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Scheme 1.Merck Process for the Stereoselective Addition of
Chiral Alcohols to Ketene
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Diastereoselective additions of chiral alcohols to ketenes have 4 o.
been known since 191¢ but a particularly useful class of 3 Me 95 3
reactions of this type was discovered by Larsen et al. at Merck oH
in 19892 As shown in Scheme 1, the reactionsielfiydroxy esters o <1 209
and lactones with aryl alkyl ketenes proceed with high stereose- 0

lectivity; the products can be hydrolyzed to give optically active
arylpropionic acid antiinflammatory drugs. Such high 1,4- mechanisms, we favor alcohol addition to form either a zwitterion
asymmetric induction (up to 99%) is rare, and no mechanism that or enol under the experimental conditions. Protonation or tau-
rationalizes the direction or magnitude of the stereoselectivity has tomerization gives the ester product. We have explored variations
been proposed, even though many additional examples have beenn this last mechanism theoretically witls){methyl lactate,
reportecE We have explored this reaction with quantum mechan- methyl phenyl ketene, and trimethylamine in the gas phase. The
ical calculations and provide a quantitative model that accounts conditions are not too different from the reaction in toluene solvent
for the origin of stereoselectivity and all of the experimental (e = 2.38).
observations made on this reaction. The unusual 1,4-asymmetric There have been a variety of previous computational studies
inductiortf is the result of the steering of enolate protonation by of nucleophilic additions to ketenésThe most relevant is the
electrostatic and hydrogen-bonding interactions involving the study of ketene hydratiol?.Several groups have shown that water
carbonyl oxygen at the stereogenic center and the trialkyammo-adds to the €O to give an enol, followed by tautomerization to
nium ion that protonates the enolate carbon. the acid. The computed results reproduced closely the experi-
The reaction was found to give maximum stereoselectivity at mental energy of activatiol?.
—78°C in hydrocarbon solvents. It is first-order in ketene, amine,  All stationary points were fully optimized at the B3LYP/6-
and chiral alcohol, with dq/kp ~ 4 for deuterated alcohols.  31G* level* using Gaussian 98and characterized by frequency
Several mechanisms have been proposed for the addition ofanalysis at the same level. The reported energies include zero-
alcohols to ketenes?® These include cyclic transition states for  point energy corrections scaled by 0.980@\l transition states
direct addition to the alkefie’ and acyclic transition states for ~ were further characterized by analysis of the normal modes
initial addition of alcohol to the carbonyl group to form an enol corresponding to their imaginary frequencies and, in the case of
intermediaté®® The catalytic effect of amines has also been the addition transition state, by intrinsic reaction coordinate (IRC)
explained by the initial attack of amine on the carbérybr a calculations. The structures and relative energies of reactants,
base-catalyzed addition of alcohol to the keteHeOf these intermediates, and transition states along the lowest-energy
pathway are shown in Figure 1. The stereoisomeric transition
states and intermediates are not shown, but their energies are given
in the figure.
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Figure 1. Energies (kcal/mol) of intermediates and transition states on
the pathway for addition of)-methyl lactate to methyl phenyl ketene
catalyzed by trimethylamine.
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Figure 3. Transition states for eneketo tautomerization.

The ketene, amine, and alcohol form a termolecular complex

in the gas phase. The addition transition states shown in Figure

2, are 16-13 kcal/mol above this complex and involve nucleo-
philic addition to the ketene carbonyl, assisted by deprotonation
of the alcohol by trimethylamine. The addition occurs in the plane
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anion. There are four such transition states shown in Figure 3.
These are designaté&tts, ER, ZR, andZS where the first letter
represents the stereochemistry around the enol double bond and
the second letter specifies the absolute chemistry of the newly
created stereocenter. The lower-energy E enol, formed from attack
of the alcoholcis to the methyl substituent, can have proton
transfer along the top of the enolate to form the SS ester, or along
the bottom of the enolate, via transition st&fe, to form the SR
ester. The former is 3.2 kcal/mol lower in energy. The transition
states involving the Z enol also prefer proton transfer along the
face of the enolate near the ester group.

The key to stereoselectivity is the lower energy of the E enol
and corresponding transition states, and the electrostatic attraction
between the lactate carbonyl and the trimethylammonium ion.
Figure 3 shows the distance from the carbonyl-O to the tri-
methylammonium proton, but stabilization arises from interaction
of the whole trimethylammonium group which bears the positive
charge, with the €O dipole. The shortest distance from the
carbonyl-O to a methyl-H is only 2.2 A.

The stabilizing interaction is another example of an important
C—H-+-O hydrogen bond®*°In order for proton transfer to occur
along the bottom face of the enolate, either this stabilization must
be sacrificed, or the lactate must rotate into the unfavorable
conformation shown in the transition state® andZs, in Figure
3. These conformations suffer from repulsion between the
a-methyl group of the lactate and the enolate oxygen, as well as
the unfavorable conformation about the bond from the stereogenic
center to the ester carbon.

This model accounts for the preferred stereoisomer, the kinetic
isotope effect, the fact that stereoselectivity is only high in
nonpolar solvents, and the special role of small trialkylamine
bases. Polar solvents would disrupt the tight ion-pair transition
state and decrease steering of the proton transfer along one face
of the enolate by the lactate ester. The trimethylammonium is
ideal for C-H---O=C hydrogen bonding. The model also
indicates why steric bulk of the alkyl substituent (e.g., pantolac-
tone, the last entry in Scheme 1) at the stereogenic center increases
the stereoselectivity. This increases the energies of transition states
for proton transfer “below” the enolate plane, by forcing the
quaternary center into the crowded region near the carbonyl group.
The precise nature of the aryl group on the other hand is
unimportant, since even a phenyl produces essentially one addition
pathway, and additional bulk on the aryl group will mostly reside
away from the area where nucleophilic attack occurs. Our model
for the remarkable 1,4-asymmetric induction observed in this
example uncovers a new factor controlling stereoselectivity and
provides a guide to how stereoselective protonations might be
achieved in other cases.
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