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ABSTRACT: Here we provide experimental evidence for
anion-π catalysis of enamine chemistry and for asymmetric
anion-π catalysis. A proline for enamine formation on one
side and a glutamic acid for nitronate protonation on the
other side are placed to make the enamine addition to
nitroolefins occur on the aromatic surface of π-acidic
naphthalenediimides. With increasing π acidity of the
formally trifunctional catalysts, rate and enantioselectivity
of the reaction increase. Mismatched and more flexible
controls reveal that the importance of rigidified, precisely
sculpted architectures increases with increasing π acidity as
well. The absolute configuration of stereogenic sulfoxide
acceptors at the edge of the π-acidic surface has a profound
influence on asymmetric anion-π catalysis and, if perfectly
matched, affords the highest enantio- and diastereoselec-
tivity.

The stabilization of cationic transition states (TSs) and
reactive intermediates on π-basic aromatic surfaces is

common in biology1,2 and increasingly appreciated in chem-
istry.3,4 To demonstrate the stabilization of carbocation
intermediates by cation-π interactions, i.e., the existence of
cation-π catalysis, the increase of the stabilization of the cationic
TS with increasing π basicity of the catalyst is considered
convincing.2,4 The same holds for increasing stereoselectivity
with increasing π basicity as evidence for asymmetric cation-π
catalysis.4 Explicit experimental support that the charge-inverted
anionic TSs can be stabilized on π-acidic surfaces has been
reported only recently.5−9 Initial support for the existence of
anion-π catalysis has been secured with Kemp elimination.5

Increasing stabilization of the anionic TSwith increasing π acidity
of the catalyst is evidence that anion-π interactions9−12 can
contribute to catalysis. To secure quantitative data on enolate
intermediates, malonic acid diesters were positioned covalently
on π-acidic surfaces.6 Anion-π catalysis of enolate chemistry was
elaborated with the selective addition of malonate half thioesters
to enolate acceptors.7

Proline (Pro) catalysis adding aldehydes (1) to nitroolefins (2
and 3; Figure 1)13 was selected to explore possible contributions
of anion-π interactions to the stereochemistry of products 4 and
5. This reaction was attractive because Wennemers et al. have
demonstrated that the strategically positioned carboxylic acid in
bifunctional catalyst 6 shifts the rate-limiting step from nitronate
protonation in the original Jørgensen−Hayashi catalyst 7 to the
formation of the C−C bond (Figure 1).14 To build asymmetric

anion-π catalysts, all that was needed was to insert a π-acidic
surface between the Pro and the carboxylic acid inWennemers 6.
Design, synthesis, and evaluation of these formally trifunctional
catalysts are described below.
Naphthalenediimides (NDIs)15 were selected to construct

asymmetric anion-π catalysts because their high intrinsic
quadrupole moment was identified early on12 as ideal to
elaborate on anion-π interactions (in the range of TNT, more
than twice that of hexafluorobenzene).5 Two electron-donating
sulfide substituents were installed in the NDI core of anion-π
catalyst 8 (ELUMO =−3.9 eV, Figure 2). Their gradual oxidation to
electron-accepting sulfoxides as in 9 (ELUMO = −4.4 eV) and
sulfones as in 10 (ELUMO = −4.6 eV) has evolved as a unique
approach16 to probe the importance of π acidity with minimal
changes in global structure.5,7,17−19 A Pro derivative was placed at
one side of the π-acidic surface for enamine formation, a bit
remote to leave space for the nitroolefin substrate to intercalate
and keep the iminium intermediate away from the repulsive π-
acidic surface. With an established Leonard turn,5 the carboxylic
acid was placed as close as possible at the other side of the NDI
surface.
Initially, 1 should react with the Pro catalyst to yield the

enamine, which is added to 2 or 3.14 With anion-π catalysts (e.g.,
9), the TS of this rate-limiting enamine addition could occur with
parallel or perpendicular (TS1) orientation of the nitronate plane
with respect to the π-acidic NDI surface (Figure 1). Both types of
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Figure 1. Structure of Wennemers and Jørgensen−Hayashi catalysts 6
and 7, respectively, and possible stabilization of adding enamines (from
aldehyde 1) to nitroolefins 2 or 3 (TS1) and nitronate protonation
(TS2) on the π-acidic surface of anion-π catalyst 9 (Figure 2).
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nitrate-π interactions have been observed, even in the same
crystal.11 According to molecular models, orthogonal orientation
of the nitronate appears preferable to produce syn products
(TS1) and is necessary for intramolecular protonation of the
nitronate (TS2). Carboxylate-π interactions5 in the resulting
reactive intermediate will ensure the removal of the product from
the aromatic surface.
Synthesis of the complete set of stereoisomers of anion-π

