
Available online at www.sciencedirect.com
Tetrahedron: Asymmetry 19 (2008) 568–576
Insight into the mechanism of the Michael addition of malononitrile to
a,b-unsaturated imides catalyzed by bifunctional thiourea catalysts
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Abstract—The Michael addition of malononitrile to an a,b-unsaturated imide catalyzed by a bifunctional-thiourea catalyst, which rep-
resents a prototype of catalytic asymmetric C–C forming reactions, has been investigated by performing density functional theory cal-
culations. Two enantioselective reaction channels, denoted as (R)- and (S)-channels, which refer to the (R)- and (S)-configurations of the
Michael adducts, have been explored in detail. It was shown that the formation of the Michael adduct involves three elementary steps:
the catalyst protonation, the C–C bond coupling, and the catalyst deprotonation. The C–C bond coupling step has been identified as the
energetic bottleneck along each channel. The calculated barrier for each of the three elementary steps along the (R)-channel is consid-
erably less energy demanding than the corresponding those along the (S)-channel. Factors contributing to the high enantioselectivity
have been clarified. The present results provided by our calculations are in agreement with all experimental findings and allow a detailed
and consistent view of the mechanistic details of this important reaction sequence.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Inspired by the highly efficient catalysis of multifunctional
enzymes, chemists have developed metal-based bifunc-
tional Lewis acid–Lewis base catalysts for asymmetric syn-
theses.1,2 However, metal-based catalysts are generally
poisonous,3 and the Lewis acid moiety in these catalysts
binds the basic site of substrates too strongly,4 thus limiting
their usability in aqueous or other benign environments.
Recently, metal-free catalysts have been developed due to
their environmentally and biologically friendly characteris-
tics. These catalysts generally possess H-bond donors and
Lewis base functionalities in an asymmetric molecular scaf-
fold.5–7 In particular, recently developed bifunctional thio-
urea catalysts have gathered much interest due to their
excellent enantioselectivity in asymmetric carbon–carbon
forming reactions.8–14

Owing to its importance in synthetic chemistry, the enan-
tioselective Michael additions to a,b-unsaturated carbonyl
compounds have caused great interest.15–17 Generally, the
use of a,b-unsaturated carbonyl compounds as acceptors
(electrophiles) for Michael additions is restricted to enones
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and nitroalkenes, while 1,3-dicarbonyl compounds are em-
ployed as nucleophiles.18,19 Recently, Jacobsen et al.20 and
Kanemasa et al.21 have extended the general acceptors to
encompass a,b-unsaturated imides and have realized the
Michael addition to them using malononitrile (an equiva-
lent to a 1,3-dicarbonyl compound) as a nucleophile with
metal-based catalysts. More recently, Takemoto et al.22

reported this catalytic Michael addition again using alter-
native bifunctional thiourea organocatalysts. They found
that the reaction proceeded with high enantioselectivity
[up to 93% ee, with major (R)-configuration adduct]. From
the 1H NMR spectra experiments, they observed binary
complexes between imides and catalysts, which essentially
involve a bidentate hydrogen-bond interaction (see Scheme
1). Furthermore, they proposed a plausible transition state
structure, where the nucleophilic carbon on the anion of
the malononitrile attacks the electron-deficient carbon of
the imide to form the desired Michael adduct (refer to
panel B of Scheme 3 in Ref. 22). Despite the remarkable
achievements on the experimental side for the important
Michael addition, our knowledge about the mechanistic
details still remains a puzzle, and the role of the active sites
of the catalysts in the catalytic process as well as the origin
of high enantioselectivity are not yet clearly established. In
fact, an explicit and complete elucidation of all elementary
steps involved in the reaction is experimentally not
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Scheme 1. Schematic diagram of the bidentate hydrogen-bond complex
between the thiourea and imide.
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possible. This indicates the need for a theoretical assistance
to better understand the Michael addition and rationalize
the experimental observations. We have thus initiated the
present theoretical investigation of the Michael addition
of malononitrile to a representative a,b-unsaturated imide
catalyzed by a typical bifunctional thiourea catalyst, as
shown in Scheme 2. Herein, we unravel the mechanistic de-
tails and the origin of high enantioselectivity by performing
density functional theory (DFT) calculations, from which
we expect to provide a close collaboration between experi-
ment and theory and hence further promote the develop-
ment of catalytic asymmetric formation of a carbon–
carbon bond in organic synthetic chemistry.
2. Models and computational details

