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The diastereo- and enantioselectivity obtained experimentally by List on the proline-catalized
intramolecular aldol reaction of substituted 1,7-dicarbonylic compounds was accurately predicted
using density functional theory methods at the B3LYP/6-31þþG** level. A polarizable continuum
model was used to describe solvent effects. The theoretical data agree in good extension with List’s
experimental results, both in enantioselectivity and diastereoselectivity, and allow for the confirma-
tion of our previous rationalization of the main factors contributing to the reaction selectivity.While
the enantioselectivity results from an important electrostatic contact between the forming alkoxyde
group and the proline moiety, the calculated diasteroselectivity results from several steric contacts
that can be established between the different substituents and from their relative orientation in
respect to the ring conformation. However, for dialdehydes that can originate two diastereomeric
enamine intermediates, the proline attack and the immonium formation steps can also be of major
importance in the rationalization of the final reaction selectivity, as is the case in two of the six studied
systems. The obtained data allows for a full rationalization of the known experimental systems aswell
as for the extrapolation to new ones with variable substitution at the carbonylic chain.

Introduction

Aldol reactions are key carbon-carbon bond-forming
reactions that have tremendous synthetic utility and are
often the platformof choice to examine new organocatalysts.
The versatility as well as the synthetic significance of the

transformation has been extensively studied.1-11 In its intra-
molecular approach, aldol reactions of dialdehydes, keto-
aldehydes and diketones are very efficient ways to prepare
five-, six-, and seven-membered rings (Scheme 1).10,12,13

Although amine-catalyzed non-asymmetric enolexo aldo-
lizations are relatively common and catalytic asymmetric
enolendo aldolizations have been known for three decades,14-17
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the first catalytic asymmetric enolexo aldolizations were
developed only recently by List and co-workers for several
1,7-dicarbonyl compounds.10,18 It was observed that a vari-
ety of structures of type 1, on treatment with a catalytic
amount of (S)-proline, furnished anti-aldols 2 with excellent
enantioselectivity (Scheme 2). Differently substituted hepta-
nedials can be used in the reaction, but monosubstitution at
the C4 position induces an unexpected and not explained
effect on the outcome stereoselectivity of the product, result-
ing in a complex mixture of diastereomers. The generalized
use of this reaction in aldol intramolecular cyclizations
depends on the rationalization of this experimental data
and on its extrapolation to the effect of other substituents
in the molecular chain.

It is common that amino acids as proline or proline
derivates are used as catalysts in intramolecular aldol reac-
tions of dicarbonyl compounds.10,11,14,17,19-24 In the past
years the mechanism of this reaction has been intensively
studied by theoretical approaches.25-31 Houk has proposed
a mechanism for 6-enolendo aldolizations of diketones,25-29

and on the basis of Houk’s results, List proposed an empiri-
cal model for the 6-enolexo variant.10 In both cases, it is
accepted that the mechanism involves the formation of an
enamine intermediate, followed by a transition state with
concerted C-C bond formation and proton transfer from
the carboxylic acid group in the catalyst to the carbonyl
acceptor in the substrate (Scheme 3).

Recently, we envisaged a theoretical study30 aiming at the
validation of the empirical model proposed by List,10 and we
were able to show that the experimental results obtained for
the cyclization of 1,7-heptanedial, catalyzed by (S)-proline,
can indeed be rationalized by the TS in Figure 1. Steric and
electrostatic interactions in the transition structure were
identified as the main factors that contribute to the calcu-
lated selectivities. While the high calculated enantioselecti-
vities mainly originate from different electrostatic interac-
tions between O1 and HC11, the calculated diastereoselec-
tivities result from the equatorial versus axial orientation of
the proline moiety in the TSs (Figure 1).

As already mentioned above, List and co-workers also
experimentally studied other 1,7-dicarbonyl compounds
with one or two methyl substituents in different positions
of the carbon chain (Scheme 2). It was observed that the
diastereoselectivity is extremely affected when a methyl
group is added to the C4 carbon atom in the chain, while
minor changes were observed when methyl groups are
simultaneously added to the C3 and C5 carbon atoms
(meso structure). In this paper we substantially extend our
previously validated model, by showing that it is also able to
efficiently rationalize the experimental results obtained for
the substituted structures. Almost all known data fits quite
well with the proposed model, allowing its future extrapola-
tion to systems with other types of functionalizations.

