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Abstract—The replacement of the carboxylic acid functionality with a tetrazolic acid in the proline-catalyzed asymmetric aldol reac-
tion between acetone and trimethylacetaldehyde has been studied using DFT methods at the B3LYP/6-31G** computational level.
For the C-C bond-formation step, four reactive channels corresponding to the syn and anti arrangement of the enamine and the re
and si attack modes have been analyzed. The B3LYP/6-31G** results allowed us to explain the stereoselectivity and the increase in

reactivity relative to the proline-catalyzed process in DMSO.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Asymmetric organocatalysis has received much interest
in organic chemistry because of the obvious advantages
over its metal-mediated counterpart. The advantages are
it does not need expensive and often toxic metals, and it
is generally easier to make and more easily recoverable
than standard catalytic reagents.! An organocatalytic
molecule that has been studied extensively” is proline
1, which accelerates a range of transformations such as
aldol reactions,> Robinson annulations* and Mannich
reactions.® Although, these reactions are highly enantio-
selective, they all rely on fairly polar solvents such as
dimethylsulfoxide (DMSO), due to the insoluble nature
of proline itself.

The aldol reaction is widely regarded to be one of the
most important carbon-carbon bond-formation reac-
tion utilized in organic chemistry.® As a result of its
utility, extensive efforts have been applied to the devel-
opment of catalytic enantioselective variants of this
reaction. Recently, Hartikka and Arvidsson’ have stud-
ied the 5-pyrrolidin-2-yltetrazole 2 catalyzed aldol reac-
tion of acetone with several aldehydes 3a—c (see Scheme
1). Tetrazoles and carboxylic acids have similar struc-
tural requirements and aqueous pK, values. However,
the tetrazole group has increased lipophilicity and
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Scheme 1.

metabolic stability.® These properties have led to wide-
spread use of tetrazoles in medicinal chemistry as
bioisosteres for carboxylic acids. In light of these
behaviors, Hartikka and Arvidsson proposed the use
of 2 as a more effective catalyst than proline 1.7 They
found that the increased reactivity of the tetrazole
derivative over proline becomes more apparent when
less reactive aldehydes are employed as aldol acceptors.
In addition, catalyst 2 was shown to be more reactive
than proline 1 in several solvents. Regarding the enantio-
selectivity, no large differences were seen between the
two catalysts.

Recently, several theoretical studies have been
devoted to the proline-catalyzed aldol reaction (see
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Scheme 2).>'9 These organocatalyzed aldol reactions
involve enamine intermediates formed by the condensa-
tion of carbonyl compounds with proline. For the C-C
bond-formation step, which corresponds with the ste-
reocontrolling step and is presumed to be the rate-deter-
mining step for the catalyzed process, four reactive
channels corresponding to the syn and anti arrangement
of the active methylene of the enamine relative to the
carboxylic acid group of proline, and the two diastereo-
isomeric approach modes to the re and si faces of the
carbonyl group of the aldehyde were studied.” The for-
mation of an intermolecular hydrogen-bond between
the acidic hydrogen of proline and the carbonyl oxygen
atom of the aldehyde in an early stage of the process cat-
alyzes very effectively the C-C bond formation by a
large stabilization of the negative charge which develops
at the carbonyl oxygen atom along the nucleophilic
attack.” The channels associated with the anti arrange-
ments of the enamine are favored over the channels
associated with the syn one, while the attack of the
active methylene on the re face of the aldehyde is
favored over the attack on the si face.
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Scheme 2.

Our interest in organocatalysis®!' prompted us to carry

out a theoretical investigation about the increase of
effectiveness by the substitution of the acid functionality
of proline by the tetrazolic acid in the aldol reaction
using density functional theory (DFT) with the well-
established B3LYP/6-31G** method. We have investi-
gated the transitions state structures for the C-C
bond-formation step of the tetrazolic acid-catalyzed
aldol reaction between trimethylacetaldehyde 3a and
acetone 4 in presence of the S5-pyrrolidin-2-yltetrazole
2 as a model for the catalyzed reactions reported by
Hartikka and Arvidsson’ (see Scheme 1). The transition
states associated with the C—C bond-formation step for
proline-catalyzed aldol reaction between 3a and 4 have
also been investigated in order to rationalize the increase
of catalytic effectiveness with the acid substitution.

