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Abstract—The Michael reaction of nitroalkenes catalyzed by a bifunctional-urea is studied using density functional theory (DFT)
calculations, to determine the detailed catalytic mechanism and key factors controlling the enantioselectivity. Four reaction channels,
corresponding to the different approach modes of nitroalkenes to a chiral scaffold and different processes of second proton transfer, have
been characterized. The rate determining step is proton transfer from the amino group of a catalyst to an a-carbon of nitronate, and the
enantioselectivity is controlled by the steps involved in carbon-carbon bond formation. The calculated results provide a general model
that explains the mechanism and enantioselectivity of the title reaction.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Asymmetric organocatalysis, in which the reaction is med-
iated by a catalytic amount of a chiral organic molecule, is
becoming a powerful tool in organic synthesis.! A num-
ber of asymmetric organocatalytic reactions have recently
been developed, and new asymmetric reactions are con-
stantly being reported.*”’ Current studies in this area have
focused on the development of new enantioselective cata-
lysts with high activity and broad generality. Bifunctional
urea derivatives, with both a urea or thiourea moiety and
a tertiary amino group on a chiral scaffold, would be able
to activate both electrophilic and nucleophilic substrates
at the positions defined by the two functional groups of
the catalyst. Hence, urea derivatives have been expected
to be efficient catalysts for asymmetric organocatalytic
reactions. Recently, while a lot of effort has been made to
realize the reactions catalyzed by bifunctional urea
derivatives,®® not many theoretical analyses on these
important reactions were carried out to clarify the detailed
mechanism.!?

The Michael addition of nitroolefins is one of the most
important reactions in organic chemistry due to the enor-
mous versatility of the nitro group and the high reactivity
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of nitroalkenes. Though catalytic asymmetric versions of
this reaction have been achieved, most require metal cata-
lysts or strict conditions.!! Recently, L-proline derivatives
have been reported to afford Michael adducts with good
yields and moderate enantioselectivities.!> More recently,
Takemoto et al.® reported the bifunctional-urea catalyzed
Michael reactions of 1,3-dicarbonyl compounds to nitro-
alkenes with high enantioselectivity. They proposed a pos-
sible mechanism, as shown in Scheme 1, where four steps
proceeded in turn: (i) the amino group of the catalyst first
deprotonates a proton from the six-membered cyclic enol
form of malonate R1, to form a binary complex A; (ii) A
interacts with nitroolefin R2 via hydrogen bonding to give
a new ternary complex which is either B or C; (iii) on the
basis of the product configuration, the reaction would pro-
ceed through complex B to give the nitrate complex D,
bearing an (R)-configuration, with high selectivity; and
(iv) the proton migrates from the amino group to nitronate
carbon to give product P along with the catalyst. It was
found that the tertiary amine functionality of the catalyst
has a significant effect on the reaction rate, but only a slight
effect on the enantioselectivity. However, the role of the
amino group played in the reaction is not well understood.
In addition, the origin of enantioselectivity of the catalyzed
Michael reaction is also unclear. So, intensive theoretical
research on this reaction is highly desirable and worthy
pursuing.
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Scheme 1. Proposed mechanism for the reaction of malonate and nitroolefins.®

Herein, we report the reaction of malonate with nitro-
olefins catalyzed by a bifunctional-urea catalyst as a proto-
type of catalyzed Michael reactions for study and perform
detailed density functional theory (DFT) calculations on it.
Our aims are to (a) shed light on the mechanistic details of
this catalyzed reaction and hence obtain a better interplay
between theory and experiment, (b) understand the roles
of the bifunctional groups of the catalyst and the origin
of enantioselectivity for the catalyzed Michael reaction of
malonate with nitroolefins, and (c¢) provide a general profile
of the Michael reaction catalyzed by bifunctional-urea
catalysts.

2. Models and computational details

The bifunctional-urea catalyst was modeled by a simple
molecule (denoted as cat.) that involves the essential struc-
tural features of the catalyst (see Scheme 2). Geometry
optimizations were carried out using the B3LYP func-
tional'?® with the 6-31G basis set for all atoms.!# Polariza-
tion functions were added for the atoms directly involved
in  bond-forming and bond-breaking  processes
[N({g=0.864), C ({4=0.600), O ({4=1.154), and H
({, = 1.100)]. All relevant stationary points on the potential
energy surface (PES) have been located and their nature
(local minima or first-order saddle points) characterized
by performing vibrational frequency calculations. The
intrinsic reaction coordinate (IRC) pathways from the
transition states (TSs) to two local minima have been
traced in order to verify that each saddle point links the
two desired minima. All calculations were carried out with
the Gaussian 03 software package.! For all cited energies,
the zero-point energy (ZPE) corrections have been
included.

