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Asymmetric syntheses of N-substituted a-amino esters via
dynamic kinetic resolution of a-haloacyl diacetone-D-glucose
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Abstract—Diacetone-D-glucose or D-allose mediated dynamic kinetic resolution of a-halo esters in nucleophilic substitution reaction has
been investigated. Reactions with various amine nucleophiles in the presence of TBAI and DIEA can provide the N-substituted a-amino esters
up to 99:1 dr. Stereochemical models of transition states, taking into account a hydrogen bonding, are proposed on the basis of the observed
results. Also, application of this mild and simple methodology to stereoselective preparations of 1,10-iminodicarboxylic acid derivatives is
demonstrated.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

During the last decade, intensive efforts have been devoted
to develop the chiral auxiliary mediated dynamic resolution
of a-halo esters or a-halo amides in nucleophilic substitu-
tion.1 For asymmetric syntheses of a-amino acid derivatives,
recent studies in our laboratory have focused on the develop-
ment of a practical chiral auxiliary for dynamic resolution of
a-haloacyl compounds under mild and simple reaction con-
ditions amenable to easily scalable processes. Carbohydrates
are readily available and inexpensive natural products in
which numerous functional groups and stereogenic centers
are present in a molecule. Despite their stereochemical and
structural complexities, a large number of carbohydrate
based templates have been systematically developed and
used as chiral auxiliaries and chiral ligands for various
stereoselective reactions.2,3 Earlier we outlined our prelimi-
nary results in dynamic kinetic resolution of a-chloro-a-
aryl esters using diacetone-D-glucose as a chiral auxiliary.4

Herein we describe our recent progress to extend the scope
of the methodology to various a-halo esters and to under-
stand the mechanism of the asymmetric nucleophilic
substitution. Application of this methodology to highly
stereoselective preparation of 1,10-iminodicarboxylic acid
derivatives is also presented.
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2. Results and discussion

We have previously reported that the treatment of a-chloro-
a-phenyl acetate 1 with benzylamine (1.2 equiv), tetrabutyl-
ammonium iodide (1.0 equiv, TBAI), and diisopropylethyl-
amine (1.0 equiv, DIEA) in CH2Cl2 at room temperature
provided the substitution product 3 in 86% yield with 96:4
diastereomeric ratio (dr, aS:aR) as summarized pictorially
in Scheme 1.4 Subsequent removal of the chiral auxiliary
with MeOH and Et3N gave N-benzyl phenylglycinate (S)-4
in 67% yield with 96:4 er. The chiral information of D-glu-
cose is transferred to the substitution at a-chloro carbon
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Scheme 1. Reactions of a-halo-a-phenylacetates 1 and 2.
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center via dynamic kinetic resolution in the nucleophilic
substitution with benzylamine. The a-chloro stereogenic
center of 1 undergoes rapid epimerization in the presence
of DIEA and TBAI, and (aR)-1 reacts with benzylamine
preferentially to provide (aS)-3.5

In order to assess the effect of leaving group, TBAI and
DIEA on yield and stereoselectivity, a series of reactions
were examined as shown in Table 1. When a-bromo acetate
2 was treated with benzylamine in the presence of both TBAI
and DIEA, the substitution provided 3 in 74% yield with
almost same diastereoselectivity (95:5 dr) compared to the
reactions of a-chloro acetate 1 (entry 1). Significant decrease
in stereoselectivity was observed in the absence of TBAI
(entry 2), while mild drop in stereoselectivity was observed
in the absence of DIEA (entry 3). We speculate that the low-
ering of dr in the absence of TBAI or DIEA probably results
from the slower epimerization of a-bromo-a-phenyl acetate
2. In addition, the result in entry 4 suggests that the presence
of both TBAI and DIEA is important for highly stereoselec-
tive substitution. Unlike the cases of a-bromo acetate 2, the
reaction of a-chloro acetate 1 in the absence of TBAI gave
the substitution product 3 with almost same stereoselectivity
(95:5 dr) compared to the reaction of 1 in the presence of
both TBAI and DIEA (entry 5 and Scheme 1). On the other
hand, mild drop of selectivity was observed in the absence of
DIEA (entry 6). In both the reactions of a-chloro acetate 1 as
shown in entries 5 and 6, the rate of the substitution was sub-
stantially decreased and the product 3 was obtained in 33%
and 34% yields, respectively, after 24 h stirring at room tem-
perature. In addition, in the absence of both TBAI and DIEA,
the reaction did not produce 3 and most of starting material
was recovered (entry 7). These results seem to indicate that
both TBAI and DIEA are crucial for rate acceleration of the
substitution of a-chloro-a-phenyl acetate 1.

The scope of the observed dynamic kinetic resolution has
been examined with various a-alkyl esters. Initial studies
were carried out with the substitution reactions of a-chloro
propionate 5 derived from diacetone-D-glucose and racemic
a-chloro propionyl chloride. As shown in Table 2, entry 1,
treatment of 69:31 diastereomeric mixture of 5 with
BnNH2 (1.2 equiv), TBAI (1.0 equiv), and DIEA (1.0 equiv)
in CH2Cl2 for 24 h at room temperature gave 7 in 29% yield
with 84:16 dr.6 In an effort to improve the yield and the selec-
tivity, we examined the substitutions of a-bromo propionate
6 under the same reaction condition. The reaction of a-bromo

Table 1. Effects of leaving group, TBAI and DIEA in the reactions of 1 and 2

Entry S.M.a Conditionb % Yieldc drd (aS:aR)

1 2 TBAI, DIEA, BnNH2 74 (3) 95:5
2 2 DIEA, BnNH2 89 (3) 83:17
3 2 TBAI, BnNH2 72 (3) 92:8
4 2 BnNH2 67 (3) 74:26
5 1 DIEA, BnNH2 34 (3) 95:5
6 1 TBAI, BnNH2 33 (3) 92:8
7 1 BnNH2 N.R. —

a Initial drs of 1 and 2 were approximately 50:50.
b All reactions were carried out in CH2Cl2 for 24 h at rt.
c Isolated yields.
d The drs were determined by 1H NMR of reaction mixture and confirmed

by CSP-HPLC after removing the chiral auxiliary.
propionate 6 (73:27 dr) gave 7 in a better yield with a slightly
lower dr6 (entry 2). When 6 of 55:45 dr was treated with
benzylamine in the presence of TBAI and DIEA, the reaction
gave the product 7 with 80:20 dr as shown in entry 3.6

Thus, the dr of product 7 is not dependent on the starting ratio
of two epimers of a-bromo propionate 6, which indicates that
the primary pathway of the asymmetric induction is a
dynamic kinetic resolution. In the reactions of a-bromo
propionate 6, none of other solvents explored gave better
selectivities than CH2Cl2. As shown in entries 4–9, the sub-
stitution product 7 was obtained with 76:24 dr in CHCl3,
80:20 dr in THF, 72:28 dr in ether, 72:28 dr in DMF, 69:31
dr in n-hexane, and 76:24 dr in CH3CN. The faster reactions
at 50 �C in various solvents did not give better selectivities
compared to the reactions at room temperature.

