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The mechanism and stereoselectivity in an organocatalyzed triple cascade reaction between an
aldehyde, electron deficient olefin and an a,b-unsaturated aldehyde are investigated for the first time
using density functional theory. The factors responsible for high levels of observed stereoselectivity
(Enders et al., Nature, 2006, 441, 861) towards the generation of cyclohexene carbaldehyde with four
contiguous stereocentres are unravelled. The triple cascade reaction, comprising a Michael, Michael
and aldol sequence as the key elementary reactions, is studied by identifying the corresponding
transition states for the stereoselective C–C bond-formation. In the first Michael addition step between
the enamine (derived from the chiral catalyst and propanal) and nitrostyrene, energetically the most
preferred mode of addition is found to be between the si-face of (E)-anti-enamine on the si-face of
nitrostyrene. The addition of the si-face of the nitroalkane anion on the re-face of the iminium ion
(formed between the enal and the catalyst) is the lowest energy pathway for the second Michael
addition step. The high level of asymmetric induction is rationalized with the help of relative activation
barriers associated with the competitive diastereomeric pathways. Interesting weak interactions, along
with the steric effects offered by the bulky a-substituent on the pyrrolidine ring, are identified as critical
to the stereoselectivity in this triple cascade reaction. The predicted stereoselectivities using computed
energetics are found to be in perfect harmony with the experimental stereoselectivities.

Introduction

Asymmetric multicomponent domino reactions have emerged as
a powerful strategy for the synthesis of complex molecules with
multiple stereocentres. The synthetic potential of domino reac-
tions has been utilized in efficient and stereoselective construction
of several targets, starting from relatively simple precursors.1 Most
significantly, the creation of many stereocentres is possible by using
a single catalyst in one pot, without the isolation of intermediates
or changing the reaction conditions. These domino reactions
are reminiscent of biomimetic pathways, as they resemble the
biosynthesis of complex natural products from simple precursors
as building blocks.2

The recent overwhelming activities in organocatalysis3 have set
the stage for a number of interesting organocatalytic cascade reac-
tions towards the construction of complex molecular structures.4

The organocatalytic cascade reactions are often accompanied by
high levels of stereocontrol achieved through chiral organocat-
alysts. The successful implementation of organocatalysts in cas-
cade reactions can generate functionalized polycyclic bioactive
molecules.5 Among current organocatalysts, chiral secondary
amines are more frequently employed to activate substrate(s)
as enamine/iminium species, which in turn can participate in
a range of reactions with a multitude of electrophiles.6 The
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intermediates thus generated may not be stable enough and
amenable for isolation, but permit quick transformation into
more stable products through a subsequent reaction sequence.
The stereoselectivity of these reactions is controlled in the bond
formation step, either through hydrogen bond directed Brønsted
acid catalysis as in proline7 or a steric control approach as in
diphenyl prolinol ethers.8 The combination of different activation
modes allows the design of innovative domino sequences to tackle
high level stereochemical complexity of desired targets. Therefore,
the organocatalytic reactions can ideally be exploited in designing
tandem processes.

In a very recent study, Enders and co-workers have demon-
strated an elegant asymmetric organocatalytic triple cascade reac-
tion involving a linear aldehyde (A), a nitroalkene (B) and an a,b-
unsaturated aldehyde (C) towards constructing a tetrasubstituted
cyclohexene carbaldehyde with a high degree of diastereoselec-
tivity and complete enantiocontrol.9 The reaction, as shown in
Scheme 1, employed diphenylprolinol trimethylsilyl ether as the
catalyst. It is also of interest to note that recently, diphenyl siloxy
proline ethers have successfully been used as catalysts in a variety of
reactions,10 including cascade reactions.11 Enders’s triple cascade
reaction is an exquisite example that includes the advantages of
domino reactions as well as asymmetric organocatalysis. It should
be noted that a suitably designed cascade reaction of this kind
could open up convenient inroads into several polyfunctional
cyclohexene building blocks with high levels of stereocontrol.

