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ABSTRACT: In-depth understanding of the activation
mechanism in asymmetric organocatalysis is of great
importance for rational development of highly efficient
catalytic systems. In this Article, the mechanism for the direct
vinylogous Michael reaction of α,β-unsaturated γ-butyrolactam
(Nu) and chalcone (EI) catalyzed by the bifunctional cinchona
alkaloid thiourea organocatalyst (Cat) was studied with a
combination of experimental (NMR) and theoretical (DFT)
approaches, through which a new dual activation pathway was
found. The key feature of this new dual activation mechanism
(Pathway C) is that one N−HA of the thiourea moiety and the N−H of the protonated amine in Cat simultaneously activate Nu,
while the other N−HB of the thiourea moiety activates EI. Both the NMR measurement and the DFT calculation identified that
the interaction of Cat with Nu is stronger than that with EI in the catalyst−substrate complexes. Kinetic studies via variable-
temperature NMR measurements indicated that, with the experimental activation energy Ea of 10.2 kcal/mol, the reaction is all
first-order in Nu, EI, and Cat. The DFT calculation further revealed that the C−C bond formation is both the rate-determining
and the stereoselectivity-controlling steps. In agreement with the experimental data, the energy barrier for the rate-determining
step along Pathway C was calculated as 8.8 kcal/mol. The validity of Pathway C was further evidenced by the calculated
enantioselectivity (100% ee) and diastereoselectivity (60:1 dr), which are in excellent match with the experimental data (98% ee
and >30:1 dr, respectively). Mechanistic study on the Michael addition of nitromethane to chalcone catalyzed by the Catalyst I
further identified the generality of this new dual activation mechanism in cinchona alkaloid thiourea organocatalysis.

■ INTRODUCTION

Since 2000, asymmetric organocatalysis has been developed as
a valuable strategy for the diverse synthesis of chiral
compounds.1 Design, application, and mechanistic investigation
on new activation modes (such as enamine, iminium, and
hydrogen-bonding catalysis) have dramatically advanced the
development in this field.2,3 Mimic to the enzyme catalysis, the
bifunctional catalysis mode, that is, the simultaneous activation
of two reaction substrates via multiple and relatively weak
catalyst−substrate interactions (e.g., hydrogen bonding), has
broadened the scope of research in asymmetric organocatalysis
in recent years.4,5 Particularly, the bifunctional thiourea−
tertiary amine organocatalysts (Figure 1), bearing a thiourea
moiety and an amine group in the chiral scaffold, have been
used for catalyzing a variety of nucleophile−electrophile
addition reactions.4a,c−e,g,h,j,5 Although many synthetic achieve-
ments have been made with these bifunctional thiourea−
tertiary amine organocatalysts, the mechanistic studies,
especially on the activation modes, the elementary steps, and
the origins of stereoselectivity control, have rarely been
conducted via experimental approaches.6 On the other hand,
computational methods have been becoming a versatile tool for

understanding the organocatalytic mechanisms toward the
rational design of more efficient catalytic systems.3g,7 In this
context, several theoretical studies on bifunctional thiourea
organocatalysis have been carried out, providing valuable
insights into the catalytic mechanisms.6d,e,8 For example,
upon the first report of thiourea−tertiary amine organo-
catalysts, Takemoto et al.6a,9 proposed a dual activation
mechanism (Pathway A), in which the catalyst first

Received: October 4, 2012
Published: October 8, 2012

Figure 1. Typical bifunctional thiourea−tertiary amine organo-
catalysts: the Takemoto catalyst (a), and two representative examples
of cinchona alkaloid thioureas (b).
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deprotonates an acidic proton of the nucleophile, and then the
thiourea activates the electrophile while the protonated amine
activates the nucleophile. In contrast to the qualitative model
proposed by Takemoto, Paṕai et al.8d conducted theoretical
studies and proposed an alternative dual activation mechanism
(Pathway B). In Paṕai’s proposal, the thiourea activates the
nucleophile, while the protonated amine activates the electro-
phile. Both Pathway A8c,f,k,q,10 and Pathway B8h,o,p,11 have
found some validity in subsequent experimental and theoretical
work. However, no systematic information is available about
the preferential pathway for a certain reaction catalyzed by
bifunctional thiourea−tertiary amine organocatalysts.
It is important to mention that even slight modification of

the organocatalysts or substrates in the experimental protocols
could significantly affect the yield and stereoselectivity of the
reaction products.12 On the other hand, adoption of the
simplified catalysts or substrates to enhance the computational
speed8c,i−k would also bring uncertainty to the theoretical
elucidation of the real mechanisms involved in the complex
thiourea−tertiary amine organocatalysis; this is especially true
for predicting the stereoselectivity, which is more sensitive to
the steric and electronic effects. Moreover, with the quinoline
ring and the bulkier tertiary amine group (8-vinylquinuclidine)
in the chiral scaffold, cinchona alkaloid thiourea organocatalysts
(Figure 1b) are structurally different from that of the Takemoto
catalyst (Figure 1a). Therefore, the reaction mechanism and the
stereochemical control involved in cinchona alkaloid thiourea
organocatalysis may also be different and more complex.
However, examples of experimental or theoretical investigations
on this important issue are rather rare.8d,o

We have recently developed an asymmetric direct vinylogous
Michael addition of α,β-unsaturated γ-butyrolactam (Nu) with
chalcone (EI) catalyzed by a cinchona alkaloid thiourea
organocatalyst (Cat in Figure 1b).13 The reaction was achieved
with high yields (73−95%) and excellent enantio- and
diastereoselectivities (94−99% ee and up to >40:1 dr). In
this Article, we carried out mechanistic investigations on one
representative example (Scheme 1) of this reaction via both

experimental (liquid 1H NMR) and theoretical (DFT)
approaches, through which a new dual activation mechanism
(Scheme 3, Pathway C) was revealed. Different from those
proposed by Takemoto (Pathway A) and Paṕai (Pathway B),
the binding mode in Pathway C is that one N−HA of the
thiourea moiety and the N−H of the protonated amine in Cat
simultaneously activate Nu, while the other N−HB of the
thiourea moiety activates EI.

