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Computational studies to elucidate the origin of the double asymmetric induction on proline-catalyzed
aldol reaction have been performed using HF/6-31G(d) calculations. The computed transition structures
explain the experimental data obtained.

Introduction

From the discoveries of Hajos, Parrish, Eder, Sauer, and
Wiechert1,2 in the early 1970s, to the recent discoveries of List,
Barbas, and Lerner,3,4 the proline-catalyzed aldol reaction has
been shown to be a versatile method for C-C bond formation.
Interesting asymmetric syntheses have been accomplished using
this methodology, such as the synthesis of carbohydrates,
steroids, and useful building blocks.5 We have recently con-
tributed to this field by reporting a novel synthesis of six-
membered azasugars from diethyl tartrate (1), where the key
step is a proline-catalyzed aldol reaction between the chiral
aldehyde 2 with dioxanone 3 (Scheme 1).6 During the course
of this study we observed an interesting double asymmetric

induction. When (R)-aldehyde 2 and ketone 3 reacted in the
presence of (S)-proline, anti-(S, S) aldol 4 was the only product
obtained. However, (R)-proline catalysis afforded the anti(R,
R) aldol as major product with lower stereoselectivity (d.r. 5:1).
This topicity was confirmed when the aldehyde enantiomer ent-2
was used, affording the enantiomeric aldol products. These
results indicate that the inherent selectivities of the two chiral
species are mutually reinforcing with the (R)-aldehyde/
(S)-proline or with (S)-aldehyde/(R)-proline matched pairs. The
mismatched case results upon reversing the absolute configu-
ration of either of the two chiral components.

We observed similar effects in the synthesis of 5-membered
ring azasugars 15, a potent R-galactosidase inhibitor (Scheme
2).7,8 The reaction of 8 and 3 was first tried following the
described conditions,6 however very low yields of desired
products were obtained. It is known that enamine-based direct
cross-aldol reactions involving linear aldehydes as acceptor and
ketones as donor is difficult.9 The problem lies in the difficulties
for the catalyst to differentiate between the aldehyde and the
ketone to form the nucleophilic enamine, resulting in undesirable
aldehyde-aldehyde dimers. To overcome this problem, the al-
dehyde was slowly added to a preformed solution of proline
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and ketone. Using this protocol, the reaction of 8 and 3 in the
presence of (S)-proline gave anti-(3S, 4S)-aldol 14 with good
yield (60%, Scheme 2) and excellent stereoselectivity (d.r. >
20:1). On the other hand, the reaction of 8 and 3 in the presence
of (R)-proline gave anti-(3R, 4R)-aldol 16 as major product but
with low yield (10%) and moderate stereoselectivity (d.r. 5:1).

Results and Discussions

To explain the origins of the double asymmetric induction
of these proline-catalyzed aldol additions, we explored the
stereoselectivity of this reaction using quantum mechanical
calculations on a model system. The R-hydroxy aldehyde ent-2
was modeled with (S)-2-methoxypropanal 17 (Scheme 3a), and

R-azide aldehyde 8 was modeled with (R)-2-azidopropanal 18
(Scheme 3b). The three rotamers of 17 and 18, involving the
rotation around C1-C2 bond, were studied. The reaction of these
model electrophiles and the (S)- and (R)-proline-enamine of
dioxanone 19 and 20 were computed using HF/6-31G* calcula-
tions.10 The influence of the enamine ring conformation in the
course of the nucleophilc attack was studied for all cases using
semiempirical PM3.

Previous quantum mechanical studies have shown that the
proline aldol mechanism involves a nucleophilic attack of

SCHEME 1. Synthesis of Azasugars from Diethyltartrate

SCHEME 2a

a Reaction conditions: (a) p-TsOH, 2.2-dimethoxypropane, 24 h, r.t., 50%;
(b) PPTS, DMF, 2 h, r.t., 100%; (c) BnBr, NaH, 3 h, r.t., 85%. (d) HCl,
MeOH, 2 h, r.t., 82%; (e) NaIO4, MeOH/water, 75 min, r.t., 83%.

SCHEME 3. Model System for Theoretical Study

FIGURE 1. Transition state models for the proline-catalyzed aldol
reaction.
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the neutral enamine and simultaneous proton transfer from the
carboxylic acid to the carbonyl acceptor.4,11 Transition states
with an approximate dihedral angle +60° ((S)-Pro) and -60°
((R)-Pro) relative to the carbonyl group and the enamine double
bond are favored by almost 10 kcal/mol. Transition states with
the carboxylic acid group and the enamine double bond syn
are 2-10 kcal/mol higher in energy than the transition states

involving the anti-enamine (Figure 1a). Only the anti-enamine
was considered in this study.