catalyst 8 was very straightforward (Figure 2; Schemes S1−S3).
Anion-π catalyst (S)-11 was added to the collection as a more
flexible, adaptive system with only one stereogenic center of the
Pro. Sulfide oxidation with mCPBA at low temperature gave
more rigid 9 andmore flexible 12with two sulfoxides on the core,
but oxidation at room temperature gave anion-π catalysts 10 and
13 with two sulfones. Co-injection of Boc-protected (S,R,R)-8
and (R,R,R)-8 in chiral HPLC gave baseline-separated peaks; the
individual samples gave only one peak each without traces from
the other (Figure S6). This demonstrates the enantiopurity of the
catalysts and the absence of permanent additional axial chirality.
Reaction kinetics were measured with 1.0M 1, 500 mM 2 or 3,

and 50 mM 8−14 in CDCl3/CD3OD 1:1 at room temperature.
Reactions were followed directly by 1H NMR spectroscopy
(Figures S3 and S4). Product mixtures were analyzed by chiral
HPLC (Figure S7; Table 1). The observed syn diastereoselec-
tivity and enantioselectivities were consistent with those of other
Pro-based catalysts.13,14 Initial controls confirmed that reactions
went to completion within 24 h and total yields were nearly
quantitative (Figures S3 and S4). Control catalyst 14 with a
methyl ester in place of the carboxylic acid was nearly inactive
(Figure S5). This result was important because it confirmed14 not
only that the presence of the carboxylic acids is essential but also
that the reaction takes place between the Pro and the glutamic
acid on the π-acidic surface.
The rate of the reaction increased from least π-acidic catalysts 8

to most π-acidic catalysts 10. Observed rate enhancements
calculated to a decrease in activation energy of ΔEa = −2.8 to
−3.9 kJ mol−1 (Table 1, entries 1−5 and 26−29; Figure 3A, blue
rectangles). Decreasing activation energies with increasing π
acidity were almost independent of the chirality of catalysts 10;
only the more flexible control 13 was clearly less responsive to
changes in π acidity, i.e., anion-π catalysis (Figure 3A, blue X).
Similar rate enhancements observed for 5 indicated that the
phenyl group in 2 is not decisive (Figure 1).

Decreasing activation energies with increasing π acidity of the
catalyst resulted in higher enantioselectivity. The enantiomeric
excess (ee) with 4 obtained with the most π-acidic catalysts 10
(blue rectangles) or 13 (blue X) always exceeded that with least
π-acidic catalysts 8 (red rectangles) or 11 (red X) independent of
number and configuration of stereogenic centers in the catalysts
(Figure 3A). Considering the understood importance of higher
selectivity at faster rates in bifunctional catalysis,20 this general
increase of both with increasing π acidity in nearly isostructural
catalysts supported the idea that anion-π interactions generally
contribute to enantioselectivity, i.e., the existence of asymmetric
anion-π catalysis.
Consideration of the full chiral product space21 revealed that at

minimal π acidity ee and the diastereomeric ratio dr of the four
diastereomers of catalyst 8 scatter broadly with less convincing
stereoselectivities (Figure 4A, red squares). At maximal π acidity,
the four diastereomers of catalyst 10 line up nicely and separate
into matched and mismatched architectures (Figure 4A, blue
circles). (R,S,S)-Diastereomer 10 emerged as the best catalyst,
closely followed by (S,R,R)-10 (Table 1, entries 26 and 29).
Molecular models confirmed that in the mismatched (R,R,R)-
and (S,S,S)-isomers the pyrrolidine ring is turned away and has to
be forced into a more strained conformation to position the
reaction on the π-acidic surface and to reach the essential
carboxylic acid on the other side (Figures 1 and 2). More flexible

Figure 2. Structure of anion-π catalysts, with illustration of the mismatch with (R,R,R)-isomers and arbitrary numbering of the stereogenic centers. With
4S kept constant and centers 5 and 6 unknown beyond CD indications on syn or anti configuration (referred to as chiral HPLC fractions F1−F4),
stereoisomers are designated on the basis of chiral centers 1−3 as shown.