As shown in Figure 2, in the catalytic process of the
investigated reaction, the catalyst (Cat) first activates both the
enolic form of Nu (enolic Nu)14 and EI, accompanied by the
protonation of the quinuclidine amine of Cat (substrate
binding and catalyst protonation). Through the formed ternary
complex, the C−C bond formation occurs between Nu and EI
(C−C bond formation). Afterward, the recovery of Cat and the
formation of the reaction product are achieved via the
dissociation and keto−enol tautomerization of the preliminary
Michael adduct (catalyst recovery). In this Article, we
accordingly clarified the following aspects concerning the
reaction mechanism: (1) The interaction of Cat with Nu is
stronger than that with EI in the catalyst−substrate complexes.
(2) The C−C bond formation is both the rate-determining and
the stereoselectivity-controlling step. (3) Most importantly, a
new dual activation mode (Pathway C) was found for the C−C
bond formation, in which one N−HA of the thiourea moiety
and the N−H of the protonated amine in Cat simultaneously
activate Nu, while the other N−HB of the thiourea moiety
activates EI. (4) The activation energy and the stereoselectivity
obtained via the DFT calculation are in excellent agreement
with the experimental data, which validates Pathway C as the
preferential activation mechanism. (5) Mechanistic study on
the Michael addition of nitromethane to chalcone further
verified the generality of Pathway C in cinchona alkaloid
thiourea organocatalysis.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

1H and 13C NMR spectra of the catalyst (Cat), two substrates (Nu and
EI), and the mixtures of Cat with Nu and EI were recorded at ambient
temperature in either CDCl3 or C6D6

15 on a 400 MHz liquid NMR
spectrometer. Kinetic studies were performed through variable-
temperature 1H NMR measurements at T = 24, 30, 40, 50, and 60
°C with samples in NMR tubes using CDCl3 as the solvent. The
reaction order in Nu was determined by monitoring its consumption
in the presence of a 10-fold excess of EI, while the reaction order in EI
was examined in the same way with a 10-fold excess of Nu. The
reaction order in Cat was determined by measuring the relative rate
constant at different catalyst loadings.

The real structures of Cat, Nu, and EI were used in the
computations without any simplification or modification. Solvent
effect was also taken into account. Quantum chemical calculations
were performed using the hybrid density functional method B3LYP16

as implemented in the Gaussian 09 program suite.17 All geometry
structures were first optimized with the moderate 6-31G(d) basis set
in the gas phase. A more accurate 6-31G(d,p) basis set was then
employed for further optimization, using the CPCM polarization
continuum model18 and UFF radii, with CHCl3 as the solvent.
Afterward, frequency calculations were performed at the same level as
the geometry optimizations to confirm the minimum and transition
state (TS) structures (zero and only one imaginary frequency,
respectively). Intrinsic reaction coordinates (IRC) were calculated for
all of the transition states to verify that the saddle point has connected
with the correct reactant and product on the potential energy
surface.19 Finally, single-point electronic energies were calculated with
the B3LYP/6-311++G(d,p) including the solvent (CHCl3) effect.
Unless stated otherwise, the energy data are derived from the B3LYP/
6-311++G(d,p) (CPCM, CHCl3)//B3LYP/6-31G(d,p) (CPCM,
CHCl3) calculations, including the zero-point energy (ZPE)
corrections from frequency calculation. The structure images were
generated using CYLview software.20 All of the bond lengths are in
angstroms (Å), and the energies are in kcal/mol.

Scheme 1. Representative Example of the Asymmetric Direct
Vinylogous Michael Addition of α,β-Unsaturated γ-
Butyrolactam (Nu) to Chalcone (EI) Catalyzed by
Bifunctional Cinchona Alkaloid Thiourea Organocatalyst
(Cat)13
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■ RESULTS AND DISCUSSION

Molecular Structure of the Catalyst. The bifunctional
catalyst, Cat, was synthesized according to the published
procedures.21 The chemical structure of Cat was identified
through a series of 1D and 2D NMR measurements, by which
the 1H and 13C chemical shifts were fully assigned (Figures S1−
4). Cat contains two active sites, that is, the thiourea moiety
and the quinuclidine amine, in the chiral scaffold. Because the
spatial arrangement of these two moieties is very important for
activating the substrates, we first carried out the structure
optimization to obtain the most stable conformation of Cat.22

As depicted in Figure 3a, both the thiourea moiety and the
quinuclidine amine orient to the same direction in the chiral
scaffold of Cat. This conformation is ideal for the dual
activation of both electrophiles and nucleophiles, and a similar
result has previously been found with other Cat analogues.6a,23

