TETRAHEDRON:
ASYMMETRY

Pergamon Tetrahedron: Asymmetry 9 (1998) 10591064

The origin of the stereoselectivity in the asymmetric Michael
reaction using chiral imines/secondary enamines under neutral
conditions: a computational investigation

Marie E. Tran Huu Dau,®* Claude Riche,? Frangoise Dumas® and Jean d’ Angelo®*

“Institut de Chimie des Substances Naturelles, CNRS, avenue de la Terrasse, 91198 Gif sur Yvette Cedex, France
bUnité de Chimie Organique Associée au CNRS, Centre d’Etudes Pharmaceutiques, Université Paris Sud, 5 rue J.-B. Clément,
92296 Chdtenay-Malabry Cedex, France

Received 2 February 1998; accepted 9 February 1998

Abstract

The diastereoselectivity in the asymmetric Michael reaction using chiral imines/secondary enamines under
neutral conditions has been investigated with the help of AM1 calculations. The energetic differences between
the two competing transition states involving enamino ketones 7d, 7g and methyl acrylate are in good agreement
with the stereoselectivities observed with the corresponding chiral imines, derived from 1-phenylethylamine (de
95%) and from 1-cyclohexylethylamine (de 45%). The calculated transition structures indicate that steric factors
govern the Tt-facial discrimination. © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

Some years ago, one of the most potent methodologies for the enantioselective construction of
quaternary carbon centers was reported, based on the asymmetric Michael reaction using chiral imines
under neutral conditions.! Thus, chiral imines 2, derived from racemic 2-substituted-cyclanones 1
and optically active 1-phenylethylamine, reacted with electron-deficient alkenes 4, to lead regio- and
stereoselectively to Michael adducts 5 (Scheme 1).! However, a dramatic decrease of the stereoselectivity
was observed, when the phenyl ring of the chiral auxiliary was replaced by a cyclohexyl group.

From the very beginning, it was postulated that the nucleophilic species in this Michael addition are,
in fact, the more substituted secondary enamines 3, in tautomeric equilibrium with imines 2. Strong
experimental evidences for a cyclic transition state, and for an internal proton transfer from the nitrogen
atom of the enamine to the electrophilic alkene were obtained.!®2

* Conr?:?ponding author.
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On the other hand, this process has been theoretically stimulated by ab initio SCF calculations, using
propenal and ethyleneamine as prototype structures by Sevin et al. A compact, chair-like approach
was found to be favored over a boat-like or a linear approach respectively, since being stabilized by
MO interactions, and avoiding the formation of a thermodynamically disfavored linear zwitterionic
intermediate.> However, further study of enamine structures having a pyramidal nitrogen atom, and the
corresponding constrained transition structures at 3 A, derived from the general substitution pattern,
afforded no clear-cut conclusion about the origin of the remarkable stereoselectivity.? Recently, this
process has been reinvestigated by Houk and Lucero on the basis of conformational transmission of
chirality.* They found on a prototype system calculated at the RHF 6-31G* level that a transient compact
zwilterionic intermediate is probably involved, and that for the transition state implicating the most stable
half-chair of (N-1-phenylethylamino)cyclohexene and acrylonitrile computed with MM2, axial attack is
1 kcal/mol lower in energy than equatorial attack, a value consistent with the experimental data.

In this article, we report on the results of quantum mechanical calculations related to the Tt-facial
discrimination of chiral enamines 3, by selecting methyl acrylate and enamino ketones 7d,'* 7e and 7g
as reactants, hence including both phenyl and cyclohexyl series. Unlike the above mentioned systems,
the conformationally mobile cyclohexene ring is changed for a planar cyclopentene nucleus. and the
enamine nitrogen atom is now perfectly planar.'® Consequently in our model system, in contrast with
previous studies,>* the Tr-facial discrimination is purely governed by the chiral group of the enamino
ketone partner. Proposed theoretical transition structures® were thus located, and an excellent agreement
was obtained between calculated and experimental stereoselectivities.

