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The mechanism of Michael addition of malononitrile to chalcones catalyzed by Cinchona alkaloid
aluminium(111) complex has been investigated by DFT and ONIOM methods. Calculations indicate
that the reaction proceeds through a dual activation mechanism, in which AI"™ acts as a Lewis acid to

activate the electrophile a,B-unsaturated carbonyl substrate while the tertiary amine in the Cinchona

alkaloid works as a Lewis base to promote the activation of the malononitrile and deprotonation. A
stepwise pathway involving C—C bond formation followed by proton transfer from the catalyst to the
carbonyl substrate is adopted, and latter step is predicted to be the rate-determining-step in the reaction
with an energy barrier of 12.4 kcal mol™. In the absence of the Al"™-complex, a Cinchona alkaloid
activates the carbonyl substrate by a hydrogen bonding of the hydroxyl group, involving a higher energy
barrier of 30.4 kcal mol™'. The steric repulsion between the phenyl group attached to the carbonyl
group in the chalcone and isopropoxyl groups of the Al'"'-complex may play an important role in the
control of stereoselectivity. The n—r stacking effect between the quinuclidine ring of the quinine and the
phenyl group of the chalcones may also help the stabilization of the preferred molecular complex. These

results are in agreement with experimental observations.

Introduction

The asymmetric catalytic Michael addition of carbanion nucle-
ophiles to o,B-unsaturated carbonyl compounds represents one
of the most important carbon—carbon bond-forming reactions
in organic chemistry."* Nucleophiles such as malonate esters,**
diketones,’ keto esters®™®*¢ and nitroalkanes’ have been extensively
used to produce diversely functionalized and synthetically useful
chiral adducts. Among the various nucleophiles, malononitrile is
a classic equivalent of the 1,3-dicarbonyl compounds, in which
the nitrile groups can be transformed into carboxylic acids,?
esters’ and amines.?*®1® However, the use of malononitrile as a
donor in conjugate addition has received much less attention®!!
and theoretical investigations on the mechanism involved remain
limited.'

For Michael addition of malononitrile, organocatalysts have
gained much interest.’®3 Bifunctional thiourea-catalyzed Michael
reactions have been developed successfully, in which the thiourea
moiety of the catalysts could act as a Brensted acid and interact
with the substrate through hydrogen bonding, resulting in the
enhancement of its electrophilicity. Meanwhile, the aliphatic
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tertiary amine unit can act as a Bronsted base to deprotonate and
activate the malononitrile by forming a hydrogen bond with its
anion."'*** Binary complexes between the N-acylpyrrolidine and
thiourea involving bidentate hydrogen-bond interaction have been
confirmed by '"H NMR experiments.'® Based on the experimental
observations, DFT investigations indicate that the reaction mech-
anism consists of three elementary steps: catalyst protonation,
C-C bond coupling and catalyst deprotonation. The C—C bond
coupling step has been identified as the energetic bottleneck in the
reaction channel.”?

Besides thiourea catalysts, Cinchona alkaloids and their deriva-
tives have also proved to be highly effective and versatile
organocatalysts in the Michael addition of malononitrile.'® The
basic tertiary amine nitrogen of the quinuclidine ring moiety
is thought to deprotonate the pro-nucleophile, malononitrile,
leading to an increase in nucleophilicity. Carbonyl substrates can
be activated by generating reactive iminium ion intermediates
through the primary amine group of Cinchona alkaloids"'® or by
a hydrogen-bonding interaction between the secondary hydroxyl
group of Cinchona alkaloids and the carbonyl compounds.'*

Based on the ‘double catalytic activation (DCA)’ concept,'
chiral Lewis acid catalysts containing cationic transition metal
or their complexes have been introduced to activate electrophiles
by a coordination interaction in the Michael addition reac-
tions by Kanemasa and his colleagues. The products with high
yield and satisfactory enantioselectivities can be obtained by
the use of both (R,R)-DBFOX/Ph-Ni(ClO,),-3H,0 and amine
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catalysts under DCA conditions."'* The (R,R)-DBFOX/Ph
cationic complexes of Ni(11) and Co(11) salts can successfully acti-
vate substituted malononitrile in alcohol, inducing the enantios-
elective tertiary/quaternary and quaternary/quaternary carbon—
carbon bond formation.'