The present cascade reaction involves two conjugate additions
followed by an intramolecular aldol cyclization. The first step is a
Michael addition between propanal and nitrostyrene. The catalyst
forms a chiral enamine with the aldehyde (A), which subsequently
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Scheme 1 Proposed catalytic cycle for the diphenylprolinol trimethylsilyl ether catalyzed triple cascade reaction for the generation of tetrasubstituted
cyclohexene carbaldehydes.

adds to the nitroolefin.12 A number of chiral pyrrolidines without
a proton donating group have been remarkably successful in
giving good yield and high enantioselectivity in such conjugate
additions.13 Here, the higher reactivity of the nitroolefin with the
activated aldehyde can help supercede the possible iminium ion
formation between the catalyst and the available a,b-unsaturated
aldehyde. After the first Michael addition, the catalyst liberated
on hydrolysis can form an iminium ion14 with the a,b-unsaturated
aldehyde (C) to accomplish the conjugate addition with the
nitroalkane formed in the first step.15 In the third step, the enamine
intermediate formed from the second step undergoes cyclization
through an intramolecular aldol reaction. The subsequent aldol
cyclization and hydrolysis release the tetrasubstituted cyclohexene
carbaldehyde. Enders et al. have further extended this domino
reaction for the synthesis of poly substituted bicyclic and tricyclic
carbon frameworks.16

Albeit qualitative proposals on the plausible mechanism of this
organocatalytic cascade reaction are documented, clear insights
into how such precise stereocontrol arises are evidently not re-
ported. In this triple cascade reaction, four contiguous stereocen-
tres are generated with such high precision that only two epimers
are isolated out of 16 possible stereoisomers. Such remarkable
stereocontrol prompted us to probe the origins of observed high
stereoselectivity. As part of our ongoing efforts to understand
stereoselectivities in organocatalytic reactions,17 we have decided
to investigate the energetics as well as the controlling factors
contributing to stereoselectivity using computational methods.
The present study offers the first comprehensive report on the
stereoselectivity in organocatalytic cascade reactions. The insights
obtained through modeling of experimentally known examples
could later be utilized for rational design of new organocatalysts
suitable for domino reactions. Also, the insights could help
design cascade reactions towards specific target molecules with
considerable structural and stereochemical complexity.

Computational methods

A full DFT calculation on the present reaction, consisting of a
fairly large number of atoms, will evidently be costly. On the
other hand, semi-empirical approaches could be flawed by an
imperfect description of the transition states leading to poorer
energetic estimates. We have therefore used a combination of
density functional theory (B3LYP/6-31G*) and semi-empirical
MO methods (AM1) with a hybrid ONIOM2 scheme denoted
as ONIOM2(B3LYP/6-31G(d):AM1) using the Gaussian03 suite
of quantum chemical programs.18,19 In the ONIOM2(B3LYP/6-
31G(d):AM1) approach, the energy of the real system at the
high level can be estimated using an extrapolation scheme as, E
(ONIOM,real) = E (high,model) + E (low,real) - E (low,model).
This approach has been successful in explaining the mechanism as
well as stereoselectivity of organic reactions.20

The geometry optimizations of reactants, intermediates, tran-
sition states and products were carried out using the ONIOM2
method described above. All of the transition states were charac-
terized as first order saddle points and the imaginary frequencies
were confirmed to represent the desired reaction coordinate.
Additionally, we have carried out 10% displacement of the
transition state geometry along the direction of the imaginary
vibrational frequency and subsequently reoptimized the perturbed
structure using the “calcfc” option available in the program.
This was to ensure whether the transition state is genuine and
connects reactants and product. The single-point energies were
subsequently calculated at the B3LYP/6-31G* level21,22 using the
ONIOM2 optimized geometries. The DFT single-point energies
are used throughout the manuscript, unless otherwise specified.