2. Computational methods

DFT calculations were carried out using the B3LYP!?
exchange-correlation functional, together with the stan-
dard 6-31G** basis set.!> An exhaustive exploration of
the potential energy surfaces (PESs) was carried out to
ensure that all relevant stationary points were located
and properly characterized. The optimizations were car-
ried out using the Berny analytical gradient optimization
method.'* As minima and transition structures are pres-
ent as manifold conformers, a minimum conformational
search was performed for each structure in order to
insure that the selected structure corresponded to the

lesser energetic one. The stationary points were charac-
terized by frequency calculations in order to verify that
minima and transition structures have zero and one
imaginary frequency, respectively. The intrinsic reaction
coordinate (IRC)'> paths were traced in order to check
the energy profiles connecting each transition structure
to the two associated minima of the proposed mecha-
nism by using the second order Gonzalez—Schlegel inte-
gration method.'® The electronic structures of stationary
points were analyzed by the natural bond orbital (NBO)
method.!” All calculations were carried out with the
Gaussian 98 suite of programs.'®

These aldol reactions were carried out in polar solvents;
as the solvent can change both gas phase activation
energy and stereoselectivity, their effects were studied.
The solvent effects of DMSO, modeled as a continuum
model, were considered by B3LYP/6-31G** single point
calculations at the gas-phase optimized geometries using
a self-consistent reaction field (SCRF)! based on the
polarizable continuum model (PCM) of Tomasi and
co-workers?® The electronic energies in solution
(DMSO) were obtained by adding the total electrostatic
energies obtained from the PCM calculations to the elec-
tronic energies in vacuo. The PCM and sol-
vent = DMSO options were employed in the SCRF
calculations.

3. Results and discussion

The tetrazolic acid can exist mainly as two tautomeric
forms in equilibrium (see Scheme 3); the tetrazolic acid
form 8 is 2.35 kcal/mol lesser in energy than isomer 9.
With the inclusion of the solvent effect, this difference
became 3.34 kcal/mol. Thus, this tautomeric form was
assumed for the catalyzed process. For the enamine,
two conformational structures are possible due to the
restricted rotation around the C4-N35 single bond (see
Scheme 4).° These conformers relate to the syn, 10-s,
and anti, 10-a, arrangement of the active methylene
group relative to the tetrazolic acid group. In the gas
phase, the conformer 10-s was 1.26 kcal/mol more stable
that 10-a; however, the easy C4-N5 bond rotation
allows an equilibration between these conformers.’
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Scheme 3.

The C-C bond-formation step corresponds with the ste-
reocontrol step for the tetrazolic acid-catalyzed aldol
reaction. For this step, four reactive channels have been
studied. Thus, four transition states, TS-tar, TS-tas, TS-
tsr, and TS-tss, and their corresponding zwitterionic
adducts, Zw-tar, Zw-tas, Zw-tsr, and Zw-tss, were local-
ized and characterized (see Scheme 4). These are
related to the nucleophilic attack of the active methylene
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of enamines 10-a and 10-s, named as ta and ts, to the re
and si faces of the carbonyl group of tetramethylacet-
aldehyde 3a, named as r and s. The geometries of the
transition states and zwitterionic intermediates are
shown in Figures 1 and 2, respectively, while the total
and relative energies in vacuo and in DMSO are given
in Table 1.
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Figure 1. Transition structures corresponding to the C-C bond-
formation process for the tetrazolic acid-catalyzed intermolecular aldol
reaction between 3a and 4. The values of the lengths of the bonds
directly involved in the reaction obtained at the B3LYP/6-31G** are
given in Angstroms.