Recently, Feng et al. have verified experimentally that the
quinine-Al(OiPr); complexes are effective for the enantioselective
Michael addition of malononitrile to chalcones, affording prod-
ucts in high yield and excellent enantioselectivity (up to 97% yield
and 93% ee).® In contrast, alkaloid alone without Al reagents
exhibited inferior results compared to those of the Al(11)—quinine
systems (only 39% yield with 69% ee was obtained). Based on
experimental observations, a possible dual activation mechanism
model is suggested, in which AI"™ coordinates with the oxygen
atom of the hydroxyl group of Cinchona alkaloids and works as a
more effective Lewis acid centre to activate the carbonyl group of
chalcone.?

Theoretical investigations aimed at the nature of the real
catalytic processes based on a quantum chemistry approach have
proved to be a useful tool.* DFT calculations, in particular those
using the B3LYP method, have proved effective in probing the
differential interactions in diastereomeric TSs that contribute to
the vital energy differences responsible for enantioselectivity in
these reactions.’' To understand the mechanism of the Michael
addition reaction between malononitrile and chalcones, and get
useful information on the asymmetric induction of the Lewis acid,
theoretical investigations on the detailed mechanism of Michael
addition of malononitrile to chalcones catalyzed by Cinchona
alkaloid-Al(OiPr); complexes were performed with the B3LYP*
and ONIOM'” methods in the present work.

Computational details

For the present system, a complete DFT analysis would be diffi-
cult, owing to very bulky structural elements. Therefore, models
were employed to probe the mechanism of the Michael addition of
malononitrile and chalcones catalyzed by CI-Al(OiPr), complexes
(as shown in Scheme 1).
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Scheme 1 Model system for the Michael addition reaction.

For the model system, all calculations were performed with the
hybrid DFT method, B3LYP, as implemented in the Gaussian
03 program package.”® Geometries were fully optimized with the
6-31++G** basis set and characterized by frequency analysis.
The intrinsic reaction coordinate (IRC) path was traced in order
to check the energy profiles connecting each transition state
to the two associated minima of the proposed mechanism.?”

Natural Bond Orbital (NBO)* analysis was performed to obtain
further insight into the electronic properties of the system. To
understand the mechanism of reaction, DFT analysis based on
the reactivity indices (electrophilicity index @ and nucleophilicity
index N)??2 of the reactants involved in C—C bond formation was
also performed by computing the B3LYP/6-31++G** HOMO
and LUMO energies at the ground-state of the molecules involved.
The calculated total energies and relative energies for stationary
points corresponding to reactants are listed in Table S1 in
the Supporting Information.} The effect of toluene solvent on
the reaction was considered by employing the self-consistent
reaction field (SCRF) method based on the polarized continuum
model (PCM)* at the B3LYP/6-31++G** level. Unless otherwise
specified, the Gibbs free energies corrected by both solvation and
zero-vibrational effect were used in the discussion. Furthermore,
Atoms In Molecules (AIM) was used to infer the existence, or
otherwise, of a molecular interaction for some key intermediates in
the reaction. In AIM theory, the interaction between two atoms is
revealed by the presence of a charge density in the interconnection
space and this charge density is related to a bond critical point
(BCP). If a (3,—-1) BCP existed between any pair of nuclei, these
nuclei were considered to be bonded to one another.?*

Based on the results obtained from the model system, the
actual reaction was further considered. With a view to reducing
computational costs, the ONIOM method was used to simulate
the asymmetric reaction system in the present study (the layering
of the system is shown in Scheme 2). The internal region was
treated with the hybrid functional B3LYP and 6-31++G** basis
set. The remainder of the system was optimized at the HF/STO-
3G level. The bonds between atoms in the core and outer layers
were broken and then saturated by hydrogen atoms (link atoms)
for the higher level part of the ONIOM calculation on the core
system. Each transition state was characterized by an analysis
of the vibrational mode corresponding to its unique imaginary
frequency. The calculated total energies and relative energies for
stationary points corresponding to the reactants are listed in Table
S2 in the Supporting Information.}
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Scheme2 Layering of the actual system for the Michael addition reaction.