An intramolecular N−H...N hydrogen bond (length of 2.07 Å)
is formed between the quinuclidine amine and one thiourea
proton (N−HA). These two active sites in the particular spatial
arrangement, together with the quinoline ring and the
quinuclidine moiety, provide uniquely a chiral active pocket
(Figure 3a). This chiral pocket can efficiently bind and activate
both substrates and, as a result, govern the stereoselectivity
during the subsequent C−C coupling step (vide infra).
Substrate Binding and Catalyst Protonation. We

applied both theoretical and experimental approaches to clarify
how Cat activates Nu and EI. Via the DFT calculations, we

succeeded in finding the most stable catalyst−substrate
complexes. Via the 1H NMR measurements, we were able to
verify the hydrogen-bonding interaction between the catalyst
and the substrates. Both the NMR measurement and the DFT
calculation indicated that the interaction of Cat with Nu is
stronger than that with EI in the catalyst−substrate complexes.
Theoretical calculations predicted that three stable binary

Cat−Nu complexes (i.e., Complex 1a, 1b, and 1c in Scheme 2)
can be first formed between Cat and the enolic Nu via the
hydrogen bonds. The calculated binding energies of Complex
1a, 1b, and 1c are −0.2, −3.6, and −5.6 kcal/mol, respectively.
The stability of these Cat−Nu complexes follows the order of
1a < 1b < 1c, which is caused by the gradually enhanced
hydrogen-bonding interaction between Cat and the enolic Nu.
After the formation of the binary Cat−Nu complex, the
quinuclidine amine of Cat deprotonates a proton from the
enolic Nu, which is assisted by the adjacent thiourea N−H
groups (Scheme 2). Because of the proton transfer, the
interaction between Nu and Cat in the transiton states (i.e.,
TS1a−2a, TS1b−2b, and TS1c−2c in Scheme 2) is increased as
compared to that in the initial binary complexes (Complex 1a,
1b, and 1c). This makes the energy barrier of this process very
low and even negative, the value of which is 1.4, −0.9, and −1.0
kcal/mol for Complex 1a, 1b, and 1c, respectively. This finding
indicates that the protonation step is almost a barrierless
process and, therefore, can easily proceed in each case. Similar
cases have been identified in other proton-transfer reactions.24

Figure 2. The catalytic process proposed for the reaction shown in Scheme 1, which involves a new dual activation mechanism. The key feature of
this mechanism is that one N−H of the thiourea moiety and the N−H of the protonated amine in Cat simultaneously activate Nu, while the other
N−H of the thiourea moiety activates EI.

Figure 3. The most stable structures of Cat (a), Cat−Nu binary complex (b, Complex 2c), and Cat−EI binary complex (c, Complex 3a).
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The interaction between Nu and Cat in the protonated binary
complexes (i.e., Complex 2a, 2b, and 2c in Scheme 2) is
stronger than that in the initial binary complexes (Complex 1a,
1b, and 1c), probably due to the zwitterion nature.4e Complex
2c is the most stable one, the final binding energy of which is
−6.4 kcal/mol. As seen from the structure of Complex 2c
(Scheme 2 and Figure 3b), Nu is activated by two N−H (N−
HA and N−HB) of the thiourea moiety and one N−H of the
protonated amine. Moreover, the changes (ΔG) in the Gibbs
free energy for this process are also as low as 0.1, −3.0, and
−1.2 kcal/mol, respectively.25 Therefore, the protonation of
Cat is kinetically feasible and thermodynamically reversible.
As shown in Figure 3c, our calculations indicated that, with a

binding energy of −4.5 kcal/mol (see Supporting Information
for details), the most stable binary Cat−EI complex (Complex
3a) is formed through two hydrogen bonds. In the binary
Complex 3a, due to the strong steric repulsion between the
two phenyl groups of EI and the quinuclidine moiety of Cat, EI
is nearly perpendicular to the plane of the thiourea moiety of
Cat. Two (one weak and one strong) hydrogen bonds (2.52
and 1.87 Å) can be formed between the carbonyl group of EI
and the thiourea N−HA, N−HB of Cat, respectively. The
binding energy of the binary Cat−Nu complex (Complex 2c,
−6.4 kcal/mol) is 1.9 kcal/mol larger than that of the binary
Cat−EI complex (Complex 3a, −4.5 kcal/mol). Therefore, the
binding of Cat with Nu is stronger than that with EI.
The above results on substrate binding were further verified

by our NMR investigations. Figure 4 shows the 1H NMR
spectra of Cat in the presence of Nu (from 0.0 to 3.0 equiv) in
C6D6.

26 Almost all of the protons of Cat were shifted to
downfield upon the addition of Nu, and the shifted values are
approximately linear to the amount of Nu. In particular, N−

H,27 H3′, H2″, H9, H2, H5′, H6, and H8 of Cat were shifted
more significantly than other protons. When Cat was mixed
with 3.0 equiv of Nu, the downfield-shifted values for these
protons were 0.71, 0.40, 0.38, 0.32, 0.26, 0.21, 0.20, and 0.16
ppm, respectively. Meanwhile, the protons of Nu were also
shifted slightly to the downfield. The significantly shifted

Scheme 2. Formation of Three Cat−Nu Complexes and the Process of Cat Protonation

Figure 4. 1H NMR spectra of Cat recorded in the presence of Nu in
different amounts (from 0.0 to 3.0 equiv) in C6D6.