The electronic activation energies for the C-C bond
formation step relative to the aldehyde 3a and the syn
enamine 10-s are 4.43 (TS-tar), 9.49 (TS-tas), 13.34
(TS-tsr), and 9.41 (TS-tss) kcal/mol. The more favor-
able reactive channel corresponds to the approach of
the methylene group of the anti enamine 10-a to the re
face of the aldehyde 3a with formation of the zwitter-
ionic intermediate Zw-tar, via TS-tar. The approach of
the methylene group of 10-a along the si face of 3a with
formation of Zw-tas, via TS-tas, was 5.06 kcal/mol
higher in energy than that via TS-tar. The zwitterion
intermediate Zw-tar was located —3.07 kcal/mol below
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Figure 2. Zwitterionic intermediates for the tetrazolic acid-catalyzed
intermolecular aldol reaction between 3a and 4. The values of the
lengths of the bonds directly involved in the reaction obtained at the
B3LYP/6-31G** are given in Angstroms.

10-s + 3a, while Zw-tas was located 2.75 kcal/mol above
10-s + 3a. After the formation of the C-C bond, the
hydrolysis of the iminium Zw-tar was achieved in a ser-
ies of easy steps that lead to the release of aldol product
(R)-5a.

The inclusion of solvent effects, such as those for
DMSO, produces a larger stabilization of the anti enam-
ine than the syn one. As a consequence, 10-s is only
0.37 kcal/mol more stable than 10-a. DMSO stabilizes
the transition states between 11 and 13 kcal/mol, while
the zwitterionic intermediates are stabilized in ca.
18 kcal/mol. The electronic activation energy for the
C-C bond formation along the more favorable reactive
channel decreases to 1.99 kcal/mol (TS-tar) (see Table
1). The inclusion of solvent effects does not modify sub-
stantially the stereoselectivity found in the gas phase. In
DMSO, TS-tas remains 3.43 kcal/mol more energetic
that TS-tar. These energetic results are in reasonable
agreement with experiments, where ketol (R)-5a is
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Table 1. Total energies (E, au) and relative energies® (AE, kcal/mol) of
the stationary points for the tetrazolic acid-catalyzed and proline-
catalyzed intermolecular aldol reaction between 3a and 4, in vacuo and
in DMSO

In vacuo In DMSO
E AE E AE

8 —469.665251 —469.679773

9 —469.661500 2.35 —469.674447 3.34
3a —271.787666 —271.790629

10-s —586.386844 —586.397747

10-a —586.384829 1.26 —586.397164 0.37
TS-tar —858.167454 4.43 —858.185204 1.99
TS-tas —858.159383 9.49 —858.179741 542
TS-tsr —858.153252 13.34 —858.171355 10.68
TS-tss —858.159517 9.41 —858.177873 6.59
Zw-tar —858.179397 -3.07 —858.207922 —-12.27
Zw-tas —858.170132 2.75 —858.198503 —6.36
Zw-tsr —858.165381 5.73 —858.194198 —3.65
Zw-tss —858.172820 1.06 —858.200450 —7.58
11-s —517.889316 —517.897328

TS-par —789.670564 4.03 —789.682330 3.53
TS-pas —789.663975 8.16 —789.675478 7.83
Zw-par —789.690542 —8.51 —789.707882 —12.50
Zw-pas —789.682556 —3.50 —789.700094 -7.62

#Relative to 3a and 10-s or 3a and 11-s.

isolated in 99% of enantiomeric excess (ee) (see Scheme
1).” Note that the predicted stereoselectivity is about an
order of magnitude higher than the experimental; both
predicted and experimental ee are high, and are in the
same direction.