According to the general recommendations given by Morokuma
et al. for a multi-layer hybrid calculation, a substituent value test
(S-value test) is performed. This is to examine how good the
partition scheme and the corresponding model chemistries are for
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the present system. The S-value is defined as S (level) = E (level,
real) - E (level, model). The S-value is determined on the basis of
the relative energies of TS-1f and TS-1a (vide infra). The DS (high)
and DS (low) are respectively found to be only 0.07 and 1.04 kcal
mol-1. The error associated with the ONIOM extrapolation is
therefore (E(ONIOM,real) - E(high, real)) estimated as 0.97 kcal mol-1,
which is well within the recommended error tolerance limit of
2 kcal mol-1.18b

Results and discussion

The stereoselectivity of the triple cascade reaction is studied
by focusing on the critical C–C bond-formation steps. First,
a fully optimized geometry of the catalyst obtained at the
B3LYP/6-31G* level is partitioned into two layers for subsequent
optimization using the ONIOM2 method. The most crucial part
of the reacting system (inner layer) is described using the density
functional theory while the pyrrolidine a-substituent (diphenyl
(trimethyl)siloxymethyl group) is treated as the outer layer using
the semi-empirical AM1 method.23 The resulting dangling bond
between the model system and the remainder of the molecule
is saturated using a link atom. The geometric parameters of
the catalyst optimized separately using the B3LYP/6-31G* and
ONIOM2 are found to be in good agreement with each other.24

The lowest energy conformer of the catalyst with the same layering
scheme is chosen for further calculations of the cascade reaction
sequence using the ONIOM2 approach.25

For the Michael addition step between propanal-enamine and
nitrostyrene,26 multiple modes of approach are possible. We have
considered additions involving the sterically unhindered face of
the enamine intermediate on both the re and the si faces of
(E)-nitrostyrene.27 The enamine derived from propanal and the
catalyst can have four key conformers arising from the E/Z
configuration of the enamine double bond as well as the syn/anti
orientations. The syn and anti descriptors denote the orientation
of the enamine double bond with respect to the a-substituent on

the pyrrolidine ring. These notations would be used hereafter to
specify the enamine double bond orientations. In the addition
step, the transition states are expected to maintain a staggered
orientation of the substituents around the incipient C–C bond. The
re/si face of (E)-nitrostyrene and enamine may adopt six staggered
orientations around the developing C–C bond. Considering the
four key conformers of enamine, the first step of the cascade
cycle can have 24 transition states. The geometry optimization
of various enamine configurations and conformers reveals that
the Z isomer is in general higher in energy than the corresponding
E isomer in both syn and anti enamines. In particular, the (Z)-syn-
enamine is found to be 10.7 kcal mol-1 higher in energy than the
(E)-anti-enamine at the B3LYP/6-31G* level of theory.28 Further
investigations therefore exclude (Z)-syn-enamine, leaving behind
18 key transition states leading to four possible diastereomeric
products. A representative set of these transition state possibilities
for the addition of (E)-anti-enamine to (E)-nitrostyrene (1a–1f) is
provided in Fig. 1.29

Among the various stereochemically relevant possibilities, the
attack of the (E)-anti-enamine (using its si-face) on the si-face of
nitrostyrene (TS-1f) is identified as energetically the most preferred
transition state for the Michael addition. In fact, TS-1f is found
to be relatively more stable by 5.0 kcal mol-1 than the nearest
lower energy transition state (TS-1a), which leads to the (2R,3R)
diastereomer. It can be noticed from the computed activation
barriers (Table 1) that the bulky substituent at the a-position
plays a steering role in promoting the Michael addition from
the anti-enamine. The activation barriers associated with the syn-
enamine additions are evidently higher than the corresponding
anti-enamines. Further, the presence of a bulky a-substituent
effectively shields the re-face of the (E)-anti-enamine from Michael
acceptors. The most interesting consequence of the above features
offered by the catalyst and the accompanying energetics is high
precision diastereoselectivity. The lowest energy transition state
TS-1f leads to (2R,3S) nitroalkane, which is in perfect accordance
with the experimental reports.30 The predicted enantiomeric excess

