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The steric and stereoelectronic effects that control the
enantioselectivity in the cross-aldol addition of acetone to
isatin catalyzed by L-proline have been studied by means of
DFT and AIM calculations. This reaction results in a reversal
of enantioselectivity compared with the corresponding cross-
aldol addition to 4,6-dibromoisatin and aldehydes. DFT cal-
culations of the cross-aldol transition states indicate that
product formation follows different pathways for the sub-
strates isatin and 4,6-dibromoisatin. In the case of isatin, the
S enantiomer is favoured as a consequence of a stereoelec-

Introduction

The cross-aldol addition of acetone to isatins has been
recently studied[1] and results in the synthesis of a quater-
nary stereocentre with good enantioselectivity.[2] This reac-
tion can be used for the synthesis of interesting compounds
belonging to the family of convolutamydines, natural prod-
ucts previously isolated from the Floridian marine bryo-
zoan, Amathia convoluta, that display interesting antitu-
mour activity.[3]

Recently, we described the first enantioselective synthesis
of convolutamydine A by the cross-aldol addition of ace-
tone to 4,6-dibromoisatin (1).[1a] This reaction was pre-
viously studied by using the model compound isatin (2) in
which the two bromines in the 4- and 6-positions of the
phenyl ring are absent.[1b] The formation of the new ste-
reogenic centre was catalyzed by proline or by prolinamides,
with large enantiomeric excesses being obtained when prolin-
amides were employed. Enantiomerically pure compounds
were obtained after chromatography and crystallization and
their absolute configurations were unambiguously estab-
lished by X-ray diffraction. When the cross-aldol addition
of acetone to isatin was catalyzed by -proline, the enantio-
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tronic effect that results in a lower-energy transition state for
the S enantiomer relative to the R enantiomer. In contrast,
the cross-aldol addition of acetone to 4,6-dibromoisatin fur-
nishes the expected R enantiomer owing to a steric effect of
the 4-bromo substituent which inhibits the formation of the
S enantiomer via the stereoelectronically favoured transition
state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

meric excess was always poor and the product had the op-
posite chirality to that expected based upon literature mod-
els.[4] In contrast, the expected configuration was obtained
for the cross-aldol addition of acetone to 4,6-dibromoisa-
tin.[1a] Thus the mechanism of this interesting reaction has
been investigated in more depth by using DFT and AIM
calculations to interpret the experimental results.

Results and Discussion

To verify whether or not the inversion of configuration
observed in the products of the cross-aldol reaction of isatin
and 4,6-dibromoisatin should be ascribed only to the pres-
ence of the 4-bromo substituent, we performed the -pro-
line-catalyzed cross-aldol addition of acetone to isatin and
4,6-dibromoisatin under the same reaction conditions. The
absolute configurations of the products were assigned by
comparison of the HPLC retention times of the reaction
products with those whose absolute configurations were de-
termined by single-crystal X-ray diffraction. Table 1 reports
the chemical yields and enantiomeric excesses of the cross-
aldol reactions.

The reaction between acetone and isatin (2) was per-
formed at three different temperatures (entries 1–3) and re-
vealed a small temperature effect on the enantiomeric ex-
cess. The S enantiomer was always favoured. This result
contrasts that generally observed in the aldol addition of
acetone to aldehydes when catalyzed by proline or prolina-
mides.[4] In contrast, the cross-aldol reaction of 4,6-dibro-
moisatin (4) and acetone (entries 4–6) revealed a stronger
temperature effect: at room temperature the reaction af-
forded a racemic mixture, whilst at –15 °C the R enantiomer
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Table 1. Enantiomeric excesses and yields of the aldol reactions of
isatin and 4,6-dibromoisatin with acetone catalyzed by -proline.[a]

Entry R Time Temp. % Yield % ee[b] Configuration[c]

[h] [°C]

1 H 17 20 quant. 25 S
2 H 17 –15 quant. 37 S
3 H 17 –30 42 27 S
4 Br 17 20 quant. 3.5 S
5 Br 17 –15 86 55 R
6 Br 17 –30 0 – –

