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The progressively larger number of reports on the success of
organocatalysis in the current decade indicates the unprece-
dented growth in this area.[1] Comprehensive accounts of an
assortment of organocatalytic reactions are now available.[2]

Among the plethora of organocatalysts, amines, diamines, and
other related bifunctional organic molecules continue to
receive great attention from organic chemists.[3] The applica-
tions of reactions catalyzed by proline are so many that it
could now be regarded as a prototypical example of an
organocatalyst.[4]

The efficiency of proline in asymmetric catalysis is largely
attributed to its bifunctional characteristics as well as to the
presence of a chiral center.[2a,e, 4d] Experimental reports
focusing on the mechanism of organocatalytic reactions
were relatively scarce until very recently.[5] Significantly,
there has already been sufficient debate over the mechanism
of proline-catalyzed reactions.[6] Some of the most pertinent
issues include whether one or two molecules of proline are
involved, or if an enamine or a bicyclic oxazolidinone
intermediate holds the key to the mechanism. While the
former proposition has been settled through kinetic exper-
iments,[5f] the cogitations on the latter remain prevalent.[7]

There have been interesting studies, such as NMR spectro-
scopic evidence on the participation of oxazolidinone inter-
mediates in proline-catalyzed aldol reactions.[5c,d, 6, 8] Both
catalytic and parasitic roles[9] of oxazolidinones have been
proposed.[5d, 7] On the other hand, the detection of putative
enamine intermediates of unactivated carbonyl compounds in
aldol reactions continues to pose formidable challenges. A
recent ESI mass spectrometry study, however, endorses the
view that the aldol reaction proceeds through a proline–
enamine pathway.[10]

A perusal of recent developments readily reveals that the
synergism between experimental and computational studies
in proline-catalyzed asymmetric reactions has been timely
and effective. In particular, the concurrence between the
predicted stereochemical outcome obtained by using density
functional methods and the corresponding experimental

observations in organocatalytic reactions has been quite
impressive.[11] While the mechanistic conformity, or even
parallelism, between the enamine and oxazolidinone path-
ways appears to demand further studies, we intend to
emphasize a more critical issue of stereoselectivity at this
juncture. The key premise on which most of the proline-
catalyzed stereoselective reactions are rationalized rests with
the enamine model of Houk and List. In the Houk–List
model, the stereoselectivity is proposed to arise in the C�C
bond-formation step between an enamine (derived from
proline and suitable carbonyl compounds) and an electrophile
(Scheme 1). As part of our ongoing research efforts in

asymmetric organocatalysis,[12] we have chosen to examine
the stereoselectivity in the proline-catalyzed self-aldol reac-
tion of propanal, in light of the recently proposed oxazolidi-
none pathway. In an earlier study, MacMillan and co-workers
reported high levels of stereocontrol of the order of 99%
enantiomeric excess and anti diastereoselectivity (4:1 anti :-
syn) for the same reaction.[13] We primarily employed density
functional and ab initio MP2 computations in this study.[14]

The discussions are presented on the basis of the B3LYP/
6-31 + G** results.

The mechanism of the proline-catalyzed aldol reaction is
proposed to involve a number of intermediates, as shown in
Scheme 1. The catalytic cycle can be envisaged to begin with
the formation of iminium carboxylate (3) from propanal (2)
and proline (1). The intermediate 3 can convert either to an

Scheme 1. Important mechanistic possibilities involving the enamine
and oxazolidinone pathways for the proline-catalyzed self-aldol reaction
of propanal.
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enamine carboxylic acid (4) or to an oxazolidinone inter-
mediate (7). On the basis of the orientation of the ethyl
moiety with respect to the carboxylate group, both E (3a) and
Z (3 b) isomers are identified.[15] The barrier for the formation
of 7 by the intramolecular attack of the carboxylate on the
iminium is found to be very small.[16] Furthermore, this
process is thermodynamically more favored than the forma-
tion of 4. More importantly, the barrier for the reversal of 7 to
3, that is, oxazolidinone ring opening, is relatively larger. For
instance, these barriers are 12.8 and 17.6 kcal mol�1 for 7a
(endo) and 7b (exo), respectively (Figure 1).[17]

