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Abstract Among all strategies used by organic chemists

to control the stereoselectivity of reactions, organocataly-

sis, which consists in using the chirality of a small organic

molecule, is an increasingly popular method. The proline-

catalyzed aldol reaction was one of the first reported cases

that demonstrated the power of organocatalysis in the field

of asymmetric synthesis. Previous theoretical contributions

focused on the reaction mechanism using quantum

mechanics (QM) methods. We here present a theoretical

study about one specific step of the proline-catalyzed aldol

reaction, namely, the conversion of the iminium interme-

diate into the corresponding enamine. It consists of an

intramolecular rearrangement that involves the transfer of a

hydrogen atom. First, we investigate this transfer using

modern QM models, that is, density functional theory

calculations with the M06-2X functional. On the basis of

these QM results, we then assess the performance of a

reactive force field, ReaxFF, used in combination with

molecular dynamics simulations in order to provide a

complementary light on this reaction.

Keywords ReaxFF � Force field development �
Molecular dynamics simulation � Organocatalysis �
Reaction pathway � Proline catalysis � Enamine �
Iminium � Solvent effects � DFT � M06-2X

1 Introduction

The ability to control the stereoselectivity of organic

reactions is an important key for experimental chemists. As

two enantiomers present the same energy, a source of

chirality is required to achieve enantioselective synthesis.

An efficient approach to induce the chirality in a product is

to take advantage of a chiral catalyst, like enzymes or

organometallic compounds [1]. During the last decade, a

new class of chiral catalysts has been identified, leading to

the emergence of so-called organocatalysis [1–3]. The

common characteristic of this class of compounds is not

only their composition (carbon, hydrogen, nitrogen, oxy-

gen, or sulfur atoms), but also their relative compactness

[1]. A well-known example is (s)-proline that catalyzes

asymmetric aldol reactions (Scheme 1) with a large yield

as well as with a significant enantiomeric excess [4]. This

reaction is indeed one of the first reported cases that

demonstrated that a small organic molecule could induce

an asymmetric reaction [4]. Other organocatalysts were

Published as part of the special collection of articles celebrating

theoretical and computational chemistry in Belgium.

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-012-1261-4) contains supplementary
material, which is available to authorized users.

P. O. Hubin (&) � L. Leherte � D. P. Vercauteren (&)

Laboratoire de Physico-Chimie Informatique, University

of Namur, 61, rue de Bruxelles, 5000 Namur, Belgium

e-mail: phubin@student.fundp.ac.be

D. P. Vercauteren

e-mail: daniel.vercauteren@fundp.ac.be

D. Jacquemin

CESIAM UMR CNRS 6230, Université de Nantes,
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later found to be efficient in several reaction paths [1–3, 5–8].

Previous studies, mainly relying on quantum mechanics

(QM) techniques, focused on the proline-catalyzed aldol

reaction and managed to rationalize the observed selec-

tivity [9–15]. It was proposed that the crucial step to

explain the stereoselectivity of the reaction is the C–C bond

formation and that the mechanism is controlled mainly by

the possibility to form a hydrogen bond and by steric

hindrance [9–15]. Even if these studies were quite com-

plete, they lacked information about environment and

conformational effects, especially for large molecules. It is

due to the relatively large computational cost that QM

techniques require. Additionally, the mechanistic questions

concerning the proline-catalyzed aldol reaction are still not

completely resolved. Though the enamine pathway [9–14]

is generally accepted, other explanations partially based on

the experimental facts [16–18] propose that oxazolidinone

intermediates are likely to occur in the mechanism [17].

Our present contribution is devoted to one of the early

step of the proline-catalyzed aldol reaction, namely the

conversion of the iminium intermediate formed by proline

and an aldehyde into the corresponding enamine

(Scheme 1). It corresponds to an intramolecular rear-

rangement involving the transfer of one hydrogen atom. In

this paper, first, a fresh theoretical look at the iminium–

enamine conversion is proposed by considering different

possible paths for the proton transfer with modern QM

techniques and the reactive force field (FF), ReaxFF [19].

This last one is combined with molecular dynamics (MD)

simulations to shed a complementary light on several

aspects of the reaction. The ReaxFF potential establishes a

relation between the bond order and the distance between

atoms. Consequently, it is able to handle the breaking and

formation of chemical bonds during simulations, allowing

thus to investigate chemical reactions. It was originally

designed and applied to problems related to hydrocarbons

[19], but was subsequently extended to many other families

of chemicals [20–23]. For instance, ReaxFF parameters

were recently developed to model proton transfer in gly-

cine conformers surrounded by water molecules [23].

Combining a reactive FF with MD simulations to investi-

gate chemical reactions is specifically helpful to take into

account effects of the environment. It, instead, still remains

a challenge for QM techniques to model explicit solvation

due to the large computational cost associated with hun-

dreds of solvent molecules, whereas it is a tractable process

in the framework of classical MD simulation.