Results and Discussion

List and co-workers reported10 that a variety of achiral
hepta-dicarbonyl compounds (3-8), on treatment with a
catalytic amount of (S)-proline, furnished anti-aldol struc-
tures (9-14) with excellent enantioselectivity (Table 1). Dif-
ferently substituted heptanedials can be used in the reaction.
However, substituents in the C3 or C4 positions have
unfavorable effects on the outcome stereoselectivity of the
product. Our previous theoretical studies on the intramole-
cular aldol reaction of heptandial30 suggest that the stereo-
selectivity of the reaction depends on the transition-state
conformationof the intramolecular cyclization step (Figure 1),
as a result of different steric and electrostatic contacts
established inside the TS structure. Substituent groups in
the hepta-dicarbonyl structure can change these contacts or
induce new ones, thus changing the relative activation
energies of the TS structures as well as the final observed
selectivities. As stated by List,10 explaining the stereoselec-
tivity is difficult without calculating the relative energies of
all reasonable transition states. Thus, on the basis of our
previous work,30 we now analyze the predicted effects of

SCHEME 1. General Intramolecular Aldol Reaction

SCHEME 2. Proline-Catalyzed Enantioselective 6-enolexo
Aldolizations of Dicarbonyl Compounds10

FIGURE 1. Diastereomeric transition-state structures for the cycli-
zation of heptandial catalyzed by (S)-proline.30
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several chain substituents and compare them with the experi-
mental results obtained by List, which are summarized in
Table 1. The obtained data allow for a full rationalization of
theknown experimental systemsaswell as for the extrapolation
to new ones with variable substitution at the carbonylic chain.

In our previous work30 we used a basis set without diffuse
functions (6-31G**). The present work indicates that diffuse
functions have to be introduced (6-31þþG**), in order to
properly describe the formation of negative charges and
several important electrostatic contacts in the TS structures.

SCHEME 3. Proposed Mechanisms for enolexo10 and enolendo25-29 Intramolecular Adol Reactions Catalyzed by Proline

TABLE 1. Proline-Catalyzed Enantioselective 6-enolexo Aldolizations of Dicarbonyl Compounds10
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With the previous basis set a bad fitting between the theore-
tical and the experimental datawas obtained.We also observed
that the smaller basis set affords results that do not fit the
recent experimental results by Meyer and collaborators,32

while the theoretical results obtained with the larger basis set
properly fit those results, as discussed later. Because the
calculated data indicate that the present level of theory
overestimates the predicted diastereoselectivities, we intro-
duced a scaling factor (sf), obtained by the comparison of the
theoretical values found for the reaction of dialdehyde 3 and
the experimental known results (see Figure 2 and Table 2).
The same scaling factor was used to normalize the energy
values calculated throughout this manuscript.

The rationalization of the calculated selectivities in the
cyclization of compound 3 was discussed elsewhere30 and
will be not repeated here. Nevertheless, a revision of themain
concepts will be made during the discussion of the selecti-
vities calculated for the cyclization of structure 4.

The first step in themechanism of the intramolecular aldol
reaction catalyzed by (S)-proline involves the formation of
an enamine intermediate (Scheme 3).With dialdehydes 3 and
5 the first step has no relevance on the final selectivity
outcome and will not be considered in the discussion. On
the other hand, for structures 4, 6, 7, and 8 it is necessary to
take in account the kinetics of the first step, which potentially
generates enamine intermediates with different structures
and can lead to different final products (4 and 8) or to final
products with different configurations (6 and 7).

(S)-Proline can react with dialdehyde 4 at two different
centers but the process is simplified, as the enamine forma-
tion is possible at only one of them (Scheme 4). Enamine 15
can originate four diastereomers of compound 10, via four
different TSs (more TS conformations were calculated, but
their energy is too large to be relevant). The TS relative
energies are given in Table 3, whereas Figure 3 shows the
respective 3D transition structures.

