the proposal that it is necessary to develop
effectively antipodal ligands to give the products with
(S)-configuration. However, from a synthetic view-
point, it is difficult to obtain the other enantiomers of
the pyridyl alcohols derived from the D-fructose, the
reason is that the L-fructose is not easy to obtain.
Conformational analysis of the chiral ketones derived
from D-fructose and D-glucose, allowed us to propose
that the chiral pyridyl alcohols derived from these two
chiral ketones might function as pseudo-enantiomers
(Fig. 1), i.e. they should give the reverse asymmetric
induction in the diethylzinc addition to aldehydes. In
addition, in contrast to the D-fructose-derived pyridyl
alcohols, the framework of the D-glucose-derived lig-
ands is a five-membered furanose-ring which is more
rigid than the six-membered pyranose-ring of the D-
fructose derived ligands and this might lead to higher
asymmetric induction for the ethylation reaction.
Herein, we report the synthesis of the pyridyl alcohols
derived from D-glucose with an appropriate backbone
length and their application in the enantioselective
addition of diethylzinc to aldehydes.
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Figure 1.

2. Results and discussion

2.1. Synthesis of ligands derived from D-glucose

The routes for the synthesis of the D-glucose derivatives
1–6 are shown in Scheme 1. 2-Picoline, 2,6-lutidine and
2-methylquinoline were first lithiated with n-BuLi in
ether at 0°C to give the corresponding organolithium,
followed by trapping with chiral ketone 7 or 8, which
can be readily synthesized from the commercially avail-
able D-glucose,7 produced compounds 1–6 in 51–78%
yields. The relative configurations of the products were
determined by two-dimensional NOESY experiments.
As far as 2 is concerned, the relative configuration is
confirmed by the existence of strong NOE interaction
between C(2)H and benzylic hydrogen H (Fig. 2),
which indicates that the benzylic group is cis to the
C(2)H. Accordingly, the (1R,2R,3R,4R,5R)-configura-
tions of furanose ring were deduced unambiguously.

2.2. Enantioselective addition of diethylzinc to alde-
hydes catalyzed by ligands 1–6

According to the general procedure (see Section 4), the
catalysts 1–6 were tested in the enantioselective addi-
tion reaction by the addition of 2.2 equiv. of diethylzinc
to benzaldehyde in the presence of a catalytic amount
(5 mol%) of the catalyst in toluene at 0°C to compare
their efficiency. The results are summarized in Table 1.

As can be seen from the Table 1, all the reactions
proceeded smoothly to give (S)-1-phenyl-1-propanol in
good yields and with enantiomeric excesses ranging

from 73.2 to 89.1%. Furthermore, the enantioselectivi-
ties of this reaction were very sensitive to the sub-
stituents of the pyridine ring and the protecting groups
on the D-glucose skeleton in the chiral catalysts.
Enhancement of the bulk of the protecting group on
the D-glucose skeleton induced an increase in the enan-
tioselectivity (entries 1 versus 2, or 3 versus 4, 5 versus
6). Comparison of entries 2, 4 and 6 clearly shows that
the enantiomeric excesses were also dependent on the
pyridine ring: It is noteworthy that the methyl-group on
the 6-position of pyridine ring is key to obtaining high
e.e., which indicated that the presence of a methyl-
group on the 6-position of pyridine ring may play a
screening role to push the Zn closer to the stereogenic
center in the transition state or that it can prevent the
approach of the substrate from the pyridine side. The
results suggest that 4 is the most effective chiral ligand
in this asymmetric reaction.

The effect of the reaction temperature on activity and
enantioselectivity was also studied using ligand 4 as the
catalyst. As expected, the yields of the ethylation
product were better at high temperature but the best
enantioselectivity was found at −10°C, the enantiomeric
excess dropped when the temperature was either raised
or lowered (entries 4, 7–9). In addition, the solvents of
the diethylzinc reagent have marginal effect on the
reaction (entries 7 versus 10).

In view of the above results, chiral ligands 4 was used
in catalysts for the enantioselective addition of diethyl-
zinc to a family of aldehydes comprising both aromatic
and aliphatic aldehydes and the results are shown in
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Scheme 1.

Figure 2.

3. Conclusions

In conclusion, as pseudo-antipodal ligands of D-fruc-
tose-derived pyridyl alcohols, a new series of chiral
ligands based on D-glucose have been readily synthe-
sized and applied as catalysts in the asymmetric addi-
tion diethylzinc to aldehydes with good e.e. Further
studies are now in progress to use these new ligands in
other catalytic asymmetric reactions.