Our paper is organized as follows. First, we compare the

performances of several QM models for mimicking the

proton transfer reactions, considering both thermodynamic

(relative stabilities of intermediates) and kinetic (values of

energetic barriers) parameters. To this end, CCSD(T) [24]

energies were computed to obtain reliable benchmarks and

to adequately assess the quality of lighter ab initio

schemes, notably of several density functional theory

(DFT) hybrids. This first step allowed selecting an efficient

and accurate QM method to investigate the hydrogen atom

transfer in the present framework. In a second stage, we

consider different possible conformations for the reagent

and the product (Fig. 1), the possibility to have a water-

assisted proton transfer, as well as the impact of polar

(water and acetonitrile) and apolar (benzene) solvents via

QM calculations. Information obtained from ReaxFF MD

simulations carried out with explicit water molecules sur-

rounding the reactive species gives insight into the effect of

water on the reaction. The selected QM method is also used

to estimate the reliability of ReaxFF to model the reaction

step framed in Scheme 1.

2 Computational methods

All QM calculations were performed using Gaussian09

[25] aiming at generating an accurate description of the

investigated reaction from both thermodynamic and kinetic

point of views in order to guide the ReaxFF simulations.

Consequently, we concentrated on the definition of a the-

oretical method which can provide reliable results for the

intermediates and the transition states (TS). Four func-

tionals were tested: B3LYP [26], BMK [27], xB97X-D

[28], and M06-2X [29], the former being the classical

functional used in many simulations of organic reactions,

while the three latter are well recognized as more adequate

for the investigation of the TS. MP2 [30] geometry opti-

mizations and CCSD(T) single point energy computations

on the MP2 structures were also carried out to allow a

balanced assessment of the pros and cons of each func-

tional. Calculations performed to provide comparisons
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Scheme 1 Representation of the major steps of the proline-catalyzed aldol reaction of propionaldehyde following the enamine pathway [12].

The present contribution focuses on the framed step
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between the four functionals were done with the

6-311 ??G(d,p) atomic basis set. In the latter steps, the

M06-2X/6-31 ? G(d,p) scheme was used to investigate

several aspects of the reaction as this more compact basis

set provided results very similar to its more extended

counterpart (see Supplemental Materials Table S2 for a

brief comparison of the two basis sets). Vibrational fre-

quencies of all optimized structures were systematically

computed to ensure that local minima (no imaginary fre-

quency) or TS (one imaginary frequency) are described.

Regarding the TS, the imaginary frequency was checked to

correspond to the hydrogen atom transfer between iminium

and enamine. The bulk solvent interactions at the QM level

were taken into account via the IEF (integral equation

formalism)-PCM (polarizable continuum model) method

[31].

In the second stage of our work, the program LAMMPS

[32] was used to carry out MD simulations of the hydrogen

atom transfer in combination with ReaxFF. Before per-

forming simulations of the reaction, we had to assess the

performances of the FF for our system. To this end,

molecular mechanics (MM) minimizations were done with

LAMMPS to compare both geometrical and energetic

criteria obtained at the QM and MM levels. Specific FF

parameters relevant to the studied reaction were obtained

through an optimization process of ReaxFF. The procedure

consisted in a single-parameter optimization as described

in another contribution [33]. We initially started our

investigations with ReaxFF parameters developed for a

study regarding the proton transfers in glycine isomers

[23]. These parameters were subsequently modified to

reproduce QM relative energies related to compounds that

include functional groups relevant to our study. MMFF94

[34], another FF for which specific parameters for the

iminium and enamine functional groups were already

available, was also used with the program Tinker [35] to

compare the performances of both FF’s.

MD simulations in vacuum were performed in a cubic

periodic box of 8,000 Å3 in the canonical NVT ensemble.

Tests were also carried out using the microcanonical NVE

ensemble but led to large variation of the temperature

between the reactant and the product. The temperature was

maintained to 100 K with a Nosé-Hoover thermostat [36]

so as to limit thermal fluctuation of the energy. As

emphasized in a previous study, it indeed appeared that a

relatively low temperature was needed to characterize both

Fig. 1 Sketch of eight

conformations of the iminium

(left) and enamine (right)
intermediates as well as the

transition states (center).

a E s-cis endo, b E s-trans endo,

c E s-cis exo, d Z s-cis endo,

e Z s-trans endo, f Z s-cis exo,

g E s-cis endo complexed with

one water molecule, and

h E s-trans endo complexed

with one water molecule.

