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Abstract — The Biginelli reaction catalyzed by a chiral compound is one of the
most effective ways to form bioactive heterocycle compounds. High
enantioselectivity was obtained using primary amine with a chiral diamine
backbone as a chiral catalyst. To elucidate the origin of the enantioselectivity, we
investigated the reaction pathways of this catalytic reaction using the density
functional theory. We also focused on the transition states of the rate-determining
step leading different stereoisomers. The rate-determining step was the proton
transfer process accompanying the cyclization of the substrate, which was
mediated by the amide moiety of the catalyst, and the orientation of the amide

moiety was the reason for the enantioselectivity.

INTRODUCTION

3,4-Dihydropyrimidin-2(1H)-ones (or -thiones), referred to as DHPMs, have attracted significant
attention as bioactive compounds. It is known to have versatile biological activity and can be used as
calcium channel modulators, mitotic kinesin inhibitors, adrenergic receptor antagonists, and anti-bacterial,
antiviral, and anticancer drugs.! DHPMs have a chiral center and their enantiomers have been found to
exhibit different pharmaceutical activities. Thus, efficient synthesis of optically pure DHPMs is in great

demand. One of the effective ways to form DHPMs is the Biginelli reaction, which is a three component
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one-pot reaction involving aldehyde, (thio)urea, and p—keto ester.2> Enantioselective Biginelli reactions
have been carried out by a number of chiral metal complex catalysts,® and chiral organocatalysts, such as
primary amines, 22 proline derivatives,2®2 pyrrolidinyl tetrazoles,X® pyrazolidine,X* quinidine-based
thiourea,> phosphoric acids,®1 bisphosphorylimide,® and nanocomposites.® Among them, primary
amine with a chiral diamine backbone is one of the most efficient chiral catalysts. Scheme 1a shows the
Biginelli reaction of benzaldehyde 1, urea 2, and ethyl acetoacetate 3 catalyzed by a primary amine with
(1R,2R)-cyclohexane-1,2-diamine backbone 5.2 The DHPM derivative 4 with R-configuration was
obtained with excellent enantioselectivity up to > 99% ee under the room temperature. High
enantioselectivities were also achieved in other non-polar solvents, while the enantioselectivity reduced in

polar solvents, such as water, ethanol, and DMSO.
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Scheme 1. Biginelli reaction catalyzed by the chiral primary amine® (a) and its possible early-stage
reactions (b)

Computational studies are necessary to obtain a comprehensive understanding of this mechanism. We
previously reported the density functional theory (DFT) study on the Biginelli reaction involving same
reagents 1, 2, and 3 (without any chiral catalyst) and clarified three new insights on the mechanism.2
First, the reaction started with the condensation of benzaldehyde 1 and urea 2, leading to the iminium
intermediate 6 (see Scheme 1b), followed by the addition of ethyl acetoacetate 3. This mechanism is
known as the “iminium route”. Second, the excess amount of urea 2 played the role of a catalyst to
accelerate the reaction between iminium intermediate 6 and ethyl acetoacetate 3. Third, the

rate-determining step was the cyclization step via the C-N bond formation between iminium intermediate
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6 and ethyl acetoacetate 3. Comparing the reactions with and without the chiral catalyst 5, the early stage
of the reaction pathway could be the same. In other words, the iminium intermediate 6 could be formed
from 1 and 2, which was supported by the experimental fact that the iminium intermediate 6 and ethyl
acetoacetate 3 afforded (R)-4 in 98% ee using the catalyst 5.8 In addition, the amine moiety of 5 could
activate acetoacetate 3 and form enamine intermediate 7 (see Scheme 1b) as proposed in secondly amine
catalyzed Biginelli reactions.®1%14 Thus, to elucidate the origin of the enantioselectivity, we investigate
the reaction pathways based on the DFT method, focusing on the reaction between iminium 6 and

enamine 7, especially the transition states (TSs) of the rate-determining step.

RESULTS AND DISCUSSION
First, we focus on the structure of the enamine intermediate 7, activated 3 by the amine catalyst 5. The
conformers of 7 were explored using an automated reaction path search method called the anharmonic
downward distortion following (ADDF) method.2! Figure 1 shows four conformers of 7. In the case of the
most stable conformer 7a, the si-face of the enamine carbon (highlighted in pink in Figure 1) faced the
picolinamide moiety. The si-face of the enamine carbon was also covered by the picolinamide moiety in
other conformers 7b-7h, whose Gibbs free energy differences from 7a were less than 3.0 kcal mol™ (see
Figure S1).
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Figure 1. Side (a) and top views (b) of the four conformers of the enamine intermediate 7. Other stable
conformers are shown in Figure S1. The geometries were optimized at the B3LYP-D3/6-31G(d,p) level
with the PCM (1,4-dioxane). The Gibbs free energy differences AG (in kcal mol™?) relative to 7a were
computed using the Gibbs free energy correction under 298.15 K and 1 atm and the single point energy at
B3LYP-D3/6-311G(3df,3pd) with the PCM level of theory. The existing probabilities (in %) were shown