As shown in Scheme 1, the system under consideration is
rather complex and thus computationally very expensive
for carrying out accurate quantum chemistry calculations.
In order to reduce computational costs, we have used a
truncated form of the bifunctional-thiourea catalyst, where
the 3,5-bis(trifluoromethyl) phenyl group was replaced by a
hydrogen atom, as shown in Scheme 3. Such simplification
is expected to be appropriate enough since the truncated
group is not part of the active sites of the Michael addition
and plays a less important role during the reaction, while
the imide and malononitrile molecules are sufficiently small
that we can use their whole forms in the present calcula-
tions. For the sake of convenience, the simplified catalyst
and imide, as well as malononitrile will be hereafter
denoted as 1, 2, and 3, respectively.
N

S

CF3

F3C

N

O

CH2(CN)2+

O

H3C

H

Scheme 2. Asymmetric Michael addition of malononitrile to the a,b-unsatura
Our calculations were carried out within the framework of
density functional theory (DFT). The hybrid functional
B3LYP23,24 was chosen in view of its successful perfor-
mance in modeling organic compound systems, as demon-
strated in numerous papers.25,26 All species involved in the
reaction, including reactants, products, minima, and transi-
tion states, were first optimized using the standard 6-31G
basis set supplemented with polarization functionals only
for the key atoms which are directly involved in the reac-
tion processes. The polarization orbital exponents used in
our calculations are 1.1, 0.6, 1.154, and 0.864 for H, C,
O, and N atoms, respectively. To obtain relatively reliable
results, optimization calculations were refined using the
more extended basis set 6-31G(d,p) for all atoms. Once
the stationary points were obtained at the B3LYP/6-
31G(d,p) level, the harmonic vibrational frequencies were
calculated at the same level to identify their nature (minima
or first-order saddle-points) and to provide zero-point
vibrational energy (ZPE) corrections. The intrinsic reaction
coordinate (IRC)27 paths were traced in order to verify the
pathways between the transition states and the correspond-
ing minima. The atomic charge assignments were based on
natural population analysis (NPA). The GAUSSIANGAUSSIAN 03 pro-
gram package28 has been used throughout the calculations.
Zero-point vibrational energies (ZPE) have been included
for all energies cited.
3. Results and discussion

3.1. Catalyst and substrates

The molecular structure of the bifunctional thiourea cata-
lyst shown in Scheme 1 has recently been discussed in detail
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by Hamza et al.29 Several stable structures on the confor-
mational landscape have been located by performing a
detailed conformational analysis. They found that the
interconversion barriers between the optimal conformers
are low (5.4–12.8 kcal mol�1), indicating that the dynamic
equilibrium between them can be easily achieved at room
temperature. Hence, as generally accepted, they proposed
that the catalyst in solution may prefer the particular con-
formation with the two N–H bonds of the thiourea unit
and the amino group pointing in the same direction to effi-
ciently activate the substrates, although it is not the most
energetically favorable form in the gas phase. A so-oriented
catalyst structure was confirmed to be the most efficient for
stabilizing its adducts with substrates. Furthermore, such a
conformation is also consistent with the X-ray crystallo-
graphic structure of the catalyst.30 Therefore, the isomer
of 1 with two N–H bonds of thiourea unit and the amino
group oriented in the same direction was used as the appro-
priate geometry. Its optimized structure (Fig. 1) shows an
intramolecular N–H� � �N hydrogen bond of 2.191 Å, which
is much shorter than that in the solid state (2.70 Å) but in
fair agreement with the recently reported theoretical value
(2.15 Å) by Hamza et al.29 It should be noted that the H–
N–N–H dihedral angle was calculated to be 46.3�, indicat-
ing that the two N–H bonds are out of plane.

For substrate 2, it is necessary that the two carbonyls are
oriented in the same direction in order to be activated via
Figure 1. Optimized geometries for catalyst 1, imide 2 and malononitrile 3 wi
the double H-bond coordination with 1. As shown in Fig-
ure 1, the two carbonyls are almost parallel and the O–C–
C–O dihedral is only 13.7�. For the present system, exper-
imental geometrical parameters are only available for sub-
strate 3. As shown in Figure 1, the theoretical values are in
good agreement with the corresponding experimental find-
ings, thus insuring the reliability of our chosen computa-
tional level.