3. Results and discussion
3.1. Reaction mechanism

In order to establish the mechanism of the catalyzed
Michael reaction, the reaction of dimethyl malonate,
denoted as rl, with nitroethylene, denoted as r2, was stud-
ied in detail (see Scheme 2).

rl can exist as two tautomeric forms in equilibrium, that is,
enol-keto tautomerism (see Scheme 2). The six-membered
cyclic enol form possesses a nucleophilic carbon atom,
which can add to active nitroolefins. Thus the enol form
was assumed for the catalyzed Michael reaction.

The first step involves the amino group of catalyst remov-
ing a proton from the enol form of rl, to give the reactive
enolate 1. This process is calculated to be exothermic by
29.9 kcal mol~! compared to the reactants (r1 + cat.), indi-
cating that the proton migration is an energetically favor-
able process.

The nitroethylene r2 then interacts with 1 through two
O---HN hydrogen bonds. There are two possible path-
ways, denoted as pathways A and B, for the reaction of
r2 and 1 to yield the product and catalyst, which differ in
the approach mode of the reactants (see 2a, 2b, and
TS».34, TSop3p in Fig. 1). In 2a and TS,, 3,, the car-
bon—carbon double bond of the nitroethylene points away
from the chiral scaffold, while in 2b and TS, 3, the o-
hydrogen of nitroethylene points away from the chiral scaf-
fold. The structures of the intermediates and TSs involved
in these two pathways have been located and shown in Fig-
ure 1, and the calculated energetic profiles along the two
pathways are given in Figure 2.
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Scheme 2. Mechanism details for the reaction of dimethyl malonate and nitroethylene with the urea derivative, proposed from the present calculations.

In pathway A, r2 interacts with 1 through two weak
NH---O hydrogen bonds of 2.064 and 2214 A, forming a
new complex 2a, lying 8.91 kcal mol ™! lower in energy than
the reactants (1 + cat.). Once 2a is formed, the nucleophilic
addition of the enolate and nitroethylene occurs, giving an
adduct, which further interacts with the catalyst via three
NH. - -O hydrogen bonds, to generate intermediate 3a. This
step proceeds via transmon state TS, 34, With a very low
barrier of 4.29 kcal mol™!, lying 5.26 kcal mol~! lower in
energy than 2a. Finally, the proton migrates from N atom
of the amino group of catalyst to carbon CI atom of the
adduct and completes the catalytic cycle.

The second proton migration requires further comment.
We found that there are two possible channels, marked
as channels 5 and 11 in Figure 2, for achieving the proton
transfer from the amino group to the nitronate carbon.
Channel I, is a direct migration process. However, the
transferring proton and the CI carbon atom in 3a are too
far away to realize the proton delivery, so 3a must distort
its geometry to 4al, to allow proton and Cl to reach a
proper distance, without raising its energy too much. 4al
is calculated only to be 0.69 kcal mol™ hlgher in energy
than 3a. Then the proton migrates Vla saddle pomt
TS4.1_6a With a barrier of 5.58 kcal mol~!. This channel is
exothermic by 11.16 kcal mol™' compared to 4al. Com-
plete proton transfer yields the hydrogen-bonded complex
6a. As the hydrogen bonds between the Michael addition
product and catalyst in 6a break, product P along with
the catalyst is formed, endothermic by 10.01 kcal mol '
The second reaction channel from 3a (channel I1,) 1nvolves
an enol-keto tautomerism. Initially, the hydrogen-bonding
(NH---O1) complex 3a converted into another hydrogen-
bonding (NH. - -02) complex 4a2 (see Fig. 1, 3a and 4a2),
and 4a2 is 5.20 kcal mol~' more stable compared to 4al.
Proton transfer from the amino group to O2 of nitro group
forms the enol tautomer 5a2 via TS,,»_s.». Finally, 5a2 tau-
tomerizes to keto tautomer 6a via TSs,;_¢, to finish the pro-

ton transfer from the amino group to nitronate carbon.
The computed results indicate that the relative energy of
TS4.2 542 1 even below 4a2 and 5a2 after ZPE corrections,
indicating the PES at this area is very flat. However, the
enol-keto tautomerrsm of 5a2 to 6a has a high barrier of
58.00 kcal mol~!. Therefore, channel 11, is energically less
favorable than channel I4.

Pathway B has some similarity to pathway A since no ma-
jor steric interactions are present in the reaction. A com-
parison of the calculated energy profiles for pathways A
and B (Fig. 2) provides further insight into the mechanism.
The energy of TS,y,_31, is only 0.87 kcal mol ! higher than
that of TS,, 3,. However, the proton transfer from the ami-
no group to nitronate carbon in 3b is much less favorable
than in 3a. This can be contributed to three less favorable
factors in 3b than in 3a (see 3a and 3b, and TS4.;.¢, and
TS4_6b in Fig. 1): the longer distance between the transfer-
ring proton and nitronate carbon, the stronger steric repul-
sion interactions between the amino group and malonate
group, and a larger geometry change is required (in 3a
and TSy.1_6., the dihedral angle C1-C2-C3-C4 is 75.6°
and 74.3°, respectively, the difference being 1.3°; while in
3b and TS,y _6p, the dihedral angle C1-C2-C3-C4 is 48.3°
and —54.2°, respectively, the change is 102.5°). Instead of
distorting the geometry, 3b converted into another more
stable complex 4b, and 4b is 5.20 kcal mol~' more stable
than 3b. Subsequently, the proton transfers from the amino
group to nitronate carbon via saddle point TSy, ¢p, to give
the new intermediate 6b. In the process of proton transfer
the barrier is 13.12 kcal mol ™!, which is 7.54 kcal mol ™!