in parentheses.
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Their structural differences observed from 7a were only the orientations of the ethyl group and/or amide
moiety. Among them, the existing probabilities of the three most stable conformers 7a, 7b, and 7c were
higher than 20%, which indicated that the ethyl group and the amide moiety (see their CCNC dihedral
angles in Figure 1) could rotate easily. The conformers, in which the re-face of the enamine carbon faced
the picolinamide moiety were also found (such as 7i). However, they were less stable than 7a by at least
3.1 kcal mol™ because the hydrogen bond between the hydrogen of the enamine moiety and one of the
oxygen atoms of the ester moiety (highlighted in green in Figure 1) was dissociated due to the rotation of

the enamine moiety.

Second, the C-C bond formation between 6 and 7, which afforded intermediate 8, was investigated. The
intermediate 8 has two chiral C atoms on the enamine moiety and the iminium moiety as highlighted in
pink and yellow, respectively, in Figure 2a. The chirality on the enamine moiety and the iminium moiety
can be determined by the approach direction of 6 and the molecular plane of 7. Thus, we named the
reaction pathways of four different configurations (re,re), (re,si), (si,re) and (si,si)-pathways as shown in
Figure S2. Even though 8 has two chiral centers, the final product 4 has only one chiral center (in yellow)
because the sp® carbon on the ethyl acetate moiety (in pink) become the sp? carbon due to the dehydration
at the final stage of the reaction. Therefore, the (si,si)- and (si,re)-pathways lead to the (R)-4 product, and
the (re,re)- and (re,si)-pathways lead to the (S)-4 product.

Focusing on the stable conformers of 7a-7h, the si-face attack of 6 to 7a-7h seemed to be blocked by
picolinamide moiety. However, the Gibbs free energies of the TSs of the C-C bond formation via the si-
and re-face attacks were similar, as shown in Figure 2a. As highlighted in green in Figure 2b, the iminium
moiety was activated via the hydrogen bond from the oxygen atom of the picolinamide moiety of 7. To
form this hydrogen bond, 6 was needed to be inserted between the picolinamide moiety and the enamine
moiety of 7, which induced the rotation of the enamine moiety, resulting in both si- and re-faces of
enamine moiety being open. The intermediate 8 was only 1-3 kcal mol* more stable than the pre-reaction
complex 6...7, and the activation barrier of the C-C bond formation was less than 5 kcal mol™. Thus, both
the forward and backward reactions took place rapidly, i.e. 6...7 and 8 were in equilibrium. Therefore, the

stereoselectivity could be determined after the C-C bond formation step, i.e. the cyclization step.
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Figure 2. The Gibbs free energy profile AG (in kcal mol™?) of the C-C bond formation step between 6 and
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7 (a) and the geometries of the (si,si)-TS (b) and (re,re)-TS (c). The geometries were optimized at the
B3LYP-D3/6-31G(d,p) level with the PCM (1,4-dioxane). The Gibbs free energy differences AG (in kcal
mol™?) relative to the dissociation limit of 6 and 7a were computed using the Gibbs free energy correction
under 298.15 K and 1 atm, and the single point energy at B3LYP-D3/6-311G(3df,3pd) with the PCM

level of theory.

Next, the cyclization step following the C-C bond formation was focused on. As shown in Figure 3, the
cyclization involved three steps: C-N bond formation followed by the proton transfer from the N atom of
the iminium moiety to the N atom of the cyclohexane-diamine moiety through the O atom of the
picolinamide moiety. These steps took place step-by-step, even for the reaction through the (re,re)-TS
(see the IRC path on Figure S3). The first step of the cyclization, C-N bond formation, involved the
conformation change from 8 to 8°. The (re, si)-8” and (si, re)-8’ were more than 10 kcal mol™ higher than
the (re, re)-8” and (si, si)-8°. Even though the stability of 8 depended on the configurations, the enantio
excess could be determined by the Gibbs free energy difference between the most stable intermediate 8
and the TS of the rate-determining step. Considering the Boltzmann distribution of the TSs of the
rate-determining step, we estimated that the major product had (R)-configuration and the enantio excess
was 91% ee, which was consistent with the experimental fact ((R)-product, 99% ee).® Note that we also
computed the TSs of the cyclization, in which the picolinamide O atom did not mediate the proton
transfer (see Figure S4) and an additional water molecule mediated the proton transfer (see Figure S5).
Their Gibbs free energies were more than 4 kcal mol™ higher than the rate-determining TSs shown in
Figure 3. Thus, it can be said that the picolinamide O atom had a critical role to accelerate the proton

