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The roles of benzoic acid and water on the Michael reaction of pentanal and nitrostyrene catalyzed by
diarylprolinol silyl ether are revealed by density functional theory calculations. The calculations
demonstrate that the benzoic acid is ready to attack the catalysts and form a hydrogen bond between the
hydrogen atom of the COOH of benzoic acid and one of the N atoms of the catalyst. The complex formed
from pentanal, catalyst and benzoic acid attacks nitroalkene and forms transition states. Finally, the
transition states hydrolyze and the products are formed. The calculations demonstrate that the
stereoselectivity is dominated by the steric hindrance of the 2-substituent groups, and the benzoic acid can
increase the reaction rate evidently by decreasing the activation energies; however, H;0" or strong acid
may prevent the formation of the transition states between enamines and nitroalkenes. The employed
solvent can decrease the activation energies and promote the proton transfer from benzoic acid onto the
catalyst 2. The calculated enantiomeric excess values are in good agreement with the experimental results.
These calculations also reveal that the role of benzoic acid is dependent on the sophisticated structures of
the catalysts and provide a valuable index for the structural design of new catalysts and selection of

additives or co-catalysts.

1. Introduction

The reported direct aldol reaction catalyzed by proline’ stimu-
lated extensive study on asymmetric organocatalysis. Since then,
asymmetric organocatalysis reactions of aldehydes and ketones,
such as the aldol reaction,” the Michael reaction,” the Mannich
reaction® and a variety of other reactions®® have been developed
by using small organic molecules as the catalysts. Currently,
asymmetric organocatalysis has become a hot topic in organic
chemistry.'®'°

As one of the most versatile and efficient methods for the for-
mation of carbon—carbon bonds, Michael additions have
attracted enormous attention in organic synthesis in the past
decades. Among these Michael reactions, the additions of alde-
hydes to nitroalkenes are very useful and interesting because
they can be used to prepare versatile synthetic intermediates,
nitroalkenes and may generate two contiguous stereo centers in a
single step. Actually, extensive experiments have been carried
out and great progress has been achieved with the asymmetric
versions of the Michael reaction.'”2° In 2005, Hayashi et al.?!
reported that diphenylprolinol silyl ethers catalyzed the additions
of simple aldehydes to nitroalkenes with much higher
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diastereoselectivities and enantioselectivities than the most used
catalyst proline. Zheng et al.** also achieved excellent results in
this reaction with modified diphenylprolinol silyl ether.

For the mechanisms of the asymmetric organocatalytic
Michael additions, the established viewpoints are that the key
intermediate is iminium ion or enamine.>* %> For those reactions
catalyzed by proline, theoretical and experimental studies have
demonstrated that the stereochemical outcome of the products
are determined by hydrogen-bonding. For those reactions cata-
lyzed by derivatives of proline without the COOH group, the
stereochemical outcomes are determined by the steric hindrance
of the 2-substituent groups of the employed catalysts.*®

However, recently more and more experiments demonstrate
that the employed solvent and additives have a great impact on
the reactions.”’ ' These experimental observations are not well
understood. To gain further insight into the reaction mechanism
of asymmetric organocatalytic Michael additions, especially on
the roles of solvents and additives, we take the Michael addition
between pentanal and nitrostyrene catalyzed by diarylprolinol
silyl ether combined with or without benzoic acid as a model
system and perform a systematic study on it. The DFT calcu-
lations demonstrate that the solvent can decrease the energy bar-
riers of Michael reactions and the additive benzoic acid can
improve the reactivity of catalysts via forming a complex with
the catalysts or enamines. These findings are helpful for the
design of new high-selectivity and reactivity catalysts and the
optimization of reaction conditions.
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2. Computational details

In the Michael additions (see Fig. 1a), the catalysts (diarylproli-
nol silyl ether, see Fig. 1b) and pentanal dehydrate to form
enamine intermediates. Subsequently, an enamine intermediate
and nitrostyrene may form an addition product. Finally, the
initial product is hydrolyzed, leading to the formation of the ulti-
mate product and the regeneration of the catalyst. The second
step forming the carbon—carbon bond determines the configur-
ation of the product and is the most important step, thus, we
focus on this step and localize the corresponding transition
states.