Results and discussion

Isomerization and deprotonation of malononitrile catalyzed by
Cinchona alkaloid

The generally accepted mechanism for the activation of malonon-
itrile starts with deprotonation of malononitrile by amine base,
forming an ion pair structure.”? Calculations indicate that the
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tertiary amine N atom of CI could abstract the acidic hydrogen
atom from malononitrile to produce a "CH(CN), anion with high
nucleophilicity (Scheme 3), promoting C—C bond coupling.

CN
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CN N crts e ©
€l —— Cl----H-CH_ ——— CI—H---- NC__
“CN CH
cl-com cHm  CN

Scheme 3 Isomerization and deprotonation of malononitrile catalyzed
by Cinchona alkaloid (CI).

Initially, malononitrile (R1) is loosely bonded to CI by hydrogen
bonding with a slightly positive complexation free energy (6.8 kcal
mol™), forming the molecular complex, CI-COM (Fig. 1). The
N11-H4 and H15-N3 distances are 2.112 and 2.491 A, respec-
tively. The C1-H4 bond is slightly weakened with the increase in
C-H bond length from 1.097 to 1.117 A. In the following step, H4
transfers from C1 to N11 atoms via the transition state CI-TS.
The free energy barrier is predicted to be 13.5 kcal mol™, which
is similar to those of theoretical investigation on the thiourea-
catalyzed Michael addition reaction by Zhang et al'?> Such a
lower barrier indicates that the quinuclidine moiety of the alkaloid
is highly efficient for the isomerization and deprotonation of
malononitrile.
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Fig.1 Optimized geometries of molecular complex and transition states
for malononitrile isomerization and deprotonation catalyzed by Cinchona
alkaloid. Relative Gibbs free energies are shown in parentheses (kcal
mol™).

In the resulting ion pair (CI-IM1), the "CH(CN), anion is
reoriented to form a bidentate hydrogen-bond. The NBO charge
accumulated on the "CH(CN), anion is predicated to be —0.834 e.
The distance between N11 and H4is 1.072 A and the Wiberg bond
index is 0.555, indicating the abstraction of H4 from the C1 atom
and the formation of a N-H bond. As shown in Fig. 2(a), NBO
analysis indicates that there exists an orbital interaction between
the N2-C5 bonding orbital and the unfilled valence nonbonding
orbital of the H4 atom [BD(c)N2-C5— Lp*(1)H4 (52.4 kcal
mol™)]. Furthermore, AIM calculations suggest a larger charge
density (pl = 0.296 a.u.) and negative values of the Laplacian (V?
pl =—-1.525) on (3,-1) BCP 1. These results indicate a stronger
covalent interaction between the N11 and H4 with concentrated
charge density along the bond path. However, the positive values
of the Laplacian for BCPs 2 and 3 verify a relatively weaker
hydrogen-bonding interaction between the protonated alkaloid
and "CH(CN), anion (Fig. 2(b)). Table 1 shows reactivity indices
for reactants, molecular complexes and intermediates. Compared
with free malononitrile, the nucleophilicity index of CI-COM
increases from —0.40 to 2.80 eV. The higher value for CI-IM1
(4.32 eV) indicates that the "CH(CN), anion should be more

Table 1 Electronic chemical potential i, chemical hardness 7, global
electrophilicity @, and global nucleophilicity N for reactants, molecular
complexes and intermediate

