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Kinetic Isotope Effects for Addition of Lithium Pinacolone Enolate to Benzaldehyde
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The carbonyl-carbon-13 and phenyl-Ds kinetic isotope effects
(KIEs) were measured for the reaction of benzaldehyde and
lithium pinacolone enolate. The KIEs together with ab initio MO
calculations indicated that a CC bond formation process is
involved in the rate-determining transition state of the reaction. It
was concluded that the enolate addition reaction proceeds in a
different manner from those for MeLi and PhLi, for which the
rate-determining step was judged to be an electron transfer step.

Although the nucleophilic addition to carbonyl functions is one
of the most basic reactions in organic synthesis, understanding of
the mechanism of this fundamental transformation is still
premature. There are two possible reaction routes, the polar
addition (PL) mechanism and the electron transfer (ET) - radical
coupling (RC) sequence (Eq. 1), and the mechanism is highly
nucleophile dependent. For example, the reactions of RMgX!
and RLi,2 here R is an alkyl group, are known to have different
rate-determining steps and hence to show different steric effects.
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Lithium enolate is an important reagent in its versatile synthetic
utility, especially for enantioselective reactions. Design of the
reaction, which is critical to attain high selectivity, requires the
knowledge of the mechanistic details. Recently Arnett reported
that the reaction of lithium pinacolone enolate with benzaldehyde
(Eq. 2) proceeds via the polar mechanism on the basis of the

comparison of the experimental activation energy with the energy
required for ET determined electrochemically. 3 The conclusion
was different from that for the reaction of the same nucleophile
with benzophenone drawn by Ashby on the basis of kinetic
analysis of an EPR active species detected during the reaction,*
and also different from our conclusion for the reactions of MeLi,
PhLi and CH,=CHCH,Li with benzophenone based on KIE
measurements.2> The discrepancy should be due to either the
difference of reagents or the difference of the mechanistic criteria.
The report by Arnett let us to study the reaction of lithium
pinacolone enolate and benzaldehyde with our KIE methods,
which have been applied previously to other lithium reagents.

The present KIE results clearly show that the mechanism for the
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enolate is different from other RLi.

Lithium pinacolone enolate was prepared from the reaction of
pinacolone and lithium diisopropylamide in THF at -78 °C, and
allowed to react with benzaldehyde at 0 °C. The carbonyl carbon-
13 and C¢Ds KIEs were measured by using FT ion-cyclotron
resonance mass spectrometry (FT-ICR MS).® Ab initio MO
calculations were carried out to estimate the magnitude of
equilibrium IEs for the polar process by using the Gaussian 92
and 94 packages of program.”-8

Among the three possible mechanistic alternatives, PL, rate-
determining ET, and rate-determining RC, distinction of the rate-
determining ET mechanism from PL and rate-determining RC can
be achieved in a rather straightforward manner by using primary
carbonyl-carbon KIE as a probe. A carbon KIE is larger if the
labeled carbon atom is involved to a greater extent in the reaction-
coordinate motion at the rate-determining transition state,>10 and
thus the carbonyl-carbon KIE is expected to be large for the PL
and the rate-determining RC mechanism and to be small for the
rate-determining ET mechanism. We have reported mechanistic
study of the addition reactions of RLi, RMgX, Wittig reagents by
using the KIE criterion, and discussed the usefulness of this
method.!!

The isotope effects were determined for CgD5CHO vs.
CgH5CHO and CgH5!3CHO vs. CgDsCHO in order to avoid the
interference of 13C natural abundance in intensity measurement.
The observed KIEs are ky/kps = 1.031 + 0.004 and kps/'3k =
0.988 + 0.002, and these values give 12k/13k = 1.019 + 0.004.

The carbonyl carbon KIE for the present reaction was small
positive and different from those observed for nucleophilic
additions to benzophenone of other lithium reagents; all the
reactions of MeLi, PhLi, and CH,=CHCH,Li with benzophenone
as well as the reaction of PhLi with benzaldehyde gave very small
carbonyl carbon KIEs.2-5 The KIEs of near unity have been
considered to show negligible reaction-coordinate contribution,
suggesting that neither bond formation nor bond breaking to the
carbony! carbon is involved in the rate-determining TS. This,
together with other evidence, let us to conclude that the these
reactions proceed via a rate-determining ET mechanism.2-3

In discussing the observed KIEs in the present study, it is
useful to examine the magnitudes of IEs on the corresponding
equilibria. Theoretical isotope effects on the polar addition
process were computed by using ab initio MO methods. Here
benzaldehyde and the benzaldehyde-methyl lithium adduct were
fully optimized at HF/6-31+G* and their vibrational frequencies
were calculated. MeLi was used here instead of lithium
pinacolone enolate for simplicity assuming that the equilibrium IE
(EIE) is not much different for the MeLi adduct and for the
lithium enolate adduct. The equilibrium IEs for carbonyl-13C,
and phenyl-D5 species were obtained from the vibrational
frequencies!? of the isotopemers by using Bigeleisen's equation
(Eq. 3) and shown below.
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Theoretical EIE at the carbonyl !13C for the MeLi addition to
benzaldehyde was calculated to be small (lzk/13k = 1.006). The
experimental carbonyl-!3C KIE is small positive (12k/13k =
1.019) and is larger than the EIE, suggesting that there is
reaction-coordinate contribution. The observed KIE of 1.9%
corresponds to 3.8% of !“C KIE, which is within the range
expected for the carbonyl—MC KIE in the polar nucleophilic
additions; '2k/!4k = 1.035 (BH3/THF), 1.021 (AlH3/Et,0),
LiAlH4/THF (1.017), LiAlH4/Et;,0O (1.024), LiBH4/Et,O
(1.043), and NaBH4/2-PrOH (1.066).13 Thus, the observed
positive KIE is consistent with the PL. mechanism, althoughthe
IE result by itself does not exclude the possibility that the reaction
proceeds via fast ET followed by a slow rate-determining RC
step.

Since the D5 KIE is a secondary effect, the contribution from
reaction-coordinate motion to the IE is negligible or very small if
any. The magnitude of the KIE should thus be in between 1.0
and the EIE (1.094), depending on the position of the TS along
the reaction coordinate. The observed D5 KIE of 1.031 is one-
third of the EIE, which suggests that the TS is reached at one-
third of the reaction coordinate if the reaction proceeds via the PL
mechanism.

In summary, the present isotope effect results clearly indicated
that reaction of lithium pinacolone enolate and benzaldehyde
proceeds in a different mechanism from that of MeLi or PhLi.
Whether the reaction proceeds via the PL. mechanism like the
LiAlH, reduction or via the ET-RC pathway with the rate-
determining RC step as for MeMgX is not clear at this stage.
Further mechanistic study on related reactions incluing the one
with benzophenone is in progress.
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