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The first total synthesis of (R)-convolutamydine A
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Abstract—The first total synthesis of (R)-convolutamydine A has been achieved by the organocatalytic addition of acetone to 4,6-dibro-
moisatin. The absolute configuration was determined by single crystal X-ray diffraction. DFT studies were used to model the transition states
for the aldol reaction and equilibrium geometries of the post-aldol reaction intermediates. The DFT study revealed that the aldol bond forming
reaction was considerably endothermic.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Convolutamydines A–E are alkaloids that were isolated
from the Floridian marine bryozoan Amathia convoluta in
1995.1 These compounds have a 4,6-dibromo-3-hydroxy-
oxindole as a common skeleton and contain a quaternary
stereocenter on C-3. Each convolutamydine differs in the
side chain moiety at C-3, and for an enantioselective synthe-
sis of these interesting natural products, the introduction
of an asymmetric quaternary center is required. Several
racemic syntheses of convolutamydines A–E have been
proposed in the past,2 and only very recently the enantio-
selective synthesis of convolutamydines B and E has been
reported by Kobayashi and co-workers.3 Here we report
the first enantioselective synthesis of (R)-convolutamydine
A (Fig. 1).
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Figure 1. Structure of (R)-convolutamydine A.
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2. Results and discussion

Recently, we reported the first example of the enantioselec-
tive addition of acetone to isatin using organocatalysis.4 Of
the several prolinamides tested as catalysts, the best results
were obtained using 10 mol % of D-Pro-(R)-b3-hPhg-OBn
at �15 �C (up to 73% ee, (R)). In contrast, the results
obtained with L-Pro-OH were quite unsatisfactory, affording
the new stereogenic center with a maximum of 33% ee.

Interestingly, when L-Pro was used as catalyst, the S enantio-
mer was preferentially obtained. This outcome is opposite to
that generally observed in the aldol addition of acetone to
aldehydes when catalyzed by proline or prolinamides.5 More-
over, the reaction catalyzed with our prolinamides afforded
the new stereogenic center with greater ee and an absolute
configuration that was dependent upon the absolute configu-
ration of the proline moiety of the catalysts. In addition, the
choice of the amino acid in the second position either
enhances or reduces the enantiomeric excess and the yield.

Thus, we reasoned that, utilizing the same synthetic ap-
proach, we could readily obtain enantiomerically pure con-
volutamydine A. In this case, the starting material for the
addition of acetone is 4,6-dibromoisatin, which is not com-
mercially available, but can be obtained through a five-step
sequence starting from p-nitroaniline, as previously reported
for the total synthesis of racemic convolutamydine A2b

(Scheme 1).

First, we investigated the D-Pro-OH catalyzed addition of
acetone to 4 using various reaction conditions (Table 1).
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As previously reported for isatin, the proline-catalyzed reac-
tion afforded the desired product in good to excellent overall
yield but with a moderate enantiomeric excess: at room tem-
perature the reaction is very poorly enantioselective (entry
1), while the ee reaches 55% at �15 �C (entry 2). Further-
more, by lowering the temperature, the initial very poor
(R)-enantioselectivity turns into a moderate (S)-enantio-
selectivity. This outcome is opposite to what we observed
with the addition of acetone to isatin and is in agreement with
the previously reported addition of acetone to aldehydes4,5.
The proline catalyzed addition of acetone to 4-bromoisatin
was therefore studied in detail by DFT calculations, as dis-
cussed later. As 4 is less soluble than isatin in acetone, the
yield substantially improved when a lower concentration
was used (entry 3 vs entry 2); on the other hand, when dry
acetone was used, both a reduced yield and ee were obtained,
thus suggesting that water may play a role in the reaction
mechanism.