Carbon, hydrogen, oxygen, and

nitrogen atoms are sketched in

gray, white, red, and blue,

respectively. One should notice

that the notations regarding the

iminium intermediates are

defined following the enamine

that is formed, for example,

iminium E s-cis endo being the

conformation of iminium

leading to the enamine with the

E geometry of the double bond,

the s-cis conformation, and the

endo conformation of the

proline cycle
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intermediates with significant energy values [23]. The

iminium intermediate was also put in a box containing

solvent molecules to characterize the influence of explicit

solvation on the reaction. The number of solvent molecules

was fixed to reach the density observed at atmospheric

pressure. The temperature for the solvated simulations was

also maintained to 100 K. Another important point

regarding the simulation of the reaction concerns the trig-

gering of the hydrogen atom transfer. Indeed, while one

could in principle expects the reaction to occur spontane-

ously, this, in practice, can require extremely long simu-

lations to be observed. Consequently, a specific strategy

was adopted to trigger the reaction. It consisted in impos-

ing a constraint to force the atoms which are going to form

a new bond to come closer. The constraint was set up using

the steered-MD function of LAMMPS [37] with a spring

constant of 1.0 kcal/mol Å2, sufficient to trigger the reac-

tion within 10 ps for most considered cases. It was not

imposed during the whole simulation; a period of equili-

bration was applied before and after imposing the con-

straint. The time step was fixed to 0.1 fs when the

constraint was acting and to 0.25 fs (in vacuum) or 0.5 fs

(with explicit water molecules) otherwise. The choice of a

relatively short time step is consistent with the study of

chemical reactions involving fast movements of atoms.

Especially, we figured out that a 0.1 fs time step was

necessary to trigger the reaction without the occurrence of

any other undesired event.

3 Results and discussion

3.1 Comparison of QM methods

In this section, we assess the performances of four func-

tionals, B3LYP, BMK, xB97X-D, and M06-2X, for esti-

mating the relative stabilities of the intermediates and the

reaction energy barrier. Benchmarks were obtained with

several wavefunction methods using single point energies

computed on the MP2 geometries (Table 1). The

CCSD(T)/6-311??G(d,p) energy values were in agree-

ment with complete size basis-set extrapolation calcula-

tions, that is, CBS/QB3 and G3MP2 approaches, regarding

the stability of iminium versus enamine with deviations

smaller than 0.6 kcal/mol.

First, it is noticed that MP2 gives values in the line of

the CCSD(T) ones. Regarding the four functionals, one

sees that BMK and xB97X-D are particularly efficient for

estimating energy barriers but less reliable for predicting

the relative stability of the intermediates (errors exceeding

3 kcal/mol). With B3LYP, the energy barrier is also

underestimated, an expected outcome for a hybrid func-

tional incorporating a relatively small fraction of exact

exchange [27, 29, 38, 39]. M06-2X provides very accurate

values for intermediates and, though less satisfying for the

TS, this meta-GGA hybrid functional emerges as adequate

for the investigation of the considered reaction. It is indeed

the only functional to yield errors smaller than 20 % for

both criteria.

Among the parameters that influence the reaction, we

tested the possibility for a water molecule to mediate the

proton transfer. The results reported in Table 1 show the

performances of each functional when one single water

molecule is complexed with the reactive species.

Though the error of M06-2X for the relative stability is

larger, 19.1 %, than for the non-hydrated case, 5.4 %, it

remains quite consistent with relative discrepancies below

20 %, an acceptable threshold for our purposes. It is worth

highlighting that xB97X-D performs very well, 5.6 and

13.9 % of errors with respect to CCSD(T), for the water-

assisted case, although it was significantly less efficient for

the non-hydrated case, 28.8 %, confirming its perfor-

mances when hydrogen bonds with water molecules play a

key role [39]. BMK underestimates the relative energy

between the intermediates but it gives a result very close to

CCSD(T) for the energy barrier, with an error inferior to

1 %. However, for the non-hydrated case, this functional

implies an error superior to 20 % regarding the relative

stability.

Combining both non-hydrated and water-assisted cases,

one can draw several conclusions. BMK and xB97X-D

behave similarly; they predict energy barriers (especially

BMK) rather well but underestimate the relative stability of

the intermediates. This error remains limited when the

Table 1 6-311 ??G(d,p) relative stabilities of the iminium and

enamine intermediates and energy barriers associated with the con-

version of iminium into enamine for the E s-cis endo case, both non-

hydrated and water-assisted

QM method Non-hydrated Water-assisted

Relative

stability

(kcal/mol)

Energy

barrier

(kcal/mol)

Relative

stability

(kcal/mol)

Energy

barrier

(kcal/mol)

CCSD(T)a 14.35 13.20 7.02 22.08

CCSDa 15.81 (10.2) 14.23 (7.8) 8.30 (18.2) 24.43 (10.6)

MP4(SDQ)a 15.28 (6.5) 13.99 (6.0) 7.79 (11.0) 24.09 (9.1)

MP2 15.00 (4.5) 11.88 (10.0) 7.34 (4.6) 19.15 (13.3)

B3LYP 12.18 (15.1) 10.24 (22.4) 8.27 (17.8) 17.76 (19.6)

BMK 11.19 (22.0) 12.53 (5.1) 5.89 (16.1) 21.93 (0.7)

xB97XD 10.22 (28.8) 13.78 (4.4) 6.63 (5.6) 19.02 (13.9)

M06-2X 15.13 (5.4) 10.96 (17.0) 8.36 (19.1) 18.05 (18.3)

Zero point vibrational energy (ZPVE) was not taken into account.