Next, we examined six different amine nucleophiles in the
reactions of 6 as shown in Table 3. We were pleased to
observe that this methodology is efficient for some aromatic
and cyclic amine nucleophiles such as p-anisidine and
1,2,3,4-tetrahydroisoquinoline, affording amino acid deriva-
tives 10 and 12 with 91:9 dr and 97:3 dr, respectively, as
shown in entries 3 and 6. Reactions of a-bromo propionate
6 with isopropylamine, butylamine, dibenzylamine, and
benzylmethylamine gave moderate stereoselectivities.
Encouraged by the high asymmetric induction in the reac-
tions of a-bromo-a-methyl ester 6 with some amine nucleo-
philes, we examined two other a-bromo a-alkyl acetates 8
and 9 as shown in entries 8–12. When a-bromo-a-ethyl ace-
tate 8 was treated with 1,2,3,4-tetrahydroisoquinoline in the
presence of TBAI and DIEA for 24 h, the substitution pro-
vided the corresponding amino ester 18 in 49% yield with
95:5 dr, while the reactions of benzylamine and p-anisidine
gave moderate stereoselectivities (entries 8–10). The reac-
tions of a-bromo-a-butyl acetate 9 were also carried out
with benzylamine and p-anisidine for the asymmetric syn-
theses of a-butyl-a-amino acid derivatives 19 and 20 as
shown in entries 11 and 12. Limited results in Table 3 indi-
cate that the size and nature of the amine nucleophiles

Table 2. Reactions of a-halo-a-methyl acetates 5 and 6
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Entrya X dr of S.M. Solvent % Yieldb drc (aS:aR)

1 Cl 69:31 CH2Cl2 29 84:16
2 Br 73:27 CH2Cl2 90 80:20
3 Br 55:45 CH2Cl2 91 80:20
4 Br 73:27 CHCl3 99 76:24
5 Br 73:27 THF 87 80:20
6 Br 73:27 Ether 71 72:28
7 Br 73:27 DMF 73 72:28
8 Br 73:27 Hexane 93 69:31
9 Br 73:27 CH3CN 99 76:24

a All reactions were carried out in CH2Cl2 for 24 h at rt.
b Isolated yields.
c The drs were determined by 1H NMR of reaction mixture and confirmed

by CSP-HPLC after removing the chiral auxiliary.
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significantly affect the stereoselectivity of the nucleophilic
substitution. No noticeable size effects of R group attached
to the reacting center were recognized.

Our next concern was to examine the reactivity and the
stereocontrolling ability of D-allofuranose template for the
dynamic kinetic resolution of a-halo esters in nucleophilic
substitution. Nucleophilic substitutions of 21 and 22 with
benzylamine were conducted under the same reaction condi-
tion as that used for D-glucose derivatives 1 and 6. Treatment
of a-bromo propionate 21 with benzylamine, TBAI, and
DIEA gave the substitution product 23 in 81% isolated yield
with 71:29 dr (aS:aR) as shown in Scheme 2. Also, the reac-
tion of a-chloro acetate 22 took place with high stereoselec-
tivity, affording 24 in 69% isolated yield with 90:10 dr
(aS:aR). The ratio of the diastereomeric mixture obtained
from each nucleophilic substitution was determined by 1H
NMR analysis. The absolute configurations were assigned
after removal of chiral auxiliary by chiral HPLC analysis
of enantioenriched methyl N-benzyl alaninate and methyl
N-benzyl phenylglycinate.

A plausible mechanistic rationale for the stereochemical
outcomes observed in the nucleophilic substitutions of

Table 3. Reactions of a-bromo-a-alkyl acetates 6, 7 and 8
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Entrya R R1R2NH % Yieldb drc (aS:aR)

1 Methyl (6)
NH2

70 (10) 80:20

2 Methyl (6) NH2 80 (11) 77:23

3 Methyl (6) NH2MeO 85 (12) 91:9

4 Methyl (6) Ph N
H

Ph 48 (13) 69:31

5 Methyl (6) Ph N
H 91 (14) 75:25

6 Methyl (6) NH 92 (15) 97:3

8 Ethyl (8) Ph NH2 77 (16) 75:25

9 Ethyl (8) NH2MeO 99 (17) 70:30

10 Ethyl (8)
NH

49 (18) 95:5

11 Butyl (9) Ph NH2 40 (19) 78:22

12 Butyl (9) NH2MeO 64 (20) 97:3

a All reactions were carried out in CH2Cl2 for 24 h at rt.
b Isolated yields.
c The drs were determined by 1H NMR of reaction mixture.
D-glucose derivatives and D-allose derivatives is speculated
in Figure 1. We propose two transition state structures in
which the R group adopts cis conformation relatively to
the carbonyl group and hydrogen atom at C-3 of furanose
eclipses the carbonyl group, based on the previous mecha-
nistic studies of analogous reaction systems.1f,h,i With the
shown conformational alignment, the nucleophilic attack of
an amine nucleophile to sterically more hindered face could
be aided by hydrogen bonding to basic oxygen atom of chiral
auxiliary, thus explaining S-configurations of products ob-
served in both reactions of D-glucose derivatives and D-allose
derivatives. The proposed model by relying on hydrogen
bonding is consistent with the poor stereoselectivities of
the reactions with thiol nucleophiles and metalated nucleo-
philes, relatively poor hydrogen bond donor nucleophiles.7

Finally, we were pleased to demonstrate that this methodol-
ogy is also efficient for the substitution with various amino
ester nucleophiles, affording 1,10-iminodicarboxylic acid
derivatives 25–33 with high stereoselectivities as shown in
Table 4. 1,10-Iminodicarboxylic acid derivatives are pharma-
ceutically active as ACE-inhibitors and constitute interesting
natural substance.8 Substantial progress has been made
toward the development of efficient methods for stereo-
selective preparation of these compounds.9 As shown in
Table 4, entry 1, treatment of a-bromo-a-phenyl acetate 2
with glycine methyl ester hydrochloride (1.2 equiv), TBAI
(1.0 equiv), and DIEA (2.2 equiv) in CH2Cl2 at room temper-
ature provided 25 in 36% yield with 92:8 dr (aS:aR).
Interestingly, much higher stereoselectivities were obtained
in the reactions with a-substituted amino ester nucleophiles
to give the substituted products 26–31 as shown in entries
2–7. The reaction of 2 with L-alanine methyl ester afforded
26 in a ratio of 98:2 dr (aS:aR). When D-alanine methyl ester
was used as a nucleophile, 27 was obtained in a 99:1 (aS:aR)
ratio. Both L- and D-alanine ester nucleophiles gave the same
chirality at the a-center (S configuration) and no notable dou-
ble stereodifferentiation was observed. These results indicate
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that the stereochemistry of the major product is dominated by
the asymmetry of diacetone-D-glucose auxiliary and not that
of the incoming amino ester nucleophile. Furthermore, we
attempted the substitution reaction of a-bromo propionate
6 with proline benzyl ester and found that 31 was afforded
in 32% yield with 99:1 dr. The absolute configurations of
(aS)-26 and (aS)-29 were determined after removing chiral
auxiliary with MeOH and Et3N, by comparison to the 1H
NMR of authentic epimers of (S)-32 and (S)-33 individually
prepared from the substitution of methyl (R)-a-bromo
a-methyl acetate or methyl (R)-a-bromo a-isobutyl acetate
with L-phenylglycine methyl ester on the basis of inversion
mechanism (SN2). Those of 28, 30, and 31 were assigned
by analogy to the formation of 26 and 29. This convenient
approach for asymmetric syntheses of 1,10-iminodicarbox-
ylic acid derivatives appears to offer a substantial advantage
over previous methodologies.9

3. Conclusion

We have developed a novel and practical method for the
asymmetric syntheses of N-substituted amino esters via

Table 4. Asymmetric syntheses of 1,10-iminodicarboxylic acid derivatives
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Entrya Nucleophile R % Yieldb drc (aS:aR)

1 NH2MeO2C Ph 36 (25) 92:8

2
NH2MeO2C

Ph 55 (26) 98:2

3
NH2MeO2C

Ph 49 (27) 99:1

4
NH2t-BuO2C

Ph 67 (28) 98:2

5

NH2MeO2C

Ph 81 (29) 98:2

6

H
NBnO2C

Ph 60 (30) 99:1

7
H
NBnO2C

CH3 32 (31) 99:1

a All reactions were carried out in CH2Cl2 for 24 h at rt.
b Isolated yields.
c The drs were determined by 1H NMR of reaction mixture.
dynamic kinetic resolution of a-halo esters using carbohy-
drates as a chiral auxiliary. The present results indicate that
stereoselectivity is very dependent on both substrate and nu-
cleophile and is also significantly influenced by epimerizing
agents. Although the precise mechanism is still unclear, we
propose the presence of hydrogen bonding interaction be-
tween an amine nucleophile and the chiral auxiliary in the
transition state. The methodology has also been successful
for highly asymmetric syntheses of 1,10-iminodicarboxylic
acid derivatives. The simple and mild protocol requires no
special precautions and can be run on a multigram scale. In
the longer term, application to highly stereoselective nucleo-
philic substitution with a variety of nucleophiles should see
more general development and mechanistic analysis.