The TS structures in Figure 3 are very similar to the TS
structures previously proposed for the cyclization of hepta-
nedial (Figure 2).30 In all structures the hydrogen bond
between the carboxylic acid group and the forming alkoxide
oxygen atom (O1-HC11) induces the formation of low-
energy chair conformations as well as intramolecular acid
catalysis. This is a characteristic interaction observed in
enamine-mediated aldol reactions catalyzed by (S)-proline
and is mandatory for the stabilization of the negative charge
formed on the carbonyl oxygen atom during the cyclization
step.28 In dichloromethane (DCM) the activation energy of
TS-5 (79.51 kJ mol-1) is very similar to the value calculated
forTS-1 (76.52 kJmol-1) (Figure 2), which indicates that the
methyl substituents only slightly disturb the formation of the
TS chair conformations. TS-5 (SR) is 11.24 kJ mol-1 less
energetic thanTS-6 (RS), whereasTS-8 (SS) is 2.36 kJmol-1

more stable than its enantiomer TS-7 (RR).
The main factors conditioning the relative stability of the

TS structures in Figure 3 (TS-5 to TS-8) are similar to those
found in TS structures TS-1 to TS-4 (Figure 2), with the O1-
HC11 electrostatic interaction defining the calculated enan-
tioselectivity. The introduction of the two methyl groups
induces a large energy difference in TS-8 (about 5 kJ mol-1),
when compared with its analogous TS-4, but the relative
energy of TS-6 is almost unchanged (0.03 kJ mol-1

(compared with TS-2), and the relative energy of TS-7 only
increases by about 0.8 kJ mol-1 (compared with TS-3). The
calculated energy value forTS-8 results from two factors: the
axial orientation of the enamine group, which induces a
steric contact with the axial methyl substituent, and the syn
orientation of the carboxyl group in relation to the axial
methyl substituent. When these two conditions are met
(structure TS-8), the bulkiness of the enamine moiety is
maximized as well as its steric interaction with the axial
methyl substituent. This effect is responsible for the large
diastereoselectivity improvement observed for the dialde-
hyde 4when compared with heptanedial 3 and for the strong
decrease in the enantioselectivity calculated between enan-
tiomers TS-7 and TS-8.

Because of the C4 dimethyl substitution of dialdehyde 5,
the nucleophilic attack of (S)-proline at either one or the
other carbonyl groups originates only one enamine inter-
mediate. This compound undergoes cyclization via four
transition states, leading to four diastereomers of compound
11 (Figure 4). The relative energies of the different TSs are
given in Table 4, whereas Figure 4 shows the respective
transition structures.

FIGURE 2. Calculated transition-state structures for the cycliza-
tion of 3 to 9 catalyzed by (S)-proline. Scaled (sf = 0.6395) relative
transition-state Gibbs energies in dichloromethane (kJ mol-1).
Nonscaled values are in parentheses. For a detailed discussion on
the selectivities calculated for the reaction of compound 3, see ref 30.

TABLE 2. Relative Transition-State Gibbs Energies (kJ mol-1,

sf = 0.6395),a Enantioselectivities, and Diastereoselectivities in the

Intramolecular Aldol Reaction of Dialdehyde 3, in Dichloromethaneb

B3LYP/6-31þþG**// B3LYP/
6-31G** (sf = 0.6395) ref 10

transition
state

ΔG
(kJ mol-1)

ee
(%)

dr
(%)

ee
(%)

dr
(%)

TS-1 (SS) anti 0.00 (0.00) 97.9 90.9
99.0 90.9TS-2 (RR) anti 11.27 (17.62) (99.8) (97.5)

TS-3 (RS) syn 12.23 (19.13) 85.8 9.1
9.1TS-4 (SR) syn 5.86 (9.17) (96.5) (2.5)

aCalculated dr of the anti structures forced to fit the experimental
value. bNon-scaled values are in parentheses. Syn/anti refers to the
configuration of the final products, as defined by List.10

(32) Zhu, H.; Clemente, F. R.; Houk, K. N.; Meyer, M. P. J. Am. Chem.
Soc. 2009, 131, 1632–1633.
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The activation energy in the cyclization of compound 5 is
substantially lower (64.25 kJ mol-1) than the value calcu-
lated for compound 3 (76.52 kJ mol-1) (Figure 2), because
compound 3 prefers to adopt a linear conformation and any
change to this ideal situation implies a strong increment in
the steric energy. Compound 5, on the other hand, due to its

double substitution at C4, does not suffer such a large energy
increment when the linear conformation is changed. This
happens because the steric interactions that arise when the
two extremes of the chain approach each other are in part
compensated by the reduction of the steric repulsion between
the methyl substituents and the main carbon chain (see
Figure S1 in Supporting Information).

