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The mechanism of the hetero-Diels–Alder reaction of buta-
diene with benzaldehyde catalyzed by chiral N,N�-dioxide/
In(OTf)3 complexes was studied theoretically by using den-
sity functional theory (DFT) and model system. The computa-
tional results indicate that the catalyzed reaction proceeded
through a concerted mechanism via a highly zwitterionic
transition state. The lowest energy barrier was 11.8 kJmol–1,
which is 63.0 kJmol–1 lower than that of the uncatalyzed re-
action. The results indicate that the endo approach is advan-
tageous over the exo approach, because exo transitions
states suffer from more steric hindrance than the endo transi-
tions states as a result of interactions among the substrates,

Introduction

Hetero-Diels–Alder (HDA) reaction between 1,3-dienes
and carbonyl compounds is one of the most useful methods
to prepare optically active six-membered heterocyclic com-
pounds.[1,2] These compounds are extensively applied in
many bioactive natural products and important pharma-
ceuticals.[3] Many chiral Lewis acids based on metal com-
plexes, such as the complexes based on titanium,[4] boron,[5]

chromium,[6] magnesium,[7] aluminum,[8] and dirhodium,[9]

have been successfully designed as catalysts for this type
of reaction. Very recently, indium complexes[10] as effective
Lewis acid catalysts have been developed for carbon–car-
bon bond-forming reactions and other synthetic pro-
cesses.[11] The Feng group[12] synthesized a series of novel
and efficient chiral catalysts based on N,N�-dioxide/In-
(OTf)3 complexes and used them in asymmetric HDA reac-
tions. Remarkable improvements were obtained with an ex-
tremely broad range of substrates, and this reaction pro-
duced highly substituted chiral pyranones in good yields
with up to 99%ee (Scheme 1).
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the trifluoromethanesulfonic group and the R4 groups of the
ligand. The (S) configuration was observed predominantly
over the (R) form, because there is no distinguishable repul-
sion between butadiene and the exo amino side or the endo
amino side of the ligand. Besides, the interactions between
the terminal hydrogen atoms of butadiene and the oxygen
atoms of the trifluoromethanesulfonic group make the struc-
ture more stable. Thus, the experimental results were ex-
plained well by calculation of the chiral N,N�-dioxide/In-
(OTf)3 complex catalyzed hetero-Diels–Alder reaction at the
molecular level.

Scheme 1. The asymmetric hetero-Diels–Alder reaction of benzal-
dehyde with diene 1 catalyzed by N,N�-dioxide/In(OTf)3 complexes.

Though accumulated theoretical reports are available in
this area,[13] apart from the numerous effort devoted to the
synthetic aspects of asymmetric HDA reactions, the mecha-
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nism of the HDA reaction is still attractive for theoretical
investigations. The mechanism of the HDA reaction could
generally fall into two different categories: Mukaiyama al-
dol reaction pathway versus traditional Diels–Alder cyclo-
addition pathway (Scheme 2).[1a,13d] Houk and co-
workers[5a,14] calculated the HDA reaction between formal-
dehyde and butadiene. They found that the uncatalyzed re-
action might proceed along a concerted pathway via an
asymmetric transition structure. When Lewis acid BH3 (the
catalyst) coordinated to the oxygen atom of formaldehyde,
the activation energy of the reaction decreased drastically
and the asynchronicity increased in the transition structure.
Later, the Jørgensen group[15] studied the reaction of benz-
aldehyde with Danishefsky’s diene catalyzed by various alu-
minum complexes by using AM1 and ab initio methods.
Their results indicated that the concerted reaction occurred
most likely through the Diels–Alder cycloaddition mecha-
nism without any catalysts, although Mukaiyama aldol
pathways were found when the reactions were catalyzed by
(MeO)2AlMe and (S)-BINOL/AlMe. the Domingo
group[16] investigated the effect of hydrogen bonding involv-
ing molecules on the model HDA reaction of the butadiene
derivative with acetone by using DFT calculations at the
B3LYP/6-31+G(d) level. Their results suggested that in the
gas phase, the formation of hydrogen bonds decreased the
activation energies of the reaction. The mechanism was sen-
sitive to solvent effects, for it could be changed from a con-
certed process without solvent to a two-step mechanism in
the presence of chloroform. Zhang et al.[17] reported com-
putational studies on the catalysis and enantioselectivities
of the HDA reaction of benzaldehyde with Danishefsky’s
diene catalyzed by α,α,α�,α�-tetraaryl-1,3-dioxolane-4,5-di-
methanol (TADDOL) derivatives by using the ONIOM
(B3LYP/6-31G*:PM3) method. The results indicated that
this reaction proceeded through a concerted mechanism via
an asynchronous and zwitterionic transition structure, and
benzaldehyde was activated by forming an intermolecular
hydrogen bond with TADDOL. Moreover, the bulky aryl
substituents in the TADDOL catalyst effectively controlled
the enantioselectivity of this reaction. Yamada and co-
workers[18] carried out a detailed theoretical analysis on the
HDA reaction catalyzed by cobalt complexes by using the
B3LYP/[6-31G*:LANL2DZ] method. The results revealed
that the activation energy decreased due to the cationic
character of the cobalt atom. Formaldehyde coordinated

