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Developed in the early 1970s, the proline-catalyzed intramo-
lecular aldol reaction is a milestone in asymmetric catalysis.1 Not
only used in numerous syntheses of steroids and other natural
products,2 this reaction also foretold the explosive area of enantio-
selective organocatalysis.3 Despite its practicality and our recent
development of an intermolecular variant,4 a detailed mechanistic
understanding of the Hajos-Parrish-Eder-Sauer-Wiechert reac-
tion is only slowly emerging. Here we provide evidence for the
involvement of only one proline molecule in the transition states
of proline-catalyzed intra- and intermolecular aldol reactions. Our
study contrasts mechanistic experiments by Agami et al.5 who
proposed the involvement oftwo proline molecules in the intramo-
lecular variant. Nonetheless, our results are consistent with earlier
concepts6,7 and with the one-proline-mechanism we conceived for
the intermolecular aldol reaction.3d,4a Complementary to recent
density functional theory studies,8,9 our results suggest a unified
enamine catalysis mechanism of proline-catalyzed inter- and
intramolecular aldol reactions.

Proline catalyzes asymmetric intramolecular aldolizations of
triketones1 to give aldol addition- (2) or condensation products
(3), depending on the substrate and the reaction conditions.1,10

Proline also catalyzes intermolecular aldolizations between two
carbonyl compounds to give aldols6 in high enantioselectivi-
ties.4a-c,11-13

Although rejected by Hajos,1d-e enamine catalysis as established
by Spencer et al.14 for the pyrrolidine-catalyzed aldolization of1b
has been considered the most likely mechanism of proline-catalyzed
aldol reactions.5-7 The currently widely accepted view that two
proline molecules are involved in the transition state of the Hajos-
Parrish-Eder-Sauer-Wiechert reaction is based on experiments
by Agami et al., who observed a modest nonlinear effect in the
asymmetric catalysis and a concentration-dependent enantioselec-
tivity.5 According to the Agami mechanism, the first proline
molecule forms an enamine with the side chain ketone of1a while
the second proline mediates the proton transfer (transition stateA).
By contrast, we proposed one-proline mechanisms for both the
intramolecular aldolization (transition stateB)8a and its intermo-
lecular variant (transition stateC).3d,4,8cModelC was subsequently
supported experimentally by the absence of nonlinear effects in
the intermolecular aldol reaction,3d,11a and by density functional
theory calculations.8c,9

An answer to the question of how many proline molecules truly
participate in these C-C-bond-forming transition states may best
be obtained from kinetic measurements. Our study therefore
commenced with an investigation on theretro-aldolization kinetics
of the fluorogenic aldol7. The study of aretro-aldolization as

opposed to an aldolization has several advantages including the
simpler experimental setup and the absence of complications from
reversible unproductive reactions of proline with a substrate
(parasitic equilibria).3d It may further be anticipated thatretro-
aldolization kinetics correspond to the actual rate-determining C-C-
bond-cleaving step, which, based on the principle of microscopic
reversibility, should proceed via the same transition state as the
C-C-bond formation. Consequently, we expected first-order kinet-
ics if a one-proline-mechanism would be operative and second-
order kinetics for the Agami mechanism. We determined room
temperatureretro-aldolization kinetics of aldol7 to ketone 8
fluorometrically and found the reaction to be first-order in proline
(Figure 1a).

Although our kinetics cover only a relatively small concentration
range, taken together with the earlier linearity studies,3d,11aand the
recent calculations,8c,9 we interpret this result as evidence for a
transition state of the critical C-C-bond-cleaving step that involves
only a single proline molecule. However, if we accept a one-proline
mechanism of the intermolecular aldol reaction, the question arises
whether theintramolecularvariant occurs via a different mecha-
nism. If the two reactions differ and the intramolecular reaction
proceeds via a two-proline-transition state, then one would have to
assume that the density functional theory calculations are incom-
plete.8a,15 An alternative solution for the apparent discrepancy,
however, would be that the earlier nonlinearity experiments5 were
erroneous. Because the observed effect was modest, based on only
five data points, and because enantioslectivities were measured
polarimetrically, a relatively inaccurate method, we decided to
reinvestigate Agami’s experiments.

We initially studied the proline-catalyzed cyclization of triketone
1b, which directly furnishes condensation product3b, the ee of
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which can be precisely determined using reverse chiral phase HPLC
measurements. Plotting the ee of proline versus that of3b showed
an excellent linear correlation (Figure 1b). Furthermore, the reaction
of triketone1a to give aldol2a and, after in situ acid-catalyzed
dehydration, enone3a, also showed no significant deviation from
linearity (Figure 1b). As in the case of ketone3b, ee’s of enone3a
were accurately determined using reverse chiral phase HPLC. Both
experiments were repeated twice and studied in DMSO as well as
in DMF without significant deviations. Our results are consistent
with the one-proline mechanism.

Finally, we investigated whether there are concentration effects
on the enantioselectivity of the aldolizations of triketones1a and
1b (Figure 1c). An observed decreased enantioselectivity upon
diluting the reaction mixture has been interpreted as evidence for
the two-proline-mechanism.5d However, no such effects were
observed, again consistent with the one-proline mechanism.15

In summary, kinetic, stereochemical, and dilution experiments
support a one-proline-mechanism of proline-catalyzed aldolizations.
Although the two-proline mechanism cannot be completely ruled

out at the present time, there is no remaining experimental evidence
supporting this mechanism. Significantly, our results, along with
recent theoretical studies,8,9,16 suggest a unified mechanism of
proline-catalyzed inter- and intramolecular aldol reactions.
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Figure 1. (a) retro-Aldolization kinetics of aldol7. (b) Absence of nonlinear
effects in the Hajos-Parrish-Eder-Sauer-Wiechert reaction. (c) Absence
of dilution effects on the enantioselectivity.
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