26 The Cat protons
with significant change in their 1H chemical shifts were marked in red
for clarity.
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protons (marked in red in Figure 4) in Cat are around the N−
H groups of the thiourea and the nitrogen atom of the
quinuclidine, which indicates that Cat binds with Nu mainly
through these two active sites. The results obtained from NMR
investigations are well consistent with our theoretical
calculations. In the most stable Cat−Nu complex (Complex
2c) predicted by theoretical calculations, stronger hydrogen
bonds are formed between Nu and the thiourea N−H groups
together with the protonated quinuclidine amine (vide supra).
On the contrary, when Cat was mixed with 3.5 equiv of EI,

the thiourea N−H was shifted 0.16 ppm to downfield, while
other protons in Cat and all protons in EI remained almost
unchanged (Table S1). This result implied that EI mainly binds
with the thiourea N−H of Cat, consistent with the proposed
structure of the Cat−EI complex (Complex 3a, Figure 3c).
The slight change in the NMR spectra of the Cat−EI mixture
indicates that the binding between Cat and EI is weaker than
that between Cat and Nu, which is also supported by our
theoretical calculation (vide supra).
Next, we examined the cases of the mixture of Cat, Nu, and

EI via 1H NMR spectroscopy at ambient temperature. When EI
was added into the mixture of Cat−Nu, the N−H groups of
thiourea were shifted 0.08 ppm to the downfield, and other
protons in Cat remained almost unchanged (Figure S5). In
contrast, upon the addition of Nu into the mixture of Cat−EI,
almost all of the protons of Cat were shifted to downfield
(Figure S6). These results further confirm that the binding of

Cat with Nu is stronger than that with EI in the ternary Cat−
Nu−EI complex.
It has been thought that the catalyst−substrate complexes

could hardly be detected through the experimental methods.8d

There has been no convincing experimental evidence to
confirm the interaction between the catalyst and the
substrates.6a,c As shown above, our 1H NMR results successfully
verified the formation of catalyst−substrate complexes via the
hydrogen-bonding interaction. Also, our theoretical calculations
predicted the stable structures of the catalyst−substrate
complexes. Moreover, both the NMR measurement and the
DFT calculation identified that Cat preferentially binds with
Nu rather than with EI in the catalyst−substrate complexes.

Kinetic Studies. To obtain further information on the
reaction mechanism, we conducted the kinetic studies via
variable-temperature 1H NMR experiments. The reaction was
first carried out in CDCl3 at 24 °C using the pseudo-first-order
kinetics method. Plotting −ln([Nu]/[Nu0]) as a function of
the reaction time gave a straight line (R2 = 0.9988, Figure S7a),
revealing that the reaction is first-order in Nu. In the same way,
we determined that the reaction is also first-order in EI (R2 =
0.9934, Figure S7b). By measuring the relative rate constant at
different catalyst loadings (from 0.06 to 0.24 equiv), we found
that the reaction is first-order in Cat as well (R2 = 0.9957,
Figure S7c). Therefore, the rate equation for this reaction can
be described as: rate = k[Cat][Nu][EI]. Because only
elementary reaction steps that occur before or at the rate-

Figure 5. The rate constants k obtained at T = 24, 30, 40, 50, and 60 °C (left), and the Arrhenius plot for the reaction (right). The experimental
activation energy Ea was determined as 10.2 kcal/mol.

Scheme 3. Possible Pathways for the Dual Activation Mechanism on the Formation of the Main Product (5R, 6S)a

aPathway C is the new dual activation mode found in this Article.
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determining step can be detected during a conventional kinetic
study, these three species (Cat, Nu, and EI) must react before
or at the rate-determining step. Because only two species (Cat
and Nu, without EI) are involved in the process of Cat
protonation (vide supra), we can experimentally rule out the
protonation of Cat as the rate-determining step. Accordingly,
the subsequent C−C bond formation or the recovery of Cat
could be the rate-determining step for this reaction. This
remark is further supported by our theoretical calculations (vide
infra).
To determine the activation energy Ea, the rate constants k at

T = 24, 30, 40, 50, and 60 °C were measured, respectively (see
the Supporting Information for details). According to the
logarithm form of Arrhenius equation, ln k = ln A − Ea/RT,
plotting in ln k versus 1/T gave a straight line (R2 = 0.9896,
Figure 5). After the unit conversion, the experimental activation
energy Ea was determined as 10.2 kcal/mol.
The kinetic studies have supplied important information on

the rate equation and the experimental activation energy Ea,
which will be compared to those derived from our theoretical
calculations. To offer a complete picture on the detailed
mechanism, such as the activation mode, the rate-determining
step, and the origins for high enantio- and diastereoselectivity,
we performed the DFT calculations on this reaction as follows.
Theoretical Results on the Main Product (5R, 6S). For

the catalytic systems involving thiourea−tertiary amine organo-
catalysis, it has well been accepted that the catalyst activates
both nucleophiles and electrophiles through hydrogen bonds.
On the basis of this dual activation concept, two distinct
activation mechanisms have been proposed by Takemoto6a,9

and Paṕai,8d respectively. In our catalytic system, according to
Takemoto’s proposal, EI should be activated by the thiourea
N−H groups (both N−HA and N−HB), while Nu is activated
by the N−H of the protonated amine (Scheme 3, Pathway A).
On the contrary, according to Paṕai’s proposal, Nu should be
activated by the thiourea N−H groups (both N−HA and N−
HB), while EI is activated by the N−H of the protonated amine
(Scheme 3, Pathway B).
We first applied the DFT calculations to explore these two

possible pathways for the formation of the main product (5R,
6S). We found that Pathway B is theoretically possible. On the
contrary, the initial ternary complexes or transition states
hypothesized for Pathway A are unstable, and they were easily
optimized to a new dual activation mode (Pathway C). In
Pathway C (Scheme 3), one N−H group of thiourea (N−HA)
and the N−H of the protonated amine simultaneously activate
Nu, while the other N−H group (N−HB) activates EI.
Accordingly, we present in this section the corresponding
results for the formation of the main product (5R, 6S) via
Pathway B and Pathway C, respectively. We found that the
main product (5R, 6S) is produced predominantly via Pathway
C instead of Pathway B.
As shown in Scheme 4, for Pathway B, we started from the

most stable binary Cat−Nu complex (Complex 2c), in which
the N−H of the protonated amine in Cat further interacts with
EI via a hydrogen bond (length of 1.90 Å) to form a ternary
complex RRSB. The incoming of EI disturbs the hydrogen bond
between Nu and the protonated amine, which makes Nu
slightly move toward the thiourea N−H groups. The net result
is that the interaction between Cat and Nu is weakened and the
binding process is unfavorable, with a positive binding energy
of 4.5 kcal/mol.