4. Experimental

4.1. General procedure for the preparation of a-halo
esters 1, 2, 5, 6, 8, 9, 21, and 22

For a-chloro esters 1, 5, and 22: chiral auxiliary (1.0 equiv),
racemic a-chloro a-phenyl (or methyl) acetyl chloride
(1.0 equiv), and Et3N (2.2 equiv) were dissolved in
CH2Cl2 and stirred at room temperature for 2 h. The mixture
was treated with extractive work up and the organic phase
was dried over MgSO4. Filtration and concentration pro-
vided the crude product that was purified by column chroma-
tography on silica gel.

For a-bromo esters 2, 6, 8, 9, and 21: chiral auxiliary
(1.0 equiv), racemic a-bromo acid (1.0 equiv), DCC
(1.0 equiv), Et3N (2.2 equiv), and DMAP (0.2 equiv) were
dissolved in CH2Cl2 and stirred at room temperature for
3 h. The precipitate was filtered off and the organic phase
was washed with water. The organic phase was dried over
MgSO4, filtered and concentrated to provide the crude prod-
uct that was purified by column chromatography on silica gel.

4.1.1. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) a-chloro-a-phenyl acetate (1). A colorless oil was
obtained in 89% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, two diastereomers) 7.51–7.36
(m, 5H), 5.85, 5.73 (d, J¼3.6 Hz, 1H), 5.38, 5.37 (s, 1H),
5.34, 5.33 (d, J¼2.9 Hz, 1H), 4.46, 4.32 (d, J¼3.6 Hz, 1H),
4.04–4.13 (m, 2H), 3.88–3.91 (m, 2H), 1.50, 1.39, 1.34,
1.29, 1.26, 1.14 (s, 12H); 13C NMR (CDCl3, 100 MHz, two
diastereomers) 167.3, 167.2, 135.7, 135.6, 129.9, 129.3,
128.3, 128.2, 112.9, 109.8, 109.7, 105.5, 105.4, 83.4, 83.3,
80.5, 80.4, 78.1, 78.0, 72.5, 72.3, 67.8, 67.7, 59.5, 59.3,
27.2, 27.1, 27.0, 26.6, 25.5, 25.4; Anal. Calcd for
C20H25ClO7: C, 58.12; H, 6.05. Found: C, 58.18; H, 6.10.

4.1.2. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) a-bromo-a-phenyl acetate (2). A pale yellow oil
was obtained in 54% yield as a mixture of two diastereo-
mers. 1H NMR (CDCl3, 400 MHz, two diastereomers)
7.56–7.36 (m, 5H), 5.88, 5.83 (d, J¼3.6 Hz, 1H), 5.38,
5.37 (s, 1H), 5.35, 5.34 (d, J¼2.9 Hz, 1H), 4.48, 4.42 (d,
J¼3.6 Hz, 1H), 4.19–3.94 (m, 4H), 1.51, 1.39, 1.36, 1.30,
1.28, 1.26, 1.18 (s, 12H); 13C NMR (CDCl3, 100 MHz,
two diastereomers) 167.2, 135.5, 129.9, 129.3, 129.1,
112.9, 109.8, 105.5, 80.4, 78.1, 72.4, 67.7, 46.9, 28.2,
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26.6, 25.5; Anal. Calcd for C20H25BrO7: C, 52.53; H, 5.51.
Found: C, 52.58; H, 5.64.

4.1.3. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) a-chloro propionate (5). A colorless oil was obtained
in 74% yield as a mixture of two diastereomers. 1H NMR
(CDCl3, 400 MHz, major diastereomer) 5.91 (d, J¼3.6 Hz,
1H), 5.33 (d, J¼2.6 Hz, 1H), 4.51 (d, J¼3.7 Hz, 1H), 4.43
(q, J¼6.9 Hz, 1H), 4.24–4.20 (m, 2H), 4.14–4.10 (m, 1H),
4.00–3.97 (m, 1H), 1.72 (d, J¼6.9 Hz, 3H), 1.53 (s, 3H),
1.37 (s, 3H), 1.32 (s, 3H), 1.31 (s, 3H); 13C NMR (CDCl3,
100 MHz, major diasteromer) 168.9, 112.8, 109.8, 105.5,
83.4, 80.4, 77.8, 72.7, 67.9, 52.6, 27.2, 27.1, 26.6, 25.5,
21.7; Anal. Calcd for C15H23ClO77: C, 51.36; H, 6.61.
Found: C, 51.30; H, 6.72.

4.1.4. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) a-bromo propionate (6). A pale yellow oil was
obtained in 61% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, major diastereomer) 5.91 (d,
J¼3.6 Hz, 1H), 5.33 (d, J¼2.8 Hz, 1H), 4.50 (d, J¼3.8 Hz,
1H), 4.40 (q, J¼6.9 Hz, 1H), 4.26–4.22 (m, 2H), 4.15–
4.12 (m, 1H), 3.99–3.96 (m, 1H), 1.86 (d, J¼6.9 Hz, 3H),
1.56 (s, 3H), 1.40 (s, 3H), 1.31 (s, 6H); 13C NMR (CDCl3,
100 MHz, major diastereomer) 169.0, 112.8, 109.8, 105.5,
83.4, 80.5, 80.1, 72.6, 67.9, 39.9, 27.2, 27.1, 26.6, 25.6,
21.8; Anal. Calcd for C15H23BrO: C, 45.58; H, 5.87.
Found: C, 45.51; H, 5.97.

4.1.5. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) a-bromobutyrate (8). A pale yellow oil was obtained
in 45% yield as a mixture of two diastereomers. 1H NMR
(CDCl3, 400 MHz, major diastereomer) 5.91 (m, 1H), 5.34
(m, 1H), 4.49 (m, 1H), 4.22 (m, 4H), 3.99 (m, 1H), 2.04
(m, 2H), 1.53 (s, 3H), 1.40 (s, 3H), 1.32 (s, 3H), 1.31 (s, 3H),
1.04 (s, 3H); 13C NMR (CDCl3, 100 MHz, major diastereo-
mer) 168.5, 112.8, 109.8, 105.5, 83.3, 80.4, 77.8, 72.6, 67.0,
47.5, 28.6, 27.2, 26.6, 25.5, 24.7, 12.2; Anal. Calcd for
C16H25BrO7: C, 46.95; H, 6.16. Found: C, 46.96; H, 6.24.

4.1.6. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) a-bromohexanoate (9). A pale yellow oil was
obtained in 49% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, major diastereomer) 5.90 (d,
J¼2.2 Hz, 1H), 5.33 (m, 1H), 4.49 (m, 1H), 4.23 (m, 3H),
4.13 (m, 1H), 4.01 (m, 1H), 2.10 (m, 2H), 1.53 (s, 3H),
1.32 (m, 13H), 0.92 (t, 3H); 13C NMR (CDCl3, 100 MHz,
major diastereomer) 168.6, 112.9, 109.8, 105.5, 83.3, 80.3,
77.7, 72.6, 67.9, 45.9, 34.8, 29.6, 27.2, 27.1, 26.6, 25.6,
22.4, 14.2; Anal. Calcd for C18H29BrO7: C, 49.44; H, 6.68.
Found: C, 49.52; H, 6.73.