3.2. Substrate–catalyst association

The appropriate substrate–catalyst association is crucial
for efficiently activating substrates. To establish the opti-
mal arrangement between catalyst 1 and substrates 2 and
3, we optimized the binary complexes between them, which
will be denoted as 1–2 and 1–3, respectively. For 1–2, our
calculations predicated two stable complexes, 1–2(I) and
1–2(II), each of which involves a bidentate hydrogen-bond
interaction with the dicarbonyl group in 2 as a hydrogen-
bond acceptor and the thiourea unit of 1 as a hydrogen-
bond donor. In 1–2(I), the dicarbonyl group unit is nearly
perpendicular to the thiourea unit, in contrast to the almost
coplanar arrangement in 1–2(II). As shown in Figure 2, the
bidentate H-bond distances in 1–2(I) are 2.019, 2.261, and
2.283 Å, while they are 2.049, 2.349, and 2.164 Å in 1–2(II).
It should be noted that an additional, relatively weak
C–H� � �N hydrogen bond with a H� � �N distance of
2.474 Å exists in 1–2(I), which may be the reason that
th selected bond lengths (in Å) and angles (�).



Figure 2. Optimized geometries for the binary complexes of the catalyst 1 with imide 2 and malononitrile 3 with selected bond lengths (in Å). The value in
the square brackets denotes the imaginary frequency.
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1–2(I) is slightly more favorable in energy than 1–2(II). The
formation of these H bonds supplies stabilization energies
of 10.50 and 9.89 kcal mol�1 for 1–2(I) and 1–2(II). For
1–3, the most stable structure is characterized by the main
N� � �H–C hydrogen bond of 2.089 Å and a relatively weak-
er bifurcated N–H� � �N hydrogen bond, as shown in Figure
2. The binding energy of this complex is calculated to be
6.84 kcal mol�1, which is 3.66 kcal mol�1 smaller than that
of 1–2(I). This fact indicates that the catalyst prefers to
associate with 2 rather than 3, which may be the reason
why the binary complex of the catalyst with the imide could
be spectroscopically detected, while the corresponding
complex with malononitrile was not observed in the 1H
NMR spectrum experiment.22

3.3. Generation of malononitrile anion

According to the mechanism proposed by Takemoto,22 the
formation of malononitrile anion provides the active
nucleophilic carbon, promoting the ensuring C–C bond
coupling. The formation of this anion is, in fact, a deproto-
nation process of 3 by the basic amine group in 1. It is
known that both hydrogens on the methylene in 3 are
active due to the strong electro-withdrawing character of
CN group, and thus it is easily deprotoned via a proton
transfer from the methylene to the amine group of 1, as
confirmed by the calculated small energy barrier
(10.55 kcal mol�1) of this process. The optimized transition
state structure related to this process is shown in Figure 2,
denoted as TSð1–3Þ–ð1–30Þ, where the thiourea unit of 1 stabi-
lizes the structure via bifurcated hydrogen bonds. Follow-
ing the forward IRC calculations from TSð1–3Þ–ð1–30Þ, we
have located an ion pair structure 1–30, where the deproto-
nated 3 is reoriented so as to form a more stable N–H� � �N
hydrogen-bond-containing complex, as shown in Figure 2.
At the present theoretical level, 1–30 is found to be
5.99 kcal mol�1 more stable than 1–3.

3.4. Ternary complexes

The above analysis has actually provided an initial guid-
ance for understanding the Michael addition. It appears
that the thiourea unit of 1 activates 2 via multiple H bonds
to enhance the electrophilic character of the carbon center
as an acceptor, while its amine group interacts with 3 to
generate the nucleophilic carbon center as the donor. To
confirm this conjecture, we studied the geometry of the ter-
nary complex among 1, 2, and 3. Two isomers are obtained
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by attaching 3 to 1–2(I) and 1–2(II) with a H on the meth-
ylene approaching the N atom on the amine group. Such
ternary complexes will be denoted as IM1(R) and
IM1(S), which means that the initial (R)- and (S)-configu-
ration intermediates form (R)- and (S)-configuration
adducts. The optimized geometries of IM1(R) and
IM1(S) are shown in Figures 3 and 4, respectively, both
of which are characterized by multiple H bonds, including
the bifurcated H bonds between the diketone group in 2
and the thiourea unit of 1, and the normal H bond between
the amine group of 1 and the H atom in the methylene of 3.
IM1(R) and IM1(S) were found to be more stable by 21.23
and 20.36 kcal mol�1 in energy, relative to their separated
species, respectively. These ternary complexes are consid-
ered as appropriate precursors to the C–C bond coupling
reaction.

