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als,[1] catalysts,[2] or reaction media.[3] To date, all asymmetric
transformations that yield appreciable enantioselectivities are
based on the first two strategies. Herein we report the first
example of a highly enantioselective asymmetric synthesis in
which only the reaction medium contains chiral information.

We focused our investigations on the aza-Baylis–Hillman
reaction, a C�C-bond forming reaction of activated alkenes
(e.g., 2) with imines (e.g., 1).[4] This organocatalytic trans-
formation is catalyzed by nucleophilic Lewis bases such as
tertiary phosphines (3) and leads to highly functionalized
chiral allylic amines (4) (Scheme 1). The previously devel-

oped methods for enantioselective synthesis of the allylic
amine 4 provide the necessary chiral information within the
substrate[5] or through catalysts.[6] We have prepared the ionic
liquid (IL) 9, which contains a chiral anion and induces high
enantioselectivities (up to 84% ee) when used as reaction
medium.

The strategy of applying chiral solvents in asymmetric
synthesis was pioneered by Seebach and Oei.[7] They used a
chiral amino ether as the solvent in the electrochemical
reduction of ketones but observed only low enantioselectiv-
ities (up to 23.5% ee). Since then, all attempts to apply chiral
solvents in asymmetric synthesis
have resulted in similar or lower
enantioselectivities. This led to
the generally accepted conclu-
sion that “asymmetric induction
caused by chiral solvents is usu-
ally rather small”.[3]

As ILs have attracted a lot of
attention recently as a new class
of solvents,[8] the incorporation of
chiral information in these media
has caught the interest of several
groups.[9] Although details of the
structure and dynamics of these
solvents as well their interactions
with dissolved substances remain
largely elusive, chiral ILs have
already started to emerge for
various purposes[9] including
asymmetric synthesis.[10] Very
recently, Vo-Thanh and co-work-
ers reported the largest presently
known asymmetric induction
caused by a chiral IL as the only
source of chirality in an asym-

metric reaction.[10a] In the DABCO-catalyzed Baylis–Hillman
reaction (DABCO= 1,4-diazabicyclo[2.2.2]octane) of benzal-
dehyde and methylacrylate they obtained enantioselectivities
up to 44% ee (e.r.= 2.6) by using an IL with chiral cations
derived from (�)-N-methylephedrine. To the best of our
knowledge, no significant asymmetric induction has been
reported so far for ILs with chiral anions.

Previous investigations on the mechanism of the aza-
Baylis–Hillman reaction by our group indicate that a bifunc-
tional stabilization of the zwitterionic reaction intermediates
is necessary to obtain high enantioselectivities and to prevent
subsequent racemization of the reaction product 4.[11] In
conventional systems, this can be achieved by incorporating
both a nucleophilic catalyst and a Brønsted acidic co-catalyst
into one chiral molecule. ILs, however, offer the possibility of
establishing a bifunctional interaction by incorporating the
acidic center into the chiral anion of the solvent, thus allowing
monofunctional achiral nucleophiles to be used as catalysts in
the enantioselective aza-Baylis–Hillman reaction (Figure 1).

For ions containing hydrogen-bond donor functions, we
targeted borate anions based on l-(�)-malic acid, which is
available from the chiral pool (Scheme 2). The sodium
dimalatoborate salt 8 was prepared by stirring an aqueous

Scheme 1. The aza-Baylis–Hillman reaction. Tos=4-toluenesulfonyl.

Figure 1. Possible bifunctional interaction of the zwitterionic intermedi-
ate of the aza-Baylis–Hillman reaction with the chiral anion of an IL
containing a hydrogen-bond donor.

Scheme 2. Two-step synthesis of methyltrioctylammonium dimalatoborate (9). Only one of the two
possible diastereoisomers is shown.
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solution of boric acid (5), sodium hydroxide (6), and l-(�)-
malic acid (7) in an open flask at 100 8C.[12] Figure 2 depicts
the molecular structure of the anion as revealed by X-ray
crystal structure analysis,[13] which proves the connectivity and

configuration indicated in Scheme 2. Multinuclear NMR
experiments confirmed the presence of the five-membered
ring arrangement also in solution. Two sets of signals are
observed in a 1:1 ratio in the 1H and 13C NMR spectra of
samples of dissolved single crystals even at low temperature
(233 K, [D4]MeOH). This is due to the formation of a 1:1
mixture of the two possible diastereoisomers that result from
the fixed chirality at the asymmetric carbon atoms and the
labile chirality at the boron center of this spiro-type com-
pound.[14]

The exchange of the sodium ions with methyltrioctylam-
monium (MtOA) was carried out with aliquat 336 (MtOACl)
in acetone. Filtration of the precipitated NaCl and evapo-
ration of the solvent yielded a colorless liquid with a melting
point of �32 8C.[15] The related ILs 10 and 11, which lack a
potential hydrogen-bond donor, were prepared in a similar
manner.

To assess the efficacy of the IL 9 for chiral induction, the
aza-Baylis–Hillman reaction between methyl vinyl ketone (2)
and N-(4-bromobenzylidene)-4-toluenesulfonamide (1a) was
studied in the new reaction medium using PPh3 (3, R=Ph) as
the nucleophilic catalyst (see Experimental Section). The
chiral allylic amine (R)-4a was obtained in this model
reaction with reasonable conversion and high enantiomeric
excess.[16] In a series of four independent experiments using
various batches of 9, conversion varied between 34% and
39% and the enantioselectivity ranged from 71–84% ee. The
highest enantiomeric excess (84% ee) observed in these
experiments corresponds to an enantiomeric ratio of 11.5
and hence a difference in activation energies DDG� of
6.05 kJmol�1 for the formation of the two enantiomers. This is
by far the highest asymmetric induction obtained with a chiral
solvent as the sole source of chirality.

