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Abstract—The direct catalytic enantioselective a-amination reaction of carbonyl compounds, a powerful approach to asymmetric car-
bon–nitrogen bond-forming, has been extensively studied, however, our understanding of the mechanism is far from complete. A theo-
retical study is presented for the a-amination reaction of 2-acetylcyclopentanone with azodicarboxylate catalyzed by a urea-based
chiral bifunctional organocatalyst. By performing density functional theory (DFT) calculations, we have identified a detailed mechanism
of the reaction and the roles of the amino group and urea in the catalyst. The structures of the catalyst, substrates, intermediates, and
transition states involved in the reaction have been located along four possible reaction channels. The rate-determining step is the C–N
bond-forming step. The calculations show that the catalyst promotes the reaction by deprotonating 2-acetylcyclopentanone and forming
hydrogen bonds with the substrates. The origin of enantioselectivity of the reaction is also discussed.
� 2007 Published by Elsevier Ltd.
1. Introduction

Catalytic asymmetric carbon–nitrogen bond-forming pro-
cesses are of fundamental importance in organic chemistry,
as molecules containing this functionality are chiral key ele-
ments in many important natural compounds.1 The direct
catalytic enantioselective a-amination of carbonyl com-
pounds represents an appealing approach to an asymmetric
carbon center attached to a nitrogen atom, and the devel-
opment of asymmetric catalysts for such processes has been
the focus of recent research efforts.2–7 Impressive progress
has been made recently in the development of bifunctional
organic catalysts for enantioselective amination reactions.
For example, efficient preparations of enantiomerically
pure natural and non-natural a-amino acids, a-amino
hydrazides, a-amino carbonyls, and a-amino alcohols have
been achieved by using azodicarboxylates as the nitrogen
donors8–10 and LL-proline derivatives as organocatalysts.
Nonetheless, the development of new catalyst systems with
broad substrate scope with respect to both nucleophilic and
electrophilic reacting partners remains an important
challenge.

Recently, chiral bifunctional-thiourea derivatives have
emerged as efficient organocatalysts for different organic
0957-4166/$ - see front matter � 2007 Published by Elsevier Ltd.
doi:10.1016/j.tetasy.2007.07.009

* Corresponding author. E-mail: cbliu@sdu.edu.cn
transformations.11 Examples of the enantioselective Strec-
ker synthesis,12 hydrophosphonylation of imines,13 acyl-
Pictet–Spengler reactions,14 asymmetry acyl Mannich,15

and nitro-Mannich16 reactions, Michael additions,17–20

Baylis–Hillman reactions,21,22 and dynamic kinetic resolu-
tion of azlactones23 have been reported. In these reactions,
the chiral bifunctional-(thio)ureas have successfully been
employed. Despite extensive experimental studies on the
bifunctional-(thio)urea catalysis, comprehensive theoretical
analyses to elucidate the detailed mechanism of this type of
organocatalysis remain few.24,25

In a recent experimental study, Takemoto et al.26 reported
bifunctional-urea catalyzed a-amination reactions of cyclic
1,3-dicarbonyl compounds with azodicarboxylate as the
nitrogen donor. It was found that the catalyzed reactions
gave high enantioselectivity, and the urea moiety of the
catalyst played an important role for the high enantioselec-
tivity and reaction rate. However, the origin of the enantio-
selectivity of the catalyzed reaction, the role of the urea
moiety in the catalyst, and the details of the reaction mech-
anism still remain unclear. As a result, a detailed theoreti-
cal study on this catalyzed reaction is highly desirable and
worthwhile pursuing.

In previous theoretical studies24,25 on bifunctional-thio-
(urea) catalysis, DFT methods were used to study the
mechanism of the catalyzed Michael addition reactions
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between 1,3-dicarbonyl compounds and nitroolefins. The
results revealed that the bifunctional-(thio)urea derivatives
can activate both nucleophilic and electrophilic substrates
through protonating the amino group and forming multi-
ple H-bonds between the catalyst and two substrates,
respectively, and that the enantioselectivities of the reac-
tions are related to the binding mode of the two substrates
to bifunctional-urea catalyst.