4.1.7. (1,2:5,6-Di-O-isopropylidene-a-D-allofuranos-3-O-
yl) a-bromo propionate (21). A pale yellow oil was
obtained in 98% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, major diastereomer) 5.86 (d,
J¼3.5 Hz, 1H), 4.87–4.86 (m, 2H), 4.43–4.41 (m, 1H),
4.33–4.32 (m, 1H), 4.19–4.18 (m, 1H), 4.11–4.07 (m, 1H),
3.95–3.92 (m, 1H), 1.86 (d, J¼7.0 Hz, 3H), 1.55 (s, 3H),
1.43 (s, 3H), 1.36 (s, 3H), 1.34 (s, 3H); 13C NMR (CDCl3,
100 MHz, major diastereomer) 169.6, 113.5, 110.4, 104.6,
78.0, 77.8, 75.3, 74.0, 66.0, 40.1, 29.2, 26.7, 25.4, 22.3,
21.9; Anal. Calcd for C15H23BrO7: C, 45.58; H, 5.87.
Found: C, 45.65; H, 5.81.
4.1.8. (1,2:5,6-Di-O-isopropylidene-a-D-allofuranos-3-O-
yl) a-chloro-a-phenyl acetate (22). A colorless oil was
obtained in 99% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, two diastereomers) 7.52–7.37
(m, 5H), 5.83, 5.81 (d, J¼3.8 Hz, 1H), 5.44–5.42 (s, 1H),
4.89–4.81 (m, 2H), 4.29–4.05 (m, 1H), 3.90–3.59 (m, 3H),
1.60–1.22 (s, 12H); 13C NMR (CDCl3, 100 MHz, major
diastereomer) 167.7, 135.9, 129.7, 129.2, 128.7, 113.6,
110.4, 104.8, 78.3, 75.5, 75.0, 74.3, 66.2, 59.1, 27.3, 26.7,
26.5, 25.5, 21.4; Anal. Calcd for C20H25ClO7: C, 58.18;
H, 6.10. Found: C, 58.21; H, 6.05.

4.2. General procedure for the asymmetric preparation
of 3, 7, 10–20, 23–31

To a solution of a-halo ester (1, 2, 5–9, 21, and 22) in CH2Cl2
(ca. 0.1 M) at room temperature were added DIEA
(1.0 equiv), TBAI (1.0 equiv), and a nucleophile (1.2 equiv).
After the resulting reaction mixture was stirred at room tem-
perature for 12 h, the solvent was evaporated and the crude
material was purified by column chromatography to give
a a-amino ester. The dr of the product was determined by
1H NMR integration of anomeric or a-hydrogens of two
diastereomers.

4.2.1. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) N-benzyl-(S)-phenylglycinate (3). A colorless oil
was obtained in 86% yield as a mixture of two diastereo-
mers. 1H NMR (CDCl3, 400 MHz, major diastereomer)
7.38–7.25 (m, 10H), 5.56 (d, J¼3.6 Hz, 1H), 5.33 (d,
J¼2.6 Hz, 1H), 4.41 (s, 1H), 4.18–3.97 (m, 5H), 3.76 (d,
J¼4.0 Hz, 2H), 2.34 (br, 1H), 1.48 (s, 3H), 1.41 (s, 3H),
1.31 (s, 3H), 1.22 (s, 3H); 13C NMR (CDCl3, 100 MHz,
major diastereomer) 172.1, 139.8, 138.0, 129.2, 128.9,
128.8, 128.1, 127.8, 127.7, 112.8, 109.8, 105.4, 83.3, 80.3,
77.8, 76.8, 72.8, 67.7, 64.7, 51.8, 27.3, 27.2, 26.6, 25.7;
HRMS (ESI) calcd for C27H34NO7 (M++1): 484.2335.
Found: 484.2340.

4.2.2. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) N-benzyl-(S)-alaninate (7). A colorless oil was
obtained in 90% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, major diastereomer) 7.33–7.25
(m, 5H), 5.86 (d, J¼3.6 Hz, 1H), 5.39 (d, J¼2.6 Hz, 1H),
4.42 (d, J¼3.7 Hz, 1H), 4.21–4.18 (m, 2H), 4.11–4.07 (m,
1H), 4.03–4.00 (m, 1H), 3.81 (d, J¼12.9 Hz, 1H), 3.68 (d,
J¼12.9 Hz, 1H), 3.44 (q, J¼7.0 Hz, 1H), 1.81 (br, 1H),
1.53 (s, 3H), 1.42 (s, 3H), 1.32 (s, 3H), 1.31 (s, 3H), 1.29
(d, J¼7.0 Hz, 3H); 13C NMR (CDCl3, 100 MHz, major dia-
stereomer) 174.8, 139.9, 128.9, 128.6, 127.6, 112.8, 109.9,
105.5, 83.9, 80.6, 76.4, 72.7, 67.9, 56.2, 52.3, 25.3, 27.2,
26.6, 25.7, 19.5; Anal. Calcd for C22H31NO7: C, 62.69; H,
7.41; N, 3.32. Found: C, 62.86; H, 7.44; N; 3.12. For removal
of chiral auxiliary, the mixture of 7 and Et3N (15 equiv) in
methanol (0.03 M) was stirred for 2 days. The solvent was
evaporated and the crude material was purified by column
chromatography to give methyl (N-benzyl) (S)-alaninate in
66% yield. 1H NMR (CDCl3, 400 MHz) 7.32–7.23 (m,
5H), 3.80 (d, J¼12.8 Hz, 1H), 3.72 (s, 3H), 3.67 (d,
J¼12.8 Hz, 1H), 3.39 (q, J¼7.0 Hz, 1H), 1.85 (br, 1H),
1.32 (d, J¼7.0 Hz, 3H); 13C NMR (CDCl3, 100 MHz)
176.6, 140.1, 128.8, 128.6, 127.5, 56.3, 52.4, 52.2, 19.5.
Chiral HPLC: 79:21 er, tR (S)-major enantiomer, 5.1 min;
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tR (R)-minor enantiomer, 5.6 min (Chiralcel OD column;
10% 2-propanol in hexane; 0.5 mL/min).

4.2.3. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) N-isopropyl-(S)-alaninate (10). A colorless oil
was obtained in 70% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, major diastereomer) 5.89 (d,
J¼3.5 Hz, 1H), 5.37 (d, J¼2.0 Hz, 1H), 4.43 (d, J¼3.7 Hz,
1H), 4.19–4.11 (m, 3H), 4.00 (m, 1H), 3.49 (q, J¼7.0 Hz,
1H), 2.78 (m, 1H), 1.75 (br, 1H), 1.53 (s, 3H), 1.40 (s, 3H),
1.32 (m, 9H), 1.06, 1.02 (d, J¼6.3 Hz, 6H); 13C NMR
(CDCl3, 100 MHz, major diastereomer) 175.3, 112.8,
109.8, 105.5, 83.8, 80.6, 76.3, 72.7, 68.0, 54.3, 47.1, 27.2,
26.6, 25.6, 24.2, 22.4, 22.3, 20.0; Anal. Calcd for
C18H31NO7: C, 57.89; H, 8.37; N, 3.75. Found: C, 57.89;
H, 8.50; N, 3.58.

4.2.4. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) N-butyl-(S)-alaninate (11). A colorless oil was
obtained in 80% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, major diastereomer) 5.89 (d,
J¼3.5 Hz, 1H), 5.36 (d, J¼2.6 Hz, 1H), 4.44 (d, J¼3.7 Hz,
1H), 4.19 (m, 2H), 4.10 (m, 1H), 4.01 (m, 1H), 3.38 (q,
J¼7.0 Hz, 1H), 2.58 (m, 1H), 2.51 (m, 1H), 1.68 (br, 1H),
1.53 (s, 3H), 1.45 (m, 2H), 1.40 (s, 3H), 1.38–1.30
(m, 2H), 1.31 (s, 3H), 1.30 (s, 3H), 0.91 (t, J¼7.2 Hz, 3H);
13C NMR (CDCl3, 100 MHz, major diastereomer) 174.9,
112.8, 109.7, 105.6, 83.9, 80.5, 76.3, 72.7, 67.9, 57.0,
47.9, 32.7, 27.2, 27.1, 26.6, 25.6, 20.7, 19.4, 14.3; Anal.
Calcd for C19H33NO7: C, 58.90; H, 8.58; N, 3.61. Found:
C, 58.88; H, 8.61; N, 3.51.