B3LYP functional has been questioned for its ability to deal
with weak interactions such as hydrogen bonding,** however,
our analysis and discussion are based on the relative energies or
relative activation energies, instead of total energies, thus the
B3LYP functional can still provide results reliably. The reactants,
catalysts, additives and the structures formed by the two different
catalysts with a hydronium or a benzoic acid molecule were all
optimized at the B3LYP/6-31G(d,p) level of theory. The tran-
sition state structures under neat condition or with the additive
were searched using a TS approach at the same level of theory.
Frequency calculations were also performed at the same level of
theory and the transition state structures were identified by their
modes of vibration. Solvent effects were computed using
Tomasi’s polarized continuum model (PCM) with UFF radii at
the CPCM (yatery/B3LYP/6-31G(d,p) level of theory. All calcu-
lations were performed using the Gaussian 09 quantum chemical
program package.*?

3. Results and discussion
3.1 Michael additions

As shown in Fig. 2, the enamine intermediates derived from pen-
tanal and each catalyst can be present in four different
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conformers (IM1, IM2, IM3 and IM4), which originate from the
two possible configurations (E or Z) of the enamine double
bond, and from the syn or anti orientations of the enamine
double bond relative to the 2-substituent groups in the pyrroli-
dine ring. Each enamine intermediate has two faces (Re and Si)
and can approach a nitrostyrene from two different directions
(above or below the plane of N-C=C of the nitrostyrene), so
there are sixteen mathematically possible reaction pathways for
each catalyst. However, the Re face of the enamine intermediate
is effectively shielded by the bulky 2-substituent group of the
pyrrolidine ring of the catalyst, in other words, only the Si face
of the enamine intermediate can approach nitrostyrene. Test cal-
culations show that when the Re face attacks the nitrostyrene, no
transition state is located for most intermediates or even is a tran-
sition state obtained, the corresponding activation energy being
much higher than those of the ones formed by the attack of the
Si face on the nitrostyrene; further calculations by rotating the
dihedral angle along the reaction coordinate reach the same con-
clusions. Thus, the possible reaction pathways reduce from
sixteen to eight. The stereochemical outcome of the product of
the reaction depends on the approach of the enamine intermedi-
ate to nitrostyrene (Fig. 2). For instance, if the E-configuration
enamine IM1, with the double bond syn to the 2-substituent
group of the pyrrolidine ring, attacks from the above face of the
nitrostyrene, the reaction generates a product with S configur-
ation; if the enamine IM1 attacks from the below face of the
nitrostyrene, a R configurational product is obtained.

The calculated relative energies (AE) of the enamine confor-
mers are reported in Table 1 and the optimized structures are pro-
vided in S1.¥ The results in Table 1 show that the first two
enamines of the two different catalysts containing an £ configur-
ation of the double bond are more stable than the two Z confi-
gurational enamines. The enamine IM4 (IM4) is ruled out due
to the highest relative energy in the following calculations.

The approach of the remaining three intermediates to the two
different faces of nitrostyrene can lead to six different reaction
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(a) Key steps involved in asymmetric Michael additions of pentanal and nitrostyrene. (b) Catalysts: diarylprolinol silyl ether.
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Fig. 2 The possible reaction pathways of pentanal and nitrostyrene catalyzed by diarylprolinol silyl ether.

Table 1 The calculated relative energies (AE, in kcal mol™') of
enamine conformers formed by the two different catalysts with pentanal
at the B3LYP/6-31G(d,p) level of theory

Enamine Conformer AE? Enamine Conformer AE?
IM1 E-syn- 2.25 IM1’ E-syn- 2.20
M2 E-anti- 0.00 M2’ E-anti- 0.00
M3 Z-anti- 2.96 M3’ Z-anti- 2.80
M4 Z-syn- 8.09 M4’ Z-syn- 8.01

“The relative energies are given relative to Catl-IM2. ” The relative
energies are given relative to Cat2-IM2'.

pathways for each catalyst. We located the six transition states
(TS1-TS6); the calculated activation barriers of the transition

states are given in Table 2, and the optimized structures are
shown in Fig. 3.