Relative errors (percentages) with respect to CCSD(T) are given in

parentheses
a Single point calculation using the MP2 geometry
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absolute value is small but becomes problematic for larger

values. B3LYP provides results of average accuracy

regarding the relative stability and underrates the energy

barriers. M06-2X slightly overestimates the relative sta-

bility of the intermediates with an error becoming signifi-

cant when the absolute value is particularly small. Like

B3LYP, it underestimates energy barriers.

In short, we selected the M06-2X functional for all

further calculations because it emerges as a suitable com-

promise for estimating both energy barriers and relative

stabilities between intermediates and it is the most con-

sistent method for the two considered cases, non-hydrated

and water-assisted. Let us add that the conclusions

regarding the selected functional are limited to the case

investigated here, and it should not be inferred that it is

adequate for any type of reactions.

3.2 Conformational issues

The M06-2X/6-31 ? G(d,p) approach was used to inves-

tigate conformational aspects of the reaction. Six possible

forms of the starting iminium intermediate were considered

focusing on three parameters: the conformation of the

proline cycle (endo or exo) [14], the relative position of the

methyl group versus the carboxylate (s-cis or s-trans) [15],

and the two conformations that may lead to the E or Z

configuration of the enamine. Cases (a) to (f) are illustrated

in Fig. 1; the results are summarized in Table 2. One

should notice that a total of eight cases could have been

considered. However, the Z and E s-trans exo forms of the

iminium were too unstable to be located. The possibility

for the hydrogen atom transfer to occur through a water

molecule, cases (g) and (h), was also considered (Table 2).

The enamine conformer (b) is of similar stability than its

counterpart (a), 0.05 kcal/mol, but the corresponding

energy barrier for (b), 21.31 kcal/mol, is far larger than (a),

10.25 kcal/mol. It can be explained by the distance sepa-

rating the two atoms forming the new bond; the O���H
distance is indeed 2.49 Å in iminium (a) but 3.29 Å in

iminium (b). We therefore evaluated the possibility to

convert enamine (a) into (b). Such a conversion seems

energetically allowed: the TS to pass from one form to the

other was localized, and the energy barrier associated with

this transformation is 6.72 kcal/mol, which is lower than

the energy barrier of the reaction, 10.25 kcal/mol. The

conformation of the proline cycle, endo or exo, has a rather

negligible impact from both thermodynamic and kinetic

points of views. The reaction probably occurs regardless of

the starting conformation of the five-membered ring.

Comparing cases (a) and (d), the E species are generally

favored over the Z ones: the iminium and enamine isomers

(a) are more stable than their counterpart (d). The barrier

for the formation of the enamines E is also a bit smaller by

0.81 kcal/mol. The difference between (d) and (e) is sim-

ilar to the one noticed between (a) and (b): the energy

barrier associated with the s-trans isomer, 25.80 kcal/mol,

being much larger than the one of the s-cis one, 11.06 kcal/

mol.

The sizeable energy barriers in the s-trans cases are

related to the distances between the oxygen and the

hydrogen atoms, and they can be potentially decreased if a

water molecule assists the transfer of the hydrogen. This

scenario was investigated by comparing the energy barriers

of the water-assisted transfer for the E endo s-cis (g) and E

endo s-trans (h) structures. The corresponding TS may be

viewed in Fig. 1. The results shown in Table 2 indicate that

the hypothesis is verified: the energy barrier is decreased

by 4.97 kcal/mol for the s-trans case and slightly increased

for the s-cis one, 1.66 kcal/mol. This is consistent with

previously published data [15].

Our conclusion is thus that the transfer is more likely to

happen from the E s-cis endo form of the iminium to yield

the enamine E s-cis endo, which is probably in equilibrium

with the E s-trans endo one.

As mentioned in the introduction, there is an alternative

mechanistic pathway supporting that the iminium–enamine

conversion occurs through an oxazolidinone intermediate.

We tested the possibility to form oxazolidinone from the E

endo s-trans isomer of the iminium. It turns out that the

energy barrier for this conversion is very low, 0.20 kcal/

mol. Moreover, this oxazolidinone species is more stable

than the other considered intermediates, the difference

being 7.44 kcal/mol regarding the enamine E endo s-trans.