Moreover, the formed hydrogen bonds between the two
substrates and Cat enhance not only the nucleophilicity of Nu,
but also the electrophilicity of EI. The nucleophilic prochiral
carbon of Nu and the electrophilic prochiral carbon of EI are
spatially adjacent (RC···C = 4.59 Å). Once the dual activation is
accomplished, the C−C bond formation between the Si face of
Nu and the Si face of EI subsequently takes place via a
transition state TSRSB, with an energy barrier of 11.4 kcal/mol.
The transition state TSRSB is stabilized by the hydrogen-
bonding interactions between Cat and the two substrates, and
by the additional weak C−H···O interaction (length of 2.24 Å)
between one C−H of the quinoline ring and the carbonyl
oxygen of EI (Figure 6a). In this process, because of the
negative charge transfer from Nu to EI and the charge
delocalization, the hydrogen-bonding interaction between Cat
and EI becomes stronger (with the length from 1.90 to 1.74,
then to 1.50 Å, Scheme 4), accompanied by the weakening of
the interaction between Cat and Nu.
The last stage of the catalytic cycle is the formation of

product and the recovery of Cat, in which the preliminary
adduct formed through the C−C bond formation first accepts a
proton from the protonated Cat and dissociates from Cat,
followed by the keto−enol tautomerization to afford the final
product. In Pathway B, the negative energy barrier (−1.0 kcal/
mol, Scheme 4) indicates that this step is a barrierless process,
and therefore PRSB can very easily deprotonate the protonated
amine of Cat. Because the energy barrier of this step is much

Scheme 4. Pathway B for the Formation of the Main Product
(5R, 6S)
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lower than that of the C−C bond formation (11.4 kcal/mol), it
can be concluded that the recovery of Cat by deprotonation is
not the rate-determining step in Pathway B, and thus does not
affect the stereoselectivity of the reaction products. Moreover,
the enol form of the Michael adduct is readily tautomerized to
its keto form.28 Therefore, further investigation on this stage is
not necessary.
In Pathway C (Scheme 5), the ternary complex RRSC is

formed from the binary Complex 2a29 and EI via hydrogen-

bond networks with a binding energy of −0.7 kcal/mol. In this
ternary complex, EI forms a hydrogen bond (N−HB···O, length
of 1.91 Å) with the thiourea N−HB, which makes Nu slightly
move toward the N−H of the protonated amine. Therefore, the
dual activation model of Pathway C is that Nu is simultaneously
activated by the thiourea N−HA and the N−H of the
protonated amine, while EI is activated by the thiourea N−
HB. In this case, although the two substrates simultaneously
form the hydrogen bonds in the chiral pocket of Cat, the steric
repulsion among Cat, Nu, and EI is very weak. As a result,
these two substrates nearly remain at their best conformation
without apparent torsions. In addition, the nucleophilic
prochiral carbon of Nu and the electrophilic prochiral carbon
of EI are spatially more adjacent (RC···C = 3.87 Å) than in
Pathway B (RC···C = 4.59 Å). Accordingly, the C−C bond
formation between the Si face of Nu and the Si face of EI
subsequently takes place via a lower energy barrier (8.8 kcal/
mol) in comparison with that in Pathway B (11.4 kcal/mol). In
analogy to Pathway B, the C−C bond formation is
accompanied by the negative charge transfer from Nu to EI
and the charge delocalization, so the transition state for the C−
C bond formation (TSRSC) is stabilized by the weakened Cat−
Nu interaction and the strengthened Cat−EI interaction. The
additional C−H···O interaction between one C−H of 3,5-
bis(trifluoromethyl) phenyl of Cat and the carbonyl oxygen of
EI (Figure 6b) stabilizes TSRSC as well.

Comparison of Pathway B and Pathway C. For the
purpose of convenient comparison, the calculated energy
profiles of these two pathways for the main product (5R, 6S)
are shown in Figure 7. All energies are relative to the total
energy of the most stable conformer of Cat, EI, and the enolic
Nu. The energy barriers for the protonation step are apparently
lower than those of C−C bond formation in each pathway,
indicating that the protonation step is not the rate-determining

Figure 6. Transition state structures for the C−C bond formation in Pathway B (a, TSRSB) and in Pathway C (b, TSRSC), through which the main
product (5R, 6S) is possibly formed.