The computed energetic details evidently suggest an
equilibrium composition in favor of the oxazolidinone
intermediate.[18] This could therefore be regarded as the
major reason for being able to detect oxazolidinones over
other putative intermediates, such as the iminium ion and
enamine, in proline-catalyzed direct aldol reactions.[6, 7,8c]

Among the resulting oxazolidinones, 7b is more stable than
7a by 2.1 kcal mol�1. Two related processes emanating from
the key intermediate iminium carboxylate are the formation
of enamine carboxylic acid (4) as well as enamine carboxylate
(8). Different scenarios depicted in pathways 1–3 in Scheme 2

are considered. Pathways 1 and 2 represent the unassisted and
water-assisted conversion of 3 to 4, respectively.[19] While 3b
to 4b (syn) conversion can take place without the involve-
ment of water, the geometric feature of 3a clearly demands an
assisted proton transfer to afford 4a (anti).[20] In fact, water-
assisted tautomerization of 3b to 4b is about 4 kcalmol�1

higher than the corresponding unassisted pathway.
The availability of 4 and 7 can lead to an interesting

mechanistic divergence, capable of exerting a direct influence
on the stereochemical outcome of the reaction. The presence
of 4 could facilitate the commonly employed Houk–List
mechanism, whereas 7 could result in the Seebach oxazolidi-
none pathway. Both these C�C bond-formation pathways are
examined herein. Notably, in the Houk–List pathway the
barrier for rotation around the C�N bond in 4 is about
6.9 kcalmol�1. Involvement of both 4 a and 4b enamines in
the C�C bond formation is therefore likely. The addition of
enamine 4a to propanal is found to be more preferred over
that involving enamine 4b.[21] A more important aspect at this
juncture relates to the predicted stereochemical outcome of
the reaction. The computed relative energies of the diaste-
reomeric transition states TS(4 a–5a)re–re and TS(4a–5a)re–
si clearly indicate that the diastereoselectivity, as summarized
in Table 1, is in good agreement with the experimental results.
Furthermore, the predicted product configuration (2S,3S)-3-
hydroxy-2-methylpentanal is also in line with the available
reports.[13,22]

In the Seebach pathway, an enamine carboxylate 8 is
proposed to function as the key reactive intermediate.
Multiple possibilities for the generation of 8 as depicted in
Scheme 2 are examined.[23] The vital stereodifferentiation in
C�C bond formation in the Seebach model is suggested to
occur when 8 reacts with the electrophile. This step consists of
a trans addition of the carboxylate oxygen atom on the
enamino C=C bond and the concomitant formation of a new
C�C bond with the electrophile. The geometries of the

Figure 1. Transition states (TSs) for oxazolidinone (7) formation from
iminium carboxylate. The Gibbs free energy of activation [kcalmol�1] is
given in parentheses; bond lengths are in �.

Table 1: Gibbs free energy of activation[a] [kcalmol�1] for C�C bond
formation at different levels (L1–L5) of theory in the Houk–List pathway.

TS(4!5)[b] L1 L2 L3 L4 L5

4a!5a re–re 23.6 20.5 16.1 21.6[d] 15.4
re–si 24.6 21.4 16.2 22.0 15.1

4b!5b si–si 27.0 24.0 19.5 25.3 18.3
si–re 28.0 24.8 21.0 24.8[d] 19.5
re–si 32.2 29.2 25.3 32.2 24.6
re–re 33.6 30.9 27.1 34.3 26.1

Computed
selectivity

%ee >99 >99 >99 >99 98.5
anti :syn 5.4:1 4.6:1 1.2:1 2:1 1:1.7

Experimental
selectivity[c]

99% ee
anti :syn= 4:1

[a] Computed with reference to 4a and propanal. L1= B3LYP/6-31+ G**,
L2 = mPW1PW91/6-31 + G**, L3 = MP2(FULL)/6-31+ G**//6-31G*,
L4 = IEF-PCMCH3CN/B3LYP/6-31+ G**, L5 = M05-2X/6-31 + G**. [b] The
stereochemical notations (re/si) represent the prochiral faces of enamine
and propanal, respectively. [c] Values taken from reference [13].
[d] Single-point calculations on the gas-phase geometries for all species,
as full optimizations of this TS could not be carried out in the condensed
phase.