As seen in Table 2, for the Catl, other transition states are
higher in energy than TS3, demonstrating that the corresponding
pathways are disadvantageous. The two lowest energy transition
states TS2 and TS3 are formed from different enamine inter-
mediates, demonstrating that the configurations of the intermedi-
ates play an important role in the Michael reactions. For the
lowest energy enamine intermediate IM2 (E-anti-), when it
approaches the above face of the nitrostyrene, it leads to the
product with (2R,3S5)-configuration. On the contrary, by
approaching the below face, it leads to the product with (2R,3R)-
configuration. Evidently, the approaching direction of the
enamine intermediate is significant in the Michael reactions. The
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Table 2 The calculated activation barriers (AG, in kcal mol™") and relative activation barriers (AAG, in kcal mol™") of the transition states for the
Michael reaction between pentanal and nitrostyrene catalyzed by the two different catalysts with or without benzoic acid in the gas-phase at the
B3LYP/6-31G(d,p) level and in the solvent-phase at the CPCM (yq(ery/B3LYP/6-31G(d,p) level

Gas-phase Solvent-phase
Catalyst TS M Chirality AG AAG AG’ AAG’
Catl TS1 E-syn 28,38 30.34 4.95 28.70 4.12
TS2 E-syn 28.3R 28.05 2.66 27.69 3.11
TS3 E-anti 2R3S 25.39 0.00 24.58 0.00
TS4 E-anti 2R,3R 28.13 2.74 25.81 1.23
TS5 Z-anti 28,38 29.23 3.84 27.57 2.99
TS6 Z-anti 28.3R 30.70 5.31 27.67 3.09
Cat2 IN G E-syn 28,38 31.58 4.62 28.64 3.05
TS2' E-syn 28,3R 28.93 1.97 26.84 1.25
TS3' E-anti 2R3S 26.96 0.00 25.59 0.00
TS4' E-anti 2R,3R 30.10 3.14 28.45 2.86
TSS' Z-anti 28,38 29.68 2.72 27.47 1.88
TS6' Z-anti 28.3R 31.53 4.57 28.02 2.43
Cat2-H;0" TS1” E-syn 28,38 37.62 6.64 32.36 6.98
TS2" E-syn 28,3R 31.99 1.01 28.25 2.87
TS3” E-anti 2R3S 30.98 0.00 25.38 0.00
TS4" E-anti 2R3R 33.10 2.12 25.68 0.30
TS5" Z-anti 28,38 34.49 3.51 29.39 4.01
TS6" Z-anti 28,3R 36.16 5.18 29.16 3.78
Cat2-benzoic acid TS1" E-syn 28,38 32.76 6.15 29.09 4.11
TS2" E-syn 28,3R 30.70 4.09 28.32 3.34
TS3"™ E-anti 2R3S 26.61 0.00 24.98 0.00
TS4" E-anti 2R,3R 29.51 2.90 25.36 0.38
TS5" Z-anti 28,38 30.98 437 29.24 4.26
TS6" Z-anti 28,3R 32.68 6.07 30.74 5.76

highest energy transition state is TS6 formed by the highest
energy IM3 (Z-anti), which is 5.31 kcal mol™" higher in energy
than TS3. It thus can be concluded that the stability of the
enamine intermediate plays an important role in the Michael
reactions. The products formed by TS3 (2R,3S) and TS2 (2S,3R)
are a pair of enantiomers. Their energy difference of 2.66 kcal mol™
corresponds to an enantiomeric excess (ee) in favor of the
(2R,3S)-configurational product of 97.8% ee. It should be noted
that the product resulting from the hydrolysis of TS4 is only a
little less than that of TS2, thus, the relative concentration of the
main product from TS3 should roughly decrease a percent. Even
so, the calculated excess value is a little larger than the exper-
imental value of 93%.%2

For the Cat2, similarly the two lowest energy transition states
TS2' and TS3' are formed from different enamine intermediates,
demonstrating that the configurations of the intermediates play an
important role in the Michael reactions. TS2' is 1.97 kcal mol™'
higher in energy than TS3'. The highest energy transition state TS1’
formed by IM1’ (E-syn), is 4.62 kcal mol™" higher in energy than
TS3'. The products formed from TS3’ (2R,3S) and TS2' (25,3R) are
a pair of enantiomers. Their energy difference of 1.97 kcal mol™
corresponds to an enantiomeric excess of 93%. Similarly to the
reactions catalyzed by Catl, there is also an important by-product
with (2S,3S)-configuration from TS5', thus the relative concen-
tration of the main product from TS3' will decrease slightly.

