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A mechanistic study was carried out for the asymmetric Michael addition reaction of malonates
to enones catalyzed by a primary amino acid lithium salt to elucidate the origin of the
asymmetric induction. A primary B-amino acid salt catalyst, O-TBDPS B-homoserine lithium
salt, exhibited much higher enantioselectivity than that achieved with the corresponding
catalysts derived from a- and y-amino acids for this reaction. Detailed studies of the transition
states with DFT calculations revealed that the lithium cation and carboxylate group of the f-
amino acid salt catalyst have important roles in achieving high enantioselectivity in the Michael
addition reaction of malonates to enones.

2009 Elsevier Ltd. All rights reserved.

1. Introduction

Since the rediscovery of a simple secondary a-amino acid, L-
proline, as a high-potential catalyst in catalytic asymmetric
synthesis, asymmetric organocatalysis has achieved explosive
growth as a result of efforts to develop unique catalysts.!
Asymmetric Michael addition reaction of carbon nucleophiles to
a,B-unsaturated ketones or enals is one of the synthetic
methodologies that received much benefit from the growth of
organocatalysis, and it has become a powerful tool for the
carbon-carbon bond formation reaction to create a carbon
stereogenic center on the B-position of carbonyl groups.” As
pioneering works in this reaction with organocatalysis, a
rubidium salt of L-proline and a chiral (2-pyrrolidyl)alkyl
ammonium hydroxide were discovered as effective catalysts for
the asymmetric Michael addition of malonates to enones by
Yamaguchi® and Taguchi,* respectively, in the early 1990s. Since
Michael addition reaction of malonates to enones provides 1,5-
ketoesters, which are synthetically useful substrates, there is
much interest in the development of new chiral organocatalysts
for this reaction and elucidation of their reaction mechanisms."*®

We recently reported that a primary B-amino acid salt, O-
TBDPS B-homoserine lithium salt (1), was an effective catalyst
for the Michael addition reaction of dimethyl malonate (2) to 2-
cyclohexen-1-one (3) and that the B-amino acid moiety was
necessary for obtaining Michael adduct 4 with high

enantioselectivity, since a- and y-amino acid salt analogues 5 and
6 resulted in lower enantioselectivity than that from using the -
amino acid salt catalyst 1 (Scheme 1).° After carrying out
detailed optimization of the reaction conditions with B-amino
acid salt catalyst 1, we succeeded in obtaining various 1,5-
ketoesters in high vyields (up to 92%) with high
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Scheme 1. Michael addition reaction of dimethyl malonate (2) to
2-cyclohexen-1-one (3) catalyzed by a primary amino acid lithium
salt (1, 5 and 6). Isolated yield and enantiomeric excess of the (R)-
enantiomer of Michael adduct 4 are shown in parentheses.
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Figure 1. Linear relationship between enantiomeric excess of the
Michael adduct 4 and O-TBDPS B-homoserine lithium salt catalyst.
The Michael addition reaction was carried out with a mixed catalyst
consisting of 1 and the original amino acid (1:3, 0.1 mmol), malonate
2 (1 mmol), and enone 3 (0.5 mmol) in DMSO/(CH.CI), (1:2, 0.5
mL) at 25 °C for 24 h according to our previous report. Yields of 4
were ranged from 74 to 88%.
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Figure 2. Effect of catalyst loading on the Michael addition
reaction of malonate 2 to enone 3. The Michael addition reaction was
carried out with a mixed catalyst consisting of 1 and the original
amino acid (1:3), malonate 2 (1 mmol), and enone 3 (0.5 mmol) in
DMSO/(CHCI), (1:2, 0.5 mL) at 25 °C.

enantioselectivities (up to 97% ee); however, the function of the
B-amino acid salt moiety in the Michael addition reaction to
achieve high enantioselectivity remains elusive. Although several
reports about successful organocatalysis using a p-amino acid
catalyst have been published, there have been few mechanistic
studies compared with studies on organocatalysis using an o-
amino acid catalyst.7 In this context, we carried out a mechanistic

Table 1. Solvent effect in the Michael addition of
malonate 2 to enone 3 catalyzed by primary amino acid

salt 1.2

5 + catalyst 1 4
Entry  Solvent Yield ee

%) (%)

1 DMSO 61 59
2 CH,Cl, 28 60
3 (CH,CI), 30 56
4 DMSO/ CH,Cl, (2:1) 52 81
5 DMSO/ CH,Cl, (1:1) 51 87
6 DMSO/ CH,Cl, (1:2) 49 88
7 DMSO/ (CH,CI), (2:1) 42 85
8 DMSO/ (CH,CI), (1:1) 42 87
9 DMSO/ (CH,CI), (1:2) 43 90