4. Experimental

4.1. General methods

All reactions were carried out under an N2 atmosphere.
Melting points were measured on a Metter FP5 melting
apparatus and are uncorrected. NMR spectra were
measured in CDCl3 on a Bruker DRX-400 NMR spec-
trometer with TMS as an internal reference. Optical
rotations were measured with a JASCO P-1020 auto-
matic polarimeter. High resolution mass spectra were
recorded on Applied Biosystems Mariner System 5303.
Elemental analyses were performed on Elemental Ana-
lyzer-MOD 1106. Enantiomeric excess (e.e.) determina-
tion was carried out using GC with a �-DEX 120
capillary column on an Agilent HP-4890 GC instru-
ment with FID as detector or using HPLC with a
Chiralcel OD-H column on an Agilent 1100 Series. All

Table 2. It can be seen from the results that high
enantioselectivities were generally obtained for all the
aldehydes except for trans-cinnamaldehyde (entry 9),
which gave much lower enantioselectivity. The best
asymmetric induction (94.1%, entry 7 in Table 2) was
obtained by using electron-donating and bulky o-
anisaldehyde as substrate.

As expected, all ligands derived from D-glucose pro-
duced (S)-secondary alcohols, which is opposite to the
(R)-products promoted by the D-fructose-derived
pyridyl alcohols. From a synthetic viewpoint, it is of
interest to note that with both D-fructose and D-glu-
cose-derived pyridyl alcohols in hand, it is possible to
obtain both enantiomers of the chiral products.
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Table 1. Enantioselective addition of diethylzinc to benz-
aldehyde promoted by chiral ligands 1–6a

Entry Ligand Temperature E.e. (%)Yield (%)b

(config.)c(°C)

11 0 92 73.2 (S)
22 0 99 81.0 (S)
3 03 99 86.7 (S)
4 04 99 89.1 (S)
5 05 99 76.5 (S)
6 06 99 79.3 (S)
4 −107 99 90.1 (S)
4 −208 92 87.5 (S)
4 209 99 85.5 (S)
4 −1010 99 92.4 (S)d

a The reactions were carried out in toluene for 12 h, benzaldehyde/
Et2Zn/ligand=1.0/2.2/0.05, unless otherwise specified, diethylzinc
reagent is 1 M diethylzinc in hexane.

b Isolated yields based on the benzaldehyde.
c Determined by GC with �-DEX 120 capillary column and the

absolute configuration was determined by comparing the sign of
specific rotation.8

d 1.1 M diethylzinc in toluene was used.

solvents were dried and degassed by standard methods
and all other chemicals obtained commercially.

4.2. General procedures for the synthesis of N,O lig-
ands 1–6

To a solution of pyridine or quinoline derivatives (10
mmol) in 30 mL diethyl ether under N2 was added a 1.6
M solution of n-BuLi in hexane (11 mmol) at 0°C over
30 min. This solution was allowed to warm to rt and
stirred for 1 h. A solution of ketone (10 mmol) in 30
mL diethyl ether was added dropwise over 15 min with
vigorous stirring while the temperature cooled back to
0°C. The mixture was stirred overnight and hydrolyzed
with a saturated aqueous NH4Cl solution. The layers
were separated and the aqueous layer was extracted
with ether (3×50 mL). The combined organic layers
were washed with brine and dried over Na2SO4. The
solvent was removed under reduced pressure and crude
product was purified by silica gel column chromatogra-
phy to give white solid, which recrystallized from ethyl
acetate and hexane.

4.2.1. Synthesis of N,O ligand 1. The above procedure
was followed using 2-picoline and chiral ketone 7. After
work-up, it gave 1.8 g (51%) of 1: mp 129–130°C;
[� ]D12=+34.7 (c 0.48, CHCl3); 1H NMR (CDCl3): � 1.26
(s, 3H), 1.38 (s, 3H), 1.48 (s, 3H), 1.59 (s, 3H), 2.79 (d,
1H, J=14.4 Hz), 3.36 (d, 1H, J=14.4 Hz), 3.97–4.03
(m, 2H), 4.12–4.22 (m, 1H), 4.24–4.26 (m, 2H), 5.28 (br,
1H), 5.79 (d, 1H, J=3.6 Hz), 7.22 (m, 1H), 7.29 (t, 1H,
J=7.6 Hz), 7.66 (m, 1H), 8.51 (d, 1H, J=4.4 Hz); 13C
NMR (CDCl3): � 25.36, 26.36, 26.62, 26.77, 38.56,
67.76, 73.39, 79.88, 81.46, 82.07, 103.56, 109.65, 112.54,
121.89, 125.15, 136.78, 148.65, 157.61; HRMS (ESI)
calcd for C18H25NO6 (M++1): 352.1754, found:
352.1737.

