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The burgeoning field of organocatalysis has given rise to numerous successful examples of
chirality transfer from proline or proline derivatives.1 The versatility of proline as a catalyst
has led some to call it “the simplest enzyme”.2 This moniker is apt, since proline is capable
of transferring chirality as either an iminium electrophile3 or as an enamine nucleophile, a
role often assumed by lysine in enzymes. One of the most successful examples of proline
catalysis is the intramolecular aldol reaction reported independently by two research groups
over 30 years ago (Scheme 1).4

Despite intensive mechanistic study of the Hajos–Parrish–Eder–Sauer–Wiechert reaction by
numerous groups, important questions still remain, such as the following: (1) Do measured
isotope effects corroborate computational results5 which indicate partial rate limitation by
enamine formation and C–C bond formation? (2) Are the product- and rate-determining
steps identical? Kinetic isotope effect (KIE) studies are acutely sensitive to the structural
composition of the transition state. The currently accepted mechanism for proline-catalyzed
aldol reactions is soundly based upon numerous empirical6,7 and computational5,8–11 data.
The mechanism is currently thought to proceed through partially rate-limiting enamine and
C–C bond formation, with product-determining C–C bond formation via intramolecular
general acid catalysis by the carboxylic acid group on proline. Compelling comparisons
between experimentally determined product distributions and computational predictions in
closely related reactions are supportive of a general paradigm in which C–C bond formation
is product-determining.10

Based on the preceding mechanistic model, we sought to answer the questions posited
above. In fact, the current system appeared to be an ideal means to extend the concept of
KIEs at enantiotopic groups12 to 12C/13C competition. We performed four replicates of
traditional 13C KIEs experiments and four independent replicates of 13C KIEs measured by
observing fractionation in desymmetrized starting material. Two noteworthy observations
can be made from these measurements (Figure 1). First, the only significant KIE resides
upon the acyclic carbonyl. Second, KIEs measured upon desymmetrized reisolated starting
material yield no statistically significant differences between prochiral carbonyls. If isotopic
fractionation was controlled by either enamine formation or C–C bond formation, a sizable
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isotope effect would be anticipated at the methyl position adjacent to the nucleophilic
carbonyl. Likewise, if C–C bond formation or any step subsequent to C–C bond formation
was responsible for the observed effects, the pro-S and pro-R carbonyls would likely display
significantly disparate KIEs. The measurements in Figure 1 unequivocally implicate a
reaction step previous to enamine formation as the rate-limiting step. There are two principal
steps prior to enamine formation that might reasonably be expected to yield the measured
values: carbinolamine formation or subsequent loss of water to yield the iminium
intermediate. Classic studies of iminium formation in aqueous solutions by Cordes and
Jencks implicate carbinolamine formation as rate-limiting under acidic conditions and
formation of the iminium ion as the rate-limiting step under basic conditions.13 However, it
is difficult to predict a correspondence between the activity of the prolyl carboxylic acid
proton in a dimethylformamide solution to the activity of a hydronium ion aqueous solution
with any degree of reliability.

The KIEs shown in Figure 1A were measured using the technique developed and widely
applied by Singleton, whereby KIEs are computed from isotope fractionation in reisolated
starting material (1) in reactions taken to high conversion.14 Four reactions were taken to
80.7, 91.3, 86.8, and 93.4% conversion. The triketone reactant (1) was isolated after aqueous
workup using flash chromatography. Relative 13C enrichment was measured using quantita-
tive 13C NMR compared against a standard sample of the triketone. The KIEs shown in
Figure 1B were obtained using a new method that consists of desymmetrizing the reisolated
starting material previous to quantitative 13C NMR analysis. The standard sample is also
desymmetrized prior to analysis. In principle, any quantitative reaction that makes the
prochiral groups inequivalent with high selectivity can be used. Because this technique is
most useful for studying highly stereoselective reactions, the reaction being studied is often
the best choice for desymmetrizing the reactant. After desymmetrization, relative 13C
enrichment is measured in 2 derived from quantitative conversion of reisolated 1 and a
sample of 2 obtained from a quantitative conversion of stock reactant. To collect the data in
Figure 1B, four reactions were taken to 91.0, 90.4, 92.7, and 80.1% conversion, and the
reisolated 1 was desymmetrized as described above. NMR assignments were performed
using a combination of TOCSY and HMQC spectra. In these experiments, the proline-
catalyzed intramolecular aldol cyclization of 1 proceeded with 93.0% ee or a ratio of 96.5%
(S,S)-enantiomer (2) to 3.5% (R,R)-enantiomer (ent-2). Because the reaction pathways that
lead to these two enantiomers are likely to proceed through similar transition structures, it is
unlikely that the small systematic error induced by the presence of the minor enantiomer has
a significant effect upon the results.

The entire reaction pathway for the archetypical proline-catalyzed intramolecular aldol
addition has been computed previously (Scheme 2).5 The transition structures for
carbinolamine formation (TS1) and iminium formation (TS2) were optimized along with the
structure for the triketone reactant using the B3LYP15 functional with the 6–31+G(d,p) basis
set16 in the current study. Subsequent force constant calculations were performed,
frequencies were computed for isotopologues of interest, and the resulting frequencies were
used as input into the Bigeleisen equation.17 The Bell infinite parabola correction was used
to account for tunneling.18 As a point of comparison, we also computed the 13C KIEs
expected to arise from the previously suggested5 rate-limiting C–C bond formation (TS3)
using the same functional and basis set as above. The results of these calculations are shown
in Figure 2. The three transition structures of interest were also optimized [B3LYP/6–
31+G(d,p)] using a polarizable continuum model (IEFPCM) for the solvent.19

It is obvious that TS3 does not contribute significantly to the observed KIEs. The complete
absence of statistically relevant KIEs in the electrophilic cyclic carbonyl position and the α-
methyl group precludes rate-determining C–C bond formation. Likewise, a significant value
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at the nucleophilic acyclic carbonyl position is at variance with TS3. Discerning between
TS1 and TS2 as transition structures for the rate-determining step using computed KIEs is
problematic. KIEs computed from gas phase structures strongly implicate TS2; however, it
is difficult to justify such a model, given the presence of substantial localized charges in the
intermediates and transition structures. To mitigate the potential inaccuracies associated with
gas phase calculations, the transition structures were optimized with an IEFPCM model for
the solvent. However, KIEs computed from these structures yield essentially identical values
at the acyclic carbonyl for both TS1 and TS2. Imperfect agreement between experiment and
theory is understandable, given that the rate-determining step likely involves proton transfer,
significant changes in charge distribution, and solvent reorganization. Energeti-cally, both
gas-phase and IEFPCM calculations find TS2 lower in energy than TS1 by ~3 kcal/mol (see
Supporting Information).

We have presented data that implicate a reaction step previous to C–C bond formation in the
Hajos–Parrish–Eder–Sauer–Wiechert reaction. This finding represents a substantial change
in our understanding of proline-catalyzed aldol reactions. Kinetics and isotope effect
experiments are currently underway to determine whether this is a general feature of proline-
catalyzed intramolecular aldol reactions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
13C KIEs obtained by measuring isotopic fractionation in the (A) reisolated reactant and (B)
reisolated reactant after desymmetrization. Errors in the last digit are in parentheses.
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Figure 2.
13C KIEs computed from force constant calculations upon the triketone reactant and A. TS1,
B. TS2, and C. TS3. Isotope effects computed using the IEFPCM model for solvent are in
italics.
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Scheme 1.
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Scheme 2.
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