Table 1. Enantiomeric excesses and yields of 1 obtained from the aldol
reaction of 4,6-dibromoisatin with acetone catalyzed by D-prolinea
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Entry Catalyst Time
(h)

Temp
(�C)

Yield
(%)

ee
(%)b

Configuration

1 H-D-Pro-OH 17 20 Quant 3.5 R
2 H-D-Pro-OH 17 �15 86 55 S
3 H-D-Pro-OHc 16 �15 Quant 52 S
4 H-D-Pro-OHd 17 �15 45 35 S
5 H-D-Pro-OH 17 �30 0 — —

a Conditions: the concentration of 4 in acetone was 0.15 M and 10 mol % of
the catalyst was used.

b ee values were determined by HPLC.
c The concentration of 4 in acetone was 75 mM and 10 mol % of the cata-

lyst was used.
d Dry acetone was used as the solvent.
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Scheme 1. Reagents and yields: (i) AcOH, Br2, 98%; (ii) EtOH, NaNO2,
H2SO4, 97%; (iii) EtOH, Raney Ni, H2, then HCl in H2O/EtOH, 86–96%;
(iv) chloral, (H2NOH)2H2SO4, Na2SO4, H2O/EtOH (3:l, v/v), 82–88%;
(v) 86% H2SO4, 80–86%.
Owing to the unsatisfactory results, we tested the catalytic
activity of a small library of dipeptides, which we considered
to be the most interesting structures among those tested for
the addition of acetone to isatins4 (Fig. 2 and Table 2).

From Table 2 it can be seen that the optimal reaction temper-
ature is �15 �C. The yields are always very high, with the
exception of entry 7, where catalyst 9 was used, and of entry
16, where the catalyst loading was only 1 mol %. In general,
catalysts containing the L-Pro-moiety preferentially afforded
the (S)-enantiomer (entries 1, 2 and 7), while D-Pro-contain-
ing catalysts preferentially gave the (R)-enantiomer (entries
3, 4 and 8�17). An exception to this generalization was the
reaction catalyzed by H-D-Pro-(S)-aMeChg-OBn 8, which
preferentially afforded the (S)-enantiomer (entries 5 and
6), but the ee is very low.

Finally, the total synthesis of (R)-convolutamydine A (1)
was achieved using H-D-Pro-(R)-b3Phg-OBn 10 as the cata-
lyst and by performing the reaction at a low concentration of
4 (entry 12). This favours the complete dissolution of 4 in the
solvent (Scheme 2). Highly enantiomerically enriched (R)-1

Table 2. Enantiomeric excesses and yields of convolutamydine A (1)
obtained in the aldol reaction of 4 with acetone as catalyzed by dipeptides
5–11a

Entry Cat.b Solvent Time
(h)

Temp
(�C)

Yield ee
(%)c

Configuration

1d 5 Acetone 96 20 Quant 21 S
2d 6 Acetone 96 20 Quant 28 S
3 7 Acetone 65 20 Quant 33 R
4e 7 Acetone 16 �15 70 39 R
5 8 Acetone 65 20 Quant 4.5 S
6e 8 Acetone 16 �15 82 9 S
7d 9 Acetone 17 20 33 46 S
8 10 Acetone 17 20 Quant 54 R
9 10 Acetone 17 �15 Quant 62 R
10d 10 Acetone 17 �15 90 60 R
11d 10 Acetone 17 �30 91 50 R
12e 10 Acetone 17 �15 Quant 68 R
13 10 Acetone/toluene 17 20 Quant 48 R
14 10 Acetone/toluene 17 �15 Quant 61 R
15f 10 Acetone 17 �15 66 50 R
16g 10 Acetone 17 �15 31 —
17d 11 Acetone 96 20 Quant 34 R