These results are not particularly surprising since, on the

one hand, it is known from experimental observations that

oxazolidinones are easily isolated in the reaction mixture,

although it is nearly never the case for enamines, and, as on

the other hand, similar theoretical results were already

Table 2 M06-2X/6-31 ? G(d,p) relative stabilities and energy bar-

riers for the eight considered cases

Relative stability

(kcal/mol)

Energy barrier

(kcal/mol)

E s-cis endo (a) 15.14 10.25

E s-trans endo (b) 14.77 21.31

E s-cis exo (c) 15.88 10.03

Z s-cis endo (d) 14.77 11.06

Z s-trans endo (e) 11.62 25.80

Z s-cis exo (f) 14.94 10.46

E s-cis endo ? 1 H2O (g) 13.34 11.91

E s-trans endo ? 1 H2O (h) 7.41 16.34

ZPVE corrections were not taken into account. Labels (a)–(h) corre-

spond to those of Fig. 1
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reported in literature. Nevertheless, the oxazolidinone

formed must be subsequently opened to yield a negatively

charged enamine and no element proves that this particular

step is kinetically favored over the direct iminium–enamine

conversion, especially if no base is added in the reaction

mixture to allow the elimination process. Sharma et al. [15]

investigated the possibility for the oxazolidinone opening

to occur in presence of trimethylamine and found a Gibbs

free energy of activation of 18.0 kcal/mol with the B3LYP

functional. As far as we are concerned, those values of

energy barriers are too close to completely rule out one or

another pathway which may also vary following the reac-

tion conditions.

To this point, we did not take into account entropic effects.

A summary of the influence of these contributions is given in

‘‘Supplemental Materials.’’ Globally, the enthalpic contribu-

tion is clearly predominant from both thermodynamic and

kinetic point of views, an expected outcome for an intra-

molecular reaction. Consequently, for the rest of the work,

only enthalpic contributions are considered, these ones being

directly comparable with the FF potential energies.

3.3 Solvation effects

Experimentally, the low solubility of proline in common

organic solvents is a problem for the proline-catalyzed

aldol reaction [40]. The problem can be circumvented by

using polar aprotic solvents like DMSO [4]. Water can also

be used as co-solvent; it speeds up the reaction and allows

using only stoichiometric quantities of ketones [40]. The

reaction still works when performed in water with no other

co-solvent, but to the price of a loss of selectivity [40].

To model bulk effects of solvents such as acetonitrile

and water, we used the IEF-PCM algorithm. First, single

points were computed on the vacuum geometries. The

second step consisted in optimizing the geometries of

the structures under implicit solvation. A summary of the

different approaches and results for the E s-cis endo case is

presented in Table 3.

The global trend can be summarized as follows: the

more the description of the solvent is complete, the more

the iminium intermediate is stabilized with respect to the

enamine and the TS. In terms of implicit solvation, the last

observation is easily understood since the stabilizing effect

of polar solvents is larger for polar solutes. The dipole

moment of iminium in vacuum computed at the M06-2X/6-

31 ? G(d,p) level is indeed 9.94 D, which is 1.52 (4.49) D

larger than the TS (enamine) dipole moment. This implies

that the energy barrier in polar solvents is increased with

respect to vacuum [12, 41]. Similarly, the relative stability

of iminium versus enamine is shifted in favor of the for-

mer, the effect being larger when the geometry optimiza-

tion is carried out with implicit solvation.

To model explicit solvation, single point energies were

computed on systems composed of solute molecules

(whose geometries were optimized at the M06-2X/6-

31 ? G(d,p) level with implicit solvation) surrounded by

five molecules of water, the rest of the solvent being treated

implicitly. To set up the position of the solvent molecules,

we relied on MD simulations carried out with ReaxFF with

explicit solvent molecules. However, five water molecules

are not sufficient to completely describe the first solvation

shell. For this reason, the positions of the water molecules

were adjusted to ensure the comparison of similar situa-

tions for iminium, enamine, and the TS. Let us precise that

in this case the solvent molecules do not play an active role

in the reaction (they do not mediate the hydrogen atom

transfer) but may stabilize one intermediate over the other

and tune the height of the barrier. The explicit water

molecules stabilize even more the iminium intermediate,

which becomes more stable than the enamine by 7.57 kcal/

mol. In addition, the energy barrier is raised by 5.56 kcal/

mol. This outcome suggests that using only implicit sol-

vation yields an underestimation of the stability of imini-

um. This additional stabilization of iminium originates in

the strong hydrogen bonds between the carboxylate group

and water molecules. This observation is consistent with

what can be deduced from the ReaxFF MD simulations of

the reaction. Following the evolution of the system com-

posed by the iminium intermediate surrounded by 104

molecules of water, it is seen that both oxygen atoms of

the carboxylate are close to hydrogen atoms of water.

