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Proline-catalysed aldol reactions are central to the development of organocatalysis, and have been the
subjects of many studies. List’s results on the effect of fluorine substitution on proline catalysts for an
intramolecular aldol condensation provide a perfect test set for computational analysis, as subtle changes in
the catalyst structure lead to clear changes in the product ratios. The results show that the carbon—carbon
bond forming transition states for the Hajos—Parrish—Wiechart reaction do not account for the observed
selectivity in all cases. However, if an analysis of post transition-state epimerization pathways is also
included, together with the effect of water, it is possible to account for all of the experimental data.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The aldol reaction is a well-known process for carbon—carbon
bond formation and the aldolase enzymes carry out these reactions
in a catalytic way through an enamine based mechanism."? Amino
acids can be good catalysts and (S)-proline is one of the most widely
used. Intramolecular aldol reactions have been widely studied both
computationally and experimentally. List and Chandler have re-
cently published a total synthesis of (+)-hirsutene® in which the
key step was an intramolecular aldol reaction catalyzed by trans-4-
fluoro-(S)-proline. They screened the reactions of cyclononane-1,5-
dione with variously substituted (S)-proline catalysts, Scheme 1.
The results showed that the use of trans-4-fluoro-(S)-proline lead
to enhancement of the enantioselectivity of the reaction, but the
reasons for this are not completely clear. We have undertaken
a computational analysis of this reaction in order to discover how
the substituents influence the stereochemical course of the re-
action. The conformational constraint of forming a bicyclic product,
coupled with the differences in experimentally observed enantio-
selectivity from small changes in the organocatalyst structure,
make this a particularly good system for computational analyses.
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Scheme 1. a key step in List’s synthesis of hirsutene.

The first proline-catalyzed intramolecular aldol reactions were
described in 1971 by Hajos and Parrish* and by Eder et al.’> The
mechanism has been investigated in detail by List,® and Houk has
reported computational studies on the uncatalysed process and on
four possible catalysed mechanisms.”® These studies led to the
identification of the key transition structure for the process: the

Scheme 2. Hajos—Parrish—Wiechart reaction stereochemistry-controlling transition
structure.
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carbon—carbon bond forming reaction of an enamine with a ketone,
Scheme 2. The acid group of the proline activates one of the ketones
for the attack by the enamine formed from the same proline molecule.

Analyses of the intramolecular aldol reactions have been
reported by Santos et al.? in a computational study of dialdehydes
catalyzed by (S)-proline, and by List et al!® The results are in
agreement with the Houk’s transition structure for the stereo-
chemistry forming step of the intramolecular aldol reaction, but
they suggest the inclusion of water is necessary in some cases. The
inclusion of a water molecule leads to a decrease in enantiose-
lectivity and diastereoselectivity and this may be the explanation
for some experimental results with surprisingly low selectivity.
When the calculations were carried out using a continuum model
for the solvent (DCM) there was a large increase in the energy of the
transition states leading towards the intramolecular proton catal-
ysis by the acidic moiety of (S)-proline.

List’s synthesis of hirsutene provides an ideal platform for the
study of this reaction, because of the geometric constraints
introduced by the ring systems. Small changes to a conformationally
restrained and well-characterized system led to clear changes in
enantioselectivity. Therefore, we undertook a computational study of
the intramolecular aldol reaction of 1,5-cyclononanedione catalyzed
by (S)-proline, trans-4-fluoro-(S)-proline and cis-4-fluoro-(S)-pro-
line. The simulations were performed in vacuum and with solvent
models for dimethylformamide (DMF) and dimethylsulfoxide
(DMSO0). We set out to explain the enhancement in the stereo- and
enantioselectivity observed when trans-4-fluoro-(S)-proline was
used as a catalyst by analyzing the four competing catalysed path-
ways, which proceed through the key carbon—carbon bond forming
transition structures identified by Houk (Scheme 3).
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2. Computational methods

The calculations have been carried out with Gaussian 03."" The
geometries of all the stationary points were fully optimized at the
B3LYP/6-31G*'? level, and their nature (minimum or transition state)
was determined by frequency analysis. The basis set was chosen since
larger functionals do not lead to substantial differences in the ge-
ometries and energies of the transition states.”® The solvation ener-
gies in DMF and DMSO and the NBO analyses were performed with
single point calculations using M0O5-2X/6-31++G** as implemented
in Jaguar version 4.2.1 This functional was specially designed only for
main group-chemistry providing a good accuracy in barrier heights
and non-covalent interactions since the pure DFT methods over-
estimate bond energies and underestimate barrier heights.!