Species ulau] nla.ul] o [eV] N [eV]
Malononitrile (R1) —-0.1996 0.3214 1.69 —-0.40
CI-COM —0.1423 0.2010 1.37 2.80
CI-IM1 -0.1159 0.1424 1.28 4.32
R2 —0.1593 0.1923 1.79 2.46
A-COM —-0.1400 0.0919 2.90 4.35
N-COM -0.1185 0.1007 1.90 4.81
@
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Fig. 2 (a) The visualization of the orbital interaction obtained by
Gaussview. (b) Charge density (p) and corresponding Laplacian (V? p)
of selected bond critical points (BCP) for CI-IM1 obtained by AIM.

reactive as a nucleophile for Michael addition of malononitrile
to chalcone.

Addition of malononitrile to model chalcone

Al(mm)—CI complex catalyzed reaction. In initial investigation,
a model system is employed to probe the possible reaction mech-
anism in detail. The experimental results indicate that quinine
reacted in situ with aluminium reagents to form a reactive quinine—
Al(1) complex, with the release of counter-ions (such as OiPr).?
The possible species, iPrOH, has been confirmed by NMR in
the Strecker reaction.”® Based on the experimental observations,
a tetra-coordinated Al(11)-complex is assumed, in which model
chalcone coordinates to the Al metal centre by the carbonyl
O atom. Consequently, a ternary complex (A—COM) is formed
initially at the reaction entrance (shown in Fig. 3).

For A-COM, the Al-O7 distance is predicted to be 1.862 A.
The C=C double bond for the carbonyl compound is longer than
that of free R2 (1.357 A vs. 1.344 A). The activation of carbonyl
substrate can also be verified by an increased global electrophilicity
(w=2.90¢V). The "CH(CN), anion is positioned equatorially with
the carbonyl moiety, with a distance of 1.778 A between H4 and
N2. NBO analysis indicates that the accumulated charge on the
carbonyl substrate and CH(CN), moiety are 0.058 ¢ and —0.813
e, respectively. As a result, charge transfer will occur from the
CH(CN), moiety to the carbonyl substrate coordinated with the
Al atom during the C-C bond formation step.

Next, the "CH(CN), anion approaches the carbonyl substrate,
leading to the formation of C—C bond in A-IM1 via the transition
state A-TS1. Calculations predict the free energy barrier for this
step to be 6.4 kcal mol™. For A-TSI, the distance between CI
and C10 is shortened remarkably from 3.449 to 2.328 A, and
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Fig.3 Optimized geometries of molecular complexes for Al(1i1)-complex
system (A—COM) and Cinchona alkaloid system (N-COM), respectively.

the increased interaction for forming the C—C bond can also be
verified by a larger Wiberg bond index of 0.322 (0.036 for A—
COM). Simultaneously, the C—=C double bond of the carbonyl
substrate moiety is further weakened, with the elongated C9-C10
bond length (from 1.357 to 1.399 A) and the decreased Wiberg
bond index (from 1.694 to 1.417).

The resultant intermediate A—-IM1 exhibits a zwitterionic char-
acter, with a larger net charge accumulated on the Al-carbonyl
complex framework (0.859 e) and the dipole moment (7.835
D). The CH(CN), group is stabilized by a weak hydrogen-bond
between the H atom of the quinuclidine ring and N2 atoms, and
the distance between the H4 and C9 atom is as much as 4.190
A. In the following step, the C9—C10 bond rotates to force the
larger bulky CH(CN), group away from the quinuclidine ring and
to force the protonated tertiary amine N atom of the quinuclidine
moiety closer to the C9 atom, leading to the formation of A—-IM2.

Then, the Michael addition reaction finishes by a proton
transfer from N11 to C9 via the transition state A-TS2, producing
a product-precursor A—-IM3. The desired product would be formed
by a direct dissociation of the Al-O bond. As shown in Fig. 4, this
H transfer step is predicted to be the RDS with an energy barrier of
12.4 kcal mol™ relative to A-COM at the reaction entrance. And
the barrier is significantly smaller than that of the background
reaction without catalyst (B-TS, 71.1 kcal mol™) (see Table SI in
the Supporting Informationt). These results indicate that the Al"-
complex exhibits good catalytic ability for the Michael addition of
malononitrile to chalcone.