Figure 3. Kinetic chiral space covered by catalysts (A) 8, 10, and (B) 9.
(A) ΔEa for the reaction of 1 with 2 in the presence of 10 (blue
rectangles; 13, blue X) compared to 8 (red rectangles; 11, red X), and ee
of 4 obtained with 8 (red rectangles), 10 (blue rectangles), 11 (red X),
and 13 (blue X). Blue arrows: Change with increasing π acidity. (B)ΔEa
for the reaction of 1 with 2 in the presence of 9 compared to 8 (dotted
red line) and ee of 4 obtained with 9, reported as the area covered by the
four sulfoxide stereoisomers F1−F4 of each stereoisomer of 9. Shaded
circles: F1−F4 of (R,S,S)-9.
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control 13 at maximal π acidity performed comparably well with
regard to ee but, as with poor rate enhancements (Figure 3A, blue
X), failed to yield high diastereoselectivity (Figure 4A, blue X;
Table 1, entry 30). This demonstrates that contrary to the
uniform increase of enantioselectivity with π acidity (Figure 3A,
blue arrows) diastereoselectivity depends also on precisely

sculpted architectures around the π-acidic surface (Figure 4A,
blue arrows).
At intermediate π acidity, 9 and 12 were special because two

additional chiral centers are introduced right at the edge of the π
surface. All four diastereomers of 9 and 12 could be separated by
chiral HPLC (Figure S1). In their circular dichroism (CD)
spectra,22 2 of the 4 fractions collected by HPLC always showed
strong and nearly mirror-imaged Cotton effects at long
wavelength (Figure S2). Comparison with previously reported
CD spectra and crystal structures18,19 suggested that these
contain the syn isomers (Figure 2). In syn isomers, the preferred
in-plane orientation of the conjugated S-O turns both ethyl
groups to the same side of the aromatic plane.
The reaction of 1 with 2 in the presence of 9 was conducted

under the conditions introduced above. Contrary to the
consistent increases in rate and enantioselectivity from less π-
acidic 8 to more π-acidic 10 (Figure 3A), stereoselective
transition-state stabilization by chiral sulfoxides at the edge of
the π-acidic surface of 9 was more complex. Judged from the area
covered in the kinetic chiral space, mismatched and more flexible
catalysts were not very sensitive to the chirality of the sulfoxides at
the π surface (Figure 3B, olive). Best in this series was (S,S,S,F4)-
9 (Table 1, entry 17), but other catalysts suffered from poor rate
enhancement ((S,Fn)-9, Table 1, entries 22−25), poor
enantioselectivity ((R,R,R)-9, Table 1, entries 10−13), or both.
The kinetic chiral space covered by the matched catalysts was

most impressive (Figure 3B, magenta). Dependent only on the
chirality of the sulfoxides at the edge of the π surface of (S,R,R)-9,
strong deceleration with poor enantioselectivity (F3) could
change to strong acceleration with good enantioselectivity (F1
and F4, Figure 3B; Table 1, entries 6−9). (R,S,S)-9 showed poor
enantioselectivity at broadly varied rates except for the
outstanding (R,S,S,F4)-9 (Figure 3B and Table 1, entries 18−
21). The ΔEa = −5.9 kJ mol−1 of (R,S,S,F4)-9 is the most
significant rate enhancement found in the entire series. It
exceeded by far the similarly enantioselective ΔEa = −3.9 kJ
mol−1 of the more π-acidic (R,S,S)-10.
The full chiral space covered by the variation of the chirality of

the sulfoxides at the edge of the π surface was similarly impressive
(Figure 4B and Table 1, entries 6−25). Highest sensitivity was
again found for matched catalysts (S,R,R)-9 and particularly
(R,S,S)-9 (Figure 4B, magenta), but mismatched and flexible
catalysts covered much less chiral space (Figure 4B, olive). Good
enantioselectivity was observed with some isomers containing S-
Pro, i.e., (S,R,R)-9, (S,S,S)-9, and (S)-9, but good diastereose-
lectivity occurred with selected isomers containing R-Pro, i.e.,
(R,R,R)-9 and (R,S,S)-9. Only one catalyst, (R,S,S,F4)-9, showed
good enantioselectivity and diastereoselectivity (Figure 4B and
Table 1, entry 21). This hypersensitivity to topological matching
suggested that the absolute configuration at the glutamate side
kept constant in S throughout the study is also essential;
otherwise (S,R,R)-9 would be as good as (R,S,S)-9. As for rate
enhancements, diastereoselectivity of (R,S,S,F4)-9 exceeded
significantly even that of the more π-acidic (R,S,S)-10 (Figure
4A,B). CD spectrum suggested that the stereochemistry of
(R,S,S,F4)-9 (the best catalyst found in this study) is anti (Figure
S2); discrimination between the (5S,6R)- and (5R,6S)-
diastereomers requires information from crystal structures
(Figure 2).
Our results provide unprecedented experimental support that

anion-π interactions9 can contribute to asymmetric enamine
catalysis. Generally increasing enantioselectivity and rates with
increasing π acidity of nearly isostructural catalysts are