The four TS structures calculated for the cyclization of
dialdehyde 5 (Figure 4) are similar to those obtained for
dialdehydes 3 and 4 (Figures 2 and 3). The activation energy
of TS-10 relative to TS-9 follows the same pattern observed
in the previous discussed systems, indicating that, also in this
case, the main factor conditioning the enantioselectivity is
the O1-HC11 electrostatic contact. On the other hand, the
calculations predict a strong energy increment for structures
TS-11 and TS-12, in relation to TS-9. This is a result of the
axial orientation of the enamine moiety, which induces
important steric contacts with either one or the other axial
methyl group in C4. As observed in the cyclization of
dialdehyde 4, the energy increment is larger when the car-
boxyl group is orientated syn to the axial methyl substituent.

In contrast to the previously discussed structures, the
reaction between dialdehyde 6 and (S)-proline can occur at
two different carbonyl groups that lead to the formation of
two diastereomeric enamine intermediates 22 (SR:SS)
(Scheme 5), in conformational equilibrium between the syn
and anti conformers. If the rate-limiting step is the cycliza-
tion step, all previous steps are irrelevant for the calculated
stereoselectivity. Nevertheless, Houk predicted that the rate-
limiting step can be the enamine formation,28 while more

SCHEME 4. ProposedMechanism for the Intramolecular Aldol

Reaction of Dialdehyde 4 Catalyzed by (S)-proline

TABLE 3. Relative Transition-State Gibbs Energies (kJ mol-1,

sf = 0.6395), Enantioselectivities, and Diastereoselectivities in the

Intramolecular Aldol Reaction of Dialdehyde 4, in Dichloromethane

B3LYP/6-31þþG**// B3LYP/
6-31G** (sf = 0.6395) ref 10

transition state
ΔG

(kJ mol-1)
ee
(%)

dr
(%)

ee
(%)

dr
(%)

TS-5 (SR) anti 0.00
97.9 98.2 98 >95.2TS-6 (RS) anti 11.24

TS-7 (RR) syn 13.10
44.3 1.8 <4.8TS-8 (SS) syn 10.74

FIGURE 3. Calculated transition-state structures for the cycliza-
tion of 4 to 10 catalyzed by (S)-proline. Relative transition-state
Gibbs energies (sf = 0.6395) in dichloromethane (kJ mol-1).

FIGURE 4. Calculated transition-state structures for the cycliza-
tion of 5 to 11 catalyzed by (S)-proline. Relative transition-state
Gibbs energies (scaling factor = 0.6395) in dichloromethane (kJ
mol-1).

TABLE 4. Relative Transition-State Gibbs Energies (kJ mol-1,

sf = 0.6395), Enantioselectivities, and Diastereoselectivities in the

Intramolecular Aldol Reaction of Dialdehyde 5, in Dichloromethane

B3LYP/6-31þþG**// B3LYP/
6-31G** (sf = 0.6395) ref 10

transition state
ΔG

(kJ mol-1)
ee
(%)

dr
(%)

ee
(%)

dr
(%)

TS-9 (SS) anti 0.00
98.6 99.2 98 >95.2TS-10 (RR) anti 12.25

TS-11 (RS) syn 16.77
71.3 0.8 <4.8TS-12 (SR) syn 12.33
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recently, on the basis of experimental results, Meyer sug-
gested that the rate-limiting step has to precede the enamine
formation.32 In accordance with Houk’s proposal, the cal-
culation of the structures in Scheme 5 with B3LYP/6-31G**
predict the enamine formation as the rate-limiting step (see
Supporting Information). Nevertheless, the introduction of
diffuse functions (6-31þþG**) changes this prediction,
affording a result in agreement with Meyer’s proposal.
According to Scheme 5, the predicted rate-limiting step is
the initial attack of the proline molecule, while the immo-
nium formation is more stable by ca. 2.5 kJ mol-1 and the

enamine formation is more stable by ca. 7.5 kJ mol-1.
However, considering the similarity of values, one should
be very careful in making final conclusions.We can only say,
with good confidence, that the rate-limiting step is not the
cyclization step, as it is around 30 kJ mol-1 more stable than
the initial proline attack (Scheme 5 and Figure 5).

