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DFT Study of Brensted Acid Catalyzed Nitroso Aldol Reaction Between
Achiral Enamines and Nitrosobenzene: The Reason for Regio- and
Enantioselectivity
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The regio- and enantioselectivity of the nitroso aldol reaction
between achiral enamines and nitrosobenzene catalyzed by
chiral Brensted acid catalysts (TADDOL or 1-naphthylgly-
colic acid) were investigated in experimental and theoretical
studies. The use of a model involving a simple organic acid
(MeOH or AcOH) revealed that the reaction was catalyzed
by two or more molecules of the organic acid and that the
transition-state structure encompassed several hydrogen

bonds. The role of hydrogen bonding in the regioselectivity
was also examined carefully. The enantioselectivity in the re-
action catalyzed by chiral organic acids (S,S)-TADDOL and
(S)-1-naphthylglycolic acid was also confirmed through com-
putational study.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The nitroso aldol (NA) reaction is one of the most
powerful tools in organic synthesis to introduce hydroxy or
amino groups at the o position of the carbonyl group.l'! We
recently reported regio- and enantioselective nitroso aldol
reactions between achiral enamines and nitrosobenzene
(PhNO) by using chiral Bronsted acid catalysts.””) Organic
acids with an alcohol group promotes C-N bond-forming
reactions (N-NA reactions), whereas organic acids with a
carboxylic acid group promote C-O bond-forming reac-
tions (O-NA reactions) (Scheme 1). Although we succeeded
in finding good reactions through control of the selectivity
of the nitroso aldol reaction, the mechanism of the reaction,
and especially the origin of the selectivity, was unclear until

now.
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Scheme 1. Bronsted acid catalyzed nitroso aldol reaction between
achiral enamines and nitrosobenzene (PhNO).

Houk et al. offered an explanation of stereoselectivity in
proline-catalyzed O-NA reactions of ketones with PhNO.
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They proposed a mechanism in which the chiral enamine
was included (diastereoselective mechanism).[3l However,
their explanation did not cover our observation of regiose-
lective nitroso aldol processes. We herein report an investi-
gation on the origin of the regio- and enantioselectivity of
the reaction on the basis of experimental and theoretical
factors.

Results and Discussion

At the beginning of this work, our experimental results
seemed to show an isotope effect in the organic acid cata-
lyzed nitroso aldol reaction (organic acid = MeOH or
AcOH) (Figure 1). Although the difference in the reaction
rates was not large, the Ph group of PhNO clearly had an
isotope effect: 56:44 and 57:43 (ratio of products). These
results suggest that the effect of this Ph group is a second-
ary isotope effect, which means that the Ph group indirectly
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Figure 1. Experimental results of isotope effect in nitroso aldol re-
action catalyzed organic acids.
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takes part in the reaction and influences the reaction rate.
The essence of this isotope effect could not be understood
from the experiments, so we decided to investigate factors
of the reaction rate by using theoretical calculations.

We first studied the complex formed between the organic
acid and PhINO. Optimized structures of the complexes
indicate an interaction between the ortho hydrogen atom
of PhNO and the oxygen atom of the organic acid in the
equilibrium structures (Figure 2): Acid-N™ (Acid = MeOH
or AcOH), Acid-O-Z, and Acid-O-E. Acid-N was more
stable than Acid-O. The energy difference between AcOH-
N and AcOH-O (1.9 kcal/mol) was larger than that between
MeOH-N and MeOH-O (1.1 kcal/mol). The relative energy
levels of the complexes (the values in square brackets in
Figure 2) were reflected in the two H-bonds as follows: (1)
the H-bond between the hydrogen atom of the -OH group
in the organic acid and the -N=0 group in PhNO and (2)
the H-bond between the oxygen atom of the organic acid
and the ortho hydrogen atom in PhNO. The former H-bond
depends on the acidity of the organic acid and the basicity
of the coordination site in the -N=0 group. The basicity of
the nitrogen atom is larger than the basicity of the oxygen
atom in the -N=0 group.[>> The latter H-bond depends
on the acidity of the ortho hydrogen atom in PhNO and the
basicity of the oxygen atom in the organic acid. The acidity
of PhINO is considered to be more than minimal and to be
almost the same as that of PhCN.Il The structures in Fig-
ure 2 indicate that the two H-bonds of AcOH-X (X = N or
O) are stronger than those of MeOH-X; AcOH-Xs have
shorter atom distances [R(Hoy,X) and R(Oc=o,H,,,)] and
larger angles [4(X,Hop,Oon)] than those of MeOH-Xs
[R(Hom,X), R(Oon,Hormo), and A(X,How,Oon)]; this re-
sults from the acidity of the organic acid and the ortho hy-
drogen atom in PhNO and the basicity of the oxygen atom
in the organic acid. The cooperative effect!’-8! of the two H-
bonds would also contribute to the structure and the energy
level of these complexes.