3.5. C–C bond formation

In this section, we explore the C–C bond formation mech-
anism along the two enantioslective channels, (R)- and
(S)-channels, which correspond to the formation of the
(R)- and (S)-configuration Michael adducts, respectively.
Figure 3. Optimized structures with selected bond distances (in Å) for the stati
parentheses in IM2(R) denote the NPA charge on the carbon centers to be coup
Figures 3 and 4 show the optimized geometries of minima
and transition states along these two channels, and the cor-
responding potential energy surfaces profiles are given in
Figure 5. We found that the mechanisms along the two
channels are very similar to each other, so it is only neces-
sary to describe one of them in detail, that is, the (R)-chan-
nel. As shown in Figure 5, the C–C bond formation
involves three elementary steps: the catalyst protonation,
the C–C bond coupling, and the catalyst deprotonation.

The catalyst protonation involves the proton migration
from the methylene to the amine group. In this process,
IM1(R) is converted to IM2(R) via transition state TS1–2

(R), where the C–H bond (1.445 Å) on the methylene is
breaking, while the N–H bond (1.314 Å) is forming. The
calculated barrier for this process is only 6.94 kcal mol�1,
similar to that (10.55 kcal mol�1) found in the deprotona-
tion process of 3 by 1 without the presence of 2. This indi-
cates that even in the ternary complex, the proton
migration can take place easily, that is, the presence of 2
does not cause steric hindrance to the deprotonation pro-
cess. It should be noted that IM2(R) is stabilized via a
N–H� � �N hydrogen bond with an H� � �N distance of
onary points located along the (R)-enantioselective channel. The values in
led, and the values in the square brackets denote the imaginary frequency.
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1.682 Å, indicating that the anionic 3 unit has been reori-
ented after deprotonation, that is, 1 is able to recognize
the substrate to be an optimal position to promote the reac-
tion. The NPA on IM2(R) shows that the NPA charges on
the electrophilic and nucleophilic carbon centers are 0.02
and �0.31 e, in contrast to those in free 2 and 3, �0.03
and �0.28 e, showing an enhancement in the electrophilic-
ity of 2 and the nucleophilicity of 3 via their binding to 1.

The following C–C bond coupling between the two carbon
centers occurs via transition state TS2–3(R), where the dis-
tance of the forming C–C is 2.130 Å and the transition vec-
tor corresponds to the expected components of the reaction
coordinate. Our calculations show a moderate energy bar-
rier (11.43 kcal mol�1) for this coupling process. By com-
paring the H-bond distances in TS2–3(R) with those in
IM2(R), we find that the bidentate H-bond is strengthened
while the N–H��N hydrogen bond is weakened. This can be
attributed to the charge transfer from the nucleophilic cen-
ter to the electrophilic center and the following charge
delocalization. In fact, the NPA can quantify this change
with charge values for the two carbonyl oxygens and for
the cyano-nitrogen adjacent to the proton. They are
�0.633, �0.605, and �0.633 e in IM2(R) and �0.706,
�0.660, and �0.501 e in TS2–3(R), respectively. From the
forward IRC calculation from TS2–3(R) we obtained
IM3(R), which is efficiently stabilized by the multiple H
bonds and lies 16.24 kcal mol�1 below the entrance.
IM3(R) is actually a binary complex between protonated
1 and the Michael adduct.

Finally, the Michael adduct can be obtained via the cata-
lyst deprotonation by 1. It is noteworthy that in IM3(R)
there is a strong H bond between the protoned amine
group and the carbonyl oxygen, as indicated by the short
N–H� � �O H bond distance of 1.551 Å. As a result, the pro-
ton may prefer to transfer to the carbonyl oxygen rather
than to the methylene carbon to form the enol isomer of
the Michael addition. Our calculations show that the pro-
ton migration to the carbonyl oxygen can take place very
easily, and the barrier related to this process was found
to be only 0.19 kcal mol�1. As shown in Figure 3, we have
located the transition state structure related to the deproto-
nation process, TS3–4(R), and the IRC calculation shows
that it connects IM3(R) and IM4(R). IM4(R), a product-
like precursor, lies 16.60 kcal mol�1 below the entrance,



Figure 4. Optimized structures with selected bond lengths for the stationary points located along the (S)-enantioselective channel. The values in the square
brackets denote the imaginary frequency.
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and its direct dissociation can result in the formation of an
(R)-configuration of the enol Michael adduct (denoted as P
in Fig. 5) and the release of catalyst 1.