Several experiments were carried out to investigate the
mechanism of the chirality transfer by the chiral reaction
medium.[17] Notably, the structurally related ILs 10 and 11
resulted in lower conversions (15% and 14%, respectively)
and the formation of racemic product, which indicates the
necessity of a Brønsted acidic moiety within the chiral ion.[11]

Dilution experiments with one equivalent of 9, 8, or 7 per
molecule of 3 in THF or CH2Cl2 also resulted only in the
formation of small amounts of racemic product. These results
show that neither 9 nor any of its chiral precursors can be used
as an additive for the asymmetric aza-Baylis–Hillman reac-
tion in conventional solvents. Consequently, the use of 9 as a
reaction medium is crucial for effective asymmetric trans-
formation in this system.

Almost identical results were obtained with substrate 1a
using other aryl phosphines (3) as the achiral nucleophilic
catalyst in 9 as the reaction medium (P(o-tolyl)3: 35%
conversion, 74% ee (R); (C6F5)PPh2: 9% conversion,
71% ee (R)). The catalyst PPh3 also led to reasonable
conversion (39%) and a high level of enantioselectivity
(64% ee) for the p-methyl-substituted substrate 1b. With the
less electron-rich substrate 1c, however, product 4c was
obtained in only 10% ee. A control experiment showed that
this results from a lower level of intrinsic asymmetric
induction, as no racemization of 4c occurred under turnover
conditions. A similar decrease in asymmetric induction was
described by Vo-Thanh and co-workers for the mechanisti-
cally related Baylis–Hillman reaction of p-nitrobenzaldehyde
and methylacrylate in ILs with chiral ephedrinium cations.[10a]

They explained the drop in enantioselectivity by the forma-
tion of a hydrogen bond between the OH group of the chiral
ion and the NO2 function of the substrate.

In conclusion, we reported the first example of an
asymmetric reaction in which a chiral reaction medium
induces a high level of enantioselectivity. Using a specifically
designed ionic liquid with a chiral anion as the only source of
chirality, enantioselectivities of up to 84% ee (DDG�=

6.05 kJmol�1) were obtained in the aza-Baylis–Hillman
reaction. This is the highest enantioselectivity induced to
date by a solvent as the sole source of chirality. These results
are comparable with the values obtained with the best
catalysts for the asymmetric aza-Baylis–Hillman reaction in
conventional solvents (94% ee,[6e] 83% ee[6c,d]).

The results described herein demonstrate that, contrary to
popular opinion, the strategy of applying chiral solvents in
asymmetric synthesis can result in appreciable enantioselec-
tivities. The key to effective chirality transfer lies in strong
intermolecular interactions such as electrostatic attraction
and hydrogen bonding between the solvent molecules and the
intermediates or transition states of the enantioselective
reaction step (see Figure 1). Functional ionic liquids offer
unique possibilities to create such arrangements for a wide
range of transformations.

Experimental Section
8 : 7 (10.73 g, 80.0 mmol, 2.00 equiv) was dissolved in water (10 mL)
and treated with boric acid (5, 2.47 g, 40.0 mmol, 1.00 equiv). A
solution of sodium hydroxide (6, 1.60 g, 40.0 mmol, 1.00 equiv) in

Figure 2. Molecular structure of the dimalatoborate anion in the solid
state as revealed by X-ray single-crystal structure analysis of the
corresponding sodium salt 8. Only the S,S,S diastereoisomer is
present in the crystal lattice. The O-B-O angles range from 103.9 to
105.18 within the five-membered ring and from 109.0 to 113.48
between the rings (see the Supporting Information for details).
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water (30 mL) was then added. The reaction mixture was stirred in an
open flask at 100 8C. After evaporation of the water (ca. 4 h), 8 was
isolated as a white powder (11.92 g; 40.0 mmol, > 99% yield).

9 : Methyltrioctylammonium chloride (3.54 g, 8.75 mmol,
1.00 equiv) was dissolved in acetone (20 mL) and treated with a
solution of the sodium borate salt 8 (2.61 g, 8.75 mmol, 1.00 equiv) in
acetone (20 mL). The reaction mixture was stirred at room temper-
ature overnight. During this period, sodium chloride precipitated as a
white solid. The reaction mixture was filtered and the solvent was
removed in vacuo to yield 9 as a highly viscous, hygroscopic colorless
liquid.

Typical procedure for the aza-Baylis–Hillman reaction: 4a : Imine
1a (0.125 mmol, 1.00 equiv) and catalyst 3 (12.5 mmol, 0.10 equiv)
were dissolved in 9 (1.0 mL, 6.7 mL per mmol 1). After addition of 2
(12.5 mL, 10.5 mg, 0.150 mmol, 1.20 equiv), the reaction was stirred at
room temperature for 24 h. Excess 2 was removed in vacuo, a small
sample of the reaction mixture was dissolved in [D6]DMSO, and the
conversion was determined by 1H NMR spectroscopy. The rest of the
reaction mixture was dissolved in water/methanol (1:1, 5 mL).
Further methanol was added to obtain a clear solution of the reaction
mixture. After (partly) exchanging the cation on an ion-exchange
resin (contact time approximately 5 min), all volatile substances were
removed in vacuo. The resulting solid was extracted with heptane/
iPrOH (85:15, 1 mL), and the solution was directly analyzed by
HPLC on a chiral phase to determine the enantiomeric excess of 4a.
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