Table 3 M06-2X/6-31 ? G(d,p) relative stabilities between the two

intermediates and energy barriers for the case E s-cis endo consid-

ering several solvent models

Relative

stability

(kcal/mol)

Energy

barrier

(kcal/mol)

1: Vacuum 15.14 10.25

2: Implicit solvation, single point energy

(IEF-PCM, CH3CN)

2.37 15.37

3: Implicit solvation, geometry

optimization

(IEF-PCM, CH3CN)a

0.31 18.13

4: Implicit solvation, geometry

optimization

(IEF-PCM, water)

-5.56 18.82

5: Five explicit water molecules ? implicit

solvation (IEF-PCM, water)b
-7.57 24.48

ZPVE corrections were not taken into account
a The enamine conformation considered in 1, 2, and 3 is not the same

than in 4 and 5
b The geometries of the solutes are the ones optimized in 4
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The mean distances computed during the simulation are

1.67 ± 0.07 and 1.64 ± 0.04 Å. These short distances

suggest an interaction stronger than a simple H-bond, and it

is consistent with the raise of the barrier of the reaction.

The hydrogen atom transfer is indeed less likely to occur

when the oxygen of the carboxylate is involved in a strong

interaction with water molecules.

3.4 Validation of the FF

To evaluate the performances of ReaxFF for the reaction,

we compare the reference QM results, obtained with the

M06-2X functional and the 6-31 ? G(d,p) basis set, with

MM geometry optimizations and single point energy cal-

culations. When it is possible, we also compare these

results with MMFF94 data [34], another FF that contains

specific parameters for the iminium and enamine functional

groups.

Our first criterion to evaluate ReaxFF is the energy. We

compare relative energies between several intermediates of

the reaction obtained from the optimized QM and FF

geometries. Selected results are presented in Table 4, the five

top lines correspond to relative energies of selected isomers,

for example, E s-cis endo versus E s-trans endo, whereas the

bottom three lines imply different molecules. For the first

category, ReaxFF performances are quite similar to

MMFF94 ones: MMFF94 is slightly better for the compari-

son of the enamine E s-cis endo (a) and Z s-cis endo (d), but

it was impossible to locate two different conformations for

the iminium conformers (a) and (d) with MMFF94. Actually,

the geometry optimization systematically yields the con-

former (a), regardless of the starting point.

MMFF94 cannot be used to compare the structural

isomers as it does not grant meaningful comparison

between molecules with different connectivities. The

computed energy indeed depends on the atom types that

change between iminium and enamine. ReaxFF is able to

qualitatively reproduce QM results: the enamine interme-

diates remain more stable than iminium ones, though the

difference is slightly overestimated by ReaxFF.

For the water-assisted cases, one notes that the structure

of the enamine E s-trans endo (h) optimized with ReaxFF

is close to the QM structure, but it is not the case with

MMFF94, the water molecule in the optimized geometry

departing from its initial position (cfr Supplemental

Materials). This explains the large error, 6.72 kcal/mol,

observed for MMFF94 in that case.

In short, from these data one can conclude that ReaxFF

provides results that are comparable to those obtained with

MMFF94 for conformers. In general, ReaxFF is able to

satisfactorily reproduce QM predictions.

Turning toward the performances of ReaxFF to describe

structures perturbed by variations of bond lengths, valence

angles, and torsion angles, we compared four potential

energy curves as presented in Fig. 2 for key structural

parameters (cfr Fig. 3 for atom labels). We selected the

following strategy: starting from the equilibrium geometry

of the QM level of reference, we progressively modified a

geometrical parameter and computed QM and ReaxFF

single point energies on the obtained structures.

Both bonds are particularly interesting since one is

broken, C1-H24, and the other is formed, O15-H24, during

the reaction. One notes that ReaxFF reproduces well the

bond stretching energies. There is a deviation when the

bond lengths are constrained to very small values, for

example, 0.7 Å. However, this is not problematic since

such situation does not take place in actual chemical

reactions. One can also notice that the equilibrium values

of the bond lengths are well reproduced by the FF.

As for bond lengths, the position of the minimum for the

C20-C1-H24 valence angle is well reproduced by the FF.

The curvature is also similar for large angles. For small

angles, however, ReaxFF energies are significantly over-

estimated. To explain this discrepancy, one must refer to

the form of ReaxFF. As bond orders are calculated on the

basis of distances between atoms, it must prevent the atoms

from being involved in more bonds than expected. Thus, an

overcoordination penalty term is present in the FF. If one

focuses on the geometry of the iminium when the C20-C1-

H24 valence angle is constrained to 60� (Fig. 4), one sees

that the hydrogen atom H24 is simultaneously close, with

distances lower than 1.4 Å, to two carbon atoms, C1 and

C20. It follows that H24 and C20 are largely overcoordi-

nated, and thus the overcoordination penalty becomes very

large, around 90 kcal/mol. To show that the deviation from

QM results is not due to the valence angle description of

ReaxFF, we plotted the valence angle energy term in

function of the C20-C1-H24 angle (Fig. 4) and the MM

versus QM discrepancy diminishes.