a Unless otherwise specified, the concentration of 4 in acetone was 0.15 M.
b Unless otherwise stated, the catalyst loading was 10 mol %.
c ee values were determined by HPLC.
d Dry acetone was used as solvent.
e The concentration of 4 in acetone was 75 mM.
f The catalyst loading was 5 mol %.
g The catalyst loading was 1 mol %.
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Figure 2. Dipeptides evaluated in this study.
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(97% ee) was obtained after (a) elimination of the catalyst by
filtration on silica; (b) partial crystallization resulting in the
elimination of rac-1 (due to the strong tendency of rac-1
to self aggregate), thus reducing its solubility and enantio-
merically enriching the solution in (R)-1; and (c) concentra-
tion of the mother liquors and crystallization. Several
solvents were tested for the final crystallization, including
methanol, diethyl ether, methyl tert-butyl ether, ethyl ace-
tate, THF and toluene. Diethyl ether proved to be the most
suitable solvent. The enantiomeric enrichment was analyzed
by HPLC analysis (see Supplementary data). This process is
quite simple and reproducible, and may therefore be applied
for the production of larger quantities of 1.
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Scheme 2. Optimized synthesis of (R)-convolutamydine A.

Previously, the absolute configuration of natural convoluta-
mydine A had only been assigned by CD correlation with
similar compounds.6 We have unambiguously determined
the absolute configuration of our compound as (R) by single
crystal X-ray diffraction (Fig. 3).

Comparison of the optical rotation of synthetic 1, [a]D
20 +41.4

(c 0.14, MeOH), with the data for the optical rotation of the
natural sample, [a]D

20 +27.4 (c 0.06, MeOH),1b confirms that
the naturally occurring compound has the (R) configuration.
However, we observed differences in the CD spectrum of 1
in methanol (Fig. 4) in comparison to the data reported in the
literature.1b For the natural sample CD lext (MeOH) at
228.20 nm was D3 �2.86, while we found D3 +25.86 at
the same wavelength. The complete CD spectrum of 1 is
reported in Figure 4 and is very similar to the CD spectrum
of convolutamydine B.3

The organocatalytic asymmetric proline-catalyzed aldol re-
action has recently received considerable attention. In addi-
tion to the experimental results,5b,7 DFT calculations have
been found to be a persuasive argument for the nucleophilic
addition of an enamine to the carbonyl group in preference to
other reaction mechanisms and have been used to success-
fully predict and rationalize enantioselectivities.8

Figure 3. ORTEP drawing of the (R)-enantiomer of convolutamydine A.
Our experimental studies have revealed that the substrate
4,6-dibromoisatin gives an excellent yield with moderate
enantiomeric excess for the (S)-enantiomer when using
D-proline. In principle, this result could be explained using
either a Houk–List transition state, involving an anti-
enamine,5,9 or via a syn-enamine.8i By simple examination
of the structures, it was not immediately obvious how the
presence of the adjacent amide group would affect the reac-
tion outcome, although it was to be expected that the 4-bromo-
substituent would impart a steric effect. Therefore, in order to
obtain more insight into the proline-catalyzed addition of
acetone to 4,6-dibromoisatin, combined semi-empirical
(PM3)10 followed by geometry/energy optimization using
density functional theory (DFT, B3LYP)11 6-311G*,12 calcu-
lations were performed.

Previous DFT calculations have revealed the importance of
a hydrogen bond between the carboxylic acid and the alde-
hyde or ketone carbonyl group. As the reaction progresses
through the C/C bond forming transition state, this proton
is simultaneously transferred to the forming alkoxide, ulti-
mately giving rise to a zwitterionic, iminium, intermediate.

Initially, a PM3 conformer search of diastereoisomeric,
zwitterionic, iminium intermediates was performed. A hy-
drogen bond between the carboxylate group and the tertiary
alcohol was present as a result of the addition of the anti- or
syn-hydrogen bonded L-proline enamines to the Re and Si
faces of the keto-carbonyl group of isatin. The resulting
unique lowest energy conformers were then modified by
introduction of a 4-bromo-substituent, so as to model any
steric effect of this substituent upon the aldol reaction, and
subjected again to PM3 equilibrium geometry minimiza-
tions. These equilibrium geometry structures were then
used as starting points for B3LYP/6-311G* calculations,
where the bromine atom was described by use of a pseudo-
potential. From the initial eight inputs, seven unique equilib-
rium geometry structures (characterized as minima by the
lack of any imaginary vibrations) were found (see Fig. 5
and Supplementary data).