In order to rationalize the role of the tetrazolic acid sub-
stitution on the organocatalyst process, the anti chan-
nels associated with the C—C bond formation step for
the proline-catalyzed aldol reaction between 3a and 4
were also studied (see Scheme 5). Thus, two transition
states, TS-par and TS-pas, and two zwitterionic inter-
mediates, Zw-par and Zw-pas, associated with the
approach of the methylene group in the anti conforma-
tion of the enamine, 11-a, along the re and si faces of
aldehyde 3a, were localized and characterized. The
geometries of the transition states and the zwitterionic
intermediates are shown in Figure 3, while the total
and relative energies in vacuo and in DMSO are given
in Table 1. The electronic activation energy for the
C-C bond-formation step was 4.03 (TS-par) and 8.16
(TS-pas) kcal/mol. TS-pas was 4.13 kcal/mol higher in
energy than TS-par, which is in clear agreement with

Zw-par Zw-pas

Figure 3. Transition structures and zwitterionic intermediates corre-
sponding to the C—C bond-formation process for the proline-catalyzed
intermolecular aldol reaction between 3a and 4. The values of the
lengths of the bonds directly involved in the reaction obtained at the
B3LYP/6-31G** are given in Angstroms.

the large enantioselectivity observed experimentally
(99% ee).” Inclusion of solvent effects reduces the
electronic activation energies of TS-par and TS-pas,
1.50 and 0.33 kcal/mol, respectively. In DMSO, the
stereoselectivity found in the gas phase was not
modified.

The more noticeable effect with the inclusion of solvent
effects is that in DMSO, the activation energy for the
tetrazolic acid-catalyzed process is lower than that
for the proline-catalyzed one, in agreement with the
experimental outcome. These results are a consequence
of a larger solvation of TS-tar (11.14 kcal/mol) than
TS-par (7.38 kcal/mol). In both tetrazolic acid and
proline-catalyzed processes, the intramolecular hydro-
gen-bond between the acidic hydrogen and the carbonyl
oxygen atom is responsible for the large catalytic effect
observed at these organocatalyzed aldol reactions.’
The more acidic character of the NH group in tetrazole
in comparison with the COOH one in proline, favors a
larger charge transfer at TS-tar than at TS-par, while
a larger acceleration was found for the tetrazolic acid-
catalyzed process in DMSO as a consequence of a larger
solvation of the former transition state.
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N 2 CHg CHg
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Scheme 5.
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Along the C-C bond-formation pathway for the tetra-
zolic acid-catalyzed process, the lengths of the C2-C3
forming bond at TS-tar, TS-tas, TS-tsr and TS-tss, were
1.873,1.807,1.843,and 1.917 A, respectively. The O1-H9
and N8-H9 lengths at these transition states are 1.437 and
1.118 A in TS-tar, 1.335and 1.176 A in TS-tas, 1.433 and
1.106 A in TS-tsr, and 1.377 and 1.137 A in TS-tss. At the
zwitterionic intermediates, the lengths of the C2-C3 bond
are in the range 1.59-1.61 A, while the distance between
the hydroxyl H9 hydrogen and the tetrazole N8 nitrogen
are in the range 1.65-1.77 A. These distances point out an
intramolecular hydrogen-bond between the hydroxyl H9
hydrogen and the tetrazole N8 nitrogen (see Fig. 2). It is
noteworthy that tetrazole supports the negative charge
at these zwitterionic intermediates.

In the proline-catalyzed process, the lengths of the C2—
C3 forming bond at TS-par and TS-pas were 1.982
and 1.923 A, respectively, while the O1-H9 and O8-
H9 lengths were 1.391 and 1.075 A at TS-par, and
1.360 and 1.090 A at TS-pas, respectively. The C-C
lengths at the tetrazolic acid-catalyzed process are
slightly shorter than those associated with the proline-
catalyzed one. In the zwitterionic_intermediates, the
C2-C3 bond length was 1.581 A in Zw-par and
1.599 A in Zw-pas. The distance between the hydroxyl
H9 hydrogen and the carboxylate O8 oxygen was
1.701 in Zw-par and 1.739 A in Zw-pas. These distances
show an intramolecular hydrogen bond between the
hydroxyl H9 hydrogen and the carboxylate O8 oxygen
of the proline residue.