Scheme 2. The two different reaction pathways for the hetero-
Diels–Alder reaction.
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axially to the cobalt center and increased the Lewis acidity
of the catalyst, and therefore, the enantioselectivity for the
overall reaction was improved. Recently, the Chaquin
group[19] investigated the influence of the configuration of
the double bond on the regio- and endo-selectivity in Diels–
Alder reactions. The origin of the selectivities was attrib-
uted to the balance between steric hindrance and electro-
static interaction.

To our best knowledge, however, there is no detailed
theoretical investigation based on quantum chemistry that
is available in the literature that is aimed at the mechanism
and stereochemistry of HDA reactions catalyzed by chiral
N,N�-dioxide/In(OTf)3 complexes. For the sake of gaining a
better understanding of this reaction and providing useful
clues to the asymmetric synthesis, the present theoretical
simulation on the mechanism and stereochemical nature of
the catalytic enantioselective hetero-Diels–Alder reaction of
benzaldehyde with Danishefsky’s diene catalyzed by chiral
N,N�-dioxide/In(OTf)3 complexes was carried out. This
work is expected to be useful for the design of new catalysts
based on chiral metal–N,N�-dioxide ligand complexes.

Models and Computational Details

All calculations were performed within the density func-
tional theory in the Gaussian 03 programs.[20] The unre-
stricted Becke three-parameter hybrid exchange functional
combined with the Lee–Yang–Parr correlation functional
(B3LYP)[21] was used for geometry optimizations and vi-
brational calculations. The basis sets were LANL2DZ[22]

with the Hay and Wadt’s effective core potential (ECP) for
the indium atom, and the 6-31G(d,p)[23] basis set was used
for all other elements. Each geometry was analyzed by har-
monic vibrational frequencies obtained at the same level
and characterized as a minimum (no imaginary frequency)
or a transition state (one imaginary frequency). Consider-
ing the effect of the solvent, single-point B3LYP (PCM,[24]

THF)/[6-311++G(d,p):LANL2DZ] calculations were per-
formed on the optimized structures. The relative energies of
the optimized structures were corrected by zero-point en-
ergy (ZPE). Basis-set superposition error (BSSE) correc-
tions were applied. Unless otherwise specified, the discussed
energies are relative Gibbs free energies in THF without
ZPE correction. The electronic structures of stationary
points were analyzed by the Natural Bond Orbital (NBO)
method[25] and the charge transfer (CT) at the transitions
states was analyzed with the NBO method.[26] Because the
global electrophilicity index[27] ω measured the stabilization
energy when the system acquires an additional electronic
charge from the environment, the global electrophilicity pa-
rameter was considered, which had the expression as ω =
µ2/2η (the electronic chemical potential µ and the chemical
hardness η).