higher than that of channel I5. In comparison with channel
115, 4b can also be converted into the enol tautomer 5b
with a very flat saddle point TS4b_s, then Sb tautomerizes
to keto tautomer 6b via TSs, ¢, with a very high barrier
(59.94 kcal mol " to finish the proton transfer from the
amino group to nitronate carbon. Finally, the hydrogen
bonds in 6b break to form product P along with catalyst.
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Figure 1. Optimized geometries for the intermediates and saddle points involved in the reaction of nitroethylene and malonate (distances in A). The values
in the parentheses refer to the imaginary vibrational frequency corresponding to the transition states. The hydrogen atoms on the rings and methyl groups
are omitted for clarity.

Our calculations indicate that channel I, for the catalytic =~ Moreover, the basis set superposition errors (BSSEs)
Michael reaction between nitroethylene and malonate is corrections for the initial and final steps of the main
energetically more favorable. channels are estimated using the counterpoise method.!®
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Figure 2. Calculated energetic profile for the reaction of nitroethylene and
malonate along the reaction coordinate.

The calculated results show that the BSSEs corrections
are less than 5.0 kcal mol™!, which mainly affect the
relative stabilities of the intermediates in the initial
and final steps, but do not change the profile of the
PES.

3.2. Enantioselectivity

It was found experimentally that bifunctional-urea cata-
lysts could catalyze the nitroolefin Michael reaction with
high enantioselectivity; however, the reason for the high
enantioselectivity was not clarified.® To understand the ori-
gin of the enantioselectivity, the catalyzed Michael reaction
of B-nitrostyrene and malonate was investigated.

We found that the Michael reaction of B-nitrostyrene has
the same mechanism with the reaction of the nitroethylene.
Figure 3 shows the optimized geometries of the main TSs
involved in two reaction pathways. We denote these TSs
as Ph-TSza{;a, Ph-TSzb,:),b, l)h-'I‘S4a,6a andPh-TS4kk6b,
which correspond to TS, 3., TSop 36, TS4a-6a> and TSyp 1
in the reaction of nitroethylene and malonate, respectively.
The calculated results indicate that the energies of Ph-TS,, 3,
and Ph-TS,,_3;, are very similar, since the phenyl group of
the two transition states points away from the chiral scaf-
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Figure 3. Optimized geometries of the main transition states for two
reaction pathways of the reaction of B-nitrostyrene and malonate. The
hydrogen atoms on the rings and methyl groups are omitted for clarity.

fold and does not contribute to steric repulsion. The barrier
for Michael addition of pathway B is only 0.77 kcal mol ™!
higher than that of pathway A. However, the energy of
transition state Ph-TSy, ¢, is higher than Ph-TS,, ¢, due
to the larger energetic cost in distorting the molecular
geometry to accommodate to proton transfer, and
Ph-TS,;,_¢p, 1s higher than 2.31 kcal mol~! in energy than
Ph-TS,, ¢.. The energetically favorable Ph-TS,, 3, and
Ph-TS,, ¢, leads to the (R)-product. Thus our calculated
results explain the enantioselectivity observed from the
experiment.

Finally, the roles of the two functional groups of the urea
derivatives were reconsidered. Our calculated results show
that the amino group plays a key role for the initial activa-
tion of the malonate by deprotonation, while the formation
of enolate specie makes the CH group of malonate more
nucleophilic. Simultaneously, the amino group and urea
moiety can stabilize the stable points on the PES by hydro-
gen-bond interactions. In addition, our calculated results
indicate that the amino group has a slight effect on the car-
bon-carbon bond formation. These results explain the ef-
fects of the tertiary amine functionality on the catalyzed
Michael reactions.

4. Conclusions

A general profile of the Michael reaction catalyzed by
the bifunctional-urea catalyst has emerged clearly via the
DFT calculations on the prototype reaction between
the malonate and nitroolefins. Four reaction channels, cor-
responding to the approach modes of the nitroolefins to the
chiral scaffold and the second proton transfer processes,
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have been characterized in detail. It was found that the
enantioselectivity of the catalyzed Michael reaction is con-
trolled by the C-C bond-formation step, while the rate
determining step is the proton transfer from the amino
group of the catalyst to the a-carbon of nitronate. Our
calculated results confirm that the amino group has a
significant effect on the reaction rate, but only a slight effect
on the enantioselectivity. The present DFT study explains
well the experimental finding and provides the details of
the reaction mechanisms.
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