Cinchona alkaloid catalyzed reaction. In order to get a better
understanding of the superior activation ability of the AI"-
complex as a Lewis acid for the carbonyl compounds observed
in experiments,® and to compare the reaction mechanisms with
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Fig. 4 Relative Gibbs free energy profile for the Michael addition of
malononitrile to chalcone catalyzed by the Al"'-complex.

and without Al catalyst, we also analyze alternative mechanisms
catalyzed by alkaloid alone.

Similarly, the reaction starts with the initial formation of
the molecular complex N-COM (shown in Fig. 3), in which
the carbonyl substrate interacts with the hydrogen atom of the
hydroxyl group of Cinchona alkaloid with an (O)H - - - O distance
of 1.789 A. The geometry is loose with a longer distance between
the C1 and C10 atoms (5.176 A).

Next, a C—C bond is formed via the transition state N-TS1. The
energy barrier for this step is predicted to be 18.8 kcal mol™, which
is higher than that of the Al'™'-complex system (6.4 kcal mol™).
Reactivity index analysis also suggests a lower electrophilicity
for the alkaloid complex than that of the Al"™-complex system
(1.90 vs. 2.90 eV). Therefore, the Al™-complex can be used as
an effective Lewis acid catalyst for the activation of the carbonyl
group, facilitating C—C bond formation.

IRC calculations and the following geometry optimizations as a
continuation of the IRC path indicate that the proton transfer from
the tertiary amine nitrogen atom (N11) of quinuclidine moiety
to the carbonyl oxygen atom (O7) (rather than to the methylene
carbon) occurs concomitantly with the formation of a C-C bond,
producing the intermediate N-IM1. For N-IM1, the Cinchona
alkaloid catalyst interacts with the enol isomer of the Michael
addition product with a H4-N11 distance of 1.722 A. Calculations
indicate that the direct proton migration in the enol isomer from
the carbonyl oxygen atom (O7) to the methylene carbon (C9) can
take place via a four-membered ring transition state (TS2) with a
higher energy barrier of 44.8 kcal mol™ (shown in Fig. 5). Another
lower energy barrier (30.4 kcal mol™) transition state (N-TS2) is
also found, in which H transfer is carried out with the aid of
the hydroxyl group of the Cinchona alkaloid. Starting from N—
IM1, the intermediate N-IM2 is formed by a rotation around
the H15-O7 bond with a small energy barrier of 1.8 kcal mol™.
For N-IM2, the H4-O14 and H15-C9 distances are 1.939 and
3.130 A, respectively. The weak hydrogen bonding between H15
and CH(CN), moiety is also favorable for the stabilization of N—
IM2 (the H15-N2 distance is 2.320 A). In the following step, a H
transfer from the O14 to C9 atom takes place concomitantly with
a proton migration from O7 to O14 via a concerted six-membered
ring transition state N-TS2, producing a product-precursor N—
IM3.

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 Relative Gibbs free energy profile for the Michael addition of
malononitrile to chalcone catalyzed by Cinchona alkaloid (CI).