In the most related literature, the electrospray ionization
mass spectrometry (ESI-HRMS) data obtained by the
group of Feng suggested that the N,N�-dioxide ligand might
lose the two hydrogen atoms of the amide moieties, ac-
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companied by the release of two HOTf molecules, and
therefore, the catalyst in the -In(OTf) form might be gener-
ated.[12] On this basis, it is assumed that the chiral ligand
could coordinate to the indium center to form a N,N�-diox-
ide–indium catalyst by two N–In bonds and two O–In
bonds. Considering the rigidity and C2 symmetry of the li-
gand, two geometries were designed as the initial structures
for conformational search (In-Lm-α and In-Lm-β,
Scheme 3). In In-Lm-α, N1–O1, N3, and N4 occupy the
equatorial position, whereas N2–O2 and the OTf group oc-
cupy the axial positions in the trigonal bipyramid confor-
mation. In In-Lm-β, N3 and the OTf group exchange their
positions in the trigonal bipyramid conformation. Through
geometry optimization, In-Lm-α was identified as the stable
structure. However, the calculations failed to locate the In-
Lm-β conformation as an energy minimum on the potential
energy surface, as the geometry optimization for it always
converged to In-Lm-α. Therefore, In-Lm-α was selected as
the conformation of the catalyst in our models.

Scheme 3. Initial structures of the catalyst for conformational
search.

Here, two models were used in the following investi-
gations to probe the mechanism and stereochemistry of the
catalytic reaction between benzaldehyde and Danishefsky’s
diene catalyzed by chiral N,N�-dioxide/In(OTf)3 complexes.
To reduce the computational cost and obtain reliable re-
sults, in model I, Danishefsky’s diene was replaced by a sim-
ple butadiene, and benzaldehyde was replaced by formalde-
hyde. The bulky structural moiety R4 of the chiral ligands
was replaced by a methyl group (Scheme 4).

The second model (model II) was used to examine the
stereochemistry of the reaction at the molecular level. In
model II, a prochiral substrate benzaldehyde was used to
replace the formaldehyde in model I to extend our theoreti-
cal investigation on the stereoselectivity of the HDA reac-
tion (Scheme 4).

Scheme 4. Model systems for hetero-Diels–Alder reaction.
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Results and Discussion

The predicted mechanism is shown in Figure 1. Relative
energies for various species along the predicted reaction
pathways in model I are listed in Table 1. Figure 2 depicts
the reaction energy profiles for the reaction of formalde-
hyde and butadiene catalyzed by chiral N,N�-dioxide/In-
(OTf)3 complexes in tetrahydrofuran (THF), and Figure 3
depicts the optimized geometries of the stationary points.

Uncatalyzed Reaction of Butadiene and Formaldehyde

Previously, the Houk group reported calculations on the
uncatalyzed reaction of butadiene with formaldehyde and
proposed that the reaction involved a concerted mecha-
nism.[14] In this section, we performed similar calculations
to evaluate the background reaction of formaldehyde and
1,3-butadiene at our level (B3LYP/6-31G*). Our present
DFT calculations on this system indicate that the uncata-
lyzed reaction proceeds through a concerted pathway, and
no zwitterionic intermediate or transition state (TS) corre-
sponding to the Mukaiyama aldol-type pathway could be
located. For the TS, the C–C and C–O bond lengths are
1.996 and 2.144 Å, respectively. The energy barrier for this
transition state leading to dihydropyran was calculated to
be 88.8 kJmol–1 in the gas phase, and it decreased to
74.8 kJmol–1 in THF. The vibration mode of its unique
imaginary frequency suggests that the reaction corresponds
to a concerted Diels–Alder cycloaddition mechanism.
These data are consistent with the calculation results re-
ported previously by the Houk group.[14]

Formation of Catalyst–Formaldehyde Complexes

In the presence of the catalyst, the coordination of the
oxygen atom of formaldehyde to the indium atom may take
place. This process leads to the formation of two dia-
stereotopic catalyst–substrate complexes (COM-a and
COM-b, Figure 1). The electrophilicity of COM-a (ω =
7.57 eV) and COM-b (ω = 7.46 eV) is much higher than
that of In-Lm (ω = 2.67 eV), which infers that COM-a and
COM-b possess remarkably greater electrophilicity than In-
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Figure 1. The predicted hetero-Diels–Alder reaction mechanism over the model catalyst In-Lm.

Table 1. Relative energies in the gas phase at the B3LYP/[6-31G(d):LANL2DZ] level and in THF at the B3LYP/[6-
311++G(d,p):LANL2DZ] level for all species along the predicted reaction pathways in model I and charge transfer at the TSs.