In addition, the PM3 geometries of the 4-bromoisatin zwit-
terionic intermediates were used as starting points for deter-
mining PM3 transition state geometries for the retro-aldol
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Figure 4. CD spectrum of a sample of 1 (concentration 5 mM in methanol).
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Figure 5. Schematic Newman projections of the eight lowest energy conformations resulting from the reaction of the syn-, and anti-, acetone L-proline enamines
with 4-bromoisatin.13
reaction, which in turn were used as starting points for
the B3LYP/6-311G* transition state calculations. From the
initial eight inputs, six unique transition states were found
and were characterized by a single imaginary frequency
that corresponded to simultaneous formation of the C–C
bond and proton transfer from the acid to the forming
alkoxide (see Supplementary data). The values of DG for
the respective transition states are presented in Figure 5.

If the reaction of the acetone L-proline enamine with 4-bro-
moisatin was kinetically controlled, in accord with the calcu-
lated transition states, the anti-R-trans TS and syn-S-trans
TS transition states would result in the (R)- and (S)-enantio-
mers, respectively, where the (R)-enantiomer would pre-
dominate.13 This is consistent with the experimentally
observed result. However, the calculated difference in free
energy (DG) between these gas phase transition states would
result in an enantiomeric excess considerably greater than
that experimentally observed. This difference may in part
be due to solvation effects reducing the energy difference
between the transition states in solution.8i Interestingly, the
calculations predict that the syn-enamine (syn-S-trans TS
conformation) would be responsible for the formation of
the minor enantiomer. Previous studies of proline-catalyzed
intermolecular aldol reactions have generally attributed the
formation of both major and minor products to the addition
of the anti-enamine to the Re and Si faces of the aldehyde.8g

Recently, Clemente and Houk, using DFT methods, have
demonstrated for the Hajos–Parrish–Eder–Sauer–Wiechert
reaction14 that the respective anti-enamine leads to the major
product and the respective syn-enamine to the minor prod-
uct. In this case too, DG was slightly overestimated by the
theoretical model.8b,e Barbas et al. have also observed the
importance of a syn-enamine (called s-cis, their work) in a
diastereo- and enantioselective Mannich reaction.15 In addi-
tion, our calculations show that the syn-S-cis TS structure is
also lower in energy than the anti-S-trans TS.
Comparing our calculated transition structures, notable dif-
ferences can be appreciated. The lowest energy transition
state, anti-R-trans TS, has a staggered conformation of the
substituents bonded to the carbons of the forming C/C
bond. The anti-configuration of the enamine results in the
proline moiety having a minimal steric interaction with
both the bromine substituent of the aromatic ring and the
amide group of the oxindole moiety. The O–C/C angle
(112.3�) reflects considerable bond formation. This is con-
sistent with the short bond length (1.661 Å) reflecting that
the transition state resembles the product structure. In addi-
tion two electrostatic interactions can be identified:16 (i) the
forming alkoxide oxygen is stabilized by a proximal hydro-
gen of the pyrrolidine ring (2.258 Å) that is adjacent to the
developing iminium ion (d+HCN/Od�); (ii) the amide
carbonyl interacts with a methyl group hydrogen atom
(2.503 Å), d�O/CH3C]Nd+.

In the syn-S-trans TS the substituents bonded to the carbons
involved in the forming C/C bond are staggered. This con-
formation further results in a minimal interaction with the
bromine substituent. At the same time a possible steric inter-
action of the enamine methyl group with the amide carbonyl
is minimized by the enamine being inclined away from the
plane of the bromoisatin substrate (the angle of the forming
C/C–O bond is 108.1� and the C/C distance is 1.975 Å),
thus maximizing orbital overlap for the nucleophilic addi-
tion to the keto-carbonyl.17 There are no notable secondary
electrostatic interactions involved between the polar groups.