4.2.2. Synthesis of N,O ligand 2. The above procedure
was followed using 2-picoline and chiral ketone 8. After
work-up, it gave 3.2 g (74%) of 2: mp 104–105°C;
[� ]D12=+42.0 (c 0.67, CHCl3); 1H NMR (CDCl3): �
1.30–1.79 (m, 20H), 2.80 (d, 1H, J=14.4 Hz), 3.36 (d,
1H, J=14.4 Hz), 3.94–4.00 (m, 2H), 4.12 (t, 1H, J=7.6
Hz), 4.20–4.30 (m, 2H), 4.81 (br, 1H), 5.80 (d, 1H,
J=3.6 Hz), 7.18–7.21 (m, 1H), 7.31 (t, 1H, J=7.6 Hz),
7.63–7.67 (m, 1H), 8.52 (d, 1H, J=4.4 Hz); 13C NMR
(CDCl3): � 23.25, 23.68, 23.83, 24.66, 24.93, 34.69,
35.78, 36.01, 36.06, 38.62, 67.38, 72.92, 79.57, 80.65,
81.69, 103.06, 109.90, 112.93, 121.73, 125.36, 136.69,
148.19, 157.28; HRMS (ESI) calcd for C24H33NO6 (M+

+1): 432.2380, found: 432.2382.

4.2.3. Synthesis of N,O ligand 3. The above procedure
was followed using 2,6-lutidine and chiral ketone 7.
After work-up, it gave 2.0 g (54%) 3c: mp 85–86°C;
[� ]D12=+22.4 (c 0.61, CHCl3); 1H NMR (CDCl3): � 1.26
(s, 3H), 1.34 (s, 3H), 1.48 (s, 3H), 1.60 (s, 3H), 2.53 (s,
3H), 2.75 (d, 1H, J=14.8 Hz), 3.29 (d, 1H, J=14.8
Hz), 3.98–4.00 (m, 2H), 4.12 (t, 1H, J=7.6 Hz), 4.21–
4.36 (m, 2H), 5.73 (d, 1H, J=3.6 Hz), 7.03–7.09 (m,
2H), 7.55 (t, 1H, J=7.8 Hz); 13C NMR (CDCl3): �
24.23, 25.35, 26.35, 26.59, 26.86, 38.00, 67.59, 73.41,

Table 2. Enantioselective addition of diethylzinc to alde-
hydes catalyzed by 4a

Entry Yield (%)bR E.e. (%) (config.)c

99C6H5 90.1 (S)1
99p-ClC6H42 91.8 (S)

p-BrC6H43 99 90.0 (S)
92.4 (S)p-CH3C6H44 93

p-CH3OC6H45 81 87.7 (S)
6 p-FC6H4 92 91.4 (S)
7 o-CH3OC6H4 99 94.1 (S)

o-ClC6H48 95 85.1 (S)
462-Thiophene- 70.2 (S)9

10 35.0 (S)dE-PhCH�CH 87
c-C6H11 7811 90.2 (S)e

CH3(CH2)7 5212 77.3 (S)e

a The reactions were carried out in toluene at −10°C for 12 h,
aldehyde/Et2Zn/4=1.0/2.2/0.05, the diethylzinc reagent is 1 M in
hexane.

b Isolated yields based on the aldehydes.
c Determined by GC with �-DEX 120 capillary column and the

absolute configuration was determined by comparing the sign of
specific rotation.8

d Determined by HPLC on a Chiralcel OD-H column.
e Determined by analyzing the acetate derivative of the product on

the �-DEX 120 capillary column.
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80.00, 81.20, 82.01, 103.38, 104.85, 109.56, 112.59,
121.62, 137.22, 156.95, 157.67; HRMS (ESI) calcd for
C19H27NO6 (M++1): 366.1911, found: 366.1897.

