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The tertiary amine-catalyzed C-C bond-forming reaction of
aldehydes with activated alkenes such as acrylates is widely
referred to as the Baylis-Hillman reaction.1 Both the synthetic
utility of the densely functionalized products1,2 and the exquisite
tandem Michael-aldol reaction process under nucleophilic amine
catalysis3 have spurred much research on an asymmetric version
of this reaction. However, the reported methods are far from ideal
because of low chemical yield and low optical purity of the
adducts.4 Except for one recent report by Leahy and co-workers5

describing the highly diastereoselective Baylis-Hillman reaction
of the acrylamide of Oppolzer’s sultam, albeit with the stipulation
that a large excess of the aldehyde must be employed, no other
method is currently available for this purpose. We report here
the first practical catalytic asymmetric Baylis-Hillman reaction
which allows conversion of a wide variety of aldehydes to the
corresponding (R-methylene-â-hydroxy)esters with high enan-
tiomeric excess in reasonable yields.

To realize an efficient catalytic asymmetric Baylis-Hillman
reaction, wherein a high level of asymmetric induction as well
as desired rate acceleration6 is obtained, the appropriate combina-
tion of chiral amine catalyst and suitably activated alkene is
required. Drewes6a and Markó4a,7 independently reported that an
OH group suitably disposed on an amine catalyst exerts a marked
effect on rate acceleration as well as asymmetric induction. They
suggest that the OH group stabilizes the oxy anion intermediate
through hydrogen bonding, which accelerates the aldol addition
reaction and also creates an asymmetric environment in some
cases. These reports prompted us to survey a series of hydroxy-
lated amines derived fromcinchonaalkaloids. Regarding the
activated alkene, we decided to employ 1,1,1,3,3,3-hexafluoro-

isopropyl acrylate8 (2) because this acrylate turned out to show
remarkable rate acceleration.

To assay the ability of various hydroxylated amine catalysts,
we surveyed four quinidine derivatives,10 QD-1, QD-2, QD-3,
andQD-4, as well as quinidine itself in the reaction of1a and2
(Table 1). Although quinidine,QD-1, and QD-2 did not give
satisfactory results (entries1-3), the cyclic ether derivativeQD-3
displayed remarkable catalytic activity, even at-55 °C in DMF,11

affording4a and6a in good total yield (entries 4 and 5). In these
cases, however, the level of the asymmetric induction was
disappointing. We were gratified to find thatQD-4 provided a
dramatic increase in the optical purity of4a (91% ee, entry 6).
This result suggests the crucial role of the phenolic hydroxy group
on the enantioselectivity, which is important to highlight. The
large discrepancybetween the optical purity of4a (91% ee) and
that of 6a (4% ee) was the key observation which led to our
proposed mechanistic explanation (vide infra). The rate enhance-
ment observed forQD-3 andQD-4 supposedly results from their
increased nucleophilicity due to reduced steric hindrance around
the nucleophilic nitrogen of the catalyst by restraining the
conformational freedom of the bulky aromatic moiety.12 The
results listed in entries 6 and 7 clearly indicate the temperature
dependency on enantioselectivity. In a control experiment using
3 andQD-4 (entry 8), only poor enantioselectivity (8% ee) was
observed, presumably due to the higher reaction temperature
employed, highlighting the advantage of2.

Having demonstrated the superiority of the combination of
QD-4 and 2 in the reaction of1a, we turned our efforts to
investigate its applicability (Table 2). It can be seen that aromatic
aldehydes including cinnamaldehyde (1c) preferentially gave ester
4 with very high optical purity (entries 1-3). This reaction system
was also found to be applicable to aliphatic aldehydes, giving
the corresponding esters4 in excellent enantioselectivity, although
the yields were moderate. Interestingly, the accompanying dioxa-
nones6 showed the reverse chirality and irregular ee values
(entries 4-7). It should be stressed that even sterically demanding
isobutyraldehyde (1f) and cyclohexanecarboxaldehyde (1g) pro-
duced optically pure esters4f and 4g in moderate yields,
respectively (entries 6 and 7). Pivalaldehyde (1h), however,
resulted in quantitative dimerization of acrylate2,13 thus defining
the steric limitation of the reaction. The intriguing switch of
enantioselectivity between4 and 6 provided an important
mechanistic insight when we found thatQD-4 does not promote
acetalization14 of racemic ester4awith aldehyde1a to dioxanone
6a. This observation suggests that highly enantiomerically
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enriched (R)-esters 4 are not obtained by virtue of kinetic
resolution through preferential acetalization of the antipodal (S)-
esters with aldehydes1. It implies that (R)-enriched4 and (S)-
enriched6 are produced via different chemical pathways at the
enantio-divergent point.