transfer.
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Figure 3. The Gibbs free energy profile AG (in kcal mol™?) of the cyclization step starting from the
intermediate 8°. The reference of the Gibbs free energy profile (AG = 0.0) was the dissociation limit of 6
and 7a. The geometries were optimized at the B3LYP-D3/6-31G(d,p) level with the PCM (1,4-dioxane).
The Gibbs free energy corrections were computed under 298.15 K and 1 atm condition, and the single
point calculations were carried out at B3LYP-D3/6-311G(3df,3pd) with the PCM level of theory.

Finally, to understand the origin of the enantioselectivity, the geometries of the TSs of the
rate-determining step were compared. As mentioned above, the proton transfer from the N atom of the
iminium moiety to the N atom of the cyclohexane-diamine moiety was mediated by the O atom of the
picolinamide moiety. At the same time, the N atom on the diamine moiety formed a hydrogen bond with
the O atom of the ethyl acetate moiety. Thus, the distances related to the hydrogen bond network could be
the key to determine the energy differences. Focusing on the distance between the H on the diamine
moiety and the O on the ethyl acetate moiety, the TS energy level lowered with decreasing the O-H
distance. As highlighted in red in Figure 4, the O-H distance was the shortest (1.93 A) in the most stable
(si,si)-TS and the longest (2.73 A) in the most unstable (re,si)-TS. The shorter O-H bond resulted in the
higher nucleophilicity of the diamine N and the stronger hydrogen bond between the diamine N atom
(proton acceptor) and the picolinamide O atom (proton transfer mediator) (shown in green line in Figure
4). Actually, this N-O distance tended to be shorter in the stable TSs ((si,si) and (si,re)), which afforded
the major stereoisomer (R)-4. Therefore, the energy difference between the TSs leading (R)- and (S)-4

mainly came from the different intramolecular hydrogen bond network distances.
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The effect of the intramolecular hydrogen bond on the enantioselectivity could be one of the reasons of
the enantio excess dependency on the solvent. As mentioned in the introduction, enantiomeric excess was
reduced in polar solvents such as water, ethanol, and DMSO.8 These three solvent molecules were proton
acceptors, i.e. proton transfer mediators. Thus, the proton transfer for (re,re)- and (re,si)-structures might
be accelerated by the solvent molecules, which caused the increase of the production of the minor stereo-
isomer (S). In summary, the small difference of the intramolecular hydrogen bond network involving the
O atom of the picolinamide moiety caused the enantioselectivity. Though amide moiety and
cyclohexyl-diamine moieties could not be modified because they were critical for the hydrogen bond
network structure, the phenyl groups on the aldehyde 1 were relatively far from the hydrogen bond
network center. Therefore, this catalytic system might be applicable to a wide range of aldehydes.
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Figure 4. The geometries of the transition states of the rate-determining step for four stereoisomers, (si,si),
(si, re), (re, re), and (re,si). The Gibbs free energy differences AG are in kcal mol™. The reference of the
energies (AG = 0.0) was the dissociation limit of 6 and 7a. The geometries were optimized at the
B3LYP-D3/6-31G(d,p) level with the PCM (1,4-dioxane). The Gibbs free energy corrections were
computed under 298.15 K and 1 atm condition, and the single point energy at
B3LYP-D3/6-311G(3df,3pd) with the PCM level of theory.

COMPUTATIONAL

First, the conformers of the intermediate 7 obtained by the condensation of catalyst 5 and ethyl
acetoacetate 3 were explored using the ADDF method,? in which the potential energy surface was
computed with the semi-empirical PM6 level of theory.22 Then, all the conformers were reoptimized at
the DFT method. The geometry optimizations as well as frequency calculations were performed at the
dispersion corrected? B3LYP-D3/6-31G(d,p) level. 225 The electronic energies were refined by the
single-point calculations at the B3LYP-D3/6-311G(3df,3pd) level.2Z The Gibbs free energy corrections
were computed at 1 atm and 298.15 K. In all calculations, the solvation effect was included by the
polarized continuum model (PCM)Z using the dielectric constant of 2.2099 for 1,4-dioxane. Some of the

TSs were explored using the artificial force induced reaction (AFIR) method, which is one of the
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automated reaction path search methods.?>* All the transition states were confirmed by the intrinsic
reaction coordinate (IRC) calculations.2! All the optimizations, frequency calculations, IRC calculations
were performed using the Global Reaction Route Mapping (GRRM) program32 using energies and energy

derivatives computed with the Gaussian 09 program.*
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