[a] The concentration of isatin in acetone was 0.15  and 10 mol-
% of the catalyst was used. [b] ee values were determined by HPLC
[conditions: (i) for R = H: solvent: hexane/2-propanol, 80:20; flow:
0.9 mL/min; column: AD Diacel; retention times, S: 11.66 min, R:
15.28 min; (ii) for R = Br: solvent: hexane/2-propanol, 80:20; flow:
0.7 mL/min; column: AD Diacel; retention times: S, 16.52 min; R,
21.21 min]. [c] The absolute configurations were determined by sin-
gle-crystal X-ray diffraction.

was preferentially obtained; the reaction did not occur at a
lower temperature.

In a similar manner to our previous study,[1a] a PM3 con-
formational search of diastereoisomeric, zwitterionic, imin-
ium intermediates, resulting from the reaction of the ad-
dition of the anti or syn hydrogen-bonded -proline acetone
enamines to the Re and Si faces of the keto-carbonyl group
of isatin was performed.[5]

Figure 1. Schematic Newman projections of the eight lowest-energy conformations resulting from the reaction of the anti and syn acetone
-proline enamines with isatin. The lowest-energy transition states that lead to the formation of the R and S enantiomers are framed.
Hydrogen atoms behind the plane of the oxoindole fragment have been omitted for clarity.
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Eight unique lowest-energy conformations were localized
and these were used as the starting points for DFT B3LYP/
6-311+G** calculations.[6] The resulting equilibrium geom-
etry (EG) structures were characterized as minima by the
lack of any imaginary vibrations (Figure 1, anti and syn re-
fer to the structure of the enamine, R and S designate the
configuration of the newly formed stereocentre, and the de-
scriptors cis and trans were used, subjectively, to indicate
the position of the proline fragment relative to the aromatic
ring of the oxoindole fragment). The PM3 EG structures
were subsequently used as the starting points for determin-
ing PM3 transition-state (TS) geometries of the retro-aldol
reaction. These initial PM3 TS structures were then used as
inputs for the DFT calculations. From the initial eight in-
puts, six unique transition states were found and were char-
acterized by a single imaginary frequency that corresponds
to the simultaneous formation of the C–C bond and proton
transfer from the acid to the forming alkoxide (Figure 1). A
seventh transition state (anti-S-trans) was located by using a
lower level of theory and a single-point calculation was
used to determine the energy at a higher level of theory
(B3LYP/6-311+G**//B3LYP/6-31G*). After taking into
account the necessary corrections, the overall value of
∆∆G298(TS) for this transition state was 7 kcal/mol larger
than the lowest-energy transition state and was therefore
omitted from Figure 1.

For comparative purposes the corresponding results for
the same reaction using 4-bromoisatin as the electrophilic
component have been included (Table 2). In the case of the
reaction of 4-bromoisatin with the anti and syn acetone pro-
line enamines, transition states for the structures Br-anti-R-
cis and Br-anti-S-cis were not found, most likely as a conse-
quence of unfavourable steric interactions with the 4-bromo
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Table 2. Relative energies (∆∆G298 [kcal/mol]) for the reaction of the syn and anti acetone -proline enamines with 4-bromoisatin (B3LYP/
6-311G*).[a]

anti-Enamine + 4-bromoisatin Br-anti-R-trans Br-anti-R-cis Br-anti-S-trans Br-anti-S-cis

∆G298 = 0 kcal/mol ∆∆G298(TS) = 17.4 – 24.5 –
∆∆G298(EG) = 12.4 17.6 14.3 16.8

syn-Enamine + 4-bromoisatin Br-syn-R-trans Br-syn-R-cis Br-syn-S-trans Br-syn-S-cis

∆∆G298(TS) = 25.0 24.5 21.1 23.6
∆∆G298 = 0.35 kcal/mol ∆∆G298(EG) = – 18.4 14.2 15.5

[a] Text printed in bold highlights the lowest-energy structures for the formation of the R and S enantiomers. The acronyms have the
same meaning as in Figure 1.

substituent. In addition, the Br-syn-R-trans EG structure
did not converge.