3.2 Solvent effect

The gas-phase results in Table 2 only consider the interactions
among reactants and catalysts. Although these results can also

provide valuable insights into the reaction mechanisms, the reac-
tions are actually taking place in the liquid phase and the
employed solvent should play a role on the reactions. As shown
in Table 2, the activation energies of TS2 and TS3 decrease from
28.05 and 25.39 kcal mol™" in the gas-phase to 27.69 and
24.58 kcal mol™" in water, respectively, and the relative energy
of them increases from 2.66 to 3.12 kcal mol™'. For Cat2, the
calculations show that the activation energies of TS2' and TS3’
decrease from 28.93 and 26.96 kcal mol™" in the gas-phase to
26.84 and 25.59 kcal mol™" in water, respectively, and the rela-
tive energy of them decreases from 1.97 to 1.25 kcal mol™".
Table 2 also shows that the activation energies and their differ-
ences for the Michael reactions in water, a closer and more real
model to the actual reaction system, are all smaller than those in
gas phase. These results demonstrate that the employed solvent
can evidently increase the reaction rate by decreasing the acti-
vation barriers and modify the selectivity to some degree by
changing the differences in activation energies.

3.3 The role of the benzoic acid

It has been reported that the additives such as water, acids, and
bases can affect either or both reactivity and enantioselectivity in
transformations catalyzed by amine-based catalysts.>*>® Zheng
et al.** experimentally found that the benzoic acid can increase
the rate of reaction between aldehydes and nitroalkene and the
effect of the benzoic acid on the reaction rate is different for two
different catalysts although they are highly similar in structure.
To reveal why the benzoic acid can substantially modify the rate

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 The optimized structures of different transition states for the Michael reactions of pentanal and nitrostyrene at the B3LYP/6-31G(d,p) level of
theory.
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Table 3 The key bond lengths (in A) of the complexes formed
between the two different catalysts and a hydronium and the
corresponding complexation energies (AE, in kcal mol™") in the gas-
phase at the B3LYP/6-31G(d,p) level and the solvent-phase at the
CPCM (yatery/B3LYP/6-31G(d,p) level

Table 4 The key bond lengths (in A) of the complexes formed
between the two different catalysts and a benzoic acid molecule and the
corresponding complexation energies (AE, in kcal mol™") in the gas-
phase at the B3LYP/6-31G(d,p) level and the solvent-phase at the
CPCM (wateryB3LYP/6-31G(d,p) level

Gas phase Solvent phase Gas phase Solvent phase

dN-H) d(O-H) AE dN-H) d(O-H) AE dN-H) d(O-H) AE dN-H) d(O-H) AE
I 1.041 1.773 —84.63  1.050 1.719 —43.08 I 1.763 1.006 -10.69  1.704 1.018 -8.97
I 1.050 1.685 —102.55  1.048 1.721 —54.68 I 1.579 1.048 —18.32 1489 1.084 —15.98
o 1.042 1.748 —83.26  1.052 1.707 —48.57 m  1.669 1.024 -13.70  1.155 1.385 -11.33
IV 1.048 1.712 -90.10  1.051 1.726 —49.16 IV 1.684 1.020 -14.19  1.628 1.036 —-13.12

I: The N on dimethylamine group of the Catl with H;O". II: The N on
pyrrolidine of the Catl with H;O". TIT: The N on dimethylamine group
of the Cat2 with H;O™. IV: The N on pyrrolidine of the Cat2 with H;O™.

of Michael additions and has different effects on the two cata-
lysts, a detailed study has been undertaken.

It is well-known that benzoic acid is a moderate organic acid.
Accordingly, there may exit hydronium in the reaction system
and this kind of ion may affect the reactions. There are three N
atoms in the catalyst (see Fig. 1b), and these N atoms may
strongly interact with hydronium due to their lone pair of elec-
trons. We thus examined the structures formed between the two
different catalysts and a hydronium in the gas- and solvent-
phases. The two N atoms on the 2-substituent group should have
the same properties for each catalyst, thus only one N atom of
the 2-substituent group and the N atom on the pyrrolidine ring
are considered. The main bond lengths and the relative energies
are given in Table 3, the optimized complex structures are shown
in S2.F

The calculated results show that, for Catl, the lowest energy
structure occurs when the hydronium approaches the nitrogen on
the pyrrolidine ring both in the gas- and solvent-phase. However,
for Cat2, whether the hydronium approaches the N of the pyrro-
lidine ring or the N of the dimethylamine group of the side
chain, the complex structures have nearly the same energies. The
complexation energies are all remarkably negative as shown in
Table 3. These results indicate that hydronium can modify the
function of the catalysts by forming complexes with the catalysts
and the effect of the hydronium is dependent on the structures of
the employed catalyst. These results are in agreement with the
experimental observations that the acidic additives can accelerate
the formation of enamine.*®