4.2.5. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) N-p-methoxyphenyl-(S)-alaninate (12). A color-
less oil was obtained in 85% yield as a mixture of two
diastereomers. 1H NMR (CDCl3, 400 MHz, major diastereo-
mer) 6.78 (d, J¼8.8 Hz, 2H), 6.61 (d, J¼8.9 Hz, 2H), 5.59 (d,
J¼3.6 Hz, 1H), 5.25 (d, J¼1.8 Hz, 1H), 4.18 (m, 5H), 4.00
(m, 1H), 3.76 (m, 1H), 3.72 (s, 3H), 1.48 (m, 6H), 1.39
(s, 3H), 1.30 (s, 3H), 1.89 (s, 3H); 13C NMR (CDCl3,
100 MHz, major diastereomer) 173.8, 153.4, 141.1, 115.7,
115.3, 112.7, 109.8, 105.5, 83.5, 80.2, 76.6, 72.8, 68.0,
56.1, 54.0, 27.2, 27.1, 26.4, 25.6, 19.1; Anal. Calcd for
C22H31NO8: C, 60.40; H, 7.14; N, 3.20. Found: C, 60.60;
H, 7.09; N, 3.09.

4.2.6. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) N-dibenzyl-(S)-alaninate (13). A colorless oil was
obtained in 48% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, major diastereomer) 7.39–7.23
(m, 10H), 5.84 (d, J¼3.6 Hz, 1H), 5.35 (d, J¼2.9 Hz, 1H),
4.42 (d, J¼3.6 Hz, 1H), 4.20 (m, 2H), 4.09 (m, 1H), 4.05
(m, 1H), 3.84 (d, J¼14.1 Hz, 2H), 3.68 (d, J¼14.0 Hz, 2H),
3.55 (q, J¼7.1 Hz, 1H), 1.53 (s, 3H), 1.44 (s, 3H), 1.24 (m,
9H); 13C NMR (CDCl3, 100 MHz, major diastereomer)
172.9, 140.1, 140.0, 129.0, 128.7, 128.6, 127.5, 127.4,
112.8, 109.8, 105.5, 84.0, 80.4, 76.5, 72.8, 68.1, 56.8, 56.6,
54.7, 27.4, 27.2, 26.5, 25.7, 15.5; Anal. Calcd for
C29H37NO7: C, 68.08; H, 7.29; N, 2.74. Found: C, 68.05;
H, 7.15; N, 2.71.

4.2.7. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) N-benzyl-N-methyl-(S)-alaninate (14). A colorless
oil was obtained in 91% yield as a mixture of two diastereo-
mers. 1H NMR (CDCl3, 400 MHz, major diastereomer)
7.34–7.24 (m, 5H), 5.87 (d, J¼3.6 Hz, 1H), 5.34 (d,
J¼2.9 Hz, 1H), 4.45 (d, J¼3.7 Hz, 1H), 4.21 (m, 2H), 4.11
(m, 1H), 4.01 (m, 1H), 3.75 (d, J¼13.6 Hz, 1H), 3.64 (d,
J¼13.5 Hz, 1H), 3.49 (q, J¼7.1 Hz, 1H), 2.30 (s, 3H),
1.53 (s, 3H), 1.41 (s, 3H), 1.35 (d, J¼7.1 Hz, 3H), 1.34 (s,
3H), 1.27 (s, 3H); 13C NMR (CDCl3, 100 MHz, major dia-
stereomer) 172.5, 139.7, 129.0, 128.7, 127.4, 112.8, 109.8,
105.5, 84.0, 80.5, 76.4, 72.8, 68.0, 61.1, 58.7, 38.1, 27.2,
27.1, 26.6, 25.6, 15.4; Anal. Calcd for C23H33NO7: C,
63.43; H, 7.64; N, 3.22. Found: C, 63.43; H, 7.68; N, 3.13.

4.2.8. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) (S)-a-(3,4-dihydro-2(1H)-isoquinolinyl)propionate
(15). A pale yellow oil was obtained in 92% yield as a mix-
ture of two diastereomers. 1H NMR (CDCl3, 400 MHz,
major diastereomer) 7.11–6.98 (m, 4H), 5.88 (d, J¼3.7 Hz,
1H), 5.34 (d, J¼2.9 Hz, 1H), 4.47 (d, J¼3.7 Hz, 1H),
4.23–4.17 (m, 2H), 4.13–4.09 (m, 1H), 4.01–3.97 (m, 1H),
3.85–3.83 (m, 2H), 3.57 (q, J¼7.0 Hz, 1H), 3.03–3.01 (m,
1H), 2.88–2.82 (m, 3H), 1.52 (s, 3H), 1.43 (d, J¼7.0 Hz,
3H), 1.37 (s, 3H), 1.30 (s, 3H), 1.21 (s, 3H); 13C NMR
(CDCl3, 100 MHz, major diastereomer) 172.1, 135.1,
134.7, 129.2, 126.9, 126.5, 125.9, 112.8, 109.8, 105.5,
84.0, 80.5, 76.5, 72.8, 68.9, 62.5, 54.4, 47.6, 30.2, 27.2,
27.1, 26.6, 25.5, 15.4; Anal. Calcd for C24H33NO7: C,
64.41; H, 7.43; N, 3.13. Found: C, 64.41; H, 7.54; N, 3.07.

4.2.9. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) a-(N-benzylamino)butyrate (16). A colorless oil
was obtained in 77% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, major diastereomer) 7.34–7.25
(m, 5H), 5.85 (d, J¼3.7 Hz, 1H), 5.40 (d, J¼2.4 Hz, 1H),
4.41 (d, J¼3.7 Hz, 1H), 4.21–4.17 (m, 2H), 4.11–4.08 (m,
1H), 4.03–4.00 (m, 1H), 3.83 (d, J¼12.9 Hz, 1H), 3.63 (d,
J¼13.0 Hz, 1H), 3.23 (t, 1H), 1.70 (m, 2H), 1.53 (s, 3H),
1.42 (s, 3H), 1.32–1.26 (m, 6H), 0.94 (t, 3H); 13C NMR
(CDCl3, 100 MHz, major diastereomer) 174.5, 140.2,
128.8, 128.6, 127.5, 112.9, 109.9, 105.7, 83.9, 80.6, 76.6,
72.8, 68.2, 62.4, 52.6, 27.3, 27.2, 27.1, 26.7, 25.7, 10.7;
Anal. Calcd for C23H33NO7: C, 63.43; H, 7.64; N, 3.22.
Found: C, 63.66; H, 7.56; N, 3.01.

4.2.10. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) a-(N-p-methoxyphenylamino)butyrate (17). A
colorless oil was obtained in 99% yield as a mixture of
two diastereomers. 1H NMR (CDCl3, 400 MHz, major
diastereomer) 6.78 (d, J¼8.9 Hz, 2H), 6.62 (d, J¼8.9 Hz,
2H), 5.57 (d, J¼3.6 Hz, 1H), 5.26 (d, J¼2.1 Hz, 1H),
4.16–4.09 (m, 3H), 4.02–3.97 (m, 3H), 3.75 (br, 1H), 3.72
(s, 1H), 1.87–1.84 (m, 2H), 1.48 (s, 3H), 1.39 (s, 3H), 1.29
(m, 3H), 1.22 (s, 3H), 1.05 (t, J¼7.4 Hz, 3H); 13C NMR
(CDCl3, 100 MHz, major diastereomer) 173.1, 153.4,
141.3, 115.3, 115.2, 112.7, 109.8, 105.6, 83.5, 80.3, 76.5,
72.8, 67.9, 60.1, 56.1, 27.2, 27.1, 26.6, 26.3, 25.6, 10.6;
Anal. Calcd for C23H33NO8: C, 61.18; H, 7.37; N, 3.10.
Found: C, 61.17; H, 7.44; N, 3.39.