An unusual feature of this reaction is that the C/C bond
forming step was found to be considerably endothermic,
approximately 13 kcal/mol (Fig. 6). Therefore, the aldol re-
action in this case could be reversible depending upon the
energetics of the hydrolysis reaction. Clemente and Houk8e

found that the hydrolysis transition state was 13 kcal/mol
(DH0) higher in energy than the initial reaction reagents
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but that this transition state was approximately 10 kcal/mol
lower in energy than the aldol transition state.

Therefore, given the differences in the methodology between
the studies, the activation energies (DG298) for the aldol reac-
tion are less than or similar to the previously cited aldol acti-
vation energy. Examining two extreme cases: (i) if the
transition state for the hydrolysis reaction is lower in energy,
then the transition state for the aldol reaction will not be re-
versible and the enantioselectivity of the reaction would be
controlled by the aldol step. This is not in agreement with
our experimental results. (ii) If the hydrolysis reaction passes
through a transition state that is higher in energy than the aldol
transition state, the C–C bond forming step can be reversible.

In this case, there are now two further situations that can
result in control of the enantioselectivity: (i) the hydrolysis
reaction and (ii) the intermediate zwitterionic iminium prod-
uct ratio. Our calculations of the equilibrium geometry struc-
tures for the intermediate zwitterionic iminium products
reveal a DDG of 1.45 kcal/mol favouring the anti-R-trans-
EG.18 This energy difference would correspond to an enan-
tioselectivity of approximately 80%, which is much closer to
the experimental result. Water has recently been observed to
impart a beneficial effect upon the enantioselectivity of some
amino acid catalyzed aldol reactions and is, evidently,
involved in the hydrolysis step and at this point we cannot
rule out the importance of the participation of water in the
reaction mechanism.19 Thus, the calculated reaction of the
acetone L-proline enamine with 4-bromoisatin reveals
several features: (i) the principal transition states have free
energies of activation of 17 and 21 kcal/mol; (ii) the aldol
bond forming reaction is endothermic; (iii) in the case of
the transition state leading to the principle intermediate
(anti-R-trans EG), the transition state has a resemblance to
the product20 greater than that found in previously studied
reactions of the acetone proline enamine with aldehydes,
as proved by a shorter C/C bond forming length.
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Figure 6. Reaction coordinate for the reaction of the syn- and anti-enamines.
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In the case of the D-prolinamide dipeptides studied in this
work, the (R)-aldol product was obtained, whereas with D-pro-
line the (S)-aldol product was obtained. Due to the steric re-
quirements of the catalyst 10, we speculate that there must
be a change in the reaction coordinate that inverts both the en-
ergy profile and the equilibrium geometries of the syn-S-trans
(or anti-S-trans) and the anti-R-trans transition states.21

3. Conclusion

In conclusion, we have reported the first enantioselective
synthesis of convolutamydine A (1), an alkaloid having
interesting biological activity. The absolute configuration
of the natural compound has been confirmed by an X-ray
diffraction analysis of the synthetic sample. An initial theo-
retical investigation suggests that the major enantiomer can
be explained as being formed via a Houk–List transition
state involving the anti-enamine but the minor enantiomer
is the result of reaction of the syn-enamine. In addition,
the enantioselectivity of the reaction does not appear to be
controlled by the aldol transition states.

4. Experimental

4.1. General

Routine NMR spectra were recorded with spectrometers at
400, 300 or 200 MHz (1H NMR) and at 100, 75 or
50 MHz (13C NMR). Chemical shifts are reported in d values
relative to the solvent peak of CHCl3, set at 7.27 ppm. Infra-
red spectra were recorded with an FTIR spectrometer. Melt-
ing points were determined in open capillaries and are
uncorrected. The CD spectra were obtained using cylindrical
fused quartz cells of 0.1 cm path length. The values are
expressed in terms of molecular CD.