7a:R' = MeO; R?= Me
R! N
\ N7

7b: R = pNO2PhO; RZ = Me
0"H Rz

7c: R = pNOPhO; R2 = tBu
7d: R' = Me; R%=Me O--H
7e: R' = Me; R%= {Bu M

71:R' = MeO; R2 = tBu 7g

2. Results and discussion

As a first step, the structures of constrained transition structures formed by methyl acrylate in
close interaction with enamino ketones 7d, 7e and 7g have been investigated by using the semi-
empirical molecular orbital program MOPACS at the RHF AM1 level.” Preliminary results for the
two diastereomeric constrained transition structures of 7d with methyl acrylate (Re-approach and Si-
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approach) at 3 A have shown that when methyl acrylate is approaching the Re-face (leading to the
formation of the major diastereomer), at the relative minimum of energy, the enamino ketone adopts
a conformation where 8=C2-N6-C7-C9 is about 60°. Conversely, when methyl acrylate is coming on
the Si-face (leading to the formation of the minor diastereomer), the relative minimum corresponds to
6=180°: hence, for minimizing steric effects, the phenyl group is pushed away from its most stable
position (81°, close to the corresponding angle value found in the crystal structure of enamino ester
7b: 75°,10 Scheme 2).!? The results are comparable with other enamino ketones 7e and 7g, for which
only the constrained transition structures were calculated at 3.0 A, where the dihedral angle 8 is
approximately 60° (Re-approach) or 180° (Si-approach). For 7g, three additional ‘sub-conformers’: 7g;,
(anti: H-C7-C9-H=180°), 7g; and 7g3 (gauche: 60° and —60°) were generated (Table 1, Scheme 3).!!

Ph\9 =60° Si-approach

et T
/ | L

Re-approach H” ~Me

Re approach

Scheme 2.

Between the competing diastereomeric constrained transition structures at 3 A for 7d and 7g the
conformational preferences lead to energetic differences of —0.9 and 0.2 kcal/mol, respectively. Those
theoretical results, which correlate qualitatively with experimental data, prompted us to tentatively locate
the corresponding proposed transition structures.>™® The formation enthalpies of all the considered
proposed transition structures and the activation energies of the corresponding reactions are summarized
in Table 1.2 Taking into account the accuracy of the calculations, for the derivatives 7d and 7g, the
energetic differences between the two competing proposed transition structures (AHg,—AHgj=-2.2 and
0.2 kcal/mol, respectively), are in good agreement with the related experimental results (de=95% and
45%, respectively).! Incidentally, it should be noted that no addition to methyl acrylate was observed
under ‘standard’ experimental conditions for the hindered enamino ester 7f.! A small increase in
activation energy was indeed calculated for the related enamino ketone 7e (Table 1), but not important

Table 1
AH: Formation enthalpies of 7+methyl acrylate at 3.0 A and of the corresponding proposed theoretical

transition structures are in kcal/mol. AE=difference between the sum of the enthalpies of the optimized
reactants in the ground state with the enthalpy of the corresponding most stable transition structure

Enamino R2 Reactants at 3.0 A AM1 - transition structures

ketones
AHg, AHg; AHg..AHg; AHg, AHs; AHg,.AHg; AE

7d Me -852 -843 -09 619 -59.7 2.2 213
781 Me -141.1 -1404 -118.6 -117.7
Tg2 Me -142.6 -142.8 0.2 -119.5 -119.7 0.2 274
783 Me -1423  -140.8 -119.5 -118.8

Te tBu -93.6 934 -0.2 -72.1 -684 -3.7 -28.2
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enough to explain this lack of reactivity. In order to have an appreciation of the role of the chiral group
in the stereochemical sense of the reactions and to understand the crucial difference between the phenyl
and the cyclohexyl series, the relative stabilization energies were analyzed. The energy of each reactant
moiety was evaluated by removing the atoms of the partner followed by single-point calculations, without
altering the proposed transition structures geometry (Table 2).