Scheme 5. Pathway C for the Formation of the Main Product
(5R, 6S)29
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step. This result is well consistent with those obtained from
kinetic studies (vide supra). Furthermore, as previously
discussed, the last elementary step (Cat deprotonation) could
be easily proceeded, and therefore is not the rate-determining
step either. Accordingly, the C−C bond formation should be
the rate-determining step for this reaction, which is consistent
with the rate equation (rate = k[Cat][Nu][EI]) established in
the kinetic studies.
Moreover, because all steps prior to the C−C bond

formation are kinetically feasible and thermodynamically
reversible, all of the binary and ternary catalyst−substrate
complexes are in thermodynamic equilibria. Therefore, adjust-
ment of the preferential pathway for the main product (5R, 6S)
depends only on the comparison of the two transition states,
TSRSC and TSRSB, for the C−C bond formation. Because the
negative charge transfer from Nu to EI is followed by the
charge delocalization, the hydrogen bonds between Cat and
two substrates (especially EI) are important to stabilize these
transition states. As can be seen from Figure 6, more hydrogen
bonds exist between Cat and the two substrates in TSRSC than
in TSRSB, and the length of the hydrogen bond between Cat
and EI is shorter in TSRSC. Therefore, Cat can better stabilize
TSRSC than TSRSB. Furthermore, in TSRSB, the steric repulsion
among one phenyl group of EI, the 3,5-bis(trifluoromethyl)
phenyl group, and the thiourea of Cat is so notable that the
phenyl group of EI was significantly distorted from its best
conformation. These effects make the energy of TSRSB 3.0
kcal/mol higher than that of TSRSC (Figure 7). Accordingly,
the main product (5R, 6S) should be produced predominantly
via Pathway C instead of Pathway B, and the ratio of the
reaction rates along Pathway C and Pathway B is calculated as
109:1.
The calculated energy barrier for the rate-determining step in

Pathway C is 8.8 kcal/mol, which represents a reasonable
barrier height for the C−C bond formation step, if compared to
the theoretical results for other organocatalytic C−C coupling
reactions.8d,p,30 In view of the fact that the DFT calculation
would systematically underestimate the reaction barrier
heights,31 it is in good agreement between our theoretical
(8.8 kcal/mol) and experimental (10.2 kcal/mol) results on the
activation energy Ea.
Evidence from the Enantio- and Diastereoselectivity.

To further validate the new dual activation mechanism, we

conducted the DFT calculations on the theoretical values of
enantio- and diastereoselectivity. We found that the calculated
values based on Pathway C are well consistent with the
experimental data. Because the C−C bond formation is the
rate-determining step and the main product (5R, 6S) is
produced predominantly via the Pathway C, we present herein
the optimized structures and relative energies of the transition
states (Figure 8) for the formation of the other three
byproducts, that is, (5S, 6R), (5S, 6S), and (5R, 6R) along
Pathway C.32 The optimized structures and relative energies of
other transition states along all pathways for these byproducts
are included in the Supporting Information.
The byproduct (5S, 6R) is the enantiomer of the main

product (5R, 6S). Therefore, the reaction enantioselectivity
should be controlled by the relative energies of the transition
states for the C−C bond formation (i.e., TSRSC and TSSRC).
Because TSRSC is 3.9 kcal/mol more stable than TSSRC, the
level of enantioselectivity is predicted as 100% ee, which is in
excellent agreement with our experimental result (98% ee). In
the transition state of the main product (5R, 6S) (TSRSC,
Figure 6b), the hydrogen bonds between Cat and the two
substrates, especially between the thiourea N−HB and EI, are
shorter than that for byproduct (5S, 6R) (TSSRC, Figure 8a).
Because the negative charge would be transferred from Nu to
EI, the shorter hydrogen bond between the thiourea N−HB
and EI is more favorable for stabilizing the corresponding
transition state. This implies that the enantioselectivity control
in cinchona alkaloid thiourea organocatalysis is affected, to a
certain extent, by the acidity of the thiourea N−HB, which
could be tuned by changing the electron-deficient nature of the
adjacent aromatic ring. Electron-donating substituents in the
aromatic ring would lower the enantioselectivity, while
electron-withdrawing substituents enhance it. This remark has
found strong support from the previous experimental work.6a,g,9

In addition, TSSRC exhibits serious steric repulsion between
one phenyl group of EI and the bulky quinuclidine moiety of
Cat. On the contrary, in TSRSC, the steric repulsion among
Cat, Nu, and EI is very weak. Accordingly, the high
enantioselectivity is caused by the stronger hydrogen-bonding
interaction between the thiourea N−HB and EI in the
formation process of the main product (5R, 6S), and by the
serious steric repulsion between EI and Cat in the formation
process of the enantiomer (5S, 6R).

Figure 7. Energy profiles for the formation of the main product (5R, 6S) via Pathway B (red) and Pathway C (blue). aThe energy of EI was also
included for convenient comparison.
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On the basis of the relative energies of the transition states
for the four stereoisomeric products along Pathway C, the
diastereoselectivity could be predicted as 60:1, which agrees
excellently with our experimental13 result (>30:1 dr) as well.
Furthermore, the transition state of one diastereoisomer (5S,
6S) (TSSSC, 9.1 kcal/mol) is much more stable than that of the
other diastereoisomer (5R, 6R) (TSRRC, 15.2 kcal/mol), and
therefore the primary diastereoisomer is the byproduct (5S,
6S). Because of the high enantioselectivity (experimental 98%
and calculated 100%), the reaction diastereoselectivity pre-
dominantly depends on the product ratio of the main product
(5R, 6S) and the byproduct (5S, 6S). Thus, this diaster-
eoselectivity value is determined by the relative energies of their
transition states, that is, TSRSC (6.5 kcal/mol) and TSSSC (9.1
kcal/mol).
Comparing the structures of TSRSC and TSSSC (Figure 6b

and Figure 8b), we found that serious steric repulsion exists
between one phenyl group of EI and the tert-butyl group of Nu

in TSSSC, but is absent in TSRSC. In addition, in TSRSC, except
the normal hydrogen bonds, weak C−H···O interaction
between one C−H of 3,5-bis(trifluoromethyl) phenyl group
of Cat and the carbonyl oxygen of EI also stabilizes TSRSC.
This effect is absent in TSSSC as well. All of these effects make
TSRSC 2.6 kcal/mol more stable than TSSSC. Therefore, the
origin of the high diastereoselectivity is mainly due to the
existence of serious steric repulsion between one phenyl group
of EI and the tert-butyl group of Nu when the primary
diastereoisomer (5S, 6S) is formed. Additional weak C−H···O
interaction between one C−H of 3,5-bis(trifluoromethyl)
phenyl group of Cat and the carbonyl oxygen of EI in the
formation process of the main product (5R, 6S) also
contributes to the high diastereoselectivity.
The excellent match between the calculated (100% ee and