Scheme 2. Different possibilities for the conversion of iminium carbox-
ylate 3 to various other key intermediates. The Gibbs free energy of
activation [kcal mol�1] for the reaction of 3a is provided along with that
for 3b in parentheses.
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transition structures suggest an asynchronous and late TS, in
which C�C bond formation is found to be ahead of the
oxazolidinone ring closure.

Depending on the relative positions of the developing
alkoxide oxygen atoms with respect to the enamino C=C
bond in 8, three TS geometric possibilities are identified.
These are represented as TS60/180/300 along with the corre-
sponding prochiral faces of 8 and the incoming electrophile.
In the case of addition of 8a (anti), TS(8a–9a)si–re(300) is
identified as energetically the most preferred as compared to
the other likely rotamers around the developing C�C bond
(Table 2). In this TS, the hydrogen-bonding interaction

between the developing alkoxide and the Ca’-H of the
pyrrolidine ring appears to help gain improved stabilization (I
in Figure 2).[24] Among the si–si mode of additions, TS(8a–
9a)si–si(180) is relatively more preferred. In general, the barrier
for the addition of 8b (syn) is found to be higher than those
involving 8a (anti). For instance, the energy difference
between the addition of 8a and 8b, given by TS(8a–9a)si–
re(300) and TS(8b–9b)re–si(300), respectively, is more than
2 kcalmol�1 at the B3LYP level and even larger at other
levels of theory considered here.

The computed Gibbs free energies of activation for C�C
bond formation in the oxazolidinone pathway are provided in
Table 2. Interestingly, the barriers are found to be larger than
that in the enamine pathway. The barriers in the oxazolidi-
none pathway are higher by 11.6 and 6.3 kcal mol�1, respec-
tively, at the B3LYP and MP2 levels of theory. The approach
of the electrophile in the preferred lower-energy TSs is
identified as occurring from the face opposite to the
carboxylate group (anti addition). This is at variance with
the Houk–List model, wherein the electrophile approaches
from the same face as the carboxylic acid group of the

enamine.[25] In the most preferred mode, anti addition of the si
face of 8 a to the re face of propanal is noticed.[26] The
implication emerging from this analysis is a conspicuous
kinetic preference for the si–re addition between 8a and
propanal. Readily noticeable is the configuration of the
resulting stereoisomer as 2R,3S , which is exactly opposite to
the stereochemical outcome predicted by using the Houk–
List pathway.

The diastereomeric ratio computed using the activation
barriers in the oxazolidinone pathway is 1:4 anti :syn, in favor
of the syn diastereomer.[27] The diastereomeric composition
predicted here is contrary to what has been shown exper-
imentally.[13] Significantly, the conclusions are almost invari-
ant at the different levels of theory employed in this work,
which suggest the formation of the syn diastereomer as the
major product. The lack of consensus between the exper-
imental and computed product stereochemistries obtained by
using the oxazolidinone pathway is traced to the preferred
mode of addition between 8 and propanal. For example, the
correct stereochemical outcome in the oxazolidinone path-
way could arise from anti additions of 1) 8b to propanal
through TS(8b–9b)re–re, and 2) 8a through TS(8a–9 a)re–re,
or the syn addition of 3) 8a through TS(8a–9 a)re–re. How-
ever, these possibilities are higher in energy than the other
lower-energy approaches discussed above.[28]

Apart from the kinetic factors hitherto described, the
resulting oxazolidinone intermediate 9 is found to be notably
higher in energy than the corresponding intermediate 5 in the
enamine pathway obtained as a result of C�C bond formation
(Figure 3). According to Seebach�s proposal, 9b (exo) should
be more stable than 9a (endo), which upon subsequent steps
will yield an aldol product with the correct stereochemistry.
While the computed energies do indeed indicate that 9b is
more stable (ca. 3–5 kcal mol�1),[29] the associated barrier for

Table 2: Gibbs free energy of activation[a] [kcalmol�1] for C�C bond
formation at different levels (L1–L5) of theory in the Seebach pathway.