Table 2
AH: Formation enthalpy of transition structures (7+methyl acrylate) in kcal/mol. a: Formation en-
thalpy of the enamine moiety in the transition structures in kcal/mol. b: Formation enthalpy of the
acrylate moiety in the transition structures in kcal/mol

Enamino Transition Enamino ketone  Acrylate moiety Remaining interaction
ketone structure moiety energy

AHg, . AHg; AHg, . AHg; @ AHg, . AHg; b

7d 22 -0.7 0.6 -0.9
782 0.2 0.1 0.1 0

For 7d, the enamino ketone and the acrylate moieties in the Re transition structure are more stable
than those in the Si transition structure by 0.7 and 0.6 kcal/mol, respectively, while for 7g, the relative
stabilities of the enamino ketone and the acrylate moieties in the Re and Si transition structures are quite
comparable. The proper interactions between 7d and the acrylate on the Si face are more important than
on the Re face: this fact finds expression in the remaining energy difference (0.9 kcal/mol). For 7g, this
energy difference is nil. The AM1 optimized transition state geometries for 7d and 7g are shown in
Fig. 1. At first sight, it is obvious that steric factors govern the geometry of these transition structures.
The interactions due to the chiral group in the Re and Si transition structures of 7d and 7g, which allow
better understanding of these energy differences, are featured by dotted lines in Fig. 1. As a matter of
fact, in the Si transition structure of 7d, on one hand, one hydrogen atom of the phenyl ring of the chiral
group is close to one hydrogen atom of the methyl group of the acrylate (2.19 A) and on the other hand,
one hydrogen atom of the methy] of the chiral group is close to one hydrogen atom of the five-membered
ring (2.02 A"). The rotation around the N6—C7 axis which could lower one interaction will unavoidably
raise the other one. In comparison, in the Re transition structure of 7d, the interactions of the chiral
group with the five-membered ring as well as with the acrylate are less important than those in the Si
transition structure. On the contrary, in both Re and Si transition structures of 7g, these steric contacts are
comparable. Indeed, in the Re transition structure of 7g, one hydrogen atom of the cyclohexyl ring of the
chiral group is close to one hydrogen atom of the five-membered ring (2.12 A), and one hydrogen atom
of the methyl of the chiral group is close to one hydrogen atom of the methyl group of the acrylate (2.25
A). In the Si transition structure of 7g, two hydrogen atoms of the cyclohexyl ring of the chiral group
are close to one hydrogen atom of the methyl group of the acrylate (2.29, 2.38 A), and one hydrogen
atom of the methyl of the chiral group is close to one hydrogen atom of the five-membered ring (2.13
A). The difference between the Re transition structures of 7d and 7g is that the steric interactions of the
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Fig. 1. AMI transition structures for 7d and 7g+methyl acrylate; top left: 7d Re-approach, top right: 7d Si-approach, bottom
left: 7g Re-approach, bottom right: 7g Si-approach. The interatomic distances (dotted lines) are given in A

five-membered ring are much more important with the sp3-hybridized carbon-atoms of the cyclohexyl
ring than with the sp?-hybridized carbon-atoms of the phenyl ring of the chiral group.

Moreover, in these proposed transition structures, the C-C forming bond is 1.83 A, and the hydrogen
atom borne by the nitrogen atom is not far from the C2’ carbon atom of the acrylate (2.71 A). It is
noteworthy that, in line with our results, Houk et al. found a C—C forming bond of 1.87 A and a
C-HN distance of 2.55 A in the RHF 6-31G* calculated transition structure for the reaction of (N-
methylamino)cyclohexene with acrylonitrile.* The finding that the calculated energies of the transition
structures correlate nicely with the experimental results, on one hand, and that the 6-31 G* and AM1
transition structures are quite similar on the other hand, makes the geometry of the transition structure
trustworthy. These results are consistent with a fast internal, but stepwise proton transfer, and therefore
the present Michael reaction can be interpreted in terms of an ‘aza-ene-like’ process, with steric factors
dictating the stereoselectivity.
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3. Conclusion

The origin of the mr-facial discrimination in the asymmetric Michael addition of chiral
imines/secondary enamines has been investigated by computational modeling. A good agreement
was obtained between the stereoselectivities calculated with the help of AMI1 procedure (Fig. 1) and
the experimental values in both phenyl and cyclohexyl series, thereby providing feedback information
about the reliability of the proposed theoretical transition structures developed here. These transition
structures indicate that steric factors are responsible for the experimentally observed stereoselectivity,
and also support satisfactorily another striking feature of this Michael addition, namely the internal
proton transfer from the enamine to the electrophilic partner.
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