60:1 dr, respectively) and the experimental (98% ee and >30:1
dr, respectively) data for the enantio- and diastereoselectivity
further evidences the validity of Pathway C. On the other hand,
on the basis of the relative energies of the transition states along
Pathway B (see Supporting Information for details), the
enantio- and diastereoselectivity are calculated as 76% ee and
3:1 dr, respectively. The poor consistency between the
calculated and the experimental values also implies that this
reaction is unlikely to occur via Pathway B.

Scope for the Activation Mechanism along Pathway
C. As addressed above, the investigated reaction (Scheme 1)
follows a new dual activation mechanism (Pathway C, Scheme
3). To further verify the generality of this new mechanism, we
next examined the possible activation process for the Michael
addition of nitromethane to chalcone21b (Scheme 6) catalyzed
by a bifunctional cinchona alkaloid thiourea organocatalyst
(Catalyst I in Figure 1b). This reaction was experimentally
carried out in toluene with 94% yield and 96% ee.21b The
calculation details are the same as those for the above reaction,
except that the solvent used (toluene) is consistent with the
original experiment.
We explored the three possible activation mechanisms

(Pathway A, B, and C) for this reaction. In the structure of
the starting ternary complex in Pathway B, nitromethane is
simultaneously activated by the two functional groups of
Catalyst I, while chalcone is not activated at all. Because this
activation model does not fit with the dual activation concept,
we paid our attention to Pathway A and Pathway C only
(Scheme 6). We found that the transition state of Pathway C
(TSC, 11.9 kcal/mol) is 1.1 kcal/mol more stable than that of
Pathway A (TSA, 13.0 kcal/mol). Accordingly, this reaction
occurs preferentially with the Pathway C as well, and the ratio
of the reaction rates along Pathway C and Pathway A is
calculated as 6:1.33 Because Catalyst I owns the opposite
configuration of both C8 and C9 in comparison with Cat, the
stereochemistry of C8 and C9 has no effect on the dual
activation model of cinchona alkaloid thiourea organocatalysis.
Moreover, when the electrophile chalcone is kept unchanged,
even though the bulky nucleophile (α,β-unsaturated γ-
butyrolactam, Scheme 1) is replaced with a small one
(nitromethane, Scheme 6), the dual activation model of
cinchona alkaloid thiourea organocatalysis still follows Pathway
C. This result implies that Pathway C could be applicable at
least to diverse cinchona alkaloid thiourea organocatalysts with
different nucleophiles.
As Takemoto’s (Pathway A) and Paṕai’s (Pathway B)

proposals, the newly discovered mechanism (Pathway C) is still
consistent with the dual activation concept, because both

Figure 8. Optimized structures and relative energies of the transition
states, which afford the enantiomer (5S, 6R) (a), one diastereoisomer
(5S, 6S) (b), and the other diastereoisomer (5R, 6R) (c) via Pathway
C.
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substrates are simultaneously activated by Cat within a ternary
complex. In either Pathway A or Pathway B, however, it is
assumed that the two thiourea N−H groups (N−HA and N−
HB) play the same role at the same time in activating one
substrate only (nucleophile or electrophile). In fact, the two
electron-withdrawing −CF3 substituents in the phenyl group of
Cat increase the acidity of thiourea N−HB,

34 which makes
thiourea N−HB more acidic than N−HA. At −80 °C, the 1H
NMR spectra of cinchona alkaloid thiourea organocatalysts in
CD2Cl2 showed that the chemical shifts of thiourea N−HA and
N−HB are 7.6−7.8 and 11.8−12.1 ppm, respectively.35

Moreover, the N−HA is spatially adjacent to the quinuclidine
amine. Therefore, the thiourea N−HA and N−HB could
essentially play different roles in activating the (different)
substrates. Our results presented in this contribution indicate
that the thiourea N−HA and the N−H of the protonated amine
simultaneously activate the nucleophile, while the thiourea N−
HB activates the electrophile (Pathway C, Scheme 3).
This new activation model may provide further insight into

the bifunctional reactivity of thiourea−tertiary amine organo-
catalysts and their analogues. For example, Rawal and his co-
workers36 have recently developed the chiral squaramide
derivatives (Figure 9) as an excellent type of hydrogen-bonding
organocatalysts. These chiral squaramides have found diverse
applications37 in many organocatalytic reactions with excellent
efficiency. In these squaramide organocatalysts, the distance
between the two N−H protons is estimated as ∼2.7 Å, which is
0.6 Å further apart than that found in thioureas (∼2.1 Å). The
activation mechanisms involved in the squaramide-based

bifunctional catalysis may also preferentially follow Pathway
C. Moreover, the thiourea moiety is an outstanding functional
group for mimicking the hydrogen-bonding sites of the enzyme
catalysts.38 The concept that two thiourea N−H groups (N−
HA and N−HB) play different roles in activating the (different)
substrates may help in the rational design of biomimetic
organocatalytic systems as well.