We have completed a full computational study of all possible
transition states for the process in order to determine the details of
the effect of placing a fluorine on carbon four of the proline. The
conformational space of the system is small, because the diketone
is cyclic, and the product has a conformationally restricted fused
ring system. These constraints meant that we could be confident
we had exhaustively surveyed the available conformation space.

3. Discussion

Tables 1 and 2 give the results of this survey of the potential
energy surfaces for the reactions. Our calculations are in agreement
with the experimental results for (S)-proline and its cis-fluoro de-
rivative. Figure 1 shows the four most stable transition states (TS)
for the key step in the aldol reaction for the cis-fluoro derivative. In
all these TS a chair-shaped conformation is adopted by the six-
membered ring and envelope conformations by both the proline

u 9 and the five-membered ring, which forms by the development of
TS1 the new C—C bond.
>
1a The most stable conformers of cyclopentane are the envelope and
OH the half-chair or twisted form, and these interconvert readily. We
have considered only the most stable transition states for each
TS2 Table 1
o] E 1b Energies (kcal/mol) relative to the most stable transition structures, including ZPE
N COOH Z—>\
© TS3 N COOH
— 1c H
X
H cis-F trans-F
ﬂ, 1d Gas Phase DMF GasPhase DMF GasPhase DMF DMSO
experimentally observed enantiomeric ratio of éH TS1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1a: 1b: 1c: 1dis 91: 0: 0: 9 in DMSO (75 % yield) TS2 1.87 249 2.14 245 1.90 291 298
TS3  1.55 2.60 1.61 3.18 0.68 0.49 0.57
Scheme 3. Four products of the proline-catalysed transannular aldol reaction of 1, TS4 1.15 125 118 093 124 130 136
5-cyclononadione.
Table 2
Enantiomeric ratios from calculation and from experiment
X
H cis-F trans-F
Gas DMF Exp. (DMF) Gas DMF Exp. (DMF) Gas DMF DMSO Exp. (DMSO)
60% yield 50% yield 75% yield
TS1 79.0 86.8 77 81.0 81.2 79 67.3 64.1 67.0 91
TS2 34 14 0 23 13 0 2.8 0.5 0.5 0
TS3 5.9 1.1 0 5.5 0.4 0 214 28.1 257 0
TS4 11.6 10.7 23 11.3 171 21 85 73 6.9 9
TS1+TS3 84.9 88.0 77 86.5 81.6 79 88.7 92.2 92.6 91
TS2+TS4 15.1 120 23 135 18.4 21 11.3 7.8 74
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Figure 1. Geometries of the transition states for the aldol reaction of 1,5-cyclononadione catalysed by cis-4-fluoro-(S)-proline, with distances in Angstroms.

structure (TS1—TS4), but we have found in our conformational search
at least two transition structures for each pathway with similar en-
ergies (see the Supplementary data). The main differences between
these TSs are the conformations of the proline rings, which always
have an envelope conformation. For the cis derivative the fluorine
atom is axial in the most stable transition states (Fig. 1), and this leads
to alarge dipole moment, which is well stabilized by the polar solvent.

For proline and for cis-4-fluoro-(S)-proline, both the enantio-
selectivity and the diastereoselectivity show a close match between
experiment and calculation. This is consistent with Houk’s analysis
of the Hajos—Parrish—Wiechert reaction, in which he concluded
that the transition structures studied here control the stereo-
chemistry of the reaction. This conclusion appears also to be true
for the reactions of 1,5-cyclononadione.

The diastereomeric ratio increases when the solvent effects are
introduced because TS3 is stabilised less well than the more polar
TS1 and TS4. TS2 is the highest energy transition structure of all,
and so corresponds to the least important reaction pathway. The
slight enhancement of enantiomeric ratio when a cis-fluorine atom
replaces the hydrogen can be explained by the increased dipole
moments of all the TSs, which are stabilized for the high polarity
solvent used in the reaction (DMF). TS4 is the most polar transition
structure of all, and for this reason the use of a solvent decreases its

energy more than the others. This further improves correlation
between the experimental and the calculated diastereomeric ratios.