D-Proline is commercially available. L-a-Methylcyclohexyl-
glycine has been prepared by hydrogenation of L-(a-methyl)-
phenylglycine as described previously.22 The b-amino acids
R-b3-hPhg (L-b3-homophenylglycine) and L-b2-hPhe (L-b2-
homophenylalanine) were prepared at DSM Research as
described in PCT Pat. Appl. WO 01/42173 and Eur. Pat.
Appl. No. 04075597.7 (patent pending), respectively.
Peptide bond formation was accomplished via standard solu-
tion-phase procedures, with HBTU [O-(benzotriazol-1-yl)-
N,N,N0,N0-tetramethyluronium hexafluorophosphate] and
triethylamine in acetonitrile on Boc-protected prolines. The
removal of the Boc group was accomplished via reaction
with trifluoroacetic acid in dichloromethane.

Analytical high performance liquid chromatograph (HPLC)
was performed on an HP 1090 liquid chromatograph equip-
ped with a variable wavelength UV detector (deuterium
lamp 190–600 nm), using an AD column (0.46 cm I.D.�
25 cm) (Daicel Inc.) for the analysis of ee values of con-
volutamydine A. Elution conditions: flow rate 0.7 mL/min,
solvent hexane/isopropanol 80:20, retention time: 16.7 min
for isomer S and 21.5 min for isomer R, detection wave-
length 225 and 230 nm. Hexane CHROMASOLV� and
isopropanol CHROMASOLV� for HPLC were used as the
eluting solvents.
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4.2. Optimized synthesis of (R)-convolutamydine A

H-D-Pro-R-b3-hPhg-OBn (0.03 mmol, 11 mg) was stirred
in acetone (4 mL) for 15 min at �15 �C. Solid 4,6-dibromo-
isatin2b (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 chro-
matography (cyclohexane/ethyl acetate 1:1), to eliminate the
catalyst and enhance the enantiomeric excess.23 The enan-
tiomeric excesses were determined by HPLC prior to purifi-
cation. Pure (R)-convolutamydine A was obtained from the
enriched enantiomeric mixture, by crystallization from di-
ethyl ether. Yield before crystallization: quantitative. Yield
after crystallization: 50%; mp¼196–201 �C, lit.2 190–
195 �C; [a]D

20 +41.4 (c 0.14, MeOH) lit.2: [a]D
20 +27.4 (c

0.06, MeOH); IR (CHCl3, 3.10�3 M): n¼3428, 3244,
1740, 1720, 1614 cm�1; 1H NMR (300 MHz, CDCl3):
d 2.18 (s, 3H), 3.35 (d, 1H, J¼17.1 Hz), 3.74 (d, 1H,
J¼17.1 Hz), 7.01 (s, 1H), 7.33 (s, 1H), 7.84 (br s, 1H); 1H
NMR (300 MHz, CD3OD): d 2.13 (s, 3H), 3.31 (d, 1H,
J¼17.7 Hz), 4.01 (d, 1H, J¼17.7 Hz), 7.06 (d, 1H,
J¼1.8 Hz), 7.33 (d, 1H, J¼1.8 Hz); 13C NMR (75 MHz,
CD3OD): d 28.9, 74.5, 112.6, 119.3, 123.3, 128.0, 128.4,
146.3, 178.9, 206.0; 13C NMR (75 MHz, CDCl3): d 30.0,
47.7, 75.2, 113.3, 129.5, 144.2, 162.5, 177.2, 182.6; MS
(EI) m/z (rel intensity) 365, 363, 361, 320, 308, 306, 304,
277, 275, 254, 168; HRMS (EI) calcd for C11H9

79Br2NO3

(M+): 360.8949; found: 360.8941.

The enantiomeric excess could be further improved by the
crystallization of rac-1 from Et2O, leaving an ethereal solu-
tion of (R)-1. Concentration of this solution gave a crystalline
product of 97% ee as determined by HPLC and crystals suit-
able for X-ray diffraction were obtained.