A conformational analysis at the more favorable anti
transition states shows that while at TS-tar, the C2-C3
forming bond presents a gauche arrangement between
the carbonyl oxygen atom and the enamine framework,
the O1-C2-C3-C4 dihedral angle is 54.5°, the less favor-
able TS-tas presents two gauche arrangements between
the enamine framework and the carboxyl oxygen atom
and the fert-butyl group of the aldehyde 3a; the Ol-
C2-C3-C4 and C10-C2-C3-C4 dihedral angles are
36.2° and —97.6°, respectively (see Fig. 4). Therefore,
the steric hindrance which appears between the fert-
butyl group belonging to aldehyde 3a and the methyl
group of enamine 10-a at TS-tas is responsible for the
larger energy of the latter relative to TS-tar, and as a
result the enantioselectivity showed at this tetrazolic
acid-catalyzed aldol reaction.

The values of the unique imaginary frequency associated
with TS-tar, TS-tas TS-tsr, and TS-tss are 2691, 3571,
533i, and 269i cm !, respectively. Analysis of the atomic
movement associated with these imaginary frequency
indicates that these transition states are associated
mainly with the movement of the C2 and C3 carbon
atoms along the C2-C3 bond formation, and the cou-
pled movement of the acidic H9 hydrogen atom along
the proton transfer process. Therefore, the C2-C3 bond
formation and the proton transfer are coupled processes
at these transition states.

The Wiberg bond order?' (BO) values of the C2-C3
forming bond at TS-tar, TS-tas, TS-tsr, and TS-tss are

Dihedral(O1-C2-C3-C4) = 54.5°
Dihedral(C10-C2-C3-C4) = 179.8°

TS-tar

Dihedral(01-C2-C3-C4) = 36.2°
Dihedral(C10-C2-C3-C4)= -97.6°

TS-tas

Figure 4. Anti and gauche arrangement of the fert-butyl group, C10—
C2-C3-C4 dihedral angles, along the C—C bond formation at the more
favorable anti transition states.

0.59, 0.69, 0.64, and 0.57, respectively. The BO values
of the O1-H9 and N8-H9 bonds at these transition
states are 0.21 and 0.54 at TS-tar, 0.27 and 0.47 at
TS-tas, 0.20 and 0.54 at TS-tsr, and 0.23 and 0.51 at
TS-tss, respectively. Therefore, the proton transfer pro-
cess is slightly more delayed than the C—C bond forma-
tion one.’ Finally, the BO value of the C4-N5 bond at
these transition states, ca. 1.4, indicate a large n charac-
ter for the C4-NS5 single bond as a consequence of the
large participation of N5 lone pair on the C—C bond-for-
mation process.’ In the transition states associated with
the proline-catalyzed process, the BO values of the C2—
C3 forming bond are 0.51 in TS-par and 0.58 in TS-pas.
The BO values of the O1-H9 and O8-H9 bonds at these
transition states are 0.23 and 0.48 at TS-par, 0.25 and
0.45 at TS-pas. A comparison of the BO values at TS-
tar and TS-par indicated that the C—C bond formation
and the proton transfer processes at the tetrazolic
acid-catalyzed process are slightly more advanced than
those at the proline catalyzed process.

Finally, the natural population analysis (NPA)!7® allows
us to evaluate the charge transfer along the C—C bond-
formation process. Analysis of the natural charges at the
atoms belonging to the carbonyl groups Ol and C2 al-
lows us to evaluate the charge transfer in the transition
states along the nucleophilic attack of the enamines 10-s,
10-a and 11-a to the aldehyde 3a (see Table 2). The
charge transferred to the carbonyl group at the transi-
tion states are 0.45 e at TS-tar, 0.49 e at TS-tas, 0.44 ¢
at TS-tsr and 0.39 e at TS-tss. 0.37 ¢ at TS-par and
0.43 e at TS-pas. For the tetrazolic acid-catalyzed pro-
cess, there are larger charge transfers at the more favor-
able anti transition states than at the syn ones. In
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Table 2. Natural charges and charge transfer (in au) to the carbonyl group at the tetrazolic acid-catalyzed and proline-catalyzed aldol reaction