Herein, we report the reaction of cyclic 1,3-dicarbonyl
compound 2-acetylcyclopentanone with dimethyl azodi-
carboxylate catalyzed by a bifunctional-urea catalyst. This
reaction is a prototype of catalyzed a-amination for the
study (shown in Scheme 1). The aims of this research are
(a) to gain a better understanding of the activity and selec-
tivity of the bifunctional catalyst and (b) to shed light on
the mechanism details of this reaction and hence obtain a
better interplay between theory and experiment.
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Scheme 1. Urea-catalyzed enantioselective a-amination of 2-acetylcyclo-
pentanone with dimethyl azodicarboxylate.
2. Models and computational details

The bifunctional-urea catalyst was modeled by a simple
molecule (denoted as cat.) that involves the essential struc-
tural feature of the catalyst (see Fig. 1). This catalyst model
is analogous to that used in our previous study.25 All calcu-
lations were performed with the GAUSSIANGAUSSIAN03 software
package27 under the framework of DFT. The B3LYP func-
tional28–30 was chosen in view of its effective performance
for the systems involving organic compounds. At the
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Figure 1. Optimized structures of the catalyst, substrates, and catalyst–substr
omitted for clarity.
B3LYP/6-31G(d) level, the stationary points on the poten-
tial energy surface (PES) have been located by full geo-
metry optimization without any symmetric restriction and
their nature (local minima or first-order saddle points)
was characterized by performing vibrational frequency cal-
culations. The intrinsic reaction coordinate (IRC) path-
ways have been traced in order to verify two desired
minima connected by the transition states. To obtain accu-
rate energetics, we performed additional single-point en-
ergy calculations, using a more extended 6-311++G(d,p)
basis set on all atoms. Unless stated otherwise in the text,
the relative energies reported herein are those obtained
from the B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) calcu-
lations. For all cited energies, the ZPE corrections have
been included.

Solvent effects have been considered at the same DFT level
by re-optimizing the structures obtained in gas-phase using
a self-consistent reaction field (SCRF) method,31–33 based
on the polarizable continuum model (PCM)34–36 and using
UAKS cavities.37 The dielectric constant of toluene was
taken as 2.38.
3. Results and discussion

3.1. Structures of catalyst and 2-acetylcyclopentanone

As demonstrated in the experimental17b and theoretical24

studies, the bifunctional-(thio)urea catalyst is characterized
by two N–H bonds of (thio)urea and the amino group
oriented in the same direction, thus an intramolecular
N–H� � �N hydrogen bond can be formed between the ter-
tiary amine and neighboring N–H group. The optimized
structure of the model catalyst is presented in Figure 1.
The calculated distance of N–H� � �N hydrogen bond is
2.22 Å, which is similar to the value reported by Hamza
(2.15 Å).24
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2-Acetylcyclopentanone is a cyclic b-diketone that exists as
keto- and enol-tautomers in equilibrium, as shown in
Scheme 2, where KH and EH represent the keto and enol
tautomeric forms of 2-acetylcyclopentanone, respectively.
Since the enol tautomers of 2-acetylcyclopentanone are
stabilized by intramolecular hydrogen bonds, EH isomers
are the predominant forms in apolar solvents.38 Two struc-
tural isomers were found for EH: one with the hydrogen
atom bonded to the cyclic carbonyl oxygen (denoted as
EH1) and the other to the side chain carbonyl oxygen
(denoted as EH2). The energies of these two structures
differ by 1.10 kcal mol�1, EH1 being the less stable. Since
the energy barrier related to EH1!EH2 transition is rather
low (0.25 kcal mol�1), these two enol tautomers are com-
petitive structures of 2-acetylcyclopentanone for the cata-
lyzed a-amination reaction. Our calculated results indicate
that EH1 and EH2 have a similar reaction mechanism, thus
in this study EH1 have been thoroughly discussed. Figure 1
shows the optimized structures of EH1 and EH2.
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Scheme 2. Keto–enol equilibria of 2-acetylcyclopentanone.
3.2. Mechanism of the bifunctional-urea catalyzed
a-amination reaction

From the computational results it follows that the bifunc-
tional-urea catalyzed a-amination reaction involves five
major steps: (1) the coordination of the substrate to the
catalyst, (2) the protonation of the catalyst to form a cata-
lyst–enolate ion pair, (3) the complexation of dimethyl
azodicarboxylate to the ion pair via H-bonds to give a
new ternary complex, (4) the formation of the C–N bond;
and (5) the proton transfer from the protonated amino
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Figure 2. Optimized structures of stationary points located for the protonation
and methyl groups are omitted for clarity.
group to another nitrogen atom of dimethyl azodicarboxyl-
ate, followed by the dissociation of the H-bonded complex
to give products and the catalyst. The detailed discussion of
the mechanism and the calculated energetics for the cata-
lytic amination reaction of EH1 is presented in the follow-
ing subsections.