4.2.4. Synthesis of N,O ligand 4. The above procedure was
followed using 2,6-lutidine and chiral ketone 8. After
work-up, it gave 3.5 g (78%) of 4: mp 103–104°C; [� ]D12=+
29.4 (c 0.64, CHCl3); 1H NMR (CDCl3): � 1.31–1.82 (m,
20H), 2.52 (s, 3H), 2.82 (d, 1H, J=14.8 Hz), 3.29 (d, 1H,
J=14.8 Hz), 3.94–4.02 (m, 2H), 4.09 (t, 1H, J=7.6 Hz),
4.10–4.20 (m, 2H), 5.75 (d, 1H, J=3.6 Hz), 5.79 (br, 1H),
7.03–7.06 (m, 2H), 7.53 (t, 1H, J=7.8 Hz); 13C NMR
(CDCl3): � 23.38, 23.77, 23.90, 24.79, 25.03, 34.79, 35.91,
36.07, 36.21, 38.04, 67.36, 73.05, 79.73, 81.41, 81.52,
103.04, 109.95, 113.09, 121.64, 137.29, 156.68, 157.21;
HRMS (ESI) calcd for C25H35NO6 (M++1): 446.2537,
found: 446.2511. Anal. calcd for C25H35NO6: C, 67.39; H,
7.92; N, 3.14. found: C, 67.37; H, 7.56; N, 3.21%.

4.2.5. Synthesis of N,O ligand 5. The above procedure was
followed using 2-methylquinoline and chiral ketone 7.
After work-up, it gave 2.3 g (57%) 5: mp 151–152°C;
[� ]D12=+53.3 (c 0.41, CHCl3); 1H NMR (CDCl3): � 1.24
(s, 3H), 1.31 (s, 3H), 1.49 (s, 3H), 1.59 (s, 3H), 3.17 (d, 1H,
J=14.8 Hz), 3.57 (d, 1H, J=14.8 Hz), 4.00–4.05 (m, 2H),
4.15 (t, 1H, J=7.6 Hz), 4.24–4.30 (m, 2H), 5.88 (d, 1H,
J=3.6 Hz), 7.52 (d, 1H, J=8.4 Hz), 7.60 (t, 1H, J=8.0
Hz), 7.75 (t, 1H, J=8.0 Hz), 7.86 (d, 1H, J=8.0 Hz), 8.14
(d, 1H, J=8.4 Hz), 8.20 (d, 1H, J=8.4 Hz); 13C NMR
(CDCl3): � 25.29, 26.38, 26.66, 26.76, 38.47, 67.88, 73.46,
80.14, 81.67, 81.77, 103.67, 109.70, 112.61, 123.43,
126.94, 127.59, 130.49, 137.86, 158.17; HRMS (ESI)
calcd for C22H27NO6 (M++1): 402.1911, found: 402.1900.

4.2.6. Synthesis of N,O ligand 6. The above procedure was
followed using 2-methylquinoline and chiral ketone 8.
After work-up, it gave 3.1 g (64%) 6: mp 153–154°C;
[� ]D12=+61.6 (c 0.57, CHCl3); 1H NMR (CDCl3): � 1.30–
1.82 (m, 20H), 3.02 (d, 1H, J=14.8 Hz), 3.54 (d, 1H, J=
14.8 Hz), 3.97–4.00 (m, 2H), 4.08 (t, 1H, J=7.6 Hz),
4.22–4.27 (m, 1H), 4.33 (d, 1H,, J=3.6 Hz), 5.25 (br, 1H),
5.82 (d, 1H, J=3.6 Hz), 7.46 (d, 1H, J=8.4 Hz), 7.53 (t,
1H, J=8.0 Hz), 7.71 (t, 1H, J=8.0 Hz), 7.81 (d, 1H, J=
8.0 Hz), 8.03 (d, 1H, J=8.8 Hz), 8.12 (d, 1H, J=8.4 Hz);
13C NMR (CDCl3): � 23.40, 23.72, 23.85, 23.98, 24.80,
25.06, 34.78, 35.93, 36.21, 38.80, 67.68, 73.16, 80.00,
81.14, 82.07, 103.31, 110.18, 113.23, 123.68, 126.83,
126.96, 127.57, 130.37, 137.59, 158.23; HRMS (ESI)
calcd for C28H35NO6 (M++1): 482.2537, found: 482.2555.

4.3. General procedures for the asymmetric addition of
diethylzinc to aldehydes

Chiral ligand (0.05 mmol, 5 mol%) in dry toluene (3 mL)
was cooled to 0°C and 1 M diethylzinc in hexane (2.2
mmol, 2.2 mL) was added slowly. After stirring for 30
min at 0°C, freshly distilled aldehyde (1 mmol) was added
and the reaction was monitored by TLC. When the reac-
tion was completed, 1N HCl (5 mL) was added. The lay-
ers were separated and the aqueous layer was extracted
with diethylether (3×15 mL). The combined organic
phases were washed with brine, dried by Na2SO4 and
concentrated in vacuo. The residue was purified by silica

gel column chromatography, the enantiomeric excess was
determined by GC or HPLC.
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