% The Michael addition reaction was carried out with
catalyst 1 (0.05 mmol), malonate 2 (1 mmol) and enone 3
(0.5 mmol) in a solvent (1 mL) at 25 °C for 24 h. "
Isolated yield of 4 based on 3. ¢ Determined by chiral
HPLC analysis.

study with DFT calculations to determine why the p-amino acid
salt catalyst 1 is effective for obtaining 1,5-ketoesters with high
enantioselectivity in the Michael addition reaction of malonates
to enones and why the catalyst exhibits higher enantioselectivity
than that of the a- and y-amino acid salt catalysts 5 and 6.

2. Results and discussion

To verify a reliable chemical model, it is necessary to
determine how many molecules of the catalyst participate in the
transition state (TS). Two typical mechanistic studies were
carried out as shown in Figures 1 and 2.° First, we examined the
Michael addition reaction of malonate 2 to enone 3 in the
presence of a primary B-amino acid lithium salt catalyst 1 with
various enantiomeric excesses that were prepared from O-
TBDPS (S)- and (R)-B-homoserines. A good linear relationship
was obtained between the enantiomeric excesses of Michael
adduct 4 and catalyst 1 (Figure 1). We next studied the effects of
catalyst loading on the Michael addition reaction. It was found
that the reaction rates are roughly proportional to the
concentration of the catalyst at each reaction time (Figure 2).
These results indicate that a monomeric reactive species would
participate in the TS of the present Michael addition reaction.

In our previous studies on a primary amino acid salt-catalyzed
Michael addition of malonates to enones,®® the use of a mixed
solvent consisting of a coordinative solvent (DMSQ) and a low
polar solvent [(CH,CI),] was found to be essential to achieve
high enantioselectivity (Table 1). The solvent effect indicates that
DMSO would coordinate with the lithium cation to prevent
aggregation of the reactive species during the course of the
reaction.
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Figure 3. Optimized structures of DMSO (L) coordinated (Z)- and (E)-7 (C, gray; O, red; N, blue; Li, purple; S, yellow; Si, sky-blue). Relative

energies are shown in parentheses (B3LYP/6-311++G**//B3LYP/6-31G*).
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Based on these experimental mechanistic studies, DFT
calculations™  were carried out at the B3LYP/6-
311+G(d,p)//B3LYP/-31G(d) level using monomeric imine
models, where DMSO coordinates with the lithium cation of the
catalyst as an explicit solvent model and TMS is used instead of
TBDPS to reduce computational cost (Figure 3). We have

BTSrb (+7.9 kcal/mol)

BTSsb (+2.7 kcal/mol)

Figure 4. Optimized structures of BTS (C, gray; O, red; N, blue; Li, purple; S, yellow; Si, sky-blue; malonate 2, ball and stick model; imine 7, tube
model). Relative energies are shown in parentheses (B3LYP/6-311++G**//B3LYP/6-311G*).

previously proposed that the reaction would proceed through the
formation of imine intermediate 7 generated from enone 3 and
catalyst 1, in which the Lewis acidic lithium cation of the catalyst
would coordinate with the nitrogen atom of imine and the oxygen
atom of the carboxylate group to form a stable six-membered
ring structure.®® DFT calculations exhibited noteworthy
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Figure 5. Optimized structures of oTS with (R)-enantiomer of catalyst 5 (C, gray; O, red; N, blue; Li, purple; S, yellow; Si, sky-blue; malonate 2,
ball and stick model; imine, tube model). Relative energies are shown in parentheses (B3LYP/6-311++G**//B3LYP/6-311G*).

{a) yTS leading to major enantiomer {L = DMSQO)
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{b} ¥TS leading to minor enantiomer {L = DMSQO)
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structural and energetic properties of imine 7. It was found that
the lithium cation coordinates with not only the nitrogen atom of
imine and the oxygen atom of the carboxylate group but also the
oxygen atom of the siloxy group to form a stable bicyclic
structure. Furthermore, it was found that there is little difference
in energy between the geometric isomers, (E)- and (2)-7.