Reaction coordinate

Comparison of mechanisms catalyzed by Al(ii1)-Cinchona alka-
loid complex and Cinchona alkaloid catalysts. Michael addition
reactions between the malononitrile and o, 3-unsaturated carbonyl
compounds are characterized by the dominant nucleophile-
electrophile interaction. The evolution of the electronic population
along the reaction path is analyzed since significant electronic
reorganization occurs in the formation of transition states.” Fig. 6
displays the evolution of charge on the “CH(CN), anion moiety
and the O atom of the carbonyl group as the reaction proceeds
along the IRC in the C-C bond formation step. The negative
charge on the "CH(CN), anion moiety decreases for both Cinchona
alkaloid and Al(11)-Cinchona alkaloid systems (Fig. 6(a)); while
the negative charge increases on the carbonyl groups (see Fig. S1
in the Supporting Informationt). These results indicate that there
is a charge transfer from the “CH(CN), moiety to the carbonyl
compounds in the C-C coupling step. The magnitude of charge
variation for Al(mn)-Cinchona alkaloid systems is narrower than
that of the Cinchona alkaloid systems, and the net charge transfer
of 0.255 e in A-TS1 is smaller than that in N-TS(0.380 ¢). Hence,
charge transfer between the “CH(CN), anion and the carbonyl
group moiety is lessened in the presence of an Al catalyst.

During the formation of A-IM1, the negative charge accumu-
lated on the carbonyl oxygen atom increases remarkably with the
accompanying formation of the C-C bond (Fig. 3(b)), leading
to the enhanced coordinating interaction between the O7 and Al
atoms. These results can also be verified by an increased Wiberg
bond index for the AI-O7 bond (from 0.277 to 0.363) and a shorter
Al-O7 distance (from 1.862 to 1.773 A) in A-IM1. As a result,
the Michael addition product moiety with a —0.777 e charge could
be stabilized by the Al"-complex, leading to the key intermediate
(A-IM2) necessary for the two-step mechanism. As opposed to
the Al(in)-Cinchona alkaloid system, the negative charge of the
~“CH(CN), anion moiety decreased dramatically during the initial
stage of the reaction in the CI system. Then, with the increased
interaction between the O and H atoms during the formation of
the C—C bond, the curve becomes gently smooth as a consequence
of a retrodonation process. As shown in Fig. 6(a), the negative
charges of the "CH(CN), moiety for N-TS1 and A-TS1 are —0.475
e and —0.557 e, respectively. The net charge accumulated on the O

— N-IM1
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IRC Steps
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Fig. 6 Evolution of the charge populations in the formation of the C-C
bond for the Michael addition reaction catalyzed by an Cinchona alkaloid
and Al(mn)-Cinchona alkaloid complex, respectively. (a) The evolution of
the charge populations for the CH(CN), moiety. (b) The evolution of
charge accumulated on the O atom of the carbonyl compound moiety.

atom for the Cinchona alkaloid is smaller than that of the Al(1r)—
Cinchona alkaloid during the C-C bond formation process (see
Fig. 3(b)). Then, the intermediate species with a more negative
character could not be stabilized sufficiently by the hydroxyl group
of the alkaloid during the formation of N-IM1. Consequently, the
proton on the quinuclidine ring should transfer from the N11 to
the O7 atom of the carbonyl moiety, forming an isomer of the
Michael addition product (N-IM1).

Stereoselectivities of products

Al(11)—quinine complex system. To explore the origin of the
stereoselectivity of the Michael addition of malononitrile to
chalcone, actual reaction systems are further considered (see
Scheme 2). Herein, we assume that the chalcone has a trans
double bond. Based on the results obtained from the model
reaction above, theoretical calculations are performed at the
ONIOM(B3LYP/6-311++G**:HF/STO-3G) level (see the Com-
putational details section). Considering different coordination
models, four kinds of possible tetra-coordinated Al(1i1)—quinine
complexes were investigated in the present work (Scheme 4), in
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which the chalcone has two different conformations, s-cis and s-
trans.

Calculations indicate that the tetra-coordinated Al(1i1)-quinine
complexes have tetrahedral geometries, in which quinine ligands
adopt an open conformation. The C—=C double bonds of the vinyl
groups are in a cis arrangement with the C16-H17 bond.” The
quinoline and quinuclidine moieties are placed on either side of
the O7-Al-0O14 plane, respectively, and the bulky OMe group of
the quinoline ring is positioned away from the chalcone substrate.