The DFT results for the addition of the acetone -proline
enamine to isatin are consistent with the experimentally ob-
served result of the preferential formation of the S enanti-
omer (37% ee at –15 °C). These calculations indicate that
the preferred transition states are the anti-R-trans and the
anti-S-cis (see Figures 1 and 2). The value of ∆∆G‡

(1.0 kcal/mol) between these transition states would corre-
spond to an enantiomeric excess much greater than that
observed experimentally. This difference may in part be due
to solvation effects reducing the energy difference between
the transition states in solution.[4f] Further, the calculated
transition states are analogous to the lowest-energy transi-
tion states for the reaction of 5,5-dimethylthiazolidine-4-
carboxylic acid enamine with benzaldehyde as well as other
enamines and aldehydes.[4g,4h] However, the reaction of isa-
tin with the acetone -proline enamine differs from the reac-
tion with aldehydes or benzaldehydes in that the isatin reac-
tion passes through an anti-S-cis transition state that is
lower in energy than the anti-R-trans structure.

Figure 2. The lowest-energy transition states for the formation of the S and R enantiomers for the reaction of -proline enamine with
isatin.
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The equilibrium geometry zwitterionic intermediates ob-
tained in this study and those of our previous study[1a] as
well as those calculated for the aldol reaction with benzal-
dehyde (see below) reveal unusually large C–C(O2) bond
lengths (1.60–1.64 Å). However, these zwitterionic interme-
diates are stabilized by an internal hydrogen bond with the
tertiary alcohol. The importance of the hydrogen bond for
the stability of the zwitterionic intermediates was tested by
intentionally disrupting the hydrogen-bonding. This re-
sulted in the decarboxylation of the zwitterionic intermedi-
ate to give an azomethine ylide. Such species are known to
be generated in the reaction of amino acids with carbonyl
compounds via unstable oxazolidinone intermediates.[7]

However, in a number of instances oxazolidinones, are
known to be stable, isolable intermediates and it has been
recently suggested that oxazolidinones may play a central
role in the cross-aldol reaction.[8] Therefore, in order to in-
vestigate the possibility that oxazolidinones may be inter-
mediates along the reaction coordinate, and that they may
possibly influence the stereochemical outcome, their struc-
tures were calculated. Indeed, oxazolidinones [(R)-5 EG
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and (S)-5 EG] were readily found to be minima on the reac-
tion coordinate and (R)-5 EG is more stable than (S)-5 EG
(∆G = 0.4 kcal/mol) (see Figures 3 and 4). The transition
states for the ring-opening of these oxazolidinones were
readily located and found to be marginally lower (0.4 kcal/
mol) in energy in the case of the (S)-5 TS and slightly higher
(0.9 kcal/mol) in the case of the (R)-5 TS (∆∆G‡ = 2.3 kcal/
mol) with respect to the cross-aldol transition states (Fig-
ure 4). In addition to the reaction paths crossing from the
cross-aldol TS to the oxazolidinone intermediates, it was
found that the corresponding transition states for the ring-
opening of the oxazolidinones also crossed such that ring-
opening of the (R)-5 EG passed through the higher-energy
transition state. According to the calculated energies of the
transition states and intermediates (Figure 3), as there is
sufficient thermal energy for product formation even at
temperatures substantially below room temperature and the
activation barrier for the cross-aldol step is greater than
that for the oxazolidinone ring-opening, the ∆∆G‡ for the
cross-aldol reaction would control the enantioselectivity by
kinetic control. However, if the cross-aldol reaction step
was reversible then the overall enantioselectivity could be
modified by subsequent steps in the reaction mechanism.