Table 4 Relative energies (in kcal/mol) of optimized structures of

several intermediates with different QM (M06-2X/6-31 ? G(d,p) and

FF (ReaxFF and MMFF94) methods

Structuresa M06-2X ReaxFF MMFF94

Enamine (b)/(a)b -0.05 0.03 0.59

Iminium (b)/(a) -0.42 -0.13 0.37

Enamine (d)/(a) 2.09 6.02 3.63

Iminium (d)/(a) 1.71 3.44 0.00

Enamine (h)/(g) 0.63 -3.82 -6.09

Iminium (a)/enamine (a) 15.14 19.52 –

Iminium (d)/enamine (d) 14.77 16.94 –

Iminium (g)/enamine (g) 13.34 16.10 –

a Relative energies are computed by subtracting the energy of the

second structure to the first
b Labels (a)–(h) refer to cases presented in Fig. 1
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For the C20-C1-C17-H18 torsion angle in iminium, one

notes that the position of the minimum is shifted to smaller

angles, 20�, with respect to the QM equilibrium value, 45�.

However, the energy difference between these conforma-

tions is quite small, that is, less than 2 kcal/mol in the

range -20–70�. This small value indicates that the torsion

angle is likely to vary significantly during simulations

(cfr Sect. 3.5).

One can conclude that QM results are reasonably

reproduced by ReaxFF. Consequently, one can be confident

to find reliable results regarding the investigated reaction

with the MD simulations of the hydrogen atom transfer, as

described below.

3.5 ReaxFF MD simulations

Let us now focus on the results of the ReaxFF MD simu-

lations. As mentioned in Sect. 2, a constraint was applied

on the system to trigger the reaction. The evolution with

time of the C���H and H���O distances throughout the sim-

ulation is presented in Fig. 5. The C���H distance first

fluctuates around a value of 1.1 Å, which corresponds to a

C–H r-bond. After the reaction (34 ps), the distance varies

on a larger range since the atoms are not bonded anymore

in the enamine structure. The H���O distance decreases

gradually before the hydrogen atom is transferred, a direct

consequence of the constraint. Once the transfer is trig-

gered, the reaction happens on a very short time scale

(about 0.25 ps). This makes the characterization of the TS

less straightforward. The solution adopted to tackle the

problem was to select an atomic configuration character-

istic of the TS and perform a new MD simulation with this

configuration as starting point after having fixed the

Fig. 2 Relative energy versus the C1-H24 bond length in iminium E

s-cis endo (top left), the O15-H24 bond length in enamine E s-cis
endo (top right), the C20-C1-H24 valence angle (bottom left), and the

C20-C1-C17-H18 torsion angle (bottom right) in iminium E s-cis
endo as obtained at the M06-2X/6-31 ? G(d,p) level and with

ReaxFF. Labels of the atoms are given in Fig. 3

Fig. 3 Sketch of the iminium (left) and enamine (right) E s-cis endo
3D structures with labeled atoms. Colors of the atoms are given in

Fig. 1
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positions of the three atoms directly involved in the

hydrogen atom transfer, that is, C1, H24, and O15.

A summary of the relative stabilities and energy barriers

obtained with the M06-2X/6-31 ? G(d,p) scheme (cfr

Table 2) as well as deduced from the MD simulations in

vacuum carried out using ReaxFF is presented in Table 5.

The energy values of the intermediates from the MD

simulations were determined by averaging the potential

energies over a time range of 5 ps. For the TS, energies

were evaluated on the basis of simulations in which the

positions of the atoms involved in the hydrogen atom

transfer were held fixed. Errors on the potential energies

estimated via the standard deviations stay between 1.0 and

1.5 kcal/mol. Let us mention that we here considered

potential energy values obtained from the simulations

carried out in vacuum because they can be directly com-

pared to QM energies (without any ZPVE, neither thermal,

nor entropic corrections). Explicit solvation effects

deduced from simulations cannot be easily related to

implicit QM ones, due to the huge difference between the

considered systems. Moreover, the parameterization of

ReaxFF for this study was performed on the basis of QM

results obtained in vacuum, without implicit solvation data.

All those reasons explain why the simulations in vacuum

are taken into account at this point to compare QM and MD

simulations results. Let us also emphasize that it is much

easier to extract relative stabilities between intermediates

and energy barriers from simulations in vacuum; standard

deviations associated with the mean values of potential

energies being indeed much larger when considering sim-

ulations carried out in a box of water molecules.

From Table 5, it is seen that ReaxFF overshoots the

stability of enamine with errors in the range 2.5–4.0 kcal/

mol. ReaxFF also slightly overestimates energy barriers,

Fig. 4 Comparison between the

total QM energy and the valence

angle ReaxFF energy

contribution for different values

of the C20-C1-H24 valence

angle in iminium E s-cis endo.