■ SUMMARY AND CONCLUSION
In this Article, we have conducted both experimental and
computational investigations on the direct asymmetric vinyl-
ogous Michael reaction of α,β-unsaturated γ-butyrolactam
(Nu) and chalcone (EI) catalyzed by the bifunctional cinchona
alkaloid thiourea organocatalyst (Cat). The main conclusions
drawn from our investigations are summarized as follows:

(1) The calculated Cat structure indicates that the thiourea
N−H groups and the quinuclidine amine moiety orient
to the same direction in the chiral scaffold. These two
active sites in the particular spatial arrangement, together
with the quinoline ring and the quinuclidine moiety
provide an active chiral pocket, which is ideal for the dual
activation of both Nu and EI. As a result, the perfect
control of the reaction stereoselectivity could be
achieved.

(2) Via the DFT calculations, we found the most stable
structures for the catalyst−substrate complexes. Via the
1H NMR measurements, we verified the hydrogen-
bonding interaction between the catalyst and the
substrates. Both experimental and theoretical results
revealed that the interaction of Cat with Nu is stronger
than that with EI in the catalyst−substrate complexes.

(3) The kinetic studies indicated that this reaction is all first-
order in Nu, EI, and Cat, and thus ruled out the
protonation of Cat as the rate-determining step. The
experimental activation energy Ea was measured to be
10.2 kcal/mol. Moreover, the DFT calculations revealed
that the rate-determining step is the C−C bond
formation, which controls the reaction stereoselectivity.

(4) The enantio- and diastereoselectivity derived theoret-
ically are in excellent agreement with the experimental
results. The high enantioselectivity is caused by the
stronger hydrogen-bonding interaction between the
thiourea N−HB and EI in the formation process of the
main product (5R, 6S), together with the serious steric
repulsion between the phenyl of EI and the bulky
quinuclidine moiety of Cat in the formation process of
the enantiomer (5S, 6R). The origin of high diaster-
eoselectivity comes from the existence of serious steric
repulsion between the phenyl of EI with the tert-buty of
Nu during the formation of the primary diastereoisomer
(5S, 6S), together with the additional weak C−H···O

Scheme 6. Michael Addition of Nitromethane to Chalcone
Catalyzed by Catalyst Ia

aEnergies are relative to the total energies of the catalyst and two
substrates.

Figure 9. Chiral squaramide-based bifunctional catalysts (b). The
distance between the two N−H protons is 0.6 Å further apart than that
in thiourea organocatalysts (a).
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stabilization effect in the formation process of the main
product (5R, 6S).

(5) Our DFT calculations revealed a new dual activation
mechanism (Pathway C), in which one N−HA of the
thiourea moiety and the N−H of the protonated amine
in Cat simultaneously activate Nu, while the other N−HB
of the thiourea moiety activates EI. The validity of
Pathway C was further evidenced by the calculated
enantioselectivity (100% ee) and diastereoselectivity
(60:1 dr) along Pathway C, which are in excellent
match with the experimental data (98% ee and >30:1 dr,
respectively). Further studies on other catalytic system
indicate that Pathway C can be applicable to the
cinchona alkaloid thiourea organocatalysis with different
nucleophiles. This information may offer further insight
into the bifunctional nature of the thiourea−tertiary
amine organocatalysts and extend the understanding of
biomimetic bifunctional organocatalysis.

■ EXPERIMENTAL SECTION
The catalyst (Cat) was synthesized according to the published
procedures.21

NMR Characterization of the Catalyst (Cat). Amorphous solid.
1H NMR (400 MHz, CDCl3, δTMS = 0 ppm): δ 9.71 (br, N−H), 8.71
(br, 1H, H2′), 8.36 (br, 1H, H5′), 8.09 (d, J = 7.7 Hz, 1H, H8′), 7.90
(br, 2H, 2H2″), 7.71 (m, 1H, H7′), 7.65 (br, 1H, H4″), 7.62 (m, 1H,
H6′), 7.28 (unresolved, partially overlapped by CDCl3, 1H, H3′), 5.99
(unresolved, partially overlapping signals, 1H, H9), 5.85 (unresolved,
partially overlapping signals, 1H, CHCH2), 5.20 (m, 2H, CH
CH2), 3.25 (br, 1H, H8), 3.10 (m, 1H, H2-exo), 2.94 (m, 2H, H6α
and H2-endo), 2.79 (br, 1H, H6β), 2.35 (m, 1H, H3), 1.66 (s, 1H,
H4), 1.57 (unresolved, partially overlapping signals, 1H, H5α), 1.48
(unresolved, partially overlapping signals, 1H, H5β), 1.26 (m, 1H,
H7β), 0.90 (m, 1H, H7α) ppm. 13C NMR (100 MHz, CDCl3, δTMS =
0 ppm): δ 180.9 (CS), 150.0 (C2′), 148.5 (C4′), 146.0 (C8a′),
140.2 (C1″), 138.9 (CHCH2), 132.4 (q,

2JCF = 33.3 Hz, C3″), 130.3
(C8′), 129.6 (C7′), 127.2 (C6′), 123.0 (q, 1JCF = 273.0 Hz, CF3),
123.5 (br signal, C2″ and C5′), 119.3 (br signal, C3′), 118.6 (C4″),
115.8 (CHCH2), 61.5 (C8), 55.1 (C9), 48.5 (C6), 46.9 (C2), 38.5
(C3), 27.1 (C4), 25.6 (C5), 24.8 (C7) ppm. The weak signal of
quaternary carbon C4a′ is likely overlapped by other signals of Cat.
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