The attack of the proline molecule to the aldehyde can
originate four isomers, depending on the reacting carbonyl
and on the orientation of the aldehyde chain, in relation to
the carboxyl group in the proline moiety (syn/anti). As
expected, the anti structures are slightly more stable than

SCHEME 5. Proposed Mechanism for the Intramolecular Aldol Reaction of Dialdehyde 6 Catalyzed by (S)-Prolinea

aFree energies in kJ mol-1.
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the syn isomers as a result of different steric interactions
between the aldehyde chain and the proline carboxyl group.
Nevertheless, the formation of the enamine intermediate via
the anti pathway will not occur, as it is a very energetic step
(Scheme 5). Thus, all of the previous steps have to be
reversible and the enamine formation has to occur via the
syn pathway. The Seebach oxazolidinones 20 and 21, experi-
mentally observed in this type of reactions,33-36 are sub-
stantially more stable than compounds 18 and 19,
respectively, but we were not able to find TS structures for
their interconversion, which means that they do not affect
the pathways reversibility, in accordance with the experi-
ment.36 The attack of the proline molecule, on one or the
other carbonyl group in the dialdehyde, seems to occur with
no selectivity, leading to the two possible diastereomers of
enamine 22 in a 50:50 ratio. Even if the rate-limiting step is
the immonium or the enamine formation, this statement
does not change, as these steps also predict very low selec-
tivity (Scheme 5). Thus, the cyclization step can occur from
enamines 22 (SR and SS), which are formed via two con-
current nonselective syn pathways and lead to opposite
enantiomers of the final product 12. The final calculated
selectivity results from the two independent selectivity cal-
culations on the cyclization step, pondered by the selectivity
obtained in the proline addition step (TS-13 (syn)SRw (12a,
12b, 12e, 12f) and TS-13 (syn) SS w (12c, 12d, 12g, 12h)).

The relative energy values and selectivities calculated for
the proline-catalyzed cyclization of compound 6 are given in
Table 5, while four selected structures are presented in
Figure 5 (extra data is available in Supporting Information).
In Table 5, the values in italic were calculated considering the
proline attack to the aldehyde as the rate-limiting step of the
overall reaction, while the values in plain text were calculated
considering that the selectivity results only from the cycliza-
tion step. From the comparison of these two sets of data, we

conclude that the reaction pathway before the cyclization
step is mandatory for the rationalization of the experimental
diastereoselectivity. The calculated enantioselectivities, de-
spite being slight overestimated, follow the same trend as the
experimental values.

As was previously observed for the cyclization of com-
pound 5, the presence of amethyl group in position C4 of the
dialdehyde chain substantially reduces the TS energy (Gact=
66.68 kJ mol-1), as it helps at the formation of the reactive
conformation. Also, and as discussed before, the electro-
static interaction between O1 and HC11 is still the main
factor controlling theTS energies, as shown inFigure 5.With
one exception (TS-24), the structures with this electrostatic
contact are the most stable and account with more than 98%
for the overall selectivity. TS-24 does not follow this trend
because in order to avoid the strong steric contact between
the methyl substituent and the enamine moiety, the TS
structure adopts a twisted boat conformation, substantially
more energetic than the chair conformations adopted by all
other TS structures in Figure 5. The energy difference
between TS-19 and TS-22 is due to the axial orientation of
the methyl substituent, while the energy difference between
TS-25 and TS-22 is due to the axial orientation of the
enamine moiety.

The detailed discussion made for the cyclization of com-
pound 6 also applies to compound 7. Thus, the anti struc-
tures are slightly more stable but, once again, this reaction
pathway is not able to produce the enamine needed for the
cyclization step (Scheme 6). As before, the reactive pathway
has to proceed via the syn structures that originate two
diastereomers of enamine 23, in syn/anti conformational
equilibrium (Scheme 6). As discussed for the cyclization of
6, the rate-limiting step can be either the immonium forma-
tion or the initial attack of the proline molecule to the
dialdehyde structure. For compound 7, the immonium for-
mation has slightly higher energy, and preferentially yields
enamine 23 (SSR) in a relation of 61.8:38.2.