Fig. 1 Key conformers of the transition states for the first Michael addition of (E)-anti-enamine to the re/si face of nitrostyrene. These conformers are
grouped on the basis of the dihedral angle between the enamine double bond and the hydrogen of the nitrostyrene (as indicated) with dihedral angles of
-60◦, +180◦ and +60◦.
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Table 1 The computed activation barriers (DE‡) at the B3LYP/6-31G*//ONIOM2(B3LYP/6-31G*:AM1) level for the addition of enamines to (E)-
nitrostyrene

DE‡ in kcal mol-1a

Enamine Enamine-nitrostyrene prochiral faces Product configuration Transition state Absolute Relative

(E)-anti si→re (R,R) TS-1a 28.4 5.0
si→re (R,R) TS-1b 31.8 8.4
si→si (R,S) TS-1d 31.7 8.3
si→si (R,S) TS-1f 23.4 0.0

(Z)-anti re→re (S,R) TS-2a 28.2 7.0
re→si (S,S) TS-2f 29.1 7.9

(E)-syn re→re (S,R) TS-3a 29.6 6.5
re→re (S,R) TS-3c 33.3 10.2
re→si (S,S) TS-3e 33.2 10.1
re→si (S,S) TS-3f 33.6 10.5

a Absolute energy barriers are calculated with respect to the separated reactants and the relative energy barriers with respect to the energy of the lowest
energy TS.

of >99% is found to be the same as the experimental reports by
Hayashi et al. on the Michael addition between propanal enamine
and nitrostyrene.30

While attempting to locate other transition state conformers
for (E)-anti-enamine addition to the nitrostyrene, two important
gauche interactions appeared quite prominent. These include
the unfavorable interaction between (i) the phenyl ring on the

electrophile and the pyrrolidine ring, (ii) the nitro on the elec-
trophile and the methyl of the enamine moiety. In general, it is
noticed that such interactions tend to increase the energy of the
addition transition states. Further, repeated attempts to identify
1c and 1e (Fig. 2) resulted in rotation around the incipient C–
C bond during geometry optimization and it was found that they
reverted to the nearest lower energy transition states such as TS-1a

Fig. 2 The ONIOM2(B3LYP/6-31G*:AM1) optimized lower energy diastereomeric transition state geometries for the addition of enamine derived
from the catalyst and propanal to (E)-nitrostyrene. Only selected hydrogens are shown for clarity. Distances are given in Å.
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and TS-1f.31 Interestingly, TS-1a and TS-1f are devoid of gauche
interactions of the above kind. It is therefore evident that the
substituents and geometries of the enamine and nitrostyrene exert
a direct control on the stereochemical outcome of the reaction.

A number of stabilizing interactions are identified as responsible
for the differential stabilization between the transition states.
The developing nitroxide in TS-1f is found to be stabilized by
a network of weak hydrogen bonding interactions as shown in
Fig. 2. For instance, the distance between the methylene hydrogens
of the pyrrolidine ring and the oxygens of the nitro group are
between 2.5 and 2.6 Å. The optimized geometries of other
diastereomeric transition states evidently reveal that the above-
mentioned stabilizing interaction is not as effective as in TS-1f.
Another noticeable stabilizing interaction in TS-1f is between the
-NO2 group and the aryl hydrogens of the a-substituent on the
pyrrolidine ring. Such additional stabilizations in TS-1f are nearly
absent in any other lower energy diastereomeric transition states.
It is further noticed that the C-g heads the envelope conformation
of the pyrrolidine ring in TS-1f, whereas it is C-b in TS-1a.
Hence in TS-1f, the C-g hydrogen offers additional stabilization
to the nitro group of the electrophile (as evident from the C–
H ◊ ◊ ◊ O distance of 2.5 Å). We have identified a bond path and the
corresponding bond critical point (bcp) using the AIM theory
for these interactions.32 TS-1a on the other hand, lacks such
additional weak interactions, except that due to the a-methylene
of the pyrrolidine ring. Additionally, an electrostatic stabilization
between the partially negative pyrrolidine nitrogen (developing
iminium moiety in the TS) with the partially positive nitrogen
of the electrophile is likely.33 The Nd+ ◊ ◊ ◊ Nd- distance in TS-1f is
found to be shorter (2.9 Å) than that in TS-1a (3.9 Å). In addition
to the steric effects, hydrogen bonds, as described above, evidently
contribute towards differentiating the diastereofacial approaches.
All these factors contribute to the improved relative stabilization
of TS-1f. On the basis of the analysis of intramolecular stabilizing
interactions, as well as the computed activation barriers, it is now
logical to state that the first step of this cascade reaction through
TS-1f would lead to a high degree of stereocontrol.