Next, we looked at the nitroso aldol reaction in terms of
the structures and energy levels of the TS (transition state).
We tried to explain the regioselectivity of nitroso aldol reac-
tion (N-NA reaction vs. O-NA reaction)??! by the simplest
reaction model, that is, the reaction catalyzed by one mole-
cule of an organic acid, and one molecule of the organic
acid (MeOH or AcOH) worked as a catalyst in the model.
The relative energy levels at the TS (Ers) of the N-NA path
were lower than those of the O-NA path in both catalytic
reactions. Moreover, all the Erg values were too high for
the reaction to proceed smoothly.l’! These results indicated
that the model incorporating one molecule of an organic
acid catalyst was not appropriate to explain our results.

The results from the above experiment suggest that two
or more organic acid molecules might act as an active cata-
lyst in the reaction system, as the TADDOL derivative can
be regarded as two organic acids. On the basis of this hy-
pothesis, the model incorporating two molecules of an or-
ganic acid catalyst was used for further investigations (Fig-
ures 3 and 4).1'] Gratifyingly, the Etg values of the N-NA
and O-NA paths were nicely correlated with regioselectiv-
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Figure 2. The equilibrium structures and relative energy levels of
the complex of PhNO and one organic acid (MeOH or AcOH)
molecule calculated at the B3LYP/6-311++G(d,p)//B3LYP/6-
314+G(d,p) level. Relative energy levels [kcal/mol] are in square
brackets. The total value of the energies of enamine, PhNO, and
one organic acid molecule was used as the standard for relative
energy levels.

ity: TS 1m-i of the N-NA path was the most stable in the
four TSs of the (MeOH), catalyst model, but TS 2a-o of
the O-NA path was the most stable in the four TSs of the
(AcOH), catalyst model. In fact, three H-bonds in the TSs
play an important role in the interactions: (1) the H-bond
between the most acidic hydrogen atom of the organic acid
and the -N=0 group (HB A), (2) the H-bond between the
ortho hydrogen atom in PhNO and the oxygen atom of the
organic acid (HB B), and (3) the H-bond between hydrogen
of the N-CHj; part in the enamine and the oxygen atom of
the organic acid (HB C).

The organic acid has a higher affinity for the nitrogen
atom than for the oxygen atom of the -N=0O group, as ni-
trogen is more basic than oxygen in this group. The basicity
of the -N=0 group and the acidity of the organic acid seem
to correlate with HB A, so that the interaction between the
nitrogen atom of the -N=0O group and the hydrogen atom
of AcOH in TSs 2a-i or 2a-o was larger than that in the
other TSs.

All of the important TSs had HB B. We found that this
interaction is very important for the regioselectivity of the
reaction. The values of the related distances [R(Oowu,Horimo)
or R(Oc=0,H,,1,)] are also related to the regioselectivity. In
the model involving two molecules of MeOH, the value of
R(Oon,Hyn) In the most-stable TS in the N-NA path
(1m-i; 2.715 A) indicates that HB B is stronger in this path
than in the O-NA path (2m-o; 3.196 A). In contrast, in the
model involving two molecules of AcOH, the value of
R(Oc=0,H,,.1,) in the most-stable TS in the N-NA path (1a-
i; 3.051 A) indicates that HB B is weaker in this path than

Eur. J. Org. Chem. 2008, 4245-4249
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Figure 3. B3LYP-optimized transition-state structures and relative
energy levels!!'”! [kcal/mol] for the nitroso aldol reaction of N,N-
dimethylcyclohexylenamine with PhNO catalyzed by two molecules
of MeOH [(MeOH),]. Distances are in A. Relative energy levels
(Ets) are in square brackets.
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Figure 4. B3LYP-optimized transition-state structures and relative
energy levels!'”) [kcal/mol] for the nitroso aldol reaction of N,N-
dimethylcyclohexylenamine with PhNO catalyzed by two molecules
of AcOH [(AcOH),]. Distances are in A. Relative energy levels
(Ets) are in square brackets.

in the O-NA path (2a-0; 2.263 A). These results suggested
that HB B is one of the important factors for Ers. The
strength of HC C was also correlated to Ers. This interac-
tion will construct the TS structure (a cluster-like structure
for the stability of the multiorganic acid form). TSs 1m-i
and 2a-o have strong HB C. The reaction path with a suit-
able TS structure will have a greater importance. Thus, the
three H-bonds and Erg values were correlated, allowing us
to understand that the three H-bonds played an important
role in the regioselectivity.
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To put it briefly, the reason that an alcohol catalyst pro-
motes C-N bond formation (nitrogen attack) is that a
more-stable seven-membered ring structure is formed when
an alcohol catalyst coordinates the oxygen atom of the
~N=0O group, so the nitrogen atom is activated and at-
tacked. In contrast, the reason a carboxylic acid catalyst
promotes C-O bond formation (oxygen attack) is that a
more-stable eight-membered ring structure is formed when
the carboxylic acid catalyst coordinates the nitrogen atom
of the -N=0O group, so the oxygen atom is activated and
attacked.