Figure 3. Structures of (R)- and (S)-oxazolidinone (5) equilibrium geometries (EG) and the corresponding ring-opening transition states
(TS). The values of ∆∆G are cited relative to isatin and to the anti-enamine derived from proline and acetone.
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In this case the participation of the oxazolidinones (R)-5
and (S)-5 would result in an even greater selectivity for the
formation of the S enantiomer as a consequence of a
change in the reaction step of highest activation energy for
each enantiomer {∆∆G‡ = ∆G‡[(R)-5 TS] – ∆G‡[anti-S-cis
TS]}. Therefore at this point it seems unlikely that 5 influ-
ences the stereoselectivity of the cross-aldol reaction.

Figure 4. Reaction coordinate for the cross-aldol addition of ace-
tone to isatin.
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The anti-S-cis and anti-R-trans cross-aldol transition

states described in Figure 2 have certain similarities as they
both have staggered conformations around the forming
C···C bond with C–C(enamine)···C–O(keto-carbonyl) dihe-
dral angles of 39.6 and 41.4°, respectively. The C···C bond
lengths are 1.84 and 1.78 Å and the angles for O–C···C are
111.2 and 111.3°, respectively. For both transition states the
only evident steric interaction arises between the methyl
group of the enamine and either the aromatic ring (anti-S-
cis, H···H closest contact 2.56 Å) or the amide carbonyl
group (anti-R-trans). This steric interaction is equivalent to
the 1,3-diaxial interaction invoked in Zimmerman–Traxler
transition states for the aldol reaction of metal enolates.[9]

For the anti-R-trans TS, the proximity of the methyl hydro-
gen atoms and the carbonyl oxygen (H···O closest contact
2.55 Å) could potentially result in an electrostatic interac-
tion of the type δ–O···CH3

δ+C=N. These secondary interac-
tions have been suggested to have a stabilizing effect.[4g,10]

However, in this case, given the distance separating the
groups and the fact that the anti-R-trans TS is of greater
energy, it would seem reasonable to conclude that no such
stabilizing interaction is present. From an AIM study (see
below) two further electrostatic interactions could be dis-
cerned: the interactions between the forming alkoxide oxy-
gen (δ–) and (i) the pyrrolidine nitrogen atom (more or less
neutral) and (ii) the α-CH2 of the pyrrolidine ring. How-
ever, the distances involved for both the anti-S-cis and the
anti-R-trans transition states would indicate that these elec-
trostatic interactions are of minimal importance (see
Table 4).

The prevailing structural difference between the two
transition states involves a nucleophilic attack of the en-
amine CH2=C(N) on the keto-carbonyl group in a manner
such that the enamine CH2=C(N) bond is either antiper-
iplanar to the Cketo–Camide (anti-S-cis) or Cketo–Caryl (anti-
R-trans) bond. These transition states result in dipole mo-
ments of 6.79 and 8.96 D, respectively. The calculated di-
pole moments for the transition states are in accord with
the preference for the formation of the S enantiomer in the
gas phase. However, the transition state syn-S-cis has the
smallest dipole moment of all the structures (6.72 D) but it
is higher in energy than the two lowest-energy transition
states (Figure 1). Therefore, minimization of the dipole mo-
ment does not offer a complete explanation for the prefer-
ential formation of the S enantiomer. Given the different
electronic natures of the aforementioned C–C bonds, it is
possible that in the case of isatin, in which there is no volu-
minous substituent on the 4-position of the aromatic ring,
that a subtle stereoelectronic effect may be responsible for
controlling the inversion of the stereochemistry in compari-
son to the related reaction with aldehydes.[4] The Cketo–
Camide bond of isatin would be expected to be relatively de-
ficient in electron density due to the electronic nature of the
carbonyl groups. Indeed, earlier studies have questioned the
nature of the Cketo–Camide bond in isatin due to it being
relatively long (1.555 Å).[11] It was initially considered that
the long bond length was a consequence of electron-pair
repulsion between the carbonyl oxygen atoms. However,
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such long bond lengths are found in both cis- and trans-
1,2-dicarbonyl systems that are not constrained within a
ring and therefore electron-pair repulsion cannot be respon-
sible for the observed bond length.[12] The long C–C bond
lengths were attributed to the electronegativity of the oxy-
gen atoms that results in a repulsive interaction between the
partially positively charged carbon atoms of the C(O)–C(O)
bond. In addition, it was proposed that a negative hyper-
conjugative interaction between the oxygen lone-pairs and
the σ* C–C bond orbital would lead to lengthening of the
central C–C bond in isatin.[12] A molecular orbital analysis
reveals that in an antiperiplanar arrangement the HOMO
of the enamine could equally well overlap with the LUMO
of isatin either on the Re face to give the anti-R-trans TS
or on the Si face to give the anti-S-cis TS.