TS(8!9)[b] L1 L2 L3 L4 L5

8a!9a si–re(60) 35.9 29.7 24.4 –[c] 26.2
si–re(180) 37.3 30.8 24.9 44.5 27.4
si–re(300) 35.2 28.6 22.4 44.6 24.6
si–si(60) 36.6 30.5 24.1 43.5 26.1
si–si(180) 36.0 29.6 24.1 42.5 26.4
si–si(300) 36.2 29.6 23.3 –[c] 25.0

8b!9b re–re(60) 40.9 34.7 28.3 –[c] 30.7
re–re(180) 38.2 32.5 27.1 50.0 29.8
re–re(300) 37.7 32.1 25.9 50.1 28.2
re–si(60) 39.9 33.9 27.6 –[c] 30.2
re–si(180) 38.9 31.9 27.7 51.5 30.4
re–si(300) 37.4 33.0 26.2 49.8 27.8

Computed
selectivity

ee%
anti :syn

95
1:3.9

>99
1:5.4

>99
1:4.6

–[d]

–[d]
>99
1:2

[a] Computed with reference to 8a and propanal. [b] The stereochemical
notations (re/si) employed for the TSs represent the prochiral faces of
enamine carboxylate and propapal, respectively. L1= B3LYP/6-31+ G**,
L2 =mPW1PW91/6-31 +G**, L3 =MP2(FULL)/6-31+ G**//6-31G*,
L4 = IEF-PCMCH3CN/B3LYP/6-31+ G**, L5= M05-2X/6-31 +G**. [c] Full
optimizations of this TS could not be carried out in the condensed
phase. [d] All required values are not available.

Figure 2. Optimized geometries of TSs for the stereoselectivity-control-
ling C�C bond formation in the Seebach pathway. The Gibbs free
energy of activation [kcalmol�1] is given in parentheses; bond lengths
are in �.
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its formation is evidently higher. The Gibbs free energy of
activation, as given by TS(8b–9b)re–re(300) leading to 9 b, is
higher than that for TS(8a–9 a)si–re(300) responsible for 9a,
thus implying a kinetic preference toward 9a oxazolidinone.
The collective inference emerging from these factors is that
even though the mechanistic scheme supports the formation
of certain detectable intermediates, the computed energetics
in the oxazolidinone model are not adequate to predict the
correct stereochemistry of the major product.

In summary, the Houk–List transition model involving an
enamine intermediate for stereoselective C�C bond forma-
tion in the proline-catalyzed self-aldol reaction of propanal is
found to be effective toward rationalizing the experimentally
observed enantio- and diastereoselectivities. The Seebach
model involving an oxazolidinone intermediate is identified
as inadequate for predicting the stereochemical outcome.
Both enantio- and diastereoselectivities are at variance with
the experimental results available for the title reaction. We
propose that a convergence between the enamine and
oxazolidinone pathways is likely under the experimental
conditions employed, wherein the key intermediate enamine
carboxylate (8) of the oxazolidinone pathway could merge
with the enamine pathway through a protonation to yield
proline enamine carboxylic acid (4).[30] Beginning with 4, the
stereochemical outcome of the reaction can be readily
explained.

Experimental Section
Gas-phase calculations were performed at the B3LYP, mPW1PW91,
M05-2X, and MP2(full) levels of theory.[31] For the density functional
methods a 6-31 + G** basis set was used, and for the MP2(full) level a
6-31G* basis set was employed. The effect of solvent was included by
using the integral equation formalism polarizable continuum model
(IEF-PCM) in acetonitrile continuum. All calculations were per-
formed using Gaussian 03.[32] Full details of the computational
methods are provided in the Supporting Information.
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