Figure 4. Full chiral space covered by (A) 8, 10, and (B) 9. (A) dr and ee
for 4 obtained with 8 (red squares), 10 (blue circles), 11 (red X) and 13
(blue X). Blue arrows connect identical stereoisomers at minimal (red
symbols) andmaximal π acidity (blue symbols). (B) Chiral space with ee
and dr for 4 obtained with 9, reported as the area covered by the four
sulfoxide stereoisomers F1−F4 of each stereoisomer. Shaded circles:
F1−F4 of (R,S,S)-9.

Table 1. Characteristics of Anion-π Catalysts.a

catb configurationc ΔEa (kJ/mol)d dre ee (%)f

1 8 1S,2R,3R 0 6.9:1 66
2 8 1R,2R,3R 0 4.5:1 −48
3 8 1S,2S,3S 0 8.1:1 58
4 8 1R,2S,3S 0 9.0:1 −65
5 11 1S 0 7.0:1 64
6 9 1S,2R,3R,F1 (anti) −1.7 4.5:1 80
7 9 1S,2R,3R,F2 (syn) +1.9 4.5:1 63
8 9 1S,2R,3R,F3 (anti) +2.6 3.0:1 48
9 9 1S,2R,3R,F4 (syn) −1.9 5.2:1 78
10 9 1R,2R,3R,F1 (anti) −1.8 7.4:1 −61
11 9 1R,2R,3R,F2 (syn) −1.9 5.3:1 −59
12 9 1R,2R,3R,F3 (syn) −2.6 7.5:1 −64
13 9 1R,2R,3R,F4 (anti) −2.0 4.9:1 −57
14 9 1S,2S,3S,F1 (anti) +0.7 4.3:1 77
15 9 1S,2S,3S,F2 (syn) −0.8 4.7:1 76
16 9 1S,2S,3S,F3 (syn) −0.1 4.5:1 61
17 9 1S,2S,3S,F4 (anti) −2.8 4.5:1 83
18 9 1R,2S,3S,F1 (anti) −3.0 3.1:1 −60
19 9 1R,2S,3S,F2 (syn) −4.9 6.7:1 −56
20 9 1R,2S,3S,F3 (syn) +0.1 5.3:1 −59
21 9 1R,2S,3S,F4 (anti) −5.9 10.9:1 −82
22 12 1S,F1 (syn) −0.2 6.1:1 75
23 12 1S,F2 (anti) +0.3 5.3:1 76
24 12 1S,F3 (syn) +2.4 4.0:1 79
25 12 1S,F4 (anti) +1.6 4.0:1 78
26 10 1S,2R,3R −3.4 8.9:1 77
27 10 1R,2R,3R −3.1 6.6:1 −60
28 10 1S,2S,3S −2.8 7.3:1 63
29 10 1R,2S,3S −3.9 9.0:1 −82
30 13 1S −1.1 5.9:1 76

aMeasured with 1.0 M 1, 500 mM 2, and 50 mM catalyst in CDCl3/
CD3OD 1:1, at room temperature. bCatalysts; see Figure 2. cArbitrary
numbering; see Figure 2. dRate enhancement, negative = acceleration,
positive = deceleration, ΔEa = −RT ln(vini/vini

0); vini
0 = initial velocity

with 8 or 11. eDiastereomeric ratio, for syn isomer. fEnantiomeric
excess, a negative ee indicates preference for the opposite enantiomer
of the product.
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particularly important20 with regard to existence and relevance of
asymmetric anion-π catalysis (Figure 3A). The relationship
between diastereoselectivity and π acidity of stereoisomeric
catalysts is more complex (Figure 4A) and, like the profound
impact of chiral centers right at the edge of their π-acidic surface
(Figures 3B and 4B), nicely highlights the importance of rigidified
and “matched” architectures around the central π-acidic surface.
Current efforts focus on larger substituents for the chiral
sulfoxides at the edge of the π-acidic surface19 to reach more
significant stereoselectivities, on determination of their absolute
configuration in refined catalysts,18,19 and on anion-π catalysts for
otherwise difficult reactions13c and their integration into more
complex systems.23
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