With the intention of further investigating the possible
influence of the antiperiplanar nature of the C–C bond with
respect to the enamine double bond, a comparison of the
two lowest-energy transition states for the cross-aldol reac-
tion of isatin and acetone was made with that of benzalde-
hyde and acetone. The latter was calculated in this study at
the B3LYP/6-311+G**//B3LYP/6-31G* level of theory and
the results are presented in Table 3.

Table 3. ChelpG charges of the atoms in the carboxylate (O1=C–O2···
H···Oketo–Cketo–Caryl), Oamide=Camide and enamine (N–Cα=Cβ)
fragments.

anti-R-trans anti-S-cis ben-R ben-S

O1 –0.625 –0.646 –0.637 –0.639
C 0.891 0.953 0.892 0.873
O2 –0.693 –0.776 –0.759 –0.716
H 0.522 0.603 0.576 0.594
Oketo –0.814 –0.878 –0.776 –0.850
Cketo 0.501 0.654 0.451 0.592
Caryl –0.145 –0.227 0.082 –0.061
Camide 0.716 0.696 –0.047[a] –0.042[a]

Oamide –0.596 –0.580 – –
N –0.058 –0.081 –0.006 0.009
Cα 0.300 0.201 0.184 0.089
Cβ –0.255 –0.285 –0.208 –0.182
Residual charge[b] –0.416 –0.385 –0.362 –0.380

[a] ChelpG charge of the hydrogen atom of the aldehyde group. [b]
Sum of the ChelpG charges over all the atoms in the electrophile.

The ChelpG charges of the carboxylate O1=C–O2···
H···Oketo–Cketo–Caryl and the enamine N–Cα=Cβ (princi-
pally the central carbon, Cα) fragments of the anti-S-cis and
anti-R-trans transition states for isatin and the correspond-
ing fragments for the ben-R and ben-S transition states for
benzaldehyde reveal large differences between the dia-
stereomeric transition states. However, in general terms the
same trend in changes in charge is observed when compar-
ing anti-R-trans with anti-S-cis for isatin and for ben-R with
ben-S for benzaldehyde (where ben-R and ben-S are, respec-
tively, the transition states for the reactions of benzaldehyde
with the acetone proline enamine that result in the forma-
tion of the R and S cross-aldol product enantiomers). Ow-
ing to this similarity it can be concluded that the distribu-
tion of charge does not control the lowest-energy transition
state.
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Furthermore, by comparing the ChelpG charges it can
be seen that there is a lesser residual charge associated with
the electrophile for the lower-energy transition states of the
reactions involving isatin and benzaldehyde. This result can
be associated with the longer-forming C···C bonds and the
greater degree of proton transfer (Table 4) in the lower-en-
ergy transition states, thus resulting in a lower energetic cost
associated with a lower overall difference in charge redistri-
bution on the electrophile.

The possibility of a stereoelectronic effect was also inves-
tigated by using AIM theory.[13,14] In AIM theory, the inter-
action between two atoms is revealed by the presence of a
charge density in the interconnecting space and this charge
density is related to a bond critical point (BCP). Therefore,
AIM can be used to infer the existence, or otherwise, of a
molecular interaction.[15] With the objective of comparing
the two lowest-energy transition states for the cross-aldol
reaction of isatin and acetone with those of the cross-aldol
reaction of benzaldehyde with acetone, Table 4 lists selected
BCPs and the corresponding bond lengths for these transi-
tion states. It is immediately clear that for both reactions
the lower-energy transition state has the longer-forming
C···C bond (BCP 1) and that the forming C···C bonds are
shorter for isatin than for benzaldehyde. The only other no-
table difference between the reactions involving isatin and
benzaldehyde is the degree of transfer of the proton from
the carboxylic acid to the forming alkoxide anion (BCPs 4
and 5). In the case of the reaction with benzaldehyde, the
transfer of the proton is marginally less advanced in the
lower-energy transition state.