For A—-COM-Re-1 and A—-COM-Si-1, the C=C bonds of the
chalcones are on the same side of the quinuclidine moieties, while
the phenyl group gets closer to the quinoline ring of the quinine
ligands. The favorable n—r stacking effect between the quinuclidine
ring and the phenyl group of the chalcones may be responsible for
their lower relative energies compared to A—-COM-Re-2 and A—
COM-Si-2. For A—-COM-Re-1 with the lowest energy, the C=C
bond is s-trans to the carbonyl group in the chalcones and the
phenyl group attached directly to the C—=C double bond is placed
far away from the isopropoxyl group, avoiding steric hindrance.

Four possible reaction pathways are explored starting with
the corresponding Al(111)—quinine complexes shown in Scheme 4.
Similarly, the step corresponding to the H atom transfer from
the tertiary amine N atom to the chalcone is predicted to be
the RDS. Optimized structures and relative Gibbs free energy for
the key transition states are shown in Fig. 7 and Fig. S2 in the
Supporting Information, respectively. The lowest energy reaction
pathway (path 1) corresponds to the Re attack on chalcones,
producing the S-product via the transition state A-TS2-Re-1, with
energy barrier of 9.8 kcal mol™. For A-TS2-Re-1, the quinine
moiety rotates around the O-Al bond to move the abstracted
H atom of quinuclidine closer to the C atom on the chalcones.
Simultaneously, the quinoline ring moves away from the chalcone
substrates and isopropoxyl group, avoiding steric repulsion.
Compared with A-TS2-Re-1, A-TS2-Re-2 suffers more steric
hindrance from the isopropoxyl group and therefore is kinetically
unfavorable. Calculations predict that the energy barrier of A—
TS2-Re-2 is 3.1 kcal mol™ higher than that of A-TS2-Re-1. The
competing transition state to produce the R product is identified

9 I
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.:365 ) ' ‘d b
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° o

A-TS2-Re-1 —> S-Product
(9.8, favored) (18.0)

A-TS2-Si-2 —> R-Product
(12.9) (27.2)

A-TS2-Re-2 =— S-Product

Fig.7 Optimized geometries and relative Gibbs free energies (kcal mol™)
of the transition states for the H transfer step in a Michael addition reaction
catalyzed by an Al"™-complex.

as A-TS2-Si-1. Owing to steric repulsion between the bulky
isopropoxyl and phenyl groups of the substrate, the activation
barrier of 18.0 kcal mol™ is higher than that via A-TS2-Re-1 by
8.2 kcal mol™'. These results indicate the predominant product
has the S configuration, which is qualitatively in agreement with
experimental observations. A—TS2-Si-2 has the highest energy
barriers (27.2 kcal mol™) due to repulsion of the phenyl groups of
the substrate and the isopropoxyl group.

Quinine system. Furthermore, in order to gain insight into
the superior stereoselective induction observed for Al(111)-quinine
complexes, the asymmetric Michael addition reactions catalyzed
by quinine alone are investigated. The geometries of the key
transition states are also located on four reaction pathways as
shown in Fig. 8 and Fig. S3, respectively. Comparing to the
Al"™-complex systems, the initial molecular complexes are more
axially flexible owing to the absence of bulky isopropoxyl groups.
Calculations predict the energy barriers are about 8.3-16.0 kcal
mol™ for the C—C bond formation step (Table S2), which are higher
than those of the corresponding step in Al"-catalyzed systems
(4.5-7.3 kcal mol™). For N-TS1-Re-1, the chalcone substrate is
oriented by a hydrogen-bonding interaction of the hydroxyl group,
and the H14-O7 distance is predicted to be 1.908 A (see Fig. S3,
ESIY). Simultaneously, the hydrogen atom on the tertiary nitrogen
engages in the activation of the chalcone with an H4-O7 distance
of 1.580 A. As a result, the energy barrier for the C-C bond
formation step is lower than those of other pathways.