3.2.1. Substrate binding and catalyst protonation. It is
expected that both dimethyl azodicarboxylate and 2-acetyl-
cyclopentanone can coordinate with the catalyst via a dou-
ble H-bond. We searched several possible binary catalyst–
substrate complexes and optimized their structures, as
depicted in Figure 1.

In complex 1, dimethyl azodicarboxylate forms a bidentate
H-bond with the urea moiety of the catalyst, and the calcu-
lated substrate binding energy is only 1.75 kcal mol�1. For
the coordination of EH1 with the catalyst, a loose struc-
ture, denoted as 2, is obtained, in which double N–H� � �O
hydrogen bonds are formed and the intramolecular
N–H� � �N hydrogen bond of the catalyst is slightly weak-
ened, as indicated by the structural parameters shown in
Figure 1. The calculated binding energy is 4.43 kcal mol�1.
However, this structure is not favorable for the proton
transfer from the coordinated enol to the amine group of
the catalyst, due to the larger distance between these two
units. It can be converted into a tight complex 3, where
the coordinated enol and the amino group have reached
a proper distance. In structure 3, the O–H� � �N hydrogen
bond shortens from 3.479 to 1.890 Å, while one of the
hydrogen bonds between the urea moiety and the coordi-
nated enol shortens from 2.457 to 1.890 Å, while the other
H-bond between the urea and enol elongates from 2.045 to
3.289 Å, and the intramolecular N–H� � �N hydrogen bond
of the catalyst stretches to 2.950 Å. Compound 3 is
3.63 kcal mol�1 less stable compared to 2.

Once the tight binary complex is formed, the protonation
process from the coordinated enol to the amine group of
the catalyst can take place easily, as the energy barrier rela-
ted to the 3!4 transition is rather low (0.28 kcal mol�1).
The resulting ion pair 4 is stabilized via multiple N–
H� � �O bonds that involve the cationic amine moiety and
one of the N–H groups of urea moiety as well. Compound
4 is predicted to be 0.21 kcal mol�1, which is more stable
than 3. As seen in Figure 2, the N–H groups of the catalyst
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.350

1.686
1.916

 4

process between the catalyst and EH1. The hydrogen atoms on the rings



1658 R. Zhu et al. / Tetrahedron: Asymmetry 18 (2007) 1655–1662
play an important role in the deprotonation of EH1, be-
cause they provide a binding site for EH1 in the near prox-
imity of the tertiary amine and also stabilize enolate 4 via
N–H� � �O hydrogen bonds.

The above results show that not only the binding energy of
dimethyl azodicarboxylate to the catalyst is less than that
of EH1, but also enolate 4 originated from 2 is more reac-
tive. In addition, we also tried to describe the deproto-
nation of EH1 in the presence of H-bonded dimethyl
azodicarboxylate, however, our attempt was unsuccessful.
The optimization calculations always result in a loose-
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Figure 3. Optimized structures and selected geometric parameters of the statio
rings and methyl groups are omitted for clarity.
binding catalyst–dimethyl azodicarboxylate–EH1 ternary
complex, where the enolate hydrogen atom is too far from
the amino group to transfer. As a result, the catalyzed ami-
nation reaction is believed to start from the initial binary
catalyst–EH complex.

3.2.2. Dimethyl azodicarboxylate–catalyst–enolate ternary
complexes. Dimethyl azodicarboxylate can approach 4
from different orientations forming two ternary complexes,
denoted as 5a and 5b, which control the stereochemical
outcome of the reaction. The structures of these two
ternary complexes are presented in Figure 3.
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Figure 4. Calculated energetic profiles of channels A and B along the
reaction coordinate, where A 0 denotes the process of channel A in toluene.
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In 5a, dimethyl azodicarboxylate binds to the protonated
amine group via the N–H� � �O H-bond, thus the enolate
ion has been pushed to the urea moiety of the catalyst
and attached to urea via multiple H-bonds. In contrast,
in 5b, dimethyl azodicarboxylate binds to the urea moiety
of the catalyst via double H-bonds and the enolate ion
has been pushed to the protonated amine group. The bind-
ing energies of dimethyl azodicarboxylate are calculated to
be 0.82 kcal mol�1 for 5a and 1.44 kcal mol�1 for 5b.

