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Abstract.

A maodified template mechanism based on modelling studies of energy minimised complexes

is presented for the asymmetric proline-catalysed cyclization of triketones 1, 2 and 3 to the 25,3S-ketols
la, 2a and 3a respectively. The template model involves a three-point contact as favoured in enzyme—
substrate interactions. Our minimisation studies are in agreement with the divergent behaviour of the
6,5-, 6,6- and 6,7-bicyclic systems. They support the high 93.4% ee observed with the 6,5-bicyclic ketol
and the lower 73% ee found with the 6,6-bicyclic ketol. The calculations also explain the lack of asym-

metric induction with the 6,7-bicyclic system.

Keywords.

1. Introduction

A recent publication® has highlighted the increasing
use of proline by calling it “the simplest enzyme” (it
was named so earlier by one of us in 1974%) to
effect asymmetric transformations with high enantio
selectivities. The earliest use of proline in asymmet-
ric synthesis was in the synthesis of the optically
active Hajos—Parrish ketol (1a)** and the Wieland—
Miescher ketone (2b).>* In a series of papers, List et
al®’ and also MacMillan and Northrup® have report-
ted enantioselective aldol addition reactions of ace-
tone and substituted acetones with adehydes
catalysed by proline. Conflicting kinetic evidence
has been obtained by Agami et al® for the participa-
tion of two molecules of proline in the transition
states of proline-catalysed intramolecular cycliza-
tions and by Houk et al* for the involvement of
only one molecule of proline in such reactions. Both
groups of workers have preferred the enamine
mechanism to the carbinolamine mechanism (origi-
nal? and modified™) and also the template mecha-
nism.*? We present here a modified version of the
template mechanism based on modelling studies of
energy minimised complex for the cyclization of the

*For correspondence
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three triketones 1, 2 and 3 to the ketols 1a, 2a and
3a respectively.

r r .

OH
1,n=1 la,n=1 1b,n=1
2,n=2 2a,n=2 2b,n=2
3,n=3 3a,n=3 3b,n=3

On the basis of evidence adduced already,” we
assume that the asymmetric cyclizations take place
on the crystal lattice of S-proline. This was taken
from the literature;™ the structures of substrates (1,
2 and 3) were constrained with one or two proline
moieties in the lattice to obtain specific hydrogen
bonds while keeping the coordinates of proline
fixed. The triketone models (built using Builder
software in INSIGHT Il) are of random choice,
since while complexing with proline, these random
models may be expected to assume an energy mini-
mised state to fulfill the hydrogen bonding con-
straints. The models were minimised in energy
using force field CFF91 using DISCOVER software
for the formation of both 2S53Sketol and 2R,3R-
ketol for each of the triketones 1, 2 and 3. Com-
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Figure 1. Complexes involving one-proline molecule and the substrates (1, 2 and 3) respectively, for formations of S

(a,cand e) and R (b, d and f) ketals.

plexes involving one proline molecule each are
shown in figure la—f respectively and complexes
involving two proline molecules each are shown in
figure 2a—f respectively.

2. Resultsand discussion

The minimum energies and their difference in the
formation of complexes involving one proline and
two prolines for formation of S and R ketols are
givenin tables 1 and 2 respectively.

The minimum energy values in both tables are
roughly in accord with experimental findings, viz.
100% chemical yield and 93*4% optical yield of

25.3Sketol 1a” in the cyclization of 1; 80% chemi-
cal yield and 73% optical yield of 253Sketol 2a° in
the case of 2 and only dI-ketone 3b (20-25% yield)
in the case' of 3. However, complexes as shown in
figure 2 involving two prolines seem preferable since
the second proline helps in the deprotonation of the
side-chain methyl by forming a hydrogen bond with
the adjacent carbonyl, unlike in complexes shown in
figure 1 where deprotonation of an unactivated
—COCHj; by the weakly basic —COO™ is implied.
Furthermore, the two proline complexes involve
athree-point contact™ favoured in enzyme-substrate
interactions. The reactions subsequent to the com-
plexation in the 2-proline complexes may involve
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Figures 2. Complexes involving two-proline molecules and the substrates (1, 2 and 3) respectively for formations of
S(a, cand e) and R (b, d and f) ketols.

Table1l. One-proline complexes.

Complex infigurel Ketol Configuration Minimum energy (kcals) Difference in energy (kcals)

a la 25, 3S —6:83 —626
b la 2R, 3R —007
c 2a 25 3S —493 -388
d 2a 2R, 3R -1>05
e 3a 25 3S —664 221
f 3a 2R, 3R —443

Table2. Two-proline complexes.

Complex infigure2 Ketol Configuration  Minimum energy (kcals) Differencein energy (kcals)

a la 25, 3S —7%61 —35%8
b la 2R, 3R 2827
c 2a 25 3S -118 —2084
d 2a 2R, 3R 904
e 3a 25 3S -10>60 —084
f 3a 2R, 3R —-966
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a concerted cyclization to the ketols, or more likely
a two-step process involving side-chain enol forma-
tion followed by C-C bond formation. One of these
steps must be rate-determining to be consistent with
one-mole proline kinetics.*
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