Species ∆E ∆E (int,BSSE) ∆G ∆G (int,BSSE) CT
[kJmol–1] [kJmol–1] [kJmol–1] [kJmol–1] [e]

Reactants[a] 23.2 4.1 –12.1 –13.0 –
COM-a + diene 0.0 0.0 0.0 0 –
a-TS1 62.2 34.9 36.9 11.8 0.318
a-IM1 –104.8 –102.1 –124.6 –121.8 –
a-TS2 61.4 34.1 38.6 13.4 0.389
a-IM2 –97.7 –61.8 –120.3 –84.5 –
COM-b + diene 12.5 13.4 –0.7 0.09 –
b-TS1 83.1 55.8 52.9 27.8 0.387
b-IM1 –74.1 –81.1 –99.3 –104.5 –
b-TS2 87.9 60.6 54.7 29.6 0.406
b-IM2 –82.9 –81.0 –109.4 –106.5 –
Products[b] –78.6 –105.9 –100.8 –125.9 –

[a] Reactants: In-Lm + diene + formaldehyde. [b] Products: In-Lm + dihydropyran.

Lm and then could serve as an electrophile in cycloaddition
with butadiene. The optimized geometries illustrate that
there exists a hexacoordinated indium center in each com-
plex. The In–Of (oxygen atom of formaldehyde) and In–
Ot (oxygen atom of trifluoromethanesulfonic group) bond
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lengths are 2.310 and 2.302 Å in COM-a and 2.687 and
2.135 Å in COM-b, respectively. Because COM-a is com-
parable to its analogue COM-b in relative energies, these
two complexes might co-exist in the system and the subse-
quent reaction might alternatively occur from each of them.
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Figure 2. Energy profiles for the hetero-Diels–Alder reaction of formaldehyde and butadiene in THF catalyzed by chiral indium(III)
complexes along path-a1, path-a2, path-b1, and path-b2.

Figure 3. Optimized geometries of the stationary points for model
I. Selected distances are given in Å and some hydrogen atoms are
omitted for clarity.

Addition of Butadiene to COM-a and COM-b

For each formaldehyde–catalyst complex (COM-a or
COM-b), 1,3-butadiene can alternatively approach formal-
dehyde from two sides (the endo amide side and the exo
amide side, Figure 1). As a consequence, four different reac-
tion pathways may result (path-a1, path-a2 and path-b1,
path-b2).

As shown in Figure 1, along reaction path-a1, an exter-
nal butadiene initially gets close to the COM-a skeleton
from the endo amino side and then attacks the formalde-
hyde in COM-a via transition state a-TS1, which leads to
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the formation of product complex a-IM1. Then, the release
of dihydropyran takes place with the recovery of model cat-
alyst In-Lm. For a-TS1, the carbon atoms of formaldehyde
interact strongly with one ending carbon atom of butadiene,
whereas the oxygen atom of formaldehyde interacts strongly
with the other ending carbon atom of butadiene. The reac-
tants lie –13.0 kJmol–1 below the electrostatic complex
(COM-a and butadiene) in relative Gibbs energies in THF.
The C–C and C–O bond lengths in a-TS1 are calculated to
be 1.870 and 2.570 Å, respectively. NBO analysis shows that
transition state a-TS1 has a partial positive charge of +0.38
on butadiene, a negative charge of –0.61 on the formalde-
hyde oxygen atom, and a negative charge of –0.10 on in-
dium catalyst In-Lm. Hence, the coordination of the car-
bonyl oxygen atom to indium makes the carbonyl group
accept the negative charge, and the In–Of bond length in a-
TS1 decreases by 0.152 Å from 2.310 Å in COM-a, indicat-
ing a tighter complexation in a-TS1. According to the over-
all geometry of the transition state, it can be concluded that
the transition state along path-a1 of the catalyzed reaction
may be of asynchronicity in general. The calculation sug-
gests that a-TS1 is 11.8 kJ mol–1 higher than butadiene and
COM-a in relative Gibbs energy.