Table 4. AIM data for the bond critical points and the corresponding bond lengths associated with the lowest-energy transition states
for the reactions of isatin and benzaldehyde with the acetone proline enamine.

Structure Bond critical point (BCP)
1 2 3 4 5 6 7 8 9

anti-R-trans ρ [a.u.][a] 0.140 0.336 0.282 0.087 0.260 0.342 0.010 0.015 0.017
d [Å][b] 1.782 1.307 1.445 1.442 1.057 1.315 2.546 2.326 2.763

anti-S-cis ρ [a.u.][a] 0.124 0.338 0.288 0.106 0.239 0.342 0.004[c] 0.015 0.018
d [Å][b] 1.838 1.303 1.433 1.371 1.086 1.317 2.558[c] 2.338 2.717

ben-R ρ [a.u.][a] 0.111 0.336 0.293 0.115 0.226 0.336 – 0.014 0.016
d [Å][b] 1.883 1.304 1.423 1.352 1.104 1.325 – 2.370 2.785

ben-S ρ [a.u.][a] 0.117 0.332 0.291 0.118 0.219 0.337 – 0.015 0.016
d [Å][b] 1.861 1.309 1.427 1.337 1.115 1.323 – 2.339 2.784

[a] Charge density (ρ) associated with the corresponding interaction between two atoms. BCPs 7, 8 and 9 reveal secondary electrostatic
interactions. [b] Bond lengths for each BCP. [c] BCP 7 corresponds to the interaction of the methyl group with 4-H of the oxoindole
nucleus.
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However, the corresponding transition states for the reac-
tion of isatin reveal that the proton has been transferred to
a greater degree in the lower-energy transition state than in
the higher-energy transition state and further, that the pro-
ton has been transferred to a lesser degree than in the case
of the benzaldehyde reaction. Further comparison of the
degree of transfer of the proton reveals that the proton is
consistently less transferred in the analogous transition
states: anti-R-trans and ben-R, and vice versa for the transi-
tion states that ultimately lead to the S enantiomer (anti-
S-cis and ben-S). Secondary electrostatic interactions[4g,10]

(BCPs 7, 8 and 9) are negligible and no interaction between
the transferring proton with the enamine nitrogen is ob-
served. Analysis of the BCPs and bond lengths associated
with the heterocyclic oxoindole ring (not shown in Table 4)
reveal that the bonds are essentially equivalent in both the
anti-S-cis and the anti-R-trans transition states.

Finally, owing to the observed differences in the degree
of proton transfer it seemed reasonable to question whether
or not there was an energy difference involved in the forma-
tion of a hydrogen bond with either of the keto-carbonyl
group lone-pairs. In order to investigate this, two ap-
proaches were taken: first, the problem was simplified by
calculating the energy of the hydrogen-bonded complex
formed between isatin and a water molecule, and secondly,
attempts were made to locate hydrogen-bonded complexes
of the acetone proline enamine and isatin formed on the
inside and outside lone-pair electrons of the keto-carbonyl
group (where the inside and outside are defined as being cis
to the amide carbonyl or cis to the aryl ring, respectively).
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Figure 5. Hydrogen-bonded complexes: water hydrogen-bonded to a) the outside lone-pair (6a) and b) the inside lone-pairs (6b). c) Isatin
and the anti-acetone proline enamine (7).