Finally, we confirmed the enantioselectivity of the ni-
troso aldol reaction catalyzed by optically active organic
acids [organic acid = (S,S)-TADDOL or (S)-1-naphthylgly-
colic acid]. The most important TS structures of the TAD-
DOL and (S)-1-naphthylglycolic acid catalyzed reactions
are shown in Figures 5 and 6, respectively. In these TSs, the
H-bonds described above were also important. HB B plays
a role in fixing PhNO in the TS structure. Calculated Erg
values were suitable for enantioselectivity in both organic
acid catalyzed reactions. The energy gaps between the TSs
for the (S) and (R) products were 0.9 kcal/mol in the TAD-
DOL-catalyzed reaction and 1.6 kcal/mol in the 1-naph-
thylglycolic acid catalyzed reaction.l'?l The TSs on the way

Figure 5. Transition-state structure for the (S) product in the (S,S)-
TADDOL-catalyzed nitroso aldol reaction between cyclohexylen-
amine and PhNO. Distances are in A.

Figure 6. Transition-state structure for the (S) product in the (S)-
1-naphthylglycolic acid catalyzed nitroso aldol reaction between
cyclohexylenamine and PhNO. Distances are in A.
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to the (S) product were more stable than those of the (R)
product in both reactions. These calculation results also
agree with the facts of the experiment. The hydrogen bonds
allowed the catalysts to have effective stereocontrol in the
enantioselective reaction, and one important reason is that
the hydrogen bonds fix the substrates to the catalyst tightly.

Conclusions

We studied the origins of the regio- and enantio-
selectivity in the nitroso aldol reaction between achiral en-
amines and PhNO by using chiral Brensted acid catalysts.
We chose the nitroso aldol reaction catalyzed by simple or-
ganic acids for investigation of the regioselectivity. The TS
structure comprised the enamine, PANO, and two or more
molecules of organic acid and formed a cluster-like struc-
ture. The key points of the regioselectivity were the three
H-bonds in the TS structure: (1) the H-bond between the
most acidic hydrogen atom of the organic acid and the
-N=0 group, (2) the H-bond between the ortho hydrogen
atom in PhNO and the oxygen atom of the organic acid,
and (3) the H-bond between the hydrogen atom of the N-
CHj; part of the enamine and the oxygen atom of the or-
ganic acid. The importance of the H-bonds was confirmed
by comparison of the strengths of the H-bonds and the en-
ergy levels of the TSs. After understanding the factors for
the regioselectivity, we confirmed the enantioselectivity of
the reactions, which were catalyzed by (S,S)-TADDOL or
(S)-1-naphthylglycolic acid. In this case, the H-bonds were
also important in determining the TS structure and the val-
ues of Erg

Experimental Section

Computational Methods: Theoretical calculations were performed
by using the Gaussian 98['31 and 03" programs. Optimization of
the geometries of the complex of the organic acid and PhNO, the
calculations for binding energy between p-substituted benzene and
chloride (CI") ion, and the exploration of the potential energy hy-
persurface to determine the transition state of the organic acid (ex-
cept TADDOL and 1-naphthylglycolic acid) catalyzed reactions
were carried out by gradient-corrected density functional theory
(DFT) calculations with Becke’s three-parameter exchange with the
Lee, Yang, and Parr correlation functional (B3LYP)!'*! by using the
6-31+G(d,p) basis set. The stationary points were characterized by
a frequency analysis at the B3LYP level. Single-point calculations
for the optimized geometries were then performed by using the 6-
311++G(d,p) basic set. In the TADDOL-catalyzed reaction, the
ONIOM hybrid method with the use of the B3LYP/6-31+(d,p) level
for the high layer (TADDOL framework, PANO and CH=C-N
part of enamine), B3LYP/6-31G(d,p) level for the middle layer (O—
C-O part of TADDOL and CH, chain of enamine), and UFF for
the low layer (naphthyl groups, CHj; part) was applied for geometri-
cal optimization of transition states; thereafter, single-point calcu-
lations of the optimized geometries were performed at the B3LYP/
6-311++G(d,p) level. In the case of the 1-naphthylglycolic acid cat-
alyzed reaction, the ONIOM hybrid method with the use of the
B3LYP/6-31+G(d,p) level for the high layer (glycolic acid part,
PhNO and CH=C-N part of enamine) and B3LYP/6-31G(d,p)
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level for the low layer (CH, chain of enamine and naphthyl group)
was applied for geometry optimization of transition states and then
single-point calculations of the optimized geometries were made at
the B3LYP/6-311++G(d,p) level. The basis set superposition error
(BSSE) was computed by optimization and single-point calcula-
tion, except that optimization used the ONIOM hybrid method for
the TADDOL-catalyzed reaction and the 1-naphthylglycolic acid
catalyzed reaction used the counterpoise corrected method.l'® In
the case of the TADDOL-catalyzed reaction and the 1-naphthylgly-
colic acid catalyzed reaction, the counterpoise corrected method
was used only in the single-point calculation. The total value of the
reactants was used when the relative energies of the complexes and
the stationary points were calculated. All the energies reported are
in kcal/mol.

Supporting Information (see footnote on the first page of this arti-
cle): Binding energy between p-substituted benzene and the chlo-
ride (CI") ion; results for the nitroso aldol reaction catalyzed by
one molecule of organic acid; NPA charges of the complex; transi-
tion-state structure and Erg values of the reactions catalyzed by
TADDOL or 1-naphthylglycolic acid.
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