On the other hand, as shown in Figure 1, there exists a
parallel reaction pathway marked as path-a2 for COM-a.
Along this reaction pathway, an external butadiene initially
approaches to the COM-a skeleton from the exo amide
side and then attacks formaldehyde on COM-a via transi-
tion state a-TS2. The following reaction steps are predicted
similar to the reaction along pathway a1. The transition
state a-TS2 lies 13.4 kJmol–1 higher than that of the electro-
static complex (COM-a and butadiene) on potential energy
surface (PES). The carbon atom and the oxygen atom of
formaldehyde also have strong interactions with the ending
carbon atoms of butadiene correspondingly. For transition-
state a-TS2, the C–C and C–O bond lengths are calculated
to be 1.864 and 2.622 Å, respectively. It owns a partial posi-
tive charge of +0.39 on butadiene, a negative charge of
–0.58 on the formaldehyde oxygen atom, and a negative
charge of –0.10 on indium catalyst In-Lm.

As mentioned above, the reaction can also occur along
path-b1 and path-b2. The mechanisms of path-b1 and path-
b2 are fairly similar with those of path-a1 and path-a2, and
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the energy barriers of transition states b-TS1 and b-TS2
(27.8 and 29.6 kJmol–1, respectively) were obviously larger
than those of path-a1 and path-a2. The dissociation of di-
hydropyran is exothermic in all the pathways, which might
be due to the solvent effect in the reaction. To make a brief
expression, we do not discuss them in detail.

These four pathways (path-a1, path-a2, path-b1 and
path-b2) share the similar concerted reaction mechanism
with asynchronous transition states. Path-a1 is kinetically
more favorable than the other three pathways (path-a2,
path-b1, and path-b2). Compared with the uncatalyzed re-
action, path-a1 is favored in 63.0 kJmol–1 of energy barrier.
These results demonstrate that the N,N�-dioxide indium
complex decreases the energy barrier significantly and exhi-
bits an obvious catalytic performance in HDA reaction.

To probe the electronic properties of the reaction system,
charge transfer (CT) analysis of the corresponding TSs was
carried out (as shown in Table 1). For the uncatalyzed reac-
tion, the CT value of the TS is 0.188 e. For the catalyzed
reaction, the natural charges at the TSs are shared between
the butadiene and the dienophiles of COM-a or COM-b.
CT value of TSs varies in the range from 0.381 to 0.406 e,
which indicates that these structures may be of zwitterionic
character, and the reaction processes present an asynchrony
electron movement. It can be summarized that the coordi-
nation of the carbonyl oxygen atom of the formaldehyde to
Lewis acid indium catalyst modifies the electronic proper-
ties and then increases the polar characters of the system,
leading to the decrease in the energy barriers.

In terms of ligand, the Jørgensen group[15] employed the
chiral 1,1�-binaphthol (BINOL) ligand and the Yamada
group[19] adopted the salen ligand. They also performed
theoretical studies on HDA reactions catalyzed by metal
(aluminum and cobalt, respectively) complexes. The Gibbs
energy barrier of our model reaction system is 11.8 kJmol–1

(36.9 kJmol–1 without BSSE correction), which is lower
than that reported by the Jørgensen (54.4 kJmol–1) and Ya-
mada (55.2 kJmol–1) groups, implying that chiral N,N�-di-
oxide indium complex shows excellent catalytic perform-
ance. Our theoretical investigation of energy barriers and
the CT values on model I verified the report by Feng that
the N,N�-dioxide indium complex is an effective catalyst.