4.2.11. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) (S)-a-(3,4-dihydro-2(1H)-isoquinolinyl)butyrate
(18). A colorless oil was obtained in 49% yield as a mixture
of two diastereomers. 1H NMR (CDCl3, 400 MHz, major
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diastereomer) 7.26–6.98 (m, 4H), 5.86 (d, J¼3.7 Hz, 1H),
5.35 (d, J¼2.9 Hz, 1H), 4.45 (d, J¼3.6 Hz, 1H), 4.24–4.12
(m, 3H), 4.01–3.98 (m, 1H), 3.90–3.78 (m, 2H), 3.35 (m,
1H), 3.06–3.03 (m, 1H), 2.88–2.76 (m, 3H), 1.82 (m, 2H),
1.52 (s, 3H), 1.37 (s, 3H), 1.30 (s, 3H), 1.21 (s, 3H), 0.98
(t, 3H); 13C NMR (CDCl3, 100 MHz, major diastereomer)
171.4, 135.4, 134.8, 129.2, 126.9, 126.5, 126.0, 110.1,
112.9, 105.5, 84.0, 80.6, 76.4, 72.7, 69.4, 68.2, 52.6, 47.4,
30.3, 27.2, 26.6, 25.5, 23.2, 23.1, 11.2; HRMS (ESI) calcd
for C25H36NO7 (M++1): 462.2492. Found: 462.2492.

4.2.12. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-
3-O-yl) (S)-a-(N-benzylamino)hexanoate (19). A colorless
oil was obtained in 40% yield as a mixture of two diastereo-
mers. 1H NMR (CDCl3, 400 MHz, major diastereomer)
7.33–7.24 (m, 5H), 5.85 (d, J¼3.6 Hz, 1H), 5.39 (d,
J¼2.3 Hz, 1H), 4.41 (d, J¼3.6 Hz, 1H), 4.20 (m, 2H), 4.09
(m, 1H), 4.02 (m, 1H), 3.81 (d, J¼12.9 Hz, 1H), 3.64 (d, J¼
12.9 Hz, 1H), 3.27 (t, 1H), 1.77–1.53 (m, 6H), 1.42–1.27 (m,
12H), 0.88 (t, J¼7.1 Hz, 3H); 13C NMR (CDCl3, 100 MHz,
major diastereomer) 174.7, 140.2, 128.8, 128.7, 127.5,
112.8, 109.9, 105.5, 83.8, 80.5, 76.7, 72.8, 68.1, 61.1, 52.4,
33.7, 28.3, 27.3, 26.7, 25.7, 22.9, 14.3; HRMS (ESI) calcd
for C25H38NO7 (M++1): 464.2648. Found: 464.2646.

4.2.13. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) (S)-a-(N-p-methoxyphenylamino)hexanoate (20). A
pale yellow oil was obtained in 64% yield as a mixture of
two diastereomers. 1H NMR (CDCl3, 400 MHz, major dia-
stereomer) 6.76 (d, J¼8.8 Hz, 2H), 6.61 (d, J¼8.8 Hz,
2H), 5.54 (d, J¼3.6 Hz, 1H), 5.25 (d, J¼2.2 Hz, 1H),
4.24–3.98 (m, 6H), 3.72 (s, 3H), 1.78 (m, 2H), 1.47–1.34
(m, 4H), 1.46 (s, 3H), 1.39 (s, 3H), 1.29 (s, 3H), 1.21 (s,
3H), 0.92 (t, J¼7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz,
major diastereomer) 174.7, 153.4, 141.4, 115.6, 115.3,
112.7, 109.8, 105.5, 83.4, 80.3, 76.5, 72.8, 67.9, 58.9,
56.1, 33.2, 28.2, 27.2, 27.1, 26.4, 25.6, 22.8, 14.3; Anal.
Calcd for C25H37NO8: C, 62.61; H, 7.78; N, 2.92. Found:
C, 62.58; H, 7.86; N, 2.63.

4.2.14. (1,2:5,6-Di-O-isopropylidene-a-D-allofuranos-
3-O-yl) N-benzyl-(S)-alaninate (23). A colorless oil was
obtained in 81% yield as a mixture of two diastereomers.
1H NMR (CDCl3, 400 MHz, major diastereomer) 7.36–7.25
(m, 5H), 5.84 (d, J¼3.6 Hz, 1H), 4.90 (m, 2H), 4.30 (m,
1H), 4.17 (m, 1H), 4.07 (m, 1H), 3.90 (m, 2H), 3.70 (d,
J¼12.9 Hz, 1H), 3.47 (q, J¼7.0 Hz, 1H), 1.92 (br, 1H),
1.58 (s, 3H), 1.47 (s, 3H), 1.35 (m, 9H); 13C NMR (CDCl3,
100 MHz, major diastereomer) 175.4, 140.2, 128.8, 128.7,
127.5, 113.4, 110.4, 104.6, 78.2, 75.5, 73.5, 66.2, 56.4,
55.8, 52.3, 27.2, 27.1, 26.7, 25.3, 19.2; Anal. Calcd for
C22H31NO7: C, 62.69; H, 7.41; N, 3.32. Found: C, 62.66;
H, 7.57; N, 3.18.

4.2.15. (1,2:5,6-Di-O-isopropylidene-a-D-allofuranos-
3-O-yl) N-benzyl-(S)-phenylglycinate (24). A colorless
oil was obtained in 69% yield as a mixture of two diastereo-
mers. 1H NMR (CDCl3, 400 MHz, major diastereomer)
7.40–7.25 (m, 10H), 5.83 (d, J¼3.9 Hz, 1H), 4.92–4.81 (m,
2H), 4.53 (s, 1H), 4.15–4.06 (m, 2H), 3.81 (m, 3H), 3.38 (m,
1H), 2.34 (br, 1H), 1.56 (s, 3H), 1.34 (s, 3H), 1.24 (s, 3H),
1.13 (s, 3H); 13C NMR (CDCl3, 100 MHz, major diastereo-
mer) 172.6, 139.9, 138.0, 129.1, 128.8, 128.7, 128.4, 128.1,
127.5, 113.4, 110.2, 104.8, 78.1, 77.9, 75.6, 73.8, 65.6, 64.4,
51.7, 27.3, 26.7, 26.4, 25.5; Anal. Calcd for C27H33NO7: C,
67.06; H, 6.88; N, 2.90. Found: C, 66.93; H, 7.08; N, 2.87.

4.2.16. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) N-[1-(methoxycarbonyl) methyl]-(S)-phenylglyci-
nate (25). A colorless oil was obtained in 36% yield as a
mixture of two diastereomers. 1H NMR (CDCl3, 400 MHz,
major diastereomer) 7.39–7.27 (m, 5H), 5.54 (d,
J¼3.7 Hz, 1H), 5.32 (d, J¼2.4 Hz, 1H), 4.51 (s, 1H),
4.19–4.05 (m, 4H), 3.99–3.96 (m, 1H), 3.71 (s, 3H), 3.40
(d, J¼3.6 Hz, 2H), 2.45 (br, 1H), 1.47 (s, 3H), 1.41 (s,
3H), 1.32 (s, 3H), 1.22 (s, 3H); 13C NMR (CDCl3,
100 MHz, major diastereomer) 172.6, 171.3, 137.3, 129.3,
129.0, 128.0, 112.8, 109.8, 105.4, 83.3, 80.3, 76.9, 72.8,
67.7, 64.9, 52.3, 48.4, 27.2, 27.1, 26.6, 25.6; HRMS (ESI)
calcd for C23H32NO9 (M++1): 466.2077. Found: 466.2054.

4.2.17. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) N-[(S)-1-(methoxycarbonyl)ethyl]-(S)-phenylglyci-
nate (26). A colorless oil was obtained in 55% yield as a
mixture of two diastereomers. 1H NMR (CDCl3, 400 MHz,
major diastereomer) 7.40–7.28 (m, 5H), 5.56 (d, J¼3.6 Hz,
1H), 5.33 (d, J¼2.2 Hz, 1H), 4.47 (s, 1H), 4.19–4.06 (m,
4H), 3.99–3.96 (m, 1H), 3.64 (s, 3H), 3.44 (q, J¼6.4 Hz,
1H), 2.40 (br, 1H), 1.47 (s, 3H), 1.41 (s, 3H), 1.32 (m, 6H),
1.22 (s, 3H); 13C NMR (CDCl3, 100 MHz, major diastereo-
mer) 175.5, 171.6, 137.7, 129.2, 128.9, 127.9, 112.7, 109.8,
105.4, 83.3, 80.3, 76.8, 72.8, 67.7, 64.9, 54.9, 52.3, 27.2,
27.1, 26.6, 25.6, 19.2; HRMS (ESI) calcd for C24H34NO9

(M++1): 480.2234. Found: 480.2225.