between 3a and 4

TS-tar TS-tas TS-tsr TS-tss TS-par TS-pas
Natural charges
Ol —0.79 —0.81 —0.78 —0.75 —0.74 —0.78
C2 0.24 0.22 0.25 0.26 0.27 0.25
C3 —0.74 —0.59 —0.61 —0.61 —0.60 —0.60
C4 0.38 0.41 0.37 0.36 0.35 0.37
N5 —0.37 —0.36 —0.36 —0.37 —0.38 —0.37
Charges on groups
C=0 —0.54 —0.59 —0.54 —0.49 —0.47 —0.53
N-C=C —0.73 —0.54 —0.60 —0.62 —0.63 —0.60
Charge transfer to the carbonyl group
—0.45 —0.49 —0.44 —0.39 —0.37 —0.43

addition, for the tetrazolic acid-catalyzed process, the
charge transfer at the more favorable channel, —0.45 ¢
(TS-tar), is larger than that at the proline-catalyzed pro-
cess, —0.37 e (TS-par). This analysis is in agreement with
the larger dipole moment of TS-tar, 8.94 Debye, than
TS-par, 6.60 Debye, and as a consequence, with the lar-
ger solvation of the former. As a result, the large acidic
character of tetrazole, which permits a more advanced
C—C bond-formation process than that for the proline
catalyzed process, allows us to explain the larger effec-
tiveness of the tetrazolic acid group than the carboxylate
one in the proline as catalyst in DMSO.” Finally, an
analysis of the natural charges at the zwitterionic inter-
mediates formed along the C-C bond formation indi-
cates that the negative charge in these zwitterionic
species is located mainly on the tetrazole and the car-
boxylate as a consequence of the proton transfer to
the alcoxide Ol oxygen along these acid catalyzed
processes.

4. Conclusions

The transition structures associated with the C—C bond-
formation step of the tetrazolic acid-catalyzed aldol
reaction between acetone and trimethylacetaldehyde
have been studied using DFT methods at the B3LYP/
6-31G** computational level. For this stereocontrolling
step, four reactive channels corresponding to the syn
and anti arrangement of the active methylene of the
enamine relative to the tetrazole group, and the two dia-
stereoisomeric approach modes to the re and si faces of
the carbonyl group of the aldehyde have been studied.
The formation of an intermolecular hydrogen bond
between the acidic hydrogen of tetrazole and the carbonyl
oxygen atom of the aldehyde catalyzes very effectively
the C-C bond formation by a large stabilization of the
negative charge that develops at the carbonyl oxygen
atom along with the nucleophilic attack. As a conse-
quence of the hydrogen-bond formation, the reactive
channels associated with the anti arrangement of the
methylene of the enamine are favored over the channels
associated with the syn arrangement. In addition, along
with the anti channels the attack of the active methylene
on the re face of the aldehyde is favored over the attack
on the si face in agreement with the experiments.

Conformational analysis along the C—C forming bond
in the transition states associated with the anti channels
shows that the gauche interaction between the zerz-butyl
group of the aldehyde and the methyl group of the
enamine present at TS-tas is responsible for the large
diastereoselectivity observed experimentally. Finally,
the larger charge transfer found in the transition states
associated with the tetrazolic acid-catalyzed process
than those associated with the proline-catalyzed one,
allows us to explain the larger catalytic efficiency of
the tetrazolic acid group by a larger solvation of the
transition state involved in the tetrazolic acid-catalyzed
process. This DFT study is in reasonable agreement
with the available experiments, allowing us to explain
the large effectiveness of the tetrazole group in the cata-
lyzed aldol reactions of acetone with the aldehydes
reported recently by Hartikka and Arvidsson.”
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