The structure when the angle is

constrained to 60.0� is

illustrated on the right. Colors

and labels of the atoms are

given in Figs. 1 and 3,

respectively

Fig. 5 Evolution of C���H (left-
broken bond) and H���O (right-
formed bond) distances during

the ReaxFF MD simulation of

the conversion of iminium E

s-cis endo into the

corresponding enamine at a

temperature of 100 K (NVT

ensemble) in vacuum

Table 5 Relative stabilities between the iminium and enamine

intermediates and energy barriers associated with the conversion of

iminium into enamine in six cases as obtained with the M06-2X/6-

31 ? G(d,p) scheme and as deduced from the ReaxFF MD simula-

tions at a temperature of 100 K (NVT ensemble) in vacuum

M06-2X ReaxFF

Relative

stability

(kcal/mol)

Energy

barrier

(kcal/mol)

Relative

stability

(kcal/mol)

Energy

barrier

(kcal/mol)

E s-cis endo 15.14 10.25 18.4 11.2

E s-trans endo 14.77 21.31 17.7 27.2

E s-cis exo 15.88 10.03 20.0 12.9

Z s-cis endo 14.77 11.06 17.5 13.0

Z s-trans endo 11.62 25.80 15.7 31.0

Z s-cis exo 14.94 10.46 17.2 11.5
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that is, between 1 and 3 kcal/mol for the s-cis cases, for

which M06-2X energy barriers are predicted around

10 kcal/mol. The overestimation is slightly larger, around

5 kcal/mol, for the s-trans cases, which are predicted

around 20–25 kcal/mol with the QM method. ReaxFF

results can also be compared to CCSD(T) benchmarks: in

the E s-cis case, the overestimation using ReaxFF is

4.0 kcal/mol for the relative stability between intermediates

and 2.0 kcal/mol regarding the energy barrier. For s-cis

isomers, it is clear, on the basis of the computed standard

deviations, 1.0–1.5 kcal/mol, that ReaxFF cannot precisely

indicate whether the hydrogen atom transfer takes place

from one specific conformer of the iminium intermediate.

Nevertheless, ReaxFF reproduces correctly the much higher

energy barriers needed to initiate the hydrogen atom transfer

from the s-trans forms.

As mentioned in Sect. 3.4, the C20-C1-C17-H18 torsion

angle in iminium is relatively flexible. This statement

concerned the iminium E s-cis endo. From Fig. 6, one sees

that this torsion angle in the iminium Z s-trans endo is

indeed very flexible; three main conformations are

observed during the ReaxFF MD simulation. The last one,

the most significant if the times passed in each conforma-

tion are compared, does not correspond to the Z s-trans

endo iminium but rather to the E s-trans endo (Fig. 6). A

much longer simulation of 400 ps was also carried out

confirming that the major conformation of iminium was E.

The same behavior was observed for the Z s-cis exo

iminium that had the tendency to switch to the E confor-

mation during the simulation. It is particularly interesting

since energy barriers for the s-cis isomers are too close to

conclude that one is kinetically favored over the other. This

switch between E and Z conformations constitutes a ther-

modynamic argument, showing that iminium is more likely

to adopt an E conformation and can thus be converted into

E configurations of the enamine.

4 Conclusions

Our theoretical investigation regarding the understanding

of the conversion of iminium into enamine in the frame-

work of a proline-catalyzed aldol reaction emphasizes that

the reactive force field (FF), ReaxFF, used in combination

with molecular dynamics (MD) simulations is a relevant

method to investigate the mechanism of proton transfers in

iminium–enamine conversions. This approach should be

extended to model other steps of proline-catalyzed

Fig. 6 Evolution of the C20-

C1-C17-H18 torsion angle

value of the iminium Z s-trans
endo during the ReaxFF MD

simulation performed at 100 K

(NVT ensemble) in vacuum.

The three conformations, (e’),
(e), and (b), encountered during

the simulation are illustrated

below, labels correspond to the

ones given in Fig. 1. Colors and

labels of the atoms are given in

Figs. 1 and 3, respectively
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reactions. ReaxFF simulations allow investigating the

evolution of the system in time, which is useful to assess

the likelihood of a given conformational change. Com-

bining MD simulations with explicit inclusion of the sol-

vent is a powerful tool to rationalize the interactions it may

form with the solute.

First, we showed that similar conclusions regarding the

relative stability of intermediates and energy barriers could

be drawn either from ReaxFF MD simulations or from DFT

calculations at the M06-2X/6-31 ? G(d,p) level. Regard-

ing the particular studied step of the reaction, one showed

that the iminium–enamine conversion is more likely to

yield an E enamine and that the energy barrier for the

reaction is also smaller starting from the s-cis isomer of

iminium relatively to the s-trans one.

We now plan to investigate other steps of the reaction.

Particularly, we will focus on the possibility to form the

enamine through the opening of the oxazolidinone inter-

mediate. The C–C bond formation step, which is significant

to explain the stereoselectivity of the proline-catalyzed

aldol reaction, will also be considered. The modeling of

other solvents is another perspective for future work.
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