3.2.3. Two reaction channels for the catalyzed C–N bond-
forming reaction. Two different channels (denoted as A
and B) for the catalytic amination reaction of EH1 have
been located (see Scheme 3), which start from 5a and 5b,
respectively. Channel A gives an (R)-configuration prod-
uct, while channel B yields (S)-configuration product.
The structures of the intermediates and transition states
involved in these two channels are shown in Figure 3,
and the calculated energetic profiles are given in Figure 4.

Along channel A, the nucleophilic center of the enolate
anion attacks the electron-deficient dimethyl azodicarboxyl-
ate via transition state TS5a–6a with a very low barrier of
2.74 kcal mol�1, to give adduct intermediate 6a. The struc-
ture of TS5a–6a indicates that the formation of the C–N
bond is coupled with the weakening of the catalyst–enolate
interaction, which is due to charge transfer occurring from
the anionic enolate to dimethyl azodicarboxylate. Also as a
result of negative charge delocalization, the H-bonded link-
age between dimethyl azodicarboxylate and the catalyst is
strengthened. The changes are also encountered in 6a,
and the result is that 6a lies 16.85 kcal mol�1 below 5a.

After the C–N bond is formed, the next step is the proton
transfer from the protonated amino group to dimethyl
azodicarboxylate to yield the catalyst–product complexes,
followed by the dissociation of the H-bonded complexes
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Scheme 3. Two reaction channels proposed for the catalytic a-amination of E
to complete the catalytic cycle. Our calculations indicate
that 6a can rearrange into structure 7a, where the hydrogen
bond between catalyst and dimethyl azodicarboxylate is
N–H� � �N rather than N–H� � �O. Compound 7a is only
0.67 kcal mol�1, which is more stable than 6a. Subse-
quently, the direct proton shift from catalyst to dimethyl
azodicarboxylate yields intermediate 8a via saddle point
TS7a–8a. Compound 8a is 8.38 kcal mol�1 more stable than
7a. Our computed results show that the relative energy of
TS7a–8a is even below 7a after ZPE corrections, indicating
that proton transfer involves no activation barrier and is
exothermic. Finally, the hydrogen bonds in 8a break to
form product PR along with the catalyst.

In channel B, the nucleophilic enolate adds to electron-defi-
cient dimethyl azodicarboxylate, giving adduct 6b. This
step proceeds via transition state TS5b–6b, with a barrier
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of 7.84 kcal mol�1, lying 9.20 kcal mol�1 lower in energy
than 5b. This process is also accompanied by structural
changes characteristic of intermolecular charge transfer
between the reacting species. From the structure of TS5b–6b,
one can see that the urea–dimethyl azodicarboxylate inter-
action becomes apparently stronger along the reaction
coordinate, whereas the H-bonded linkage between the
enolate carbonyl and the protonated amino group is
weakened.

Subsequently, 6b is converted into another hydrogen
bonding (NH� � �N) complex 7b; compound 7b is
8.77 kcal mol�1, which is more stable compared to 6b. Pro-
ton transfer from the catalyst to nitrogen atom of dimethyl
azodicarboxylate yields intermediate 8b via saddle point
TS7b–8b. Compound 8b is 7.12 kcal mol�1, which is more
stable than 7b. Our computed results show that the relative
energy of TS7b–8b is also below 7b after ZPE corrections,
indicating that proton transfer in channel B is no activation
barrier and exothermic. Finally, the hydrogen bonds in 8b
break to form product PS along with the catalyst.