The H transfer step is also predicated to be the RDS for
the entire reaction (about 27.9-35.9 kcal mol™") catalyzed by
quinine. The reaction pathway with the lowest energy barriers
(27.9 kcal mol™, path 1) produces S-product via the transition state

This journal is © The Royal Society of Chemistry 2011
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Fig.8 Optimized geometries and relative Gibbs free energies (kcal mol™)
of transition states for the H transfer step in a Michael addition reaction
catalyzed by quinine.

N-TS2-Re-1. 1t is with the same stereochemistry as that of the
experimentally observed predominant one. As shown in Fig. §, the
distance between the tertiary amine N atom and H atom of the
CH(CN), moiety in N-TS2-Re-1 is 2.182 A, indicating hydrogen
bonding between them.® Simultaneously, the bulky quinoline ring
moiety rotates around the C12-C13 bond to move away from the
phenyl group of the chalcone, which may be of additional help to its
stability. Different from the reaction mechanism for the Al-system,
the activation barrier along path 2 via N-TS2-Si-1 is higher than
that of reaction path 4 via N-TS2-Si-2 by 2.5 kcal mol™'. The lack
of hydrogen bonding between the quinuclidine nitrogen atom of
quinine and the H atom in the CH(CN), group may make N—
TS2-Si-1 slightly unstable. Calculations predict that the relative
energy difference of the RDS for two competitive pathways (paths
1 and 4) is about 1.2 kcal mol™, which is smaller than that of the
Al"M-complexes system (8.2 kcal mol™). These results are in good
agreement with experimental observations that the chiral products
with lower ee values were obtained when quinine alone was used
as a catalyst.®

Therefore, an Al reagent with larger isopropoxyl groups com-
bined with a chiral quinine alkaloid directs the coordination of
the chalcone to adopt a certain conformation. As a result, a
relatively rigid AI"™-complex with an ideal chiral environment can
be formed (Scheme 5). Furthermore, the favorable n-—n stacking
effect between the quinuclidine ring of quinine and the phenyl
group of the chalcone also plays a key role in the stabilization
of the initial molecular complex. The steric repulsion between
the phenyl group attached to the carbonyl group in chalcone and

Al metal centre
(Lewis acid)

Alkaloid
N (Lewis base)

o W o
\AI\\ q quinoline ring

quinuclidine ring
>

CN= = =(

RN

Ph Re-attack = S-Product
(favored)

Scheme 5 Model proposed for predicting the stereochemistry of
the Michael addition of malononitrile to chalcones catalyzed by
Al(111)—quinine complex.

isopropoxyl groups of the Al"-complex may also have a great

effect on the enantioselectivity by increasing the hindrance of Si
attack in transition states, identifying a kinetically favorable Re-
attack on the chalcone. In the absence of Al reagent, the molecular
complex is relatively flexible, and the steric repulsion between the
phenyl group of chalcone and the quinoline ring of the quinine
alkaloid makes the bulky quinoline ring move away from the
chalcone substrate. As a result, S-product is formed with a lower
energy barrier. These results are in agreement with experimental
observations.®

Conclusion

DFT and ONIOM investigations on the mechanistic details
of asymmetric Michael addition of malononitrile to chalcones
catalyzed by Cinchona alkaloid-Al(OiPr); reveal the following
results:

1). A reactive tetra-coordinated Al(111)—Cinchona alkaloid com-
plex with a relatively rigid structure can be formed, in which the
A" acts as a more effective Lewis acid centre to activate the
electrophile chalcone, while the tertiary amine in the Cinchona
alkaloid works as a Lewis base to activate the nucleophile
malononitrile. The rate-determining step (RDS) is predicted to
be the H atom transfer from the tertiary amine to chalcone with
an energy barrier of 12.4 kcal mol™.

2). The steric repulsion between the phenyl group attached
to the carbonyl group in chalcone and the isopropoxyl groups
of the Al"-complex may play an important role in the control
of the enantioselectivity. The n—r stacking effect between the
quinuclidine ring of quinine and the phenyl group of chalcone may
also favor the stabilization of the preferred molecular complex.
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