It is well-known that the nucleophilic attack follows a partial-
Zimmerman-Traxler-like12 transition state but the metal that
forms the sixth atom in the chair is missing. The re-face of the
acceptor aldehyde, where the aldehyde substituent is located in
a pseudoequatorial arrangement, is preferred for the nucleophilic

FIGURE 2. Most stable transition structures for aldol reaction of 17 with 19 (∆H298 ) kcal/mol) from (S)-proline. First row structures correspond
to re-facial attack and the second the si-attack. An optimized structure for TS S-si-2 was not found.

FIGURE 3. Most stable transition states for aldol reaction of 17 with 20 (∆H298 ) kcal/mol) from (R)-proline. First row structures correspond to
re-facial attack and the second the si-attack.
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attack in the (S)-proline transition state. The same reasoning
can be applied to the transition states of (R)-proline but, in this
case, the attack on the si-face of the aldehyde places the
substituent in equatorial orientation.

First, we examined the TS corresponding to the nucleophilic
attack of 19 and 20 on (S)-aldehyde 17.

As shown in Figure 2, the most stable transition state [TS
S-re-2] involves the addition of the anti-enamine to the re-face
of 17. The si-face attacks are disfavored due to the steric
interactions between the substituents of 17 and the enamine of
19. Other re-face attack TS [TS S-re-1] and [TS S-re-3] are
higher in energy than [TS S-re-2] because the former involves
repulsion between the oxygens of the methoxy group of the
aldehyde and the enamine, and the latter involves the repulsion
between the largest group (Me) and the proline-ring.

The transition states with (R)-proline are shown in Figure 3.
In the transition structures involving the (R)-proline enamine,
the facial selectivity of 17 switches as compared to the (S)-
proline case, and now the si-face attacks are favored. A reface
attack involves substantial steric interactions between the
enamine and the substituents of 17. The most stable transition
structure is [TS R-si-3]. This transition structure is more stable
than analogous [TS R-si-1] and [TS R-si-2] due to the steric
interactions between the oxygen of 20 and either the oxygen or
methyl of 17.

The stereoselectivity is lower in the case of (S)-proline (Figure
2), as compared to (R)-proline (Figure 3), because there is steric

repulsion between the methyl of 17 and the enamine of 19 in
[TS S-re-2] that is not present in [TS R-si-3].

This hypothesis was confirmed from a similar theoretical
study with model R-azide-aldehyde, 18. The most stable
transition structure in this case was also one in which there was
minimal steric interaction between the proline enamine and the
aldehyde substrate (Figure 4).

In Table 1, the computational results involving the model
systems shown in Scheme 3 are compared with experimental
results. There is an excellent agreement between the computed
and the experimental stereoselectivity.

In conclusion, as previously reported, the stereoselectivity
of the aldol reaction catalyzed by proline is governed by the
preference for a transition state where the aldehyde substituent
is located in a pseudoequatorial position (partial-Zimmerman-
Traxler transition state). However, when an aldehyde bearing a
R-stereogenic center is used as acceptor, steric factors have been
shown to be determining from the computational evidence
obtained. The reaction catalyzed by (R)-proline follows the
normal Felkin-Anh course, with nucleophilic attack anti to the
largest group, the medium group inside, and the smallest outside,
as in TS R-si-3; however, with (S)-proline, this TS is sterically
hindered, and a lower (mismatched) stereoselectivity is observed.
HF/6-31G(d) has shown to be an excellent method/basis set
for these calculations.

Experimental section

General Procedure for the Catalytic Asymmetric Aldol
Reaction of Ketone 3 and Aldehyde 8 Using (R)- or (S)-
Proline. A solution of (R)- or (S)-proline (5.5 mg, 0.048 mmol) in
DMF (0.2 mL) was stirred for 24 h. Afterward, ketone 3 (0.13 g,
1 mmol) was added, and the mixture was allowed to react for 3 h.
Then, aldehyde 8 was added portionwise (0.10 g, 0.48 mmol) in
three additions of 0.16 mmol solved in 33 µL of DMF during 48 h.
After the last addition, the mixture was stirred at room temperature
for 96 h. Then, NH4Cl (sat) (1 mL) was added and the mixture
was extracted with AcOEt (3 × 2 mL). The organic layer was dried
(Na2SO4) and the solvent was evaporated. The residue was purified
by column chromatography (hexane/AcOEt 4:1). Yields and anti/
sin diastereoselectivities are shown in scheme 3.