4.2.18. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) N-[(R)-1-(methoxycarbonyl)ethyl]-(S)-phenylglyci-
nate (27). A colorless oil was obtained in 49% yield as a
mixture of two diastereomers. 1H NMR (CDCl3, 400 MHz,
major diastereomer) 7.38–7.29 (m, 5H), 5.48 (d,
J¼3.6 Hz, 1H), 5.26 (d, J¼2.4 Hz, 1H), 4.46 (s, 1H), 4.19
(m, 2H), 4.07 (m, 2H), 3.95 (m, 1H), 3.71 (s, 3H), 3.23 (q,
J¼7.0 Hz, 1H), 2.65 (br, 1H), 1.47 (s, 3H), 1.40 (s, 3H),
1.33 (m, 6H), 1.21 (s, 3H); 13C NMR (CDCl3, 100 MHz,
major diastereomer) 175.7, 171.4, 137.8, 129.1, 128.8,
128.1, 112.8, 109.7, 105.3, 83.2, 80.1, 77.0, 72.8, 67.5,
63.8, 54.0, 52.3, 27.2, 27.1, 26.6, 25.6, 19.5; HRMS (ESI)
calcd for C24H34NO9 (M++1): 480.2234. Found: 480.2220.

4.2.19. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) N-[(S)-1-(tert-butoxycarbonyl)ethyl]-(S)-phenyl-
glycinate (28). A colorless oil was obtained in 67% yield
as a mixture of two diastereomers. 1H NMR (CDCl3,
400 MHz, major diastereomer) 7.40–7.28 (m, 5H), 5.57 (d,
J¼3.6 Hz, 1H), 5.33 (d, 1H), 4.47 (s, 1H), 4.18–4.06 (m,
4H), 3.99 (m, 1H), 3.30 (q, J¼6.8 Hz, 1H), 2.36 (br, 1H),
1.47–1.37 (m, 15H), 1.32–1.26 (m, 6H), 1.21 (s, 3H);
13C NMR (CDCl3, 100 MHz, major diastereomer) 174.4,
171.6, 138.0, 129.2, 128.8, 127.9, 112.7, 109.7, 105.4,
83.3, 81.5, 80.3, 76.7, 72.8, 67.6, 64.3, 55.5, 28.4, 27.2,
27.1, 26.6, 25.6, 19.3; HRMS (ESI) calcd for C27H40NO9

(M++1): 522.2703. Found: 522.2692.

4.2.20. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) N-[(S)-1-(methoxycarbonyl)-3-methylbutyl]-(S)-
phenylglycinate (29). A colorless oil was obtained in 81%
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yield as a mixture of two diastereomers. 1H NMR (CDCl3,
400 MHz, major diastereomer) 7.40–7.30 (m, 5H), 5.57 (d,
J¼3.6 Hz, 1H), 5.33 (d, J¼2.0 Hz, 1H), 4.41 (s, 1H), 4.15
(m, 2H), 4.12 (m, 1H), 4.07 (m, 1H), 3.99 (m, 1H), 3.61
(s, 3H), 3.39 (t, J¼7.1 Hz, 1H), 2.19 (br, 1H), 1.83 (m,
1H), 1.52–1.47 (m, 5H), 1.41 (s, 3H), 1.32 (s, 3H), 1.22 (s,
3H), 0.93 (m, 6H); 13C NMR (CDCl3, 100 MHz, major dia-
stereomer) 175.9, 171.5, 138.1, 129.1, 128.9, 128.0, 112.7,
109.8, 105.4, 83.3, 80.3, 76.7, 72.8, 67.6, 64.6, 58.5,
52.0, 43.0, 27.2, 27.1, 26.6, 25.5, 25.2, 23.2, 22.5; HRMS
(ESI) calcd for C27H40NO9 (M++1): 522.2703. Found:
522.2687.

4.2.21. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) (S)-a-[(S)-2-(benzoxycarbonyl)-1-pyrrolidinyl]-a-
phenylacetate (30). A colorless oil was obtained in 60%
yield as a mixture of two diastereomers. 1H NMR (CDCl3,
400 MHz, major diastereomer) 7.40–7.29 (m, 10H), 5.64
(d, J¼3.6 Hz, 1H), 5.34 (d, J¼2.8 Hz, 1H), 5.12 (d,
J¼12.6 Hz, 1H), 5.04 (d, J¼12.3 Hz, 1H), 4.70 (s, 1H),
4.23 (d, J¼3.6 Hz, 1H), 4.16 (m, 2H), 4.00 (m, 2H), 3.77
(m, 1H), 2.86 (m, 2H), 2.14 (m, 1H), 2.01 (m, 1H), 1.79
(m, 2H), 1.48 (s, 3H), 1.38 (s, 3H), 1.25 (s, 3H), 1.23 (s,
3H); 13C NMR (CDCl3, 100 MHz, major diastereomer)
174.3, 170.6, 137.0, 136.3, 129.1, 129.0, 128.9, 128.7,
112.7, 109.7, 105.4, 83.4, 80.4, 76.5, 72.8, 68.5, 67.6, 66.7,
63.1, 49.9, 30.3, 27.2, 27.1, 26.6, 25.6, 24.0; HRMS (ESI)
calcd for C32H40NO9 (M++1): 582.2703. Found: 582.2700.

4.2.22. (1,2:5,6-Di-O-isopropylidene-a-D-glucofuranos-3-
O-yl) (S)-a-[(S)-2-(benzoxycarbonyl)-1-pyrrolidinyl]-
propionate (31). A colorless oil was obtained in 32% yield
as a mixture of two diastereomers. 1H NMR (CDCl3,
400 MHz, major diastereomer) 7.38–7.31 (m, 5H), 5.86 (d,
J¼3.7 Hz, 1H), 5.29 (d, J¼2.4 Hz, 1H), 5.19 (d, J¼
12.7 Hz, 1H), 5.12 (d, J¼12.7 Hz, 1H), 4.44 (d, J¼3.6 Hz,
1H), 4.14 (m, 2H), 3.97 (m, 2H), 3.78 (q, J¼7.2 Hz, 1H),
3.72 (dd, J¼5.4, 8.8 Hz, 1H), 3.14 (m, 1H), 2.86 (q,
J¼7.9 Hz, 1H), 2.09 (m, 1H), 1.98 (m, 1H), 1.85 (m, 2H),
1.52 (s, 3H), 1.39 (d, 3H), 1.38 (s, 3H), 1.30 (s, 3H), 1.23
(s, 3H); 13C NMR (CDCl3, 100 MHz, major diastereomer)
174.5, 172.3, 136.4, 129.0, 128.6, 128.5, 112.7, 109.8,
105.5, 83.9, 80.4, 76.4, 72.8, 67.9, 66.7, 63.1, 57.7, 47.5,
30.1, 27.2, 27.1, 26.6, 25.5, 24.2, 17.4; HRMS (ESI) calcd
for C27H38NO9 (M++1): 520.2547. Found: 520.2551.

4.3. General procedure for the removal of chiral
auxiliary

The mixture of diisopropylidene-a-D-glucofuranosyl N-
substituted a-amino ester and Et3N (15 equiv) in methanol
(0.03 M) was stirred for 2 days. The solvent was evaporated
and the crude material was purified by column chromato-
graphy to give a product.