The rate-limiting step in Scheme 6 (TS-29) has an energy
twice as high as that calculated for the cyclization step (45.14
kJ mol-1), implying that enamines 23 shall react via two
independent pathways, yielding eight possible products
(Scheme 6 and Figure 6). The relative energy values and
selectivities, calculated for the proline-catalyzed cyclization
of compound 7, are given in Table 6 and four selected
structures are presented in Figure 6 (extra data is available

FIGURE 5. Calculated transition-state structures for the cycliza-
tion of 6 to 12 catalyzed by (S)-proline. Relative transition-state
Gibbs energies (sf = 0.6395) in dichloromethane (kJ mol-1).

TABLE 5. Relative Transition-State Gibbs Energies (kJ mol-1, sf =

0.6395), Enantioselectivities, and Diastereoselectivities in the Intramole-

cular Aldol Reaction of Dialdehyde 6, in Dichloromethanea

B3LYP/6-31þþG**// B3LYP/
6-31G** (sf = 0.6395) ref 10

transition state
ΔG

(kJ mol-1)
ee
(%)

dr
(%)

ee
(%)

dr
(%)

TS-19 (SRS) anti 6.23, 0.23 99.7 21.9
95 15.2TS-20 (RSR) anti 18.06 98.3 6.8

TS-21 (RRR) anti 11.06, 5.06 88.1 52.5
75 66.7TS-22 (SSS) anti 0.00 97.7 84.4

TS-23 (RRS) syn 14.07, 8.07 57.0 1.2
8 3.0TS-24 (SSR) syn 13.06 20.1 0.7

TS-25 (SRR) syn 6.00, 0.00 96.7 24.4
89 15.2TS-26 (RSS) syn 11.89 83.0 8.1

aWith (italic) and without (plain text) accounting for the selectivity
obtained in TS-13 (syn dr = 50.0:50.0).
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Chim. Acta 2007, 90, 425–471.
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tollo, F. J. Heterocycl. Chem. 1989, 26, 837–841.
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in Supporting Information). In Table 6, the values in italic
were calculated considering the immonium formation as the
rate-limiting step of the overall reaction, whereas the values
in plain text were calculated considering that the selectivity
results only from the cyclization step.

In contrast to the other calculated systems, the theoretical
results obtained for compound 7 do not agree with the
experimental data, as our calculations predict the formation

of a mixture of diastereomers syn and anti, while the experi-
mental data reports only the formation of anti products.37 It
is important to emphasize that, with the exception of this
system, the theoretical results fit quite well with the experi-
mental data and are in line with all the other previously
discussed results. Thus, the activation energy for the cycliza-
tion was calculated as the lowest value (45.14 kJ mol-1)
among all the studied structures, indicating that the presence
of the two methyl groups strongly induces the proper con-
formation for the cyclization. The analysis of the eight
possible TS structures also suggests that they behave in a
similar way as those previously discussed, with the electro-
static contact between O1 and HC11 controlling the enan-
tioselectivity and several steric contacts controlling the
diastereoselectivity. The most stable TS structure is TS-33,
since it is the only structure keeping the O1-HC11 electro-
static contact as well as the enamine moiety and the two
methyl groups in equatorial position. Structure TS-38 dis-
plays the second lowest activation energy in the set, as it only
differs from structure TS-33 in the axial position of its
enamine group. All other structures are at least 12.7 kJ
mol-1 higher energetic than TS-33 and account with only
1.7% for the overall selectivity.

A special comment has to be made in respect toTS-35 and
TS-36. In order to fit the experimental data (dr= 50:50, anti

SCHEME 6. ProposedMechanism for the Intramolecular Aldol

Reaction of Dialdehyde 7 Catalyzed by (S)-Prolinea

aFree energies in kJ mol-1. The scheme shows only the TS structures, in
order to be simplified. Extra data is in Supporting Information.

FIGURE 6. Calculated transition-state structures for the cycliza-
tion of 7 to 13 catalyzed by (S)-proline. Relative transition-state
Gibbs energies (sf = 0.6395) in dichloromethane (kJ mol-1).