(3S,4S,5R)-5-Azido-6-O-benzyl-1,3,4-trihydroxy-1,3-O-isopro-
pylidene-hexan-2-one (14). Column chromatography (hexane/
AcOEt 4:1). [R]D

25 -22.1° (c 0.14, CH2Cl2); 1H NMR (300 MHz,
CDCl3, 298 K): δ 7.4-7.3 (m, 5H), 4.7-4.5 (m, 2H), 4.38 (dd, J
) 8.7, 1.5 Hz, 1H), 4.28 (d, J ) 17.7 Hz, 1H), 4.07 (d, J ) 17.7
Hz, 1H), 4.0-3.9 (m, 1H), 3.9-3.8 (m, 2H), 3.76 (d, 1H, J ) 3.9
Hz), 1.51 (s, 3H), 1.41 (s, 3H). 13C NMR (75 MHz, CDCl3, 298
K): δ 212.5 (C), 138.1 (C), 128.9 (CH), 128.3 (CH), 127.4 (CH),
101.9 (C), 74.1 (CH2), 72.5 (CH), 70.3-70.2 (CH, CH2), 66.9
(CH2), 60.8 (CH), 23.9 (CH3), 23.8 (CH3). EM (IES-EM): m/z 358.0
[M+ + 23]; Anal. Calcd. for C16H21N3O5: C, 57.30; H, 6.31; N
12.53. Found: C 57.28; H 6.21; N 12.86.

(3R,4R,5R)-5-Azido-6-O-benzyl-1,3,4-trihydroxy-1,3-O-isopro-
pylidene-hexan-2-one (16). Column chromatography (hexane/
AcOEt 4:1). [R]D

25 +25.1° (c 0.7, MeOH); 1H NMR (300 MHz,
CDCl3, 298 K): δ (major isomer) 7.4-7.3 (m, 5H), 4.7-4.5 (m,
2H), 4.39 (dt, J ) 8.7, 1.5 Hz, 1H), 4.28 (d, J ) 17.7 Hz, 1H),
4.09 (d, J ) 17.7, 1H), 4.0-3.9 (m, 1H), 3.9-3.8 (m, 2H), 3.77
(dd, J ) 3.9, 1.5 Hz, 1H), 1.51 (s, 3H), 1.41 (s, 3H). 13C NMR (75
MHz, CDCl3, 298 K): δ (major isomer) 212.5 (C), 137.8 (C), 128.8
(CH), 128.1 (CH), 127.2 (CH), 101.8 (C), 73.8 (CH2), 72.3 (CH),
70.1-70.0 (CH, CH2), 66.7 (CH2), 60.7 (CH), 23.8 (CH3), 23.7
(CH3). EM (IES-EM): m/z 358.0 [M+ + 23]; Anal. Calcd. For
C16H21N3O5: C, 57.30; H, 6.31; N 12.53. Found: C 57.25; H 6.27;
N 12.72.

FIGURE 4. Most stable transition structures for aldol reaction of 18
with 19 and 20. First row: (S)-proline: re (a) and si (b) facial attack.
Second row: (R)-proline: re (c) and si (d) facial attack.

TABLE 1. Predicted and Experimental ∆H Values (kcal/mol) for
the Transition States of Proline-Catalyzed Reactions (17 versus 2,
and 18 versus 8)

∆H298

anti/syn
predicted

for 17

∆Hexp

anti/syna

experimental
for 2

∆H298

anti/syn
predicted

for 18

∆Hexp

anti/syna

experimental
for 8

(S)-Proline 1.42 0.95 >3 >3
(R)-Proline >3 >3 1.15 0.95

a Calculated from the ratio of aldol products as determined by 1H
NMR.
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(2R,3S,4R,5S)-3,4-dihydroxy-2,5-bis(hydroxymethyl)pyrroli-
dine hydrochloride [2,5-dideoxy-2,5-imino-D-galactitol (15) •HCl].
To a solution of 14 (0.055 mmol) in MeOH (2.5 mL), Pd/C (10%)
was added (20 mg). The suspension was stirred under H2 (45 psi)
during 18 h at room temperature. Afterward, conc. HCl (0.3 mL)
was added, and the mixture was stirred under H2 (45 psi) for 6 h
at room temperature. After this time, the reaction mixture was
filtered through Celite, and the solvent was evaporated to give 15.
Spectroscopic data for 15 are consistent with those described in
the literature. 13 EM (IES-EM): m/z 164.1 [M+-Cl-], 217.3 [M+ +

23]; Anal. Calcd. for C6H14ClNO4: C, 36.10; H, 7.07; N, 7.02.
Found: C, 36.38; H, 7.02; N, 7.35.
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