Stereoselectivity of InIII-Catalyzed HDA Reactions

The stereoselectivity of the HDA reaction is so attractive
that great endeavors have been devoted to this area in recent
years. High yields (above 92% yield) and excellent ee values
(99 %ee) were obtained by the group of Feng,[12] which indi-
cated that the chiral N,N�-dioxide/In(OTf)3 catalyst showed
not only good catalytic effect but also excellent stereoselec-
tivity for the HDA reaction. Although our above investiga-
tion successfully explained the catalytic effect of the N,N�-
dioxide/In(OTf)3 catalyst for the HDA reaction, it was not
sufficient to interpret the stereoselectivity of the chiral
N,N�-dioxide/In(OTf)3-catalyzed reaction. In this section,
model II (Scheme 4) is used to extend our theoretical inves-
tigation to the stereoselectivity of the HDA reaction.
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Starting from COM-a and COM-b, there exist four dia-
stereotopic catalyst–benzaldehyde complexes (C1 and C2;
C3 and C4). As shown in Figure 4, the coordination of tri-
fluoromethanesulfonic group orientates toward the six-
membered rings of the ligand in C1, whereas benzaldehyde
orientates toward the six-membered rings of the ligand in
C2. As compared to C1 and C2, phenyl groups of the benz-
aldehyde in C3 and C4 are on the opposite side, respectively.
From each catalyst–benzaldehyde complex, the reaction
could occur via four instinct TSs (endo-TS-Si/endo-TS-Re,
exo-TS-Si/exo-TS-Re). Thus, 16 TSs could result in the en-
tire set of calculated pathways, marked as endo-TS-Si-a/
endo-TS-Re-a, exo-TS-Si-a/exo-TS-Re-a and endo-TS-Si-b/
endo-TS-Re-b, exo-TS-Si-b/exo-TS-Re-b, and endo-TS-Si-
a1/endo-TS-Re-a1, exo-TS-Si-a1/exo-TS-Re-a1 and endo-
TS-Si-b1/endo-TS-Re-b1, exo-TS-Si-b1/exo-TS-Re-b1, re-
spectively. The prefixes exo/endo present the exo/endo ap-
proaches of the dienophile to the butadiene and the infixes
Re/Si present the direction of the attack of butadiene to the
Re or Si face of the In-Lm activated benzaldehyde.

Figure 4. Two different diastereotopic catalyst–benzaldehyde com-
plexes (C1 and C2) in the reaction of benzaldehyde and butadiene
catalyzed by In-Lm. Selected distances are given in Å and some
hydrogen atoms are omitted for clarity.

Figure 4 presents two different diastereotopic catalyst–
benzaldehyde complexes C1 and C2. Figure 5 presents the
selected transition states (exo and endo approach) of the
HDA reaction of benzaldehyde with butadiene catalyzed by
In-Lm. The relative Gibbs energy barriers and CT analysis
of the 16 TSs are listed in Table 2.

In model II, the CT at TSs ranges from 0.393 to 0.499 e,
except for the values of endo-TS-Re-b1 (0.263 e) and exo-
TS-Re-b1 (0.255 e). Thus, the polar character of model II
is greater than that of model I. The extent of asynchronous
bond formation is larger than that of model I. It may be
explained by the fact that the electron-releasing group (-Ph)
enhances the electron transfer between the diene and the
dienophile of C1 or C2.

As shown in Table 2, except for exo-TS-Si-b1, the energy
barriers of endo TSs are lower than those of the exo TSs.
Along the reaction pathway from C1, the energy barriers of
endo-TS-Si-a and endo-TS-Re-a are 90.8 and
105.4 kJmol–1, respectively. In contrast, the energy barriers
of exo-TS-Si-a and exo-TS-Re-a are 110.8 and
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Figure 5. The selected transition states in the reaction (endo and
exo approaches) of benzaldehyde and butadiene catalyzed by In-
Lm. Selected distances are given in Å and some hydrogen atoms
are omitted for clarity.

113.0 kJmol–1, respectively. On the other hand, along the
reaction channel from C2, the energy barrier of endo-TS-
Si-b is 106.0 kJmol–1 and that of exo-TS-Si-b is
118.0 kJ mol–1. It is obvious that exo TSs suffer more steric
hindrance than endo TSs, which originates from the mutual
repulsion among the substrates, the trifluoromethanesulf-
onic group, and the R4 groups of the ligand. These results
enrich the previous theoretical results,[4,18,28] in which endo
approach is more favorable than exo approach.
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Table 2. Relative energies in THF at the B3LYP/[6-
311++G(d,p):LANL2DZ] level for the selected transition states
(exo and endo approaches) of the HDA reaction of benzaldehyde
with butadiene catalyzed by In-Lm.