We then carried out DFT calculations for the TS of the present
Michael addition reaction to reveal how the p-amino acid salt

YTSsb (+4.6 kcal/mol)

Figure 6. Optimized structures of yTS (C, gray; O, red; N, blue; Li, purple; S, yellow; Si, sky-blue; malonate 2, ball and stick model; imine, tube
model). Relative energies are shown in parentheses (B3LYP/6-311++G**//B3LYP/6-311G*).

catalyst functions as an efficient asymmetric catalyst. As
malonate 2 approaches imine 7 through hydrogen bonding with
the carboxylate group, (2)- and (E)-7 lead to re-facial and si-
facial attacking TSs, BTSr and BTSs, respectively (Figure 4). For
these TSs, two types of lithium cation coordination models, a
siloxy-coordinating model (BTSa) and an enolate-coordinating
model (BTSb), were explored. In the re-facial attacking TSs,
BTSra is more stable than BTSrb, since Lewis acidic lithium
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Figure 7. Optimized structures of TBDPS model of BTS (C, gray; O, red; N, blue; Li, purple; S, yellow; Si, sky-blue; malonate 2, ball and stick
model; imine, tube model). Relative energies are shown in parentheses (B3LYP/6-311++G**//B3LYP/6-311G*).

cation would favorably coordinate with the oxygen atom of the
siloxy group, which has a more negative charge (-0.914) than
that of the carbonyl group of enolate (-0.657). In addition, in
BTSrb, steric repulsion was observed between malonate 2 and
methylene groups of the cyclohexene moiety (purple curves in
Figure 4). Therefore, BTSrb is higher in energy than TSra. As
for the si-facial attacking TSs, in contrast, the enolate-
coordinating model (BTSsb) is more stable than the siloxy-
coordinating model (BTSsa). Both of the oxygen atoms of the
carboxylate group can be used for hydrogen bonding and
coordination with the lithium cation in BTSsb to provide
resonance stabilization of the carboxylate group, whereas there is
no such stabilization effect in BTSsa. By comparison of the
energy differences of these four diastereomeric transition
structures, BTSra and BTSsb were determined as plausible TSs
that give major and minor enantiomers of Michael adduct 4,
respectively. In agreement with the experimental results, pTSra
leading to the major enantiomer of Michael adduct 4 is the
energetically most favored. It was thus revealed that the
carboxylate group of the B-amino acid salt catalyst has a role as a
tether forming the stable bicyclic structure of imine 7 and
grabbing the enolate of malonate 2 to bring it close to the
prochiral center.

To obtain further detailed insight into the effect of tether
length on stereochemical control, DFT calculations of TSs of the
Michael addition reaction with a- and y-amino acid salt catalysts
(oTS and yTS) were also carried out (Figures 5 and 6). In aTS,
the siloxy-coordinating models (aTSa) were only optimized
because the shorter tether length of the a-amino acid moiety is
not sufficient to form the enolate-coordinating models (aTSb).
The energy difference between aTSra and aTSsa (Figure 5, 1.9
kcal/mol) was smaller than that between BTSra and BTSsb
(Figure 4, 2.7 kcal/mol). In a manner similar to the p-amino acid
salt catalyst, the y-amino acid salt catalyst has a long and flexible
tether to form both siloxy-coordinating (yTSa) and enolate-
coordinating (yTSb) models (Figure 6). In the re-facial attacking
models, the structural and energy differences between yTSra and
yTSrb are similar to those obtained from the p-amino acid salt
catalyst. A great difference in transition structures compared with
the case of the B-amino acid salt catalyst was found in the si-
facial attacking models (yTSs) as follows: the siloxy-
coordinating model (yTSsa) provides resonance stabilization of
the carboxylate group, whereas there is no such stabilization
effect in the enolate-coordinating model (yTSsb). In contrast to
BTS, yTSsa is thus energetically more favored than yTSsb.

Therefore, there is a very small energy difference (0.1 kcal/mol)
between yTSra and yTSsa. Those smaller energy differences
between the re- and si-facial attacking models in both aTS and
vyTS can support the experimental result that the Michael addition
reaction with the a- and y-amino acid salt catalysts 5 and 6
resulted in lower enantioselectivities.

Finally, we carried out DFT calculations of the TSs with a real
system of O-TBDPS B-homoserine lithium salt 1 and found that a
re-facial attacking model (TBDPS_BTSra) is more stable than a
si-facial attacking model (TBDPS_BTSsb) (Figure 7). It was thus
confirmed that the results are in agreement with those obtained
by using the O-TMS catalyst model.