For Catl, as the complexation energy (—54.68 kcal mol™")
resulting from the approaching of hydronium to the nitrogen of
the pyrrolidine ring is evidently larger (absolute value) than that
of the approach of hydronium to the nitrogen of the dimethyl-
amine group of the side chain (—43.08 kcal mol™"), the hydro-
nium may mainly modify the formation rate of enamines.
However, the corresponding complexation energies are nearly
equal (—48.57 and —49.16 kcal mol™") for Cat2, thus, the hydro-
nium may modify the formation rates for both the enamines and
the later transition states. Since here we only focus on the
carbon—carbon formation step, only the role of hydronium on
Cat2 is considered below.

We located the six transition states of the Michael reaction of
pentanal and nitrostyrene catalyzed by Cat2 with a hydronium.

I: The N on dimethylamine group of the Catl with a benzoic acid
molecule. II: The N on pyrrolidine of the Catl with a benzoic acid
molecule. III: The N on dimethylamine group of the Cat2 with a benzoic
acid molecule. IV: The N on pyrrolidine of the Cat2 with a benzoic acid
molecule.

The calculated activation energies of the transition states are
given in Table 2 and the optimized structures are shown in ESI
S3.7 The calculated results demonstrate that the activation ener-
gies of the mentioned transitions states with a hydronium are all
evidently higher than the activation energies of the correspond-
ing transition states without a hydronium attached. Thus, these
pathways should be ruled out, and indicate that the acceleration
effect of the added benzoic acid should be achieved via
other pathways. Considered that benzoic acid is a moderate
organic acid and the main species in the reaction system is
the two reactants, the benzoic acid should be in molecular
form, not in ion form. We thus studied the structures formed by
the two different catalysts with a benzoic acid molecule. The
main bond lengths and the complexation energies are given
in Table 4.

As seen in Table 4, for Catl, the O-H and H-N bonds of the
structures formed by the catalyst and a benzoic acid molecule
change slightly in the solvent-phase compared with the corres-
ponding bonds in the gas-phase. The O-H and N-H bonds of
the complex only change slightly from 1.006 and 1.763 A into
1.018 and 1.704 A. The large difference between the two com-
plexation energies (—15.98 vs. —8.97 kcal mol™") demonstrates
that the benzoic acid is much more ready to approach the nitro-
gen on pyrrolidine of the Catl and thus may mainly modify the
formation rate of the enamines. However, for Cat2, both the
O-H and N-H bonds in the solvent-phase have a great trans-
formation compared with the bonds in the gas-phase. The length
of the O—H bond increases from 1.024 into 1.385 A, while the
length of the N-H bond decrease from 1.669 into 1.155 A. In
fact, the hydrogen atom on the COOH group of benzoic acid has
been transferred directly to the N of the dimethylamine group of
Cat2 in water. Naturally, the benzoic acid molecule exerts a
different effect on the electronic configuration of the two cata-
lysts, and thus the complexes formed between the different cata-
lysts and the benzoic acid molecule have different properties.
These calculated results also support the experimental obser-
vations that the benzoic acid has a different effect on the reactiv-
ity of the two structurally similar catalysts. The complexation
energies are all negative and more than 8.00 (absolute value)
kcal mol™', demonstrating that the benzoic acid may form a

This journal is © The Royal Society of Chemistry 2012
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complex with the catalyst or as-formed enamines. Thus, the reac-
tions should take place between the nitrostyrene and the enamine
with a benzoic acid attached, instead of between the nitrostyrene
and the pure enamine.

In addition, the large complexation energies resulting from the
interactions between the nitrogen on the pyrrolidine of the two
catalysts and a benzoic acid molecule imply that even in the
absence of an amino group on the 2-substituent group, benzoic
acid should also have an impact on the reaction by modifying
the formation rate of the enamines. These results are in agree-
ment with recent experimental observations.>’

Of course, it is also possible for the other reactant nitrostyrene
to be activated by benzoic acid, or the two catalysts via hydrogen
bonding.*® We performed additional calculations. The results are
reported in the ESI S3.7 The results show that the complex ener-
gies (absolute value) resulting from the hydrogen bonding
between nitrostyrene and benzoic acid, or the two catalysts are
evidently smaller than the corresponding values between benzoic
acid and the two catalysts. In other words, benzoic acid is more
ready to form a complex with the two catalysts than with nitro-
styrene. Thus, this kind of hydrogen bonding was not considered
in the following calculations.