More direct evidence in support of better kinetic preference of
enamine towards nitrostyrene as opposed to enal (C) is gathered
by separately evaluating the activation barriers for the addition.
We have located transition states for the addition of enamine
to a,b-unsaturated aldehyde. The calculated barriers are found
to be higher by 7 kcal mol-1 than the lowest energy TS for
the addition of enamine to nitrostyrene.34 If the first Michael
addition occurs between enamine and enal, the products are
going to be significantly different as compared to what has
been reported experimentally.35 It can also be noticed that the
Michael adduct formed between nitrostyrene and enamine is
detected experimentally.9,16b The computed activation barriers
reveal that the lowest energy pathway should involve the addition
of enamine to nitrostyrene as the first step. Although the reaction
between enamine and enal cannot be completely ruled out, the
experimental observation along with the computed data, clearly
justify the reaction sequence as beginning with the addition of
enamine to nitrostyrene in this triple cascade reaction.

The generation of the third and fourth stereocentres takes place
in the next step by the addition of the anion generated from the ni-
troalkane to the pre-activated enal (C).36 The energetically more fa-
vored geometrical isomer of the iminium ion formed between enal

(C) and the catalyst is found to have E,s-trans,E stereochemistry.37

This stereoisomer is chosen for further calculations. The formation
of iminium ion renders more electrophilic character to the b-
carbon of the a,b-unsaturated enal, thereby facilitating the second
Michael addition with the nitroalkane anion generated in the
preceding step.38 The a-substituent on the pyrrolidine now comes
into play in effectively differentiating the enantiotopic faces of
the iminium ion to the approaching nucleophile. Since the re
face is effectively shielded, the nucleophilic attack takes place
on the si face of the iminium ion. The transition states for the
Michael addition of nitroalkane anion to (E,s-trans,E)-iminium
are identified wherein the configuration of nitroalkane is retained
as (2R,3S), which is the major stereoisomer from the preceding
step (Fig. 2). It is to be reckoned that the last step involves
an intramolecular aldol cyclization (Scheme 1). The geometric
requirement that the enamine and the electrophile (the CHO
group) should be in reasonable proximity leads to only a limited
number of conformers for the corresponding transition states. The
nitroalkane anion can add to the Michael acceptor (iminium ion)
using either the re face or si face as shown in Fig. 3. Hence the
second Michael addition will result in the formation of products
with an epimeric carbon.