From the above analyses, channel A is energetically more
favorable compared to channel B. From the calculated bar-
riers, it is clear that the C–N bond formation is the stereo-
controlling and the rate-determining step of the reaction.
3.2.4. Catalytic amination reactions involving EH2. Sim-
ilar to the investigation for EH1, we briefly studied the
catalytic amination reactions of EH2. It was expected
that EH2 has the same reaction mechanisms with EH1.
First, EH2 coordinates to the catalyst, followed by the
protonation of the catalyst to give reactive enolate
40 ð20 ! 30 ! TS30–40 ! 40Þ (see Fig. 5). The energy barrier
related to the 3 0!4 0 transition is 0.37 kcal mol�1, and the
whole process is slightly exothermic (0.16 kcal mol�1 com-
pared to 2 0). Then dimethyl azodicarboxylate coordinates
to 4 0 from the different orientations to form two ternary
complexes (5c and 5d). Starting with these two ternary
complexes, two reaction channels, channels C and D, which
correspond to channels A and B discussed above, respec-
tively, have been considered. The calculations show that
(R)-configuration and (S)-configuration products are ob-
tained along channels C and D, respectively, which involve
three minima and two saddle points (Fig. 6). The barrier of
the rate-determining step is predicted to be 4.97 kcal mol�1

along channel C and 6.66 kcal mol�1 along channel D.
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Figure 5. Optimized structures of stationary points located for the protonation
and methyl groups are omitted for clarity.
Taken together, there are four channels for the urea-cata-
lyzed amination reaction. By comparison of these four
reaction channels, channel A, which gives an (R)-configura-
tion product, is the most favorable for the catalytic enan-
tioselective amination reaction. To evaluate the solvent
effects on this reaction, the PCM model (toluene solvent)
was applied for the stationary points along the most favor-
able channel. The calculated results show that solvent
effects systemically stabilize all the species in about
4.3 kcal mol�1, as shown by the PES profile drawn out
using a solid line in Figure 4 (denoted as channel A 0).
Clearly, the PES profile along channel A from the PCM
model is very similar to that from the gas-phase model.
Thus, we believe that the gas-phase model is able to de-
scribe the real toluene-mediated system.
3.3. Enantioselectivity

The last issue investigated in this study concerns the
observed enantioselectivity of the reaction. Free energy
results allow us to predict, at least on a qualitative basis,
the outcome of a reaction that might yield different prod-
ucts as a consequence of the existence of two or more reac-
tion channels. In our calculations, the ee is defined as
([R] � [S])/([R] + [S]) and [R]/[S] is obtained by the ratio
between the combined rates of channels A and C and the
combined rates of channels B and D, where [R] and [S]
00

1.748
1.921

        4'

process between the catalyst and EH2. The hydrogen atoms on the rings
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are the concentrations of the two enantiomers. The temper-
ature dependent pre-exponential factor is simplified, and
only the exponential parts are retained

½R�
½S� ¼

expð�G6¼RðaÞ=RT Þ þ expð�G6¼RðcÞ=RT Þ
expð�G 6¼SðbÞ=RT Þ þ expð�G 6¼SðdÞ=RT Þ

ð1Þ
The enantiomeric excess can be calculated as follows:

ee % ¼ ½R� � ½S�½R� þ ½S� � 100 ¼
½R�
½S� � 1
½R�
½S� þ 1

� 100 ð2Þ
The relative free energies (298 K) of channels A, B, C, and
D are 3.26, 8.54, 4.99 and 7.61 kcal mol�1, respectively.
Application of Eqs. 1 and 2 provided an enantiomeric
excess of 99.8% ee. Compared to the experimentally
observed value (�80% ee), this result seems to be overesti-
mated, however, it does provide the correct indication of
the stereochemical preference of the reaction.
4. Conclusion

The bifunctional-urea catalyzed enantioselective a-amina-
tion reaction of 1,3-dicarbonyl compounds with azodi-
carboxylate has been investigated by performing DFT
calculations. The predicted mechanism involves initial
nucleophile activation via protonation of the amino group
and electrophile activation through substrate binding to
urea; then C–N bond formation between these two acti-
vated components; and finally, the proton transfer from
the protonated amino group to adduct, followed by the dis-
sociation of the H-bonded complex to give amination
product along with the catalyst. Four reaction channels,
corresponding to the different coordinate modes of two iso-
mers of EH and dimethyl azodicarboxylate to the catalyst,
have been characterized in detail. It has been found that the
enantioselectivity of the reaction is controlled by the C–N
bond-forming step, which is the rate-determining step.
Our calculated results confirm that the urea moiety of the
catalyst has a significant effect on the reaction. The present
DFT study well explains the experimental findings and pro-
vides the details of the mechanism.
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