There are several factors that explain the greater stability of TS1
and TS4 over TS2 and TS3. In Houk’s studies,”®'> the most important
reason for the stereocontrol is the effect on the geometry of trans-
ferring the hydrogen of the proline’s carboxylic acid to the forming
alkoxide and the electrostatic interactions between the proline
iminium ion and the forming alkoxide. Our study is consistent with
this conclusion, and also shows that the orientation of the carboxylic
group with the forming alkoxide drastically affects the energies of
transition structures and their geometries. At the optimum distance
for hydrogen transfer between the two oxygen atoms (ca. 2.40 A), the
angle is forced to be 113° instead of the 120° of a typical carboxylic
sp? group (Fig. 2). The carboxylic moiety and the forming alkoxide
are in the same plane for the most stable transition structure found.

The close correspondence between calculation and experiment
for proline and for cis-4-fluoro-(S)-proline reassured us that the
computational approach was sufficiently powerful to analyse the
reaction. The two competing geometries of TS4 for trans-4-fluoro-
(S)-proline are quite different (Fig. 2) and this leads to the large
energy difference between them (5.2 kcal/mol). In both, the proline
has similar envelope shapes and the chair shape of the forming six-
membered ring. The difference lies in the forming five-membered
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Figure 2. Different conformers of TS4 for trans-4-fluoro-(S)-proline. The right hand conformation is energetically preferred by more than 5 kcal/mol.

ring. In the most stable TS, where the carboxylic group and alkoxide
are in the same plane, this ring has a more stable envelope con-
formation instead of the half-chair. The second reason for the
greater stability of TS1 and TS4 than TS2 and TS3 is the electrostatic
effect from the methylene group next to the forming iminium
double bond of the proline with the forming alkoxide.

As in the cases of cis derivative and (S)-proline, we also found
different transition structures for the trans stereoisomer where

the variation is the conformation of the proline ring. In these cases
the more stable transition states (Fig. 3) have the fluorine atom in
an equatorial position except for TS3, where the fluorine is axial.

Single point calculations have been performed on these TSs
where the fluorine atom has been substituted by hydrogen using
the ONIOM option incorporated in Gaussian03 (see Supplementary
data), to give us information about how the fluorine atom can affect
the energy.

T81

TS2

TS3

TS4

Figure 3. Geometries of the transition states for the aldol reaction of 1,5-cyclononadione catalysed by trans-4-fluoro-(S)-proline, with distances in Angstroms and NBO values in

brackets.
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Table 3 shows that the energies calculated when the fluorine atom
replaces the hydrogen are similar to the ones for (S)-proline, except for
TS3. This means that the strange conformation adopted for TS3 is not
very stable for the TS of the unsubstituted (S)-proline. This different
conformation in the forming five-membered ring is only favoured for
the fluorine derivative with the fluorine in the trans position.

Table 3
Comparative energies of TS of (S)-proline and trans-4-fluoro-(S)-proline calculated
using B3LYP, and ONIOM calculations on the unsubstituted geometries

(S)-Proline trans-4-Fluoro-(S)-proline ONIOM trans-4-fluoro-(S)-proline

TS1 0.0 0.0 0.0
TS2 2.2 21 20
TS3 1.8 0.90 3.0
TS4 1.4 1.43 1.10

Energies are relative to the most stable TS in each case and do not include the ZPE
corrections.
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be much lower than would be expected on the basis of the experi-
mental results, and so the calculations suggest that the trans-fused
six-five ring system, which is not observed experimentally, should be
a significant proportion of the products. This is a major concern,
because if the calculations do not correlate well with the experiments
for trans-4-fluoro-(S)-proline, then it is possible that the good
agreement for the other, very similar, reactions, could be fortuitous.

The high enantio- and diastereomeric ratio observed experi-
mentally could be explained if the products of the transition states
that we have investigated could epimerize. If the products from TS2
and TS3 could change to the more stable cis-fused six-five ring
system through a pathway with low energy barriers, then the ex-
perimentally observed diastereomeric ratio would be high, even
though TS3 has an important role in the reaction (Scheme 4).