Based on the findings calculated above, we located the tran-
sition states formed by enamines with benzoic acid attached and
nitrostyrene. The calculated activation barriers of the transition
states are given in Table 2, and the optimized structures are
shown in Fig. 4.

From Table 2, it is found that the activation barrier of the
lowest-energy transition state (TS3""") is 24.98 kcal mol™", which
is less than the activation barrier of TS3 (25.59 kcal mol™" in
solvent phase) catalyzed by Cat2 only. Moreover, all other tran-
sition states with a benzoic acid molecule attached have rela-
tively low activation barriers, compared to those catalyzed by
Cat2 only. The decreasing activation energies from 25.59 kcal mol™
(without benzoic acid) to 24.98 kcal mol™' (with benzoic
acid) may lead to rate acceleration of nearly three times for the
formation of the corresponding transition state. These results
validate the experimental observations that Cat2 with added
benzoic acid has a better catalytic effect than Cat2 only. Since
the benzoic acid can also modify the formation rate of the
enamine,”’ the overall rate acceleration may be different from
this calculated value. The calculated energy difference of
3.34 kcal mol™" between TS2" and TS3" in the solvent-phase
corresponds to an enantiomeric excess of 99%.

Downloaded by University of California- San Diego on 01 September 2012
Published on 21 June 2012 on http://pubs.rsc.org | doi:10.1039/C20B25970B

4 s
d(C-C)=1.906A d(C-C)=1.980A K

d(O-H)=1.024A d(O-H)=1.021A ‘\
d(H-N)=1.679A d(H-N)=1.687A '4‘\

d(C-C)=2.008A
d(0-H)=1.023A
d(H-N)=1.685A

Cat2-TS3"

(%

d(C-C)=1.975A
d(0-H)=1.023A
d(H-N)=1.687A

d(C-C)=1.989A
d(0-H)=1.025A
d(H-N)=1.680A

d(C-C)=1.994A
d(0-H)=1.024A
d(H-N)=1.683A

Y
“OLA

Cat2-TS6"

Cat2-TS4" Cat2-TS5"

Fig. 4 The optimized structures and the key bond lengths of the transition states in Michael reactions between pentanal and nitrostyrene catalyzed by
Cat2 with benzoic acid attached at the B3LYP/6-31G(d,p) level of theory.
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3.4 Discussion

From Tables 3 and 4, it is evident that the complexation energies
between the catalysts and hydronium are much larger than those
between the catalysts and benzoic acid. The scan of the potential
energy surfaces demonstrates that it is a spontaneous process for
hydronium to approach the nitrogen of the catalysts. In other
words, as long as there exists hydronium, it will modify the reac-
tivity of the employed amine-based catalysts. Considering the
experimental observations that strong acid will dissociate in
water and lead to the formation of hydronium, and our theoreti-
cal finding that the activation energies of the mentioned tran-
sitions states with a hydronium are all evidently higher than the
activation energies of the corresponding transition states without
a hydronium attached, it can be safe to conclude that strong acid
is not advantageous to the formation of the corresponding tran-
sition states. These calculated findings are in good agreement
with the experimental observations that the reactions of alde-
hydes and nitrostyrene catalyzed by diarylprolinol silyl ether
lead to product in trace and little yield using CF;COOH?** and
CCl,COOH>® as additive, respectively.

4. Conclusions

The roles of benzoic acid and water on the Michael reactions of
pentanal and nitrostyrene catalyzed by two different diarylproli-
nol silyl ethers have been investigated by using the density func-
tional theory. The results demonstrate that the stereoselectivity is
dominated by the steric hindrance of the 2-substituent groups of
the catalysts and the introduction of benzoic acid can increase
the reaction rate by modifying the properties of the employed
catalyst, thus decreasing the activation energies of the corres-
ponding reactions. The calculations also demonstrate that the
added strong acid does not have a positive role on the formation
of the transition states. The effect of an additive is dependent on
the structures of the catalysts. These calculations can rationalize
the experimental observations and provide a valuable index for
the structural design of new catalysts and selection of additives
or co-catalysts.
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