It should be noted that all stationary points involved in the
above three elementary steps involve multiple H bonds,
which organize the catalyst and substrates to their optimal
arrangements so that both the substrates are activated
simultaneously. From the profile of the potential energy
surface shown in Figure 5, it is clear that the C–C bond
coupling step is the rate-determining step to form the
Michael adduct. The mechanism details along the (S)-
channel are nearly the same as those along the (R)-channel,
meaning that we only show the related results in Figures 4
and 5 without detailed description. However, one thing
that should be noted is that along the (S)-channel, the
energy demanded in going from IM3(S) to TS3–4(S) is only
0.46 kcal mol�1, and in fact, adding ZPE correction
reverses their order, so that TS3–4(S) is actually lower in
energy by 2.77 kcal mol�1. This suggests that the potential
energy surface around this area is very flat and the corre-
sponding catalyst deprotonation can occur easily.

3.6. Enantioselectivity

From Figure 5, it is apparent that all the stationary points
along the R-channel lie lower than those along the (S)-
channel. The barriers of the three elementary steps
involved in the Michael addition are 6.94, 11.43, and
0.19 kcal mol�1 along the (R)-channel, while those along
the (S)-channel are 10.43, 16.62, and �2.77 kcal mol�1.
In particular, the barrier of the rate-determining step (C–
C bond coupling process) for the former is 5.19 kcal mol�1

more favorable than the latter. This fact indicates that the
Michael addition occurs predominantly along the (R)-
channel, which supports the experimentally observed high
enantioselectivity with the major (R)-configuration of the
Michael adduct. To better understand this enantioselectiv-
ity, we focused our attention on the geometrical character-
istics of the stationary points involved along the two
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channels. Taking TS2–3(R)/TS2–3(S) (the transition state
structure of the rate-determining step along each channel)
for example, we studied their geometrical arrangements
in detail and found out a few effects that contribute to
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the enantioselectivity of the reaction. First, it was noticed
that the static repulsion between units 2 and 3 around
the area of the forming C–C bond plays an important role.
The staggered conformation of the C–C�N group and the
C@C bond in TS2–3(R) results in its higher stability relative
to TS2–3(S), in which the two groups are in an eclipsed con-
formation instead. Another factor that controls the enantio-
selectivity is the electronic repulsion between the two
carbon centers, which is developing into the C–C bond of
the Michael adduct. Accordingly, the C–C distance in
TS2–3(R) (2.130 Å) is relatively larger than that in
TS2–3(S) (1.985 Å), thus making TS2–3(R) energetically
more favorable than TS2–3(S). Lastly, the N–H� � �N hydro-
gen bond has an important effect on the enantioselectivity,
which results in the delocalization of the negative charge on
the nucleophile and thus is unfavorable for the C–C bond
coupling. As demonstrated by the calculated geometrical
parameters, such an H-bond interaction in TS2–3(R) is
weaker than that in TS2–3(S), leading to a lower energy
of TS2–3(R) relative to TS2–3(S). The interplay between
these effects ultimately determines the high enantioselectiv-
ity of the Michael addition with the main (R)-enantiomer.
4. Conclusions

In conclusion, our DFT calculations provide the key basis
for understanding the Michael addition of malononitrile
to a, b-unsaturated imides catalyzed by bifunctional thio-
urea catalysts. It is shown that docking both the acceptor
and the donor of the Michael addition into the active sites
of the catalyst is achieved via intermolecular hydrogen-
bonds. The two enantioselective reaction channels leading
to the (R)- and (S)-Michael adducts have been determined
in detail. Along both the (R)- and (S)-channels, the Mi-
chael addition proceeds via three elementary steps (the
protonation of the catalyst, C–C bond coupling, and
deprotonation of the catalyst), while the (R)-channel is
found to be energetically more favorable than the (S)-chan-
nel through each elementary step. The factors contributing
to the high enantioselectivity have been clarified. The pres-
ent results rationalize the experimental findings well, and
also would stimulate further research toward the asymmet-
ric Michael addition for an ever-widening range of synthe-
sis both experimentally and theoretically.
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