The first method revealed a preference for water to be
hydrogen-bonded to the outside lone-pair of the keto-car-
bonyl group for which the difference in energy between the
two isomeric structures (6a vs. 6b, Figure 5) is very similar
(1.3 kcal/mol) to that found for the two isomeric transition
states (anti-R-trans and anti-S-cis). An AIM analysis of the
hydrogen-bonded complexes 6a and 6b was consistent with
the favoured hydrogen-bonding to the outside lone-pair (ρ
= 0.0256 a.u.), as revealed by a ρ value approximately twice
as large as that for the complex involving a hydrogen bond
to the inside lone-pair (ρ = 0.0149 a.u.). In both complexes
the negative values of the Laplacian revealed that the
charge density is concentrated along the bond path, where
once again a more negative value was obtained for the out-
side hydrogen-bonded complex. The second approach is rel-
atively more complex and was initially modelled by using
the PM3 method. Interestingly, all attempts to backtrack
the anti-R-trans TS to a hydrogen-bonded complex resulted
in the same structure as that obtained for a similar process
involving the anti-S-cis TS. This structure was subsequently
optimized by DFT. The resulting complex 7 involves a hy-
drogen bond from the enamine to the outside lone-pair of
isatin (Figure 5). The preferred hydrogen-bonding to the
outside lone-pair involves donation of the lone pair to the
anti-bonding σ* of the O–H bond and at the same time
avoids an unfavourable electrostatic interaction between the
electronegative oxygen of the amide group and of the car-
boxylic acid group. In the case of 6b this unfavourable inter-
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action is avoided by water simultaneously hydrogen-bond-
ing to both carbonyl groups. The complex 7 is interesting
as it can be envisioned that a simple clockwise rotation
around the hydrogen bond will result in a conformation
that resembles the lowest-energy anti-S-cis TS. Although an
anticlockwise rotation would give an anti-R-cis conforma-
tion, a further rotation around an axis between the reactive
carbon centres would be required to give the anti-R-trans
conformation. Thus, for substrates to pass through the anti-
R-trans TS there is a larger energetic cost associated with a
greater degree of structural reorganization in comparison
to the reaction passing through the anti-S-cis TS conforma-
tion.

In light of the results obtained in this study for the reac-
tion of -proline enamine with isatin, the results for the cal-
culations of the reaction of 4-bromoisatin can be more fully
appreciated. In the case of the reaction with 4-bromoisatin,
the bromo substituent causes a steric interaction with either
the pyrrolidine ring or with the methyl group of the enamine
thus impeding the reaction via the Br-anti-R-cis or Br-anti-
S-cis conformers (the corresponding TSs could not be local-
ized by using DFT)[1a] or resulting in higher-energy transi-
tion states for the reaction of the syn enamine with the ex-
ception of the Br-syn-S-trans TS in which the interaction
with the 4-bromo substituent is minimized by the proline
enamine being rotated away from the 4-bromo substituent.

Therefore the introduction of a large substituent at the
4-position of the aromatic ring is sufficient to sterically
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overcome the stereoelectronic effect observed in the unsub-
stituted system, but at the same time the reaction of 4-bro-
moisatin does not follow a similar reaction manifold to
benzaldehyde, or other aldehydes, as a consequence of steric
hindrance in the formation of the anti-S-cis transition state
(reaction by addition of the anti-enamine to the Re and Si
faces in an antiperiplanar manner to the Caldehyde–Caromatic

bond and the Chydrogen–Caldehyde bonds in accord with tran-
sition states for aldehydes).

Finally, the calculated reaction of isatin reveals that the
formation of the post-aldol iminium intermediate is endo-
thermic, as previously observed for the calculated reaction
of 4-bromoisatin. Therefore, the aldol reaction could be re-
versible depending upon the energetics of the hydrolysis re-
action. If the transition states for the hydrolysis reaction are
higher in energy than the aldol transition states, then the
enantiomeric excess could be determined either by the dif-
ference in activation energy for the hydrolysis reaction or by
the equilibrium constant for formation of an intermediate
followed by the subsequent rates for hydrolysis.