The following mechanistic consideration would rationalize the
absolute stereochemistry of the products and the key role played
by the phenolic hydroxy group ofQD-4 (Figure 1). Michael
addition of QD-4 to acrylate2 forms enolateA, which in turn
undergoes aldol reaction with an aldehyde to furnish an equilib-
rium mixture of several diastereomers. Among them, there are
two betaine intermediates,B andC,15 stabilized by an intramo-
lecular hydrogen bonding between the oxy anion and the phenolic
OH, the conformations of which are nearly ideal for the
subsequent E2 or E1cb reaction process for stereoelectronic
reasons,3a,16 as depicted in Newman projectionD. However,
intermediateC suffers from severe steric interactions betweenY
and the ester and quinuclidine moieties{seeD (X ) H, Y )
substituent)}, and thus it undergoes reaction with a second
aldehyde molecule rather than elimination to form dioxanone6.
On the other hand, intermediateB undergoes facile elimination
to produce (R)-ester4 with regeneration of the catalyst because
of less steric hindrance{seeD (X ) substituent, Y) H)}. The
irregular ee values observed for dioxanones6 in Table 2 can be
explained on the basis of the reactivity of the starting aldehyde.
Thus, as the reactivity of the aldehyde increases, the rate of
formation of (R)-dioxanone6 from intermediateB also increases
in competition with elimination, which gives (R)-ester4, leading
to decrease of the (S)-selectivity of6.

In summary, we have developed a highly enantioselective
Baylis-Hillman reaction based on the discovery of two important
reagents, 1,1,1,3,3,3-hexafluoroisopropyl acrylate(2) as an acti-
vated alkene and (3R,8R,9S)-10,11-dihydro-3,9-epoxy-6′-hydroxy-
cinchonane(QD-4) as a chiral amine catalyst. The novel catalytic
behavior ofQD-4 should also inspire new avenues for the design
of catalysts for the Baylis-Hillman reaction.
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Table 1. Asymmetric Baylis-Hillman Reaction of
p-Nitrobenzaldehyde (1a) with Acrylates Catalyzed by Quinidine
Derivativesa

yield (%),b configc

(% eed)

entry acrylate catalyst solvent
temp
(°C)

time
(h) ester dioxanonee

1 2 quinidine THF 2 24 12, ndf 22,R (33)
2 2 QD-1g THF 2 72 2, nd 32,R (35)
3 2 QD-2g THF-

DMFh
2 72 10, nd 26,R (10)

4 2 QD-3 THF 2 1 63,R (35) 10,R (33)
5 2 QD-3i DMF -55 1 74,R (10) 7, nd
6 2 QD-4i DMF -55 1 58,R (91) 11,R (4)
7 2 QD-4i DMF 0 1.5 52,R (64) 11,S(10)
8 3 QD-4 DMF 20 14 69,S(8) -
a Aldehyde (0.1 mmol) was reacted with acrylate (0.3 mmol) using

a 10 mol % of catalyst in 200µL of the solvent at the indicated
temperature, unless otherwise stated.b Isolated yield.c Configuration
determined by comparison of the specific rotation of the corresponding
methyl ester5 with that of the authentic sample obtained by kinetic
resolution under Sharpless asymmetric epoxidation conditions.d De-
termined by HPLC analysis using a chiral column.e cis:trans> 99:1.
f Not determined.g 20 mol % of catalyst was used.h 10% DMF was
added to dissolve the catalyst.i 0.13 mmol of2 was used.

Table 2. QD-4-Catalyzed Asymmetric Baylis-Hillman Reaction
of Various Aldehydes with2a

yield (%),b configc

(% eed)

entry aldehyde R
time
(h) ester4 dioxanone6e

1 1a p-NO2Ph 1 58,R (91) 11,R (4)
2 1b Ph 48 57,R (95) -
3 1c (E)-PhCHdCH 72 50,f Rg (92) -
4 1d CH3CH2 4 40,R (97) 22,S(27)
5h 1e (CH3)2CHCH2 4 51,R (99) 18,S(85)
6 1f (CH3)2CH 16 36,R (99) 25,S(70)
7 1g c-Hex 72 31,R (99) 23,S(76)
8 1h t-Bu 72 - -

a Reactions were carried out at-55 °C in DMF (1.0 M) using1
(1.0 equiv),2 (1.3 equiv), andQD-4 (10 mol %), unless otherwise
stated.b Isolated yield.c Determined by the comparison of the specific
rotation of the corresponding methyl esters, unless otherwise stated.
d Determined by HPLC analysis using a chiral column.e cis:trans >
95:5 for 6a,f-h and 69:31 for6e. f Yield was calculated on the basis
of recovered1c. g Determined by1H NMR analysis of the (R)- and
(S)-MTPA derivatives of the corresponding methyl ester.h 20 mol %
of catalyst was used.

Figure 1. Proposed reaction mechanism.
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