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Both syn- and anti-aldol products can be obtained from

common reactants by simply changing their addition sequence.

The asymmetric aldol reaction based on chiral auxiliaries is one of

the most important stereoselective C–C bond forming reactions in

synthetic organic chemistry. Several methods1–9 have been

reported for the synthesis of syn-aldol products. Asymmetric

anti-aldol reactions have been achieved by varying either the chiral

auxiliaries or reagents.10–13 The synthesis of both syn- and anti-

aldol products from the same acyl substrate using similar protocols

remains an active area of research. Herein, we report the formation

of both syn- and anti-aldol products from the same set of reactants

by simply inverting the addition sequence of the base and aldehyde

when chiral N-acyl-2-oxazolidinones, containing c/d-chelating

functional groups, are used. This method also results in direct

access to trans- and cis-4,5-disubstituted-c-butyrolactones when

N-succinyl-2-oxazolidinone (1) is used as the acyl substrate

(Scheme 1).

Recent discoveries of asymmetric aldol reactions8–13 led us to

think that the presence of an additional chelating functionality in

the acyl substrate might have an impact on their stereoselectivity.

Initially, aldol reactions of 1, having an additional ester

functionality, were investigated, in view of the importance of

functionalized succinyl substrates for the synthesis of many

biologically active compounds.14–16

Under the conventional method (Method A: TiCl4, base

followed by aldehyde, 278 A 215 uC), the TiCl4-mediated aldol

reaction of 117 with 3,4-dimethoxybenzaldehyde (veratraldehyde)

at 278 uC provided trans-4,5-disubstituted-c-butyrolactone 4a in

65% yield (Table 1, entry 1).18 Under the inverse method (Method

A9: TiCl4, aldehyde followed by base), the aldol reaction of 1 with

veratraldehyde led to anti-aldol product 3a in high selectivity,

unlike the former case. Thus, the treatment of a solution of

substrate 1 (1.0 equiv.), TiCl4 (1.2 equiv.) and veratraldehyde

(1.4 equiv.) in CH2Cl2 with i-Pr2NEt (1.4 equiv.) at 278 uC
furnished anti-aldol product 3a in high diastereoselectivity and

with a 76% yield.19 The relative stereochemistry of 3a was

established by a single crystal X-ray diffraction analysis (Fig. 1).20

The Bu2BOTf-mediated aldol reaction of 1 also showed the

same trend of selectivity on inverting the addition sequence of base

and aldehyde (Method B9), and it provided the anti-aldol 3a with a

high diastereoselectivity in 48% yield (39% of starting 1 was

recovered). The yield of anti-aldol 3a increased to 65 and 92%,
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Scheme 1

Table 1 syn-Aldol reaction of 1 under conventional methods

Entry Aldehyde Methoda Product drb Yieldc (%)

1 3,4-MeOC6H3CHO A 4a .95 : 5 65
2 3,4-MeOC6H3CHO B 4a .95 : 5 81
3 4-NO2C6H4CHO A 4b .95 : 5 62
4 4-NO2C6H4CHO B 4b .95 : 5 78
5 2-NO2C6H4CHO A 4c .95 : 5 65
6 2-NO2C6H4CHO B 4c .95 : 5 70
7 n-C5H11CHO A 4d .95 : 5 60
8 n-C5H11CHO B 4d .95 : 5 80

a Method A: 1.1 equiv. TiCl4, 1.2 equiv. i-Pr2NEt and 1.4 equiv.
aldehyde following the normal aldol sequence (base followed by
aldehyde). Method B: 1.1 equiv. n-Bu2BOTf instead of TiCl4,
otherwise the same as Method A. For details, see the supplementary
information. b Ratios were determined from the 1H NMR spectrum
of the crude reaction mixture. c Isolated yield of the major
diastereoisomer 4 after column chromatography.

Fig. 1 ORTEP plot of 3a with 30% thermal ellipsoid probability.
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when 1.5 equiv. and 2.5 equiv. of Bu2BOTf were used, respectively

(Table 2, entry 2).

To generalize the above findings, the aldol reaction of 1 was

further studied with different aldehydes (Table 1 and Table 2).

Under conventional conditions (Methods A and B), trans-

butyrolactones 4 were obtained with different aldehydes, such as

4-nitrobenzaldehyde, 2-nitrobenzaldehyde and hexanal, with high

diastereoselectivity and in good yields (Table 1, entries 3 to 8).

Under the inverse addition sequence (Methods A9 and B9), similar

to veratraldehyde, 4-nitrobenzaldehyde, 2-nitrobenzaldehyde and

cinnamaldehyde gave only the anti-aldol products 3 (Table 2,

entries 3–6, 11 and 12). However, the aldol reaction of 1 with

crotonaldehyde using Methods A9 and B9 afforded directly the

lactone 5e in good yields (Table 2, entries 9 and 10), and saturated

aldehydes, such as hexanal, gave a mixture of products (Table 2,

entries 7 and 8).

In order to determine the effect of the structure of the substrates,

the aldol reactions were further studied with different acyl

substrates 6 (Table 3). Unfunctionalized substrates such as

N-propionyl-2-oxazolidinone (6a) always yielded the Evans syn-

aldol product 7a, irrespective of the Lewis acid and the addition

sequence of base and aldehyde (Table 3, entries 1 and 2). Similar to

1, substrates 6b and 6c, containing c-methoxy and d-carbo-

methoxy, respectively, showed the same trend of product profile

upon inverting the addition sequence of base and aldehyde

(Table 3, entries 3–6). Substrate 6d also produced anti-aldol

product 8d in high diastereoselectivity by Method A9. It could now

be concluded that the presence of an additional oxygen

functionality in N-acyl-oxazolidinone substrates is responsible for

the reversal of selectivity.