4.3.1. Methyl (N-benzyl)-(S)-phenylglycinate (4). A color-
less oil was obtained in 67% yield. 1H NMR (CDCl3,
400 MHz) 7.39–7.25 (m, 1H), 4.40 (s, 1H), 3.73 (s, 2H),
3.68 (s, 3H); 13C NMR (CDCl3, 100 MHz) 173.9, 139.9,
138.5, 129.1, 128.8, 128.7, 128.5, 128.0, 127.6. Chiral
HPLC: 96:4 er tR (S)-major enantiomer, 11.1 min; tR (R)-
minor enantiomer, 12.1 min (Chiralcel OD column; 10%
2-propanol in hexane; 0.5 mL/min).
4.3.2. N-[(S)-2-Methoxy-2-oxoethyl-1-phenyl]-(S)-ala-
nine methyl ester (32). A colorless oil was obtained in
99% yield. 1H NMR (CDCl3, 400 MHz) 7.39–7.27 (m,
5H), 4.45 (s, 1H), 3.70 (s, 3H), 3.64 (s, 3H), 3.39 (q,
J¼6.9 Hz, 1H), 2.45 (br, 1H), 1.34 (d, J¼6.9 Hz, 3H); 13C
NMR (CDCl3, 100 MHz) 175.6, 173.4, 138.1, 129.2,
128.7, 128.1, 64.1, 54.9, 52.7, 52.3, 19.1. HRMS (ESI) calcd
for C13H18NO4 (M++1): 252.1236. Found: 252.1236.

4.3.3. N-((S)-2-Methoxy-2-oxoethyl-1-phenyl)-(S)-leu-
cine methyl ester (33). A colorless oil was obtained in
88% yield. 1H NMR (CDCl3, 400 MHz) 7.39–7.26 (m,
5H), 4.39 (s, 1H), 3.69 (s, 3H), 3.59 (s, 3H), 3.36 (t,
J¼7.2 Hz, 1H), 2.24 (br, 1H), 1.80 (m, 1H), 1.48 (m, 2H),
0.92 (m, 6H); 13C NMR (CDCl3, 100 MHz) 175.9, 173.3,
138.4, 129.1, 128.7, 128.1, 64.6, 58.5, 52.6, 52.1, 43.1,
25.2, 23.2, 22.6; HRMS (ESI) calcd for C16H24NO4

(M++1): 294.1705. Found: 294.1704.
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Rollin, P. Tetrahedron 2003, 59, 4563; (h) Yu, H.; Ballard,
C. E.; Boyle, P. D.; Wang, B. Tetrahedron 2002, 58, 7663; (i)
Enholm, E. J.; Cottone, J. S.; Allais, F. Org. Lett. 2001, 3,
145; (j) Totani, K.; Nagatsuka, T.; Yamaguchi, S.; Takao, K.
J. Org. Chem. 2001, 66, 5965; (k) Bach, T.; Höfer, F. J. Org.
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Soldevilla, N. Tetrahedron: Asymmetry 1997, 11, 1877; (c)
Cardillo, G.; Fabbroni, S.; Gentilucci, L.; Perciaccante, R.;
Tolomelli, A. Tetrahedron: Asymmetry 2004, 15, 593. The
55:45 diastereomeric mixture of 6 is prepared by column chro-
matography with fractional collection.

7. When nucleophiles such as tritylthiol, sodium malonate, sodium
3,5-dimethoxyphenoxides, and potassium 6-flavonoxide were
used for the reaction with 1 or 2, the corresponding substitution
products were obtained in 76–94% yields with diastereomeric
ratios from 69:31 to 54:46.

8. (a) Huffman, M. A.; Reider, P. J. Tetrahedron Lett. 1999, 40,
831; (b) Chapman, K. T.; Kopka, I. E.; Durette, P. L.; Esser,
C. K.; Lanza, T. J.; Izquierdo-Martin, M.; Niedzwiecki, L.;
Chang, B.; Harrison, R. K.; Kuo, D. W.; Lin, T.-Y.; Stein,
R. L.; Hagmann, W. K. J. Med. Chem. 1993, 36, 4293.

9. (a) Chang, J.-y.; Shin, E.-k.; Kim, H. J.; Kim, Y.; Park, Y. S. Bull.
Korean Chem. Soc. 2005, 26, 989; (b) Godet, T.; Bonvin, Y.;
Vincent, G.; Merle, D.; Thozet, A.; Ciufolini, M. A. Org. Lett.
2004, 6, 3281; (c) Insaf, S. S.; Witiak, D. T. Tetrahedron 2000,
56, 2359; (d) Ugi, I.; Demharter, A.; Hörl, W.; Schmid, T.
Tetrahedron 1996, 52, 11657; (e) Aller, E.; Buck, R. T.;
Drysdale, M. J.; Ferris, L.; Haigh, D.; Moody, C. J.; Pearson,
N. D.; Sanghera, J. B. J. Chem. Soc., Perkin Trans. 1 1996,
2879; (f) Koh, K.; Ben, R. N.; Durst, T. Tetrahedron Lett.
1994, 35, 375; (g) Harfenist, M.; Hoerr, D. C.; Crouch, R.
J. Org. Chem. 1985, 50, 1356.


	Asymmetric syntheses of N-substituted alpha-amino esters via dynamic kinetic resolution of alpha-haloacyl diacetone-d-glucose
	Introduction
	Results and discussion
	Conclusion
	Experimental
	General procedure for the preparation of alpha-halo esters 1, 2, 5, 6, 8, 9, 21, and 22
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) alpha-chloro-alpha-phenyl acetate (1)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) alpha-bromo-alpha-phenyl acetate (2)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) alpha-chloro propionate (5)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) alpha-bromo propionate (6)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) alpha-bromobutyrate (8)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) alpha-bromohexanoate (9)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-allofuranos-3-O-yl) alpha-bromo propionate (21)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-allofuranos-3-O-yl) alpha-chloro-alpha-phenyl acetate (22)

	General procedure for the asymmetric preparation of 3, 7, 10-20, 23-31
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) N-benzyl-(S)-phenylglycinate (3)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) N-benzyl-(S)-alaninate (7)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) N-isopropyl-(S)-alaninate (10)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) N-butyl-(S)-alaninate (11)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) N-p-methoxyphenyl-(S)-alaninate (12)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) N-dibenzyl-(S)-alaninate (13)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) N-benzyl-N-methyl-(S)-alaninate (14)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) (S)-alpha-(3,4-dihydro-2(1H)-isoquinolinyl)propionate (15)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) alpha-(N-benzylamino)butyrate (16)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) alpha-(N-p-methoxyphenylamino)butyrate (17)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) (S)-alpha-(3,4-dihydro-2(1H)-isoquinolinyl)butyrate (18)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-	3-O-yl) (S)-alpha-(N-benzylamino)hexanoate (19)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) (S)-alpha-(N-p-methoxyphenylamino)hexanoate (20)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-allofuranos-	3-O-yl) N-benzyl-(S)-alaninate (23)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-allofuranos-	3-O-yl) N-benzyl-(S)-phenylglycinate (24)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) N-[1-(methoxycarbonyl) methyl]-(S)-phenylglycinate (25)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) N-[(S)-1-(methoxycarbonyl)ethyl]-(S)-phenylglycinate (26)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) N-[(R)-1-(methoxycarbonyl)ethyl]-(S)-phenylglycinate (27)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) N-[(S)-1-(tert-butoxycarbonyl)ethyl]-(S)-phenylglycinate (28)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) N-[(S)-1-(methoxycarbonyl)-3-methylbutyl]-(S)-phenylglycinate (29)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) (S)-alpha-[(S)-2-(benzoxycarbonyl)-1-pyrrolidinyl]-alpha-phenylacetate (30)
	(1,2:5,6-Di-O-isopropylidene-alpha-d-glucofuranos-3-O-yl) (S)-alpha-[(S)-2-(benzoxycarbonyl)-1-pyrrolidinyl]propionate (31)

	General procedure for the removal of chiral auxiliary
	Methyl (N-benzyl)-(S)-phenylglycinate (4)
	N-[(S)-2-Methoxy-2-oxoethyl-1-phenyl]-(S)-alanine methyl ester (32)
	N-((S)-2-Methoxy-2-oxoethyl-1-phenyl)-(S)-leucine methyl ester (33)


	Acknowledgements
	References and notes