4.3. X-ray crystallography

The X-ray intensity data for convolutamydine A24 were
measured on an AXS ApexII diffractometer, equipped
with a CCD detector. Cell dimensions and the orientation
matrix were initially determined from a least-squares refine-
ment on reflections measured in three sets of 20 exposures,
collected in three different u regions, and eventually refined
against all data. For both crystals, a full sphere of reciprocal
space was scanned by 0.3� u steps. The software SMART
was used for collecting frames of data, indexing reflections
and determination of lattice parameters. The collected
frames were then processed for integration by the SAINT
program, and an empirical absorption correction was applied
using SADABS. The structure was solved by direct methods
and subsequent Fourier syntheses in the orthorhombic crys-
tal system (space group P212121) and refined by full-matrix
least-squares on F2 (SHELXTL), using anisotropic thermal
parameters for all non-hydrogen atoms. All hydrogens, ex-
cept those attached to the nitrogen and oxygen atoms, which
were located in the Fourier map, were added in calculated
positions, included in the final stage of refinement with
isotropic thermal parameters, U(H)¼1.2Ueq(C) [U(H)¼
1.5Ueq(C–Me)], and allowed to ride on their carrier carbons.
The absolute configuration was determined (Flack parameter
�0.006(8)).

4.4. Methodology for obtention of the initial inputs for
the DFT calculations—semi-empirical PM3 calculations

Initially, a PM3 conformer search on two of the four possible
diastereoisomeric zwitterionic iminium intermediates (syn-S,
attack of the syn-enamine on the Re-face of the ketone,
and anti-R, attack of the anti-enamine on the Si face of the
ketone) was performed (Scheme 3).

In each case, two structurally different, lowest energy, con-
formers were found. In short, these isomers can be described
as having the proline moiety cis or trans to the aromatic ring
of the oxindole nucleus. These isomers are related by rota-
tion around the C–C bond formed in the aldol reaction and
the carboxylate group forms a hydrogen bond to the alcohol
that is either proximal (cis) or distal (trans) to the aromatic
ring. These isomeric structures could, in principle, be traced
back to initial reactant Van der Waals complexes where a
hydrogen bond from the carboxylic acid could occur to
either side of the keto-carbonyl group. The four isomers
were then used to model the syn-R and anti-S structures by
inverting the stereochemistry of the tertiary alcohol and per-
forming equilibrium geometry PM3 calculations (Scheme
4). Thus, a total of eight equilibrium geometry zwitterionic
intermediates were obtained. 4,6-Dibromoisatin was mod-
eled as the 4-bromoisatin to ensure that any steric effect
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Scheme 3. Reaction of the syn-, and anti-, acetone L-proline enamines with isatin resulting in four diastereomeric zwitterionic intermediates.
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due to the bromine was incorporated. The eight equilibrium
geometry PM3 structures obtained for isatin were modified
by substitution of 4-H for 4-Br and subjected to PM3 equi-
librium geometry calculations. These equilibrium geometry
structures were then used as starting points for B3LYP 6-
311G* calculations, where the bromine atom was described
by use of a pseudopotential. From the initial eight inputs,
seven unique equilibrium geometry structures (characterized
as minima by the lack of any imaginary vibrations) were
found.
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Scheme 4. Schematic Newman projections of the four conformations for the
zwitterionic intermediates anti-R and syn-R that would lead to formation of
the R-enantiomer of the aldol product. Hydrogens behind the plane of the
oxindole nucleus bonded to the carbon of the enamine have been omitted
for clarity. The descriptors ‘trans’ and ‘cis’ are used, subjectively, to indicate
the position of the proline nucleus relative to the aromatic ring of the
oxindole nucleus.

In addition, the PM3 geometries of the 4-bromoisatin zwit-
terionic intermediates were used as starting points for deter-
mining PM3 transition state geometries for the retro-aldol
reaction. The eight PM3 aldol transition states were used
as starting points for the B3LYP 6-311G* transition state
calculations. From the initial eight inputs, six unique transi-
tion states were found that were characterized by a single
imaginary frequency that corresponded to simultaneous for-
mation of the C–C bond and proton transfer from the acid to
the forming alkoxide.
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