TABLE 6. Relative Transition-State Gibbs Energies (kJ mol-1,

sf = 0.6395), Enantioselectivities, and Diastereoselectivities in the

Intramolecular Aldol Reaction of Dialdehyde 7, in Dichloromethane
a

B3LYP/6-31þþG**// B3LYP/
6-31G** (sf = 0.6395) ref 10

transition state
ΔG

(kJ mol-1]
ee
(%)

dr
(%)

ee
(%)

dr
(%)

TS-33 (SRSS) anti 0.00 74.7 43.5
75 50TS-34 (RSRR) anti 12.73, 5.69 98.8 93.9

TS-35 (RRSR) anti 31.85 100.0 0.6
TS-36 (SSRS) anti 18.24, 11.21 99.2 0.1
TS-37 (RRSS) syn 14.24 99.6 55.0

99 (anti) 50 (anti)TS-38 (SSRR) syn 7.03, 0.00 89.7 5.8
TS-39 (SRSR) syn 14.82 79.2 0.9
TS-40 (RSRS) syn 17.43, 10.4 48.3 0.3

aWith (italic) and without (plain text) accounting for the selectivity
obtained in TS-29 (syn dr = 61.8:38.2).

(37) List’s paper does not state on what basis the stereochemical assign-
ment was made. Thus, the absolute configurations we present in this manu-
script are theoretical predictions.
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products only), one of these two structures should have an
activation energy similar to that calculated for structure TS-
33. At the same time, the energy ofTS-38 should be higher, in
order to reduce its contribution to the final selectivity. By the
analysis of all structures, we do not find a reason to justify a
strong energy increase in structure TS-38 (such a behavior
would be in contrast to the rest of our data), and we also do
not envisage how structures TS-35 or TS-36 could have
lower energy, as their conformations are extremely distorted
in order to reduce the steric contacts with the methyl groups.
This means that the theoretical results are coherent and fit
the experimental numbers if we consider a syn:anti 50:50
mixture of diastereomers. In fact, if we consider very low
selectivity in the immonium formation step, then the calcu-
lated values (ee= 83.2, 99.3% and dr= 54.4:45.6) totally fit
the experimental result, but keeping the syn:anti relation. In
other words, the enamine formation is mandatory for the
final selectivity, allowing for low diastereomeric ratios, but
we do not find any explanation for the formation of only anti
products. Thus, we believe that the abnormal experimental
result has to be related to some experimental issue, which we
are not able to rationalize with our theoretical data.

The experimental data obtained for the cyclization of
compound 8 (7-oxo-octanal) indicates that it reacts only
via enamine formation at the aldehyde side (Table 1 and
Scheme 7). As a result, only two diastereomeric pairs of
aldehyde 14 are formed (Table 1).10 This data is in agreement
with our theoretical values (Scheme 7), as the proline attack
at the ketone carbonyl group has higher activation energy
(>20 kJ mol-1). The main reasons for this difference are the
less electropositive carbon in the ketone carbonyl group
relative to the aldehyde and, to a less extent, the larger steric
effects observed in the attack at the ketone group.

As discussed for the cyclization of structures 6 and 7, the
anti pathway (via TS-42) does not allow for the formation of
enamine 24, and thus the reaction has to proceed via the syn
pathway. Enamine 24 reacts via four possible TS structures,
to form the cyclic intermediates. The relative energies of
these transition states are given in Table 7, and Figure 7
shows the respective 3D transition-state structures.

The four structures in Figure 7 are, in all aspects, very
similar to the structures in Figure 2. The same statement can
bemade for the relative activation energies.Nevertheless, the
absolute activation energies for the cyclization of compound
8 are substantially higher (around 34 kJ mol-1), because of
the reasons discussed above for the initial attack of the
proline molecule: larger steric contacts and less electropos-
itive carbonyl group. These effects can also be observed in
the relative bond lengths of the carbon-carbon forming
bonds, which are considerably larger in the TS structures in
Figure 7 than in all other studied structures.

The higher activation energy obtained for the cyclization
of 8makes it the rate-limiting step of the reaction, in contrast
to the two previous discussed systems. This is not relevant for
the calculation of the final selectivity, as there is no selectivity
induction before the cyclization. Nevertheless, it is an inter-
esting result, as it shows that it is not possible to generalize on
the rate-limiting step of all types of aldol cyclizations. This
different behavior results from the special case of enamine
formation at a reactive aldehyde carbonyl group, whereas in
the cyclization step the attack occurs at a less reactive ketone
carbonyl group, as discussed above.

