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ABSTRACT

The first computational studies to elucidate the stereoselectivity of the proline-catalyzed direct Mannich reaction have been performed using
density functional theory (B3LYP/6-31G*). The transition states for the proline-catalyzed direct Mannich reaction of the proline enamine of
acetone with the N-phenyl imine of acetaldehyde are reported here. The computed transition states provide a general model that explains the
origin of the opposite stereoselectivities of proline-catalyzed Mannich and aldol reactions.

The Mannich reaction is a versatile three-component reactionof ketones and aldehydes-Amino ketones and aldehydes
involving C—C bond formation and chiral amine production can be synthesized in good yields and stereoselectivities as

from a ketone, aldehyde, and amine (Schemé 1). shown in Scheme 2.
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List? and Barbasrecently showed that proline catalyzes OMe

the direct asymmetric Mannich reactions of a broad range g-y ou, Me, OMe; X= PNP, "By, 'Bu, 'Pr, CO,ET: 50-02% yield: > 95% de;
70-99% ee.*
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Table 1. Yields and Enantioselectivities for Proline-Catalyzed =~ Scheme 4. Two Views of the Preferred Aldol Transition State
Direct Mannich Reactions (Scheme*2)

o}
R X % yield % ee N o
H PNPb 50 (68) 94 (76) N o

H nBu 74 (31) 73 (67) RL\%\O o

H iBu 90 (34) 93 (73) RS RL RS

H iPr 56 (97) 70 (96)

2Yields and enantioselectivities (with opposite configuration) for the

corresponding aldol reaction are in parenthe3@ara-Nitrophenyl. We have now explored the transition state of proline-

catalyzed Mannich reactions with quantum mechanical

. methods. The model system we studied involves the reaction
Several models have been proposed to explain the stereo-

. : . X of the syn and anti proline enamines of acetdheawith the
selec.t|V|ty for th's. reac'upn. Th‘? first m0(_jel ppstulat_ed the (2) and (E)N-phenyl imines of acetaldehyd2(Scheme 5).
reaction of (Z)-imines with proline enamines in chair- and

boat-like transition states (Scheme 3&33}
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All ground state and transition state geometries were
located using hybrid density functional theory (B3LYP),
) ) . N and the 6-31G* basis set as implemented in Gaussiar®98.
This model emphasized a six-membered transition state a|| of the transition states geometries were fully optimized

where the Z)-imine is held together by NH interactions and characterized by frequency analyéis.
from the proline carboxylic acid group to the forming amine.

Later, a Newman projection-like transition state was proposed
(Scheme 3é&p<4in analogy to our theoretical calculations
on the transition states for proline- catalyzed aldol reacfichs.
Indeed, there is ample experimental evidence tBpirfines
are more stable than (Z)-imin&st!

Our theoretical studies of proline-catalyzed aldol reactions

Only the transition states that allow for intramolecular acid
catalysis from the proline carboxylic acid group to the
forming amine were considered. The four transition structures
for the reaction of theH)-imine are shown in Scheme 6.

demonstrated that proton transfer from the proline carboxylic Scheme 6

acid to the forming alkoxide is essential for—C bond o o
formation’~° In the preferred transition state for the aldol 04(0 O——( O——(/O Q‘(
reaction, the carboxylic acid group is anti to the forming Ph _N.j---0 Me N P pN\N Y Me e
C—C bond, and the aldehyde substituent is pseudo- /&%\ g\\” - /%;4
equatorial=® The large group (R prefers to be pointing Me H r\{ H Ve H h{
away from the enamine substituents leading to the observed Ph Ph
re-facial selectivity (Scheme 4). This model has been used (g), ans, +60° (), anti, -60° (E), syn, +60°  (E), syn, 180°

to predict and rationaliz&'? the outcome of the proline-
catalyzed aldol reactions of a variety of ketones with a variety
of aldehydes.

The corresponding transition structures were studied for the
(2)-imine also.
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TS-9 E,, = 2.0 keal/mol

Figure 1. Transition states for the reaction of the proline-enamine
of acetone withN-phenyl imine of acetaldehyde. Insets show the
dihedral angles about the partial CN double bond in the transition
states.

Figure 2. Comparison of the transition states for the reaction of
the proline-enamine of acetone withphenyl imine of acetaldehyde
(left) and with acetaldehyde (right).

Transition state8 is the lowest in energy. It involves the
anti enamine that has the double bond away from the proline
carboxylic acid. The corresponding anti transition state
involving the @)-imine is 1.6 kcal/mol higher in energy.
Transition state$ and6, with the enamine double bond syn
to the carboxylate, are 1.7 and 4.9 kcal/mol higher in energy
than transition stat8, respectively. Transition states;-9'7
all have repulsive steric interactions, and the forming
iminium is distorted out of planarity. Consequently, these
transition states are 2.7 kcal/mol higher in energy than
the transition stat8. These calculations predict that product
of this model reaction involving acetaldehyde will be formed
in 88% ee. This is consistent with experimental results where
the reaction of acetone with a variety of aldehydes (butanal,
benzaldehyde, 3-methyl-butyraldehyde, and isobutyralde-
hyde) led to the formation of products with this stereochem-
istry in 70—94% ee.

The models that emerge from theory for both the aldol
and Mannich transition states involve intramolecular proton
transfer from the carboxylic acid to O or N, and this occurs
most easily when the enamine double bond is anti to the
proline carboxylic acid (Figure 2).

For the aldol reaction, the aldehyde substituent assumes
the pseudoequatorial conformation, while in the Mannich
reaction, the substituent is forced into the pseudoaxial
arrangement, since thE)timine is more stable than th&)¢
imine. These differences explain the reversal of selectivity
for the proline-catalyzed Mannich reaction.
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