The calculated absolute and relative activation barriers, re-
spectively, with respect to the pre-reacting complex (between the
reactants) and the lowest energy TS are tabulated in Table 2.
Among the various possible modes of addition, the transition
state TS-4b involving si-facial attack by the nitroalkane anion
on the re face of the iminium is found to be the most favored
mode. The optimized geometry conveys that the nitro and phenyl
groups respectively on nucleophile and electrophile tend to remain
antiperiplanar in the lower energy transition states. In other
conformations, such as in 4a and 4c, the relative positions between
the nitro and the phenyl groups are found to be gauche. These
conformers are evidently higher in energy than TS-4b.39 Three
key transition states are considered for the addition of the re-face
of the nitroalkane anion to the re-face of the iminium ion. The
optimized geometry of TS-4e is found to prefer a conformation
where the iminium double bond eclipses the -NO2 group.40 Only
two unique transition states could be identified. Interestingly,
during the course of transition state geometry optimization, the
initial guess geometry of TS-4f converges to a structure identical
to that of TS-4d.41 The optimized structures of the lowest energy
transition states leading to the formation of epimeric products are
provided in Fig. 4.

Analysis of the geometries of lower energy transition states
revealed several interesting facts. In both diastereomeric transition
states (TS-4b, TS-4d), a preference for a staggered arrangement
of the substituents around the incipient C–C bond is evident
from the C10–C1–C2–H11 dihedral angle. The hydrogen bonding
between the a-hydrogens on the pyrrolidine ring (H5) and the
-NO2 group is found to be nearly the same in these transition
states (Fig. 4). But a noticeable stabilizing interaction between
the carbonyl oxygen and one of the methylene hydrogens of the
pyrrolidine ring (O9-H8) is observed in TS-4b. The C=O ◊ ◊ ◊ H
distance is found to be 2.49 Å, implying a reasonably good
hydrogen bonding stabilization. This interaction is totally absent
in TS-4d, as the orientation of the carbonyl group is away
from the pyrrolidine ring. Another interesting hydrogen bonding
interaction is identified between the nitro group and the aryl
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Table 2 The computed activation barriers (DE‡) at the B3LYP/6-31G*//ONIOM2(B3LYP/6-31G*:AM1) level for the addition of a nitroalkane anion
to the iminium derived from the enal (C)

DE‡ in kcal mol-1

Transition state Prochiral face of nitroalkane anion Absolute a Relative

TS-4b si 5.4 0.0
TS-4c si 7.8 4.2
TS-4f → TS-4d re 11.7 2.2
TS-4e re 2.8 2.5

a Here the absolute barrier refers to the energy difference between the respective pre-reacting complexes and corresponding transition states.

Fig. 3 Key conformers of the transition states for the second Michael addition step. These conformers are grouped on the basis of the dihedral angle
between the iminium double bond and the hydrogen of the nitroalkane (as indicated) with dihedral angles of -60◦, +180◦ and +60◦.

Fig. 4 The ONIOM2(B3LYP/6-31G*:AM1) optimized geometries of lower energy transition states for the second Michael addition step between the
nitroalkane anion and the iminium ion (formed between pyrrolidine and a,b-unsaturated aldehyde). Only selected hydrogens are shown for clarity. Angles
are given in degrees and distances in Å.
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hydrogens of the pyrrolidine a-substituent as shown in Fig. 4.32

This highlights the importance of weak stabilizing interactions
offered by the a-substituent in contributing toward the extra
stabilization of TS-4b and TS-4d, a feature that is lacking in all
other transition state possibilities (TS-4c, TS-4e). Interestingly, the
lower energy transition states in both Michael addition steps (TS-
1f, 1a and TS-4b, 4d) in this cascade reaction exhibited the above
stabilizing interaction. The cumulative effect of such interactions
results in an energy difference of 2.2 kcal mol-1 between TS-4b and
the diastereomeric TS-4d, which corresponds to a diastereomeric
excess of 95% in favor of the (2R,3S,4S,5S)-2-methyl-4-nitro-3,5-
diphenyl enamine intermediate. This prediction is in accordance
with the experimental results obtained for diphenyl prolinol silyl
ether catalyzed reactions between a,b-unsaturated aldehyde and
g-nitroketone.15 However, quantitative agreement with the experi-
mental observation (diastereomeric excess) could vary depending
on the choice of theory and basis sets.42

The enamine thus formed should participate in an intramolec-
ular aldol cyclization. A schematic representation indicating the

key conformational possibilities is given in Fig. 5. The geometric
requirement that the enamine and the electrophile stay in rea-
sonable proximity for the aldol reaction to take place severely
restricts the number of reactive conformers for the ensuing C–C
bond-forming step. The enamine intermediate generated in the
preceding Michael addition step through pathways 4a, 4b, and 4c
(Fig. 3) can in principle undergo ring closure either through 5a
or 5d. Further, 5b and 5c correspond to possible transition states
for the intramolecular aldol cyclization of the enamine precursors
generated from 4d and 4f.