3. Conclusion

By the present experimental and computational mechanistic
studies, it was found that there is little energy difference between
the two geometric isomers of an imine, which was generated
from 2-cyclohexen-1-one and O-TBDPS B-homoserine lithium
salt. DFT calculations of the TSs of conjugate addition of
dimethyl malonate to this imine indicated that the lithium cation
and the carboxylate group of the catalyst have important roles as
an anchor to hold the stable bicyclic structure of the imine and as
a tether to grab an enolate of malonate to bring it close to the
prochiral center of the imine, respectively. By comparison with
DFT calculations of the TSs with a- and y-amino acid salts, it
was revealed that O-TBDPS B-homoserine lithium salt has an
appropriate length of the amino acid structure to achieve high
enantioselectivity in the Michael addition reaction of malonates
to enones.

4. Experimental
4.1. General

Solvents, dimethyl malonate (2) and 2-cyclohexen-1-one (3)
were used after purification by distillation. O-TBDPS j-
homoserine was prepared according to our previous report.”* *H
NMR (400 MHz) and C NMR (100 MHz) spectra were
recorded on a JEOL JNM-ECX400P. Chemical shifts, § are
referred to TMS (CDCI,). Specific rotation was measured by a
HORIBA SEPA-500. HPLC was carried out using a JASCO PU-
2089 Plus intelligent pump and a UV-2075 Plus UV detector.

4.2. Michael addition reaction of dimethyl malonate (2) to 2-
cyclohexen-1-one (3) catalyzed by O-TBDPS S-homoserine
lithium salt (1) with various enantiomeric excesses (Figure 1).



6 Tetrahedron

4.2.1. Preparation of catalysts

In a vial, ground LiOH mono hydrate (42 mg, 1 mmol) was
added to a solution of O-TBDPS (S)-p-homoserine (1.43 g, 4
mmol) in MeOH (4 mL) at 0 °C. After stirring for overnight at
room temperature, the reaction mixture was concentrated under
reduced pressure. The obtained white solid was ground well and
dried in vacuo to give a 1:3 mixture of O-TBDPS (S)-B-
homoserine lithium salt 1 and the original amino acid. The
corresponding (R)-catalyst was also synthesized in the same
manner. The obtained (S)- and (R)-catalysts were mixed in
various proportions to give catalysts with various enantiomeric
excesses.

4.2.2. Michael addition reaction

In a 7 mL vial, dimethyl malonate (2, 132 mg, 1 mmol) was
added to a solution of the catalyst obtained above (36 mg, 0.1
mmol) and 2-cyclohexen-1-one (3, 48 mg, 0.5 mmol) in
DMSO/(CH,CI), (1:2, 0.5 mL) at 25 °C. After the reaction
mixture was stirred for 24 h at 25 °C, sat. ag. NaCl (1 mL) was
added to the vial and extracted with Et,O (1.5 mL x 4). The
combined organic phase was dried over MgSO,, filtered and
concentrated under reduced pressure. 3-
[Bis(methoxycarbonyl)methyl]cyclohexanone (4) was isolated by
column chromatography (silica gel, hexane/Et,0 1:1) as oil. The
enantioselectivity was determined by HPLC analysis [Daicel
CHIRALPAK AS-H, 40% isopropanol/hexane, 0.7 mL/min, 218
nm; tr(major) = 32.3 min, tr(minor) = 34.9 min]. The absolute
configuration was determined by comparison of the specific
rotation with that of our previous report.” [0]**%g = +8.9° (C =
1.0, CHCl,, 91% ee); 8,(CDCl3) 1.45-1.55 (1H, m), 1.63-1.75
(1H, m), 1.91-1.98 (1H, m), 2.04-2.12 (1H, m), 2.23-2.31 (2H,
m), 2.38-2.46 (2H, m), 2.50-2.59 (1H, m), 3.35 (1H, d, J 7.9 Hz),
3.75 (3H, s), 3.76 (3H, s); 3c(CDCls) 24.0, 28.3, 37.6, 40.5, 44.6,
52.07,52.09, 56.1, 167.7, 167.8, 209.0.

4.3. Effect of catalyst loading on the Michael addition reaction of
dimethyl malonate (2) to 2-cyclohexen-1-one (3) (Figure 2).

Michael addition reactions were carried out in the same
manner as shown in 4.2.2. but with various catalyst loading of an
enantiopure 1:3 mixed catalyst consisting of 1 and the original
amino acid (5 mol%: 9 mg, 0.025 mmol, 10 mol%: 18 mg, 0.05
mmol, 20 mol%: 36 mg, 0.1 mmol). Reactions were carried out
for 2, 4, 8, 16 or 24 h and stopped to isolate Michael adduct 4.
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