The chiral centre adjacent to the carbonyl group in the products
could, potentially, epimerise rapidly under acidic or basic condi-
tions, transforming 1b into 1d and 1c into 1a. The thermodynamic

Aldol Reaction Epimerisation

6}
H
TS1

>

1a OH

TS2

TS3

TS4

1d ©OH

Scheme 4. Epimerisation pathways between pairs of reaction products could explain the differences between the experimental observations and the calculated pathways.

The enhancement of the stereocontrol for trans-4-fluoro-(S)-
proline compared with the cis-4-fluoro-(S)-proline and unsub-
stituted proline can be explained by the proximity of the methylene
group for TS1 (2.57 A). We have not located a NBO relationship
between these atoms, but we have found a relationship between
the oxygen of the carboxyl group and the closest hydrogen of the
1,5-cyclononanedione (2.34 A) for TS1. This coupling in the mo-
lecular orbitals also occurs in other TS (see Fig. 3). In the case of TS3
this NBO is also higher (1.28 for TS3 vs 1.01 for TS1).

Whilst the experimental and the computational results for proline
and for cis-4-fluoro-(S)-proline are in close agreement, the results for
trans-4-fluoro-(S)-proline show substantial differences between the
calculations and the experiments. The energy of TS3 is calculated to

G .

F—.

2a

COOH ii

preference for a cis-fused six-five ring system should drive the
process towards the observed products, 1a and 1d, without affecting
the enantioselectivity of the reaction. There are some experimental
studies where the epimerization of an a-hydrogen to a carbonyl
group is possible in mild conditions using a similar catalyst to pro-
line.!® When a secondary amine like proline reacts with a ketone,
the zwitterionic intermediate makes the o-hydrogen more acidic
since the positive nitrogen of the iminium group withdraws charge
and the hydrogen can be easily removed.

This effect is not limited to 1,5-cyclononadione. In order to test
its generality, we have also performed a computational study of
hydroxyoctahydroazulen-4(5H)-one, Scheme 5, the experimental
results for which have also been reported by List. The details of this

Scheme 5. Products of the cyclisation of 1,6-cyclodecadione catalysed by trans-4-fluoro-(S)-proline. The observed ratio of 2a to 2d was 82:18. The diastereomeric ratio was 7: 1.
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HO | 2.88 (-15.2) oH 90 (12.4) 0.58 (-16.8)

(Scheme 7)
F, TS2
/ OH -0.88(-16.5)
D\(D
N
OH
N‘ 00 Epimerisation
(Scheme 7)
OH " 1.4(18.0) OH  58(-13)
F
HO 341 (-16.8) OH 184 (-13.4) HO 343 (218)

Scheme 6. This scheme shows how water interacts with the intermediate species in the pathways for the formation of the trans-fused rings. In the absence of water, the process is
diverted to aminals or decarboxylation. With sufficient water epimerization is possible (Scheme 7). All energies in vacuum (DMSO values in brackets) are in kcal/mol and are relative
to the energy of the reactants.

study are available in the Supplementary data. The major product, which have the hydroxyl group as an R chiral centre give us a di-
2a, was obtained as a diastereomeric mixture (dr=7:1). The calcu- astereomeric ratio of 6.7:1, which is similar to the 7:1 that List
lated thermodynamic ratios of the products 2a and 2c¢ (Scheme 5), reported. The analogous thermodynamic analysis for 1a and 1c

(b) (c)

Figure 4. Structures of zwitterionic intermediates from TS1 with the carboxylic group and hydroxyl in the same face (a) and in the opposite face (b and c).
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gives a strong preference for 1a (99:1), as expected. This observa-
tion supports the suggestion that the epimerization of 1b and 1c
leads to the more stable products, 1a and 1d. A conformational
search and a full optimization of all conformers of both
diastereomers gives the thermodynamic ratios of the products and
these calculations are in agreement with the experimentally
reported diastereomeric ratio. This is consistent with our hypoth-
esis for the reaction of 1,5-cyclononadione: only one of the chiral
centres in the product (the carbon which bears the hydroxyl group)
is determined by the kinetically-controlled aldol reaction. The
other chiral centre is formed through an epimerization process that
leads to the final thermodynamic products.