The optimized geometries of lower energy transition states
for the intramolecular cyclization of the enamine intermediate
are provided in Fig. 6. The lowest energy transition state (TS-
5a)43 is found to be 9.1 kcal mol-1 more stable than the other
possibilities, such as TS-5c. Both these TSs are found to maintain
a chair conformation where the nitro group and the phenyl ring
occupy the axial positions. An additional methyl group at the axial
position contributes to the higher energy of TS-5c.44 Among the
weak interactions stabilizing the developing alkoxide, the hydrogen

Fig. 5 Key conformers of the transition states for the intramolecular cyclization of the enamine with favorable geometric disposition between the
aldehyde and enamine.

Fig. 6 The ONIOM2(B3LYP/6-31G*:AM1) optimized geometries for the lower energy transition states of intramolecular aldol cyclization.
Only selected hydrogens are shown for clarity. Distances are given in Å. Relative energies (DE‡ in kcal) are obtained at the B3LYP/6-31G*//
ONIOM2(B3LYP/6-31G*:AM1) level of theory.

This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3921–3929 | 3927



bonding between the Ca methylene hydrogen (adjacent to the
pyrrolidine N) is more prominent in TS-5a with a distance of
2.26 Å than that in TS-5c, which has a distance of interaction of
2.92 Å.32 An additional weak C–H(aryl) ◊ ◊ ◊ O interaction in TS-5a
arises due to the orientation of the nitro group towards the phenyl
ring of the pyrrolidine substituent. On the basis of the computed
energies, it is clear that the intramolecular aldol reaction through
TS-5a would lead to ring closure. The cascade reaction eventually
generates (3S,4S,5R,6R)-3-methyl-5-nitro-4,6-diphenyl cyclohex-
1-ene carbaldehyde with four contiguous stereocentres with a
high degree of stereoselectivity. This feature is evidently achieved
by using a diphenyl prolinol silyl ether catalyst for promoting
asymmetric Michael reactions in the cascade sequence.

Conclusions

Mechanistic features of an interesting triple cascade Michael–
Michael–Aldol reaction towards the generation of a cyclohexene
carbaldehyde have been established using density functional
theory calculations. We have been able to shed light on the con-
trolling factors responsible for the high stereoselectivity observed
experimentally. This has been achieved by precisely identifying
all the stereochemically relevant transition states for three most
important C–C bond-forming reactions in the cascade reaction
sequence. The reaction pathways for the first two asymmetric
Michael additions proceed through enamine as well as iminium
activation modes, respectively, for aldehyde and a,b-unsaturated
enal. The examination of various stereochemically important
modes of additions between enamine and nitrostyrene conveyed
that the si-face of enamine (derived from the catalyst and propanal)
adding to the si-face of nitrostyrene possesses the lowest activation
energy. In the case of the second Michael addition step, the
addition of the si-face of the nitroalkane anion to the re-face
of the iminium ion (derived from enal and the catalyst) was
found to be the lowest energy transition state. The predicted
stereoselectivities are found to be in perfect concurrence with
the experimental observation as reported by Enders and co-
workers. The present results support the steric control approach,
wherein efficient shielding of one face of the iminium/enamine
intermediates is crucial to high levels of asymmetric induction. We
anticipate that these insights into how stereoselectivity is achieved
in a triple cascade reaction could be useful in designing novel one
pot sequences towards highly complex target molecules.
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