Themaindifferences between the relative activation energies
in the cyclization of compounds 3 and 8 are a result of the
relative orientation of the ketone methyl group and the
enamine moiety in TS-47 to TS-50 (Figure 7). In structures
TS-47andTS-48 these twogroups are ingauche conformation,

SCHEME 7. ProposedMechanism for the Intramolecular Aldol

Reaction of Dialdehyde 8 Catalyzed by (S)-Prolinea

aFree energies in kJmol-1. The scheme only shows the TS structures,
in order to be simplified. Extra data is in Supporting Information.

TABLE 7. Relative Transition-State Gibbs Energies (kJ mol-1,

sf = 0.6395), Enantioselectivities, and Diastereoselectivities in the

Intramolecular Aldol Reaction of Ketoaldehyde 8, in Dichloromethane

B3LYP/6-31þþG**// B3LYP/
6-31G** (sf = 0.6395) ref 10

transition state ΔG (kJ mol-1) ee (%) dr (%) ee (%) dr (%)

TS-47 (SS) anti 0.0
98.1 65.7 99 66.7TS-48 (RR) anti 11.46

TS-49 (RS) syn 8.48
87.6 34.3 95 33.3TS-50 (SR) syn 1.74
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whereas in structures TS-49 and TS-50 they adopt the anti
conformation. All other interactions are similar to those
described for structures TS-1 to TS-4 (Figure 2), resulting in
similar energy differences between TS-48 and TS-47 (11.46 kJ
mol-1) andTS-2 andTS-1 (11.27 kJmol-1), aswell as between
TS-50 and TS-49 (6.74 kJ mol-1) and TS-4 and TS-3 (6.37 kJ
mol-1). Thus, in the two systems the predicted enantioselec-
tivity is similar, in agreementwith the experiment.On the other
hand, the gauche orientations between the methyl and the
enamine groups in structuresTS-47andTS-48 slightly increase
their activation energies (around 4 kJ mol-1) relative to
structures TS-49 and TS-50, thus originating a reduction in
the calculated diastereoselectivity, well in agreement with the
experimental values.

Conclusions

The empirical transition-state model proposed by List for
the intramolecular aldol reaction of substituted 1,7-dicarbo-
nyl compounds catalyzed by (S)-proline was theoretically
analyzed with quantum chemical calculations. In order to
obtain good agreement between our calculated values and
the experimental data, we found it necessary to use a solvent
model (PCM) together with a basis set with included diffuse
functions (6-31þþG**). The theoretical data confirm that
the main factors contributing for the reaction selectivity in
the cyclization step are of steric and electrostatic nature, in
agreement with our previous rationalization. Nevertheless,
for dialdehydes that can originate two diastereomeric enam-
ine intermediates, any of the reaction steps that precede the
cyclization can also be of major importance in the rationa-
lization of the final reaction selectivity. The theoretical data

agrees in good extension with List’s experimental results,
both in enantioselectivity and diastereoselectivity, with only
a single exception. However, even in this situation we could
show that the calculated values fit quite well with the
experimental data, if instead of a mixture of anti diastereo-
mers we consider amixture of syn/anti structures. Because of
the high consistency of the theoretical data and the excellent
agreement with the experimental results, we believe that the
apparent failure in one of the analyzed systems is probably a
result of experimental issues and not of a less appropriated
theoretical model.

Computational Methods

All calculations were performed using density functional
theory (DFT)38 with the Gaussian 03, Revision E.01 software
package.39 The geometries of all stationary points were full
optimized with the B3LYP functional and the 6-31G** basis set,
and their nature (minimum or transition state) was determined
by frequency analysis. Zero-point energies and thermal correc-
tions, at 25 �C, have been taken from unscaled vibrational fre-
quencies. Reported activation energies include zero-point and
thermal corrections. The effect of solvent on the energies was
studied by single-point calculations at the B3LYP/6-31þþG**
level of theory. The polarizable continuum model (PCM)40 was
used together with UAKS radii and the dielectric constant of
dichloromethane (DCM). All bond lengths are in angstroms
(Å), and the energies are in kJ mol-1. Activation energies are
calculated relative to the reagents.
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FIGURE 7. Calculated transition-state structures for the cycliza-
tion of 8 to 14 catalyzed by (S)-proline. Relative transition-state
Gibbs energies (sf = 0.6395) in dichloromethane (kJ mol-1).
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