The formation of syn-aldol products 2 via the conventional

methods could easily be explained on the basis of the well-accepted

mechanism involving the Zimmerman–Traxler model.6,8,21 On the

other hand, the formation of anti-aldol products 3, obtained by the

inverse Method A9, could be explained by invoking a boat-like

transition state (Fig. 2).13 The pendent ester group is likely to

coordinate with the Ti metal centre, forcing the transition state to

adopt a boat-like conformation. Consequently, the products

arising from this transition state are anti-aldol products. The

proposed mechanism is, in part, supported by the results with

excess (2)-sparteine (Table 4, entries 1–6). Under such conditions,

the excess (2)-sparteine might replace the weak chelating ester

functionality and thus lead to the formation of an Evans syn-aldol

product (Table 4, entry 6).

The effect of (2)-sparteine on the boron-mediated aldol reaction

of 1 is very similar to that of Ti-mediated reactions (Table 4,

Table 2 anti-Aldol reaction of 1 under inverse methods

Entry Aldehyde Methoda Product drb Yieldc(%)

1 3,4-MeOC6H3CHO A9 3a .95 : 5 76
2 3,4-MeOC6H3CHO B9 3a .95 : 5 92 (48, 65)
3 4-NO2C6H4CHO A9 3b .95 : 5 88
4 4-NO2C6H4CHO B9 3b .95 : 5 85 (42, 62)
5 2-NO2C6H4CHO A9 3c .95 : 5 62
6 2-NO2C6H4CHO B9 3c .95 : 5 74
7 n-C5H11CHO A9 Mixture of products
8 n-C5H11CHO B9 Mixture of products
9 CH3CHLCHCHO A9 5e .95 : 5 56
10 CH3CHLCHCHO B9 5e .95 : 5 66
11 PhCHLCHCHO A9 3f .95 : 5 41d

12 PhCHLCHCHO B9 3f .95 : 5 49e

a Method A9: Successive addition of 1.2 equiv. TiCl4, 1.4 equiv.
aldehyde and 1.4 equiv. i-Pr2NEt. Method B9: 2.5 equiv. n-Bu2BOTf
instead of TiCl4 and 2.6 equiv. i-Pr2NEt, otherwise the same as for
Method A9. For details, see the supplementary information. b Ratios
were determined from the 1H NMR spectrum of the crude reaction
mixture. c Isolated yield of the major diastereoisomer 3 or 5 after
column chromatography. Yields in parentheses refer to the reaction
by Method B9 using 1.1 and 1.5 equiv. n-Bu2BOTf, respectively.
d 48% of starting 1 was recovered. e 37% of starting 1 was recovered.

Table 3 Aldol reactions of 6 under normal and inverse methods

Entry R Substrate Method dra (7 : 8) Yieldb (%)

1 H 6a A/B .95 : 5 66 (52)
2 H 6a A9/B9 .95 : 5 71 (58)
3 CH2OMe 6b A/B ND ,5c (74)
4 CH2OMe 6b A9/B9 ,5 : 95 70 (64)
5 CH2CO2Me 6c A/B ND ,5c (40)d

6 CH2CO2Me 6c A9/B9 13 : 87 36d,e (,5)c

7 OMe 6d A/B — NR
8 OMe 6d A9/B9 ,5 : 95 40d (,5)c

a Ratios were determined from the 1H NMR spectrum of the crude
reaction mixture. ND: Not determined. b Isolated yield of the major
diastereoisomer after column chromatography. Yields in parentheses
refer to the reaction under Method B or B9. NR: No reaction.
c .90% of starting 6 was recovered. d 50–55% of starting 6 was
recovered. e Combined isolated yield of 7c and 8c after
chromatography.

Fig. 2 Proposed mechanism for the anti-aldol reaction 1 by inverse

methods.

Table 4 Aldol reaction of 1 with veratraldehyde using (-)-sparteine as
a base

Entry Method (2)-Sparteine (equiv.) dra (2a : 3a) Yieldb (%)

1 A 1.0 .95 : 5 51
2 A9 1.0 ,5 : 95 46
3 A 1.5 .95 : 5 40
4 A9 1.5 38 : 62 38c

5 A 2.5 .95 : 5 39
6 A9 2.5 .95 : 5 41
7 B 1.1 .95 : 5 50
8 B9 1.1 ,5: 95 32
9 B 1.5 .95 : 5 37
10 B9 1.5 40 : 60 23c

11 B 2.5 .95 : 5 36
12 B9 2.5 Mixture of products

a Determined from the 1H NMR spectrum of the crude reaction
mixture. b Isolated yield of the major isomer after chromatography.
42–70% of starting 1 was recovered. c Combined isolated yield of 2a
and 3a after chromatography.
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entries 7–12). Therefore, it is expected that the transition state in

each case is similar (Fig. 2). However, further investigations are

warranted to support this proposal.

In conclusion, we have developed an efficient strategy for the

highly diastereoselective synthesis of both syn-and anti-aldol

products from the same set of reactants by simply inverting the

addition sequence of base and aldehyde. This method also

provides a flexible and direct route for the synthesis of trans-

and cis-4,5-disubstituted butyrolactones. Further studies on the

mechanistic details, and applications to the synthesis of natural

products are under way.
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