Conclusions

We have studied by means of DFT and AIM calculations
the steric and stereoelectronic effects that control the
enantioselectivity in the cross-aldol addition of acetone to
isatin catalyzed by -proline. This reaction gives smaller en-
antiomeric excesses and a reversal of enantioselectivity in
comparison with the corresponding addition to 4,6-dibro-
moisatin.

DFT calculations of the cross-aldol transition states indi-
cate that product formation follows different pathways for
isatin and 4,6-dibromoisatin. In the case of isatin, the S
enantiomer is favoured as a consequence of a stereoelec-
tronic effect that reverses the transition-state energies of the
S and R enantiomers relative to the proposed transition
states for the cross-aldol addition to aldehydes. In contrast,
the cross-aldol addition of acetone to 4,6-dibromoisatin
furnishes the expected R enantiomer owing to the steric ef-
fect of the 4-bromo substituent which inhibits the formation
of the stereoelectronically preferred transition state for the
formation of the S enantiomer. In aldehydes, the observed
enantioselectivity is a consequence of the minimization of
steric interactions, whereas in reactive ketones, such as isa-
tin, the observed selectivity is a consequence of a preferen-
tial stereoelectronic protonation of the keto-carbonyl group.

Experimental Section
General Method for the Synthesis of 3-(2-Oxopropyl)-3-hydroxy-
indolin-2-ones: -Proline (0.03 mmol, 3.5 mg) was stirred in acetone
(2 mL) for 15 min at the temperature described in Table 1. Solid
isatin (0.3 mmol, 44 mg) or 4,6-dibromoisatin (0.3 mmol, 91 mg)
was added and the mixture was stirred for 17 h. After this time
acetone was removed under reduced pressure and the mixture was
purified by flash chromatography (cyclohexane/ethyl acetate, 1:1)
to eliminate the catalyst. The enantiomeric excesses were deter-
mined by chiral HPLC of the crude. Analytical high-performance
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liquid chromatography (HPLC) was performed on a HP 1090 li-
quid chromatograph equipped with a variable-wavelength UV
detector (deuterium lamp 190–600 nm) using a Daicel
CHIRALPAK® AD column (0.46�25 cm) (Daicel Inc.). Condi-
tions: (i) for R = H: solvent: hexane/2-propanol, 80:20; flow:
0.9 mL/min; retention times, S: 11.66 min; R: 15.28 min; (ii) for R
= Br: solvent: hexane/2-propanol, 80:20; flow: 0.7 mL/min; reten-
tion times, S: 16.52 min; R: 21.21 min. Characterization of the reac-
tion products has been described previously.[1]

Theoretical Calculations: The methodology for the obtainment of
the structures for the DFT calculations has been previously de-
tailed.[1a] All PM3 calculations were performed by using Spartan
02[5] whereas all the DFT (B3LYP) calculations were performed by
using Gaussian 98.[6] In our previous study the basis set was limited
to 6-311G* due to use of the lanl2dz basis set for the description
of the bromine atom. In this study we included a diffuse function
and an additional polarization function in the basis set (6-
311+G**) with the objective of obtaining better absolute energies
and geometries. The (R)- and (S)-5 EG structures were initially
obtained by using a PM3 conformational search as implemented
in Spartan 02.[5] These structures were subsequently employed as
starting points for the PM3 calculation of the ring-opening transi-
tion states to give the (R)- and (S)-5 TS structures. The lowest-
energy PM3 (R)- and (S)-5 EG and TS structures were used as
starting points for the DFT calculations. The isatin/water hydro-
gen-bonded structures 6a and 6b were initially calculated by using
PM3 and then subjected to DFT B3LYP calculations. For complex
7, the PM3 anti-R-trans and anti-S-cis transition states were re-
verted to substrates by the initial use of a distance constraint for
the forming C···C bond and optimized by PM3 so as to give greater
substrate character to the complex. Subsequently, the complexes
were subjected to equilibrium geometry PM3 optimization with no
constraints. Irrespective of the structure of the transition state ini-
tially used, the lowest-energy conformer always formed a hydrogen
bond to the outside lone-pair. This structure was used as the input
for the DFT B3LYP calculation.
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