Species ∆G τ Config. CT
[kJmol–1] [%][a] [e]

C1 + diene 0.0 – – –
endo-TS-Si-a 90.8 96.09 S 0.492
endo-TS-Re-a 105.4 0.27 R 0.413
exo-TS-Si-a 110.8 0.03 S 0.490
exo-TS-Re-a 113.0 0.01 R 0.393

C2 + diene 10.6 – – –
endo-TS-Si-b 106.0 0.21 S 0.420
endo-TS-Re-b 103.3 0.62 R 0.453
exo-TS-Si-b 118.0 – S 0.421
exo-TS-Re-b 113.3 0.01 R 0.499

C3 + diene 5.6 – – –
endo-TS-Si-a1 115.0 – S 0.410
endo-TS-Re-a1 99.9 2.44 R 0.430
exo-TS-Si-a1 147.2 – S 0.378
exo-TS-Re-a1 104.9 0.32 R 0.434

C4 + diene 44.0 – – –
endo-TS-Si-b1 141.5 – S 0.426
endo-TS-Re-b1 140.9 – R 0.263
exo-TS-Si-b1 124.1 – S 0.426
exo-TS-Re-b1 142.8 – R 0.255

[a] τ: Occupied probability based on Boltzmann distribution, τ =
Ni*/N = [giexp(–εi/kT)]/[∑giexp(–εi/kT)] (T = 298.15 K). ee = (∑τS –
∑τR)/∑(τR + τS) = 93 %.

As shown in Table 2, for the competing TSs (endo-TS-Si-
a and endo-TS-Re-a), the energy barrier of endo-TS-Si-a is
calculated to be 14.6 kJmol–1 lower than the other. Con-
sidering the entire set of calculated pathways, the energy
differences from B3LYP/[6-311++G(d,p):LANL2DZ] sin-
gle-point calculations predict that the selectivity for the for-
mation of the corresponding (S) product should be �96 %
(corresponding to 93%ee) on the basis of the Boltzmann
distribution in Table 2, which is in agreement with the ex-
perimental value (99%ee). The above results indicate that
the (S) configuration is preferred to the (R) configuration.
This might be attributed to two main reasons: (i) For the
structure of endo-TS-Si-a, there is no distinguishable repul-
sion between the butadiene and the exo amino side or the
endo amino side of the chiral ligand. The interactions be-
tween the terminal hydrogen atoms of butadiene and the
oxygen atoms of the trifluoromethanesulfonic group (2.300
and 2.451 Å, respectively) make the structure endo-TS-Si-a
more stable. (ii) In endo-TS-Re-a, there exists larger repul-
sion between butadiene and the six-membered ring of the
exo amino side of the chiral ligand and no stabilization in-
teraction is presented between butadiene and the trifluoro-
methanesulfonic group (Figure 6). Therefore, with the in-
duction of In-O catalysis, the (S) configuration might be
the predominant product in the reaction. The above simula-
tion at the molecule level successfully explains the observa-
tion in the experiments of Feng.
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Figure 6. Comparison of the competing TSs (endo-TS-Si-a and endo-TS-Re-a). Selected distances are given in Å.

According to the above theoretical results, a further rea-
sonable deduction can be drawn. When a ligand with larger
substituents is used, the difference in the steric hindrance
between the substrate and the ligand increases, which then
enhances the stereoselectivity. This assumption is in accord
with the experimental fact that the introduction of sterically
bulky R4 groups of ligand L8 remarkably improves the ste-
reochemistry of the asymmetric HDA reaction.[12]

Conclusions

The mechanism of the HDA reaction of butadiene with
benzaldehyde catalyzed by chiral N,N�-dioxide/In(OTf)3

complexes was studied theoretically by using DFT and
model systems. The major conclusions can be summarized
as the following: (1) HDA reactions catalyzed by N,N�-diox-
ide/In(OTf)3 complexes proceeded through a concerted
mechanism via an asynchronous and zwitterionic transition
structure with a much lower energy barrier compared to the
uncatalyzed reaction. (2) There were obvious preferences
for the endo approach over the exo approach when the diene
attacks the benzaldehyde, because the exo TSs suffer more
steric hindrance than endo TSs, which originates from the
mutual repulsion among the substrates, the trifluorometh-
anesulfonic group, and the R4 groups of the ligand. (3) The
(S) configuration is preferred over the (R) configuration,
because there is no distinguishable repulsion between the
diene and the exo amino side or the endo amino side of
the chiral ligand. Moreover, the interactions between the
terminal hydrogen atoms of butadiene and the oxygen
atoms of trifluoromethanesulfonic group make the struc-
ture more stable.

Supporting Information (see footnote on the first page of this arti-
cle): Computational methods for the model systems, table of ener-
gies, the effect of basis sets, and Cartesian coordinates for all the
optimized species along modeled systems I and II.
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