Table 2 shows that the sums of the populations of the products
from TS1+TS3 and TS2+TS4 give the experimentally observed

enantiomeric ratio for trans-4-fluorine-(S)-proline reacting with
1,5-cyclononadione. For cis-4-fluorine-(S)-proline and (S)-proline,
TS2 and TS3 are so high in energy that none of the products of these
pathways form. There are, therefore, no substrates for an epime-
rization process in these cases. For the products of the trans-4-
fluoro-(S)-proline catalysed reaction, an epimerization process
could bring the calculations and experiments back into harmony.

How can the product of the reaction with trans-4-fluorine-(S)-
proline catalysis undergo the epimerization process? We have
carried out a computational study of several reasonable pathways.
In the absence of water, epimerization processes seem to be in-
accessibly high in energy. In the presence of a water molecule,
however, the epimerization process becomes a competitive path-
way (Scheme 6).

16.2

Scheme 7. Energies are in vacuo and are in kcal/mol relative to the reactants.
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It has been demonstrated that the key carbon—carbon bond-
forming step is independent of water. In studies by Blackmond
et al.,”” however, it was shown how the concentration of water can
affect the rate of the reaction. In our studies we have observed that
the zwitterionic intermediates are stabilized by either a hydroxyl
group, which has been formed in the aldol reaction, or by a water
molecule. In the absence of both these effects, a decarboxylation
process leads to an azomethine ylide. Blackmond suggests this
competing reaction can take place both in the presence or absence
of water for the reactions of aromatic aldehydes with proline. Our
calculations suggest that the process also applies to ketones.

After the zwitterionic compounds have been formed, a water
molecule could hydrolyse the imine and give the aldol product.
Alternatively, the imine double bond could isomerise (Scheme 6).
This could lead to decarboxylation, the formation of an aminal
(which have been detected in the first minutes of the reaction by
NMR both with and without water)!” or to epimerization. These
equilibria between several species can coexist when the proline
reacts with a ketone or aldehyde before and after the aldol re-
actions, and have been studied by Vilarrasa.’® In all of the zwit-
terionic compounds there is an interaction between the oxygen of
the carboxylate and the hydrogen of the hydroxyl group, since the
distances between them is about 1.8 A (Fig. 4). In the zwitterionic
intermediates where the carboxylate group is on the opposite face,
the hydroxyl group cannot stabilize them and the decarboxylation
occurs leading an azomethine ylide.

The epimerization process could occur by intramolecular
deprotonation of the imine by the nearby carboxylate anion. The
energies found for this process, however, were too high to explain
why this process would occur instead of the formation of the
product 1c (see Supplementary data). The addition of a molecule of
water, however, leads to a low energy epimerization process, which
is energetically preferable to the formation of 1c. This is reasonable
because the reaction was carried out with 20 mol % of catalyst,
which means that there is at least 20 mol % of water in the reaction
medium.?

The full reaction pathway is given in Scheme 7. The observed
products, 1a and 1d, form directly, and also by water-catalysed
epimerization of the zwitterions formed through TS2 and TS3. The
enamines (Z or E) undergo an aldol reaction through TS1-TS4,
forming zwitterionic intermediates. These structures could have
the carboxylic moiety on either side of the iminium ion, but QRC'®
calculations confirm that the zwitterionic compounds formed after
aldol reaction are those represented in the Scheme 7.

The most favourable pathway for two of these zwitterions is
hydrolysis to form 1a and 1d directly. When a molecule of water is
included in the system, the most favourable route for the other two
is the epimerization process that also leads to the formation of 1a
and 1d. All of the competing pathways in Scheme 7 need to be
considered in order to get a computational result, that is, consistent
with the experimental data. With this full analysis, the factors
controlling the enantioselectivity and the stereoselectivity of the
reaction become clear.

4. Conclusions

Experiments and calculations give consistent results for the
intramolecular aldol reaction of 1,5-cyclononanedione catalyzed by
(S)-proline, trans-4-fluoro-(S)-proline and cis-4-fluoro-(S)-proline.
However, it is not sufficient simply to find the transition structures
for the key carbon—carbon bond forming process. A low energy
epimerization step can take place after the new carbon—carbon
bond is formed, and this process is needed to make the experi-
ments consistent with the calculations. This has implications for

other studies of stereoselective processes in organic synthesis:
analysis of the key transition structures may not give a complete
explanation for the stereoselectivity.
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