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ABSTRACT: Density functional theory (DFT) has been enacted to study the
Diels—Alder reaction between 2,5-dimethylfuran (2,5-DMF), a direct product of
biomass transformation, and acrolein and to analyze its thermodynamics, kinetics,
and mechanism when catalyzed by a Lewis acid (LA), in comparison to the
uncatalyzed reaction. The uncatalyzed reaction occurs via a typical one-step
asynchronous process, corresponding to a normal electron demand (NED)
mechanism, where acrolein is an electrophile whereas 2,5-DMF is a nucleophile.
The small endo selectivity in solvents of low dielectric constants is replaced by a
small exo selectivity in solvents with larger dielectric constants, such as DMSO. In
the catalyzed process, the LA interacts with acrolein, forming a O-LA 2o
coordinating bond, that enhances its electron-acceptor character, further favoring

the NED mechanism and reducing the activation energy. When AICl; and GaCl; ~ o°
catalyze the reaction, the bond formations of both the endo and exo pathways
occur via a two-step asynchronous process. Thus, these processes involve the formation of two transition states and a stable
intermediate. The second transition state is the critical one and it dictates the increase of the exo selectivity, in comparison to the
uncatalyzed reaction. The DFT calculations have also unraveled that the LA plays additional roles, i.e. it forms stable complexes with
the carbonyl group of acrolein while AICl; and GaCl; form dimers, which also impact the different equilibria.
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1. INTRODUCTION

Owing to its potential as renewable resource to reduce the
dependence on petroleum-based resources biomass has
focused considerable attention toward the development of
sustainable processes to produce aromatic chemicals, such as
benzene, toluene, and xylenes. This refers to the fact that these
chemicals are widely used in fuels and in the chemical industry
as precursors of polymers.' ™ In particular, p-xylene (PX) is a
basic precursor for the synthesis of terephthalic acid,*® which
is a monomer to produce polyethylene terephthalate (PET).
PET is largely used to fabricate synthetic fibers and plastic
bottles owing to its mechanical and chemical properties. Given
the rapid and increasing growth of the global PET market (6—
8% of PET per year),” the synthesis of PET from a renewable
raw material has become an area of major interest in an
industrial scale and in the field of scientific research.” In
parallel, the synthesis of liquid fuels and organic chemicals
from biomass has recently drawn much interest as an
alternative for mitigating the dependence on fossil fuel
sources.””'> Biomass is one of the most abundant renewable
carbon resources in the world for the production of fuels and
chemicals.'”'* Tts energy recovery yields $-hydroxymethylfur-
fural (S-HMF), a chemical platform at the origin of a wide
variety of chemical fuels,"” that is obtained through the
catalytic dehydration of carbohydrates (glucose, fructose,
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etc.).*™"” In addition, S-HMF is a versatile intermediate,
and the source of several high added-value chemicals. From
this perspective, it has been called a “sleeping giant” in the field
of chemical intermediates from biobased raw materials.”” The
catalytic conversion of S-HMF gives 2,5-dimethylfuran (2,5-
DMF) that can be used as a fuel or a transport additive.”'

Currently, new methods of synthesizing biobased PX from
biomass-based raw materials have been elaborated. In this
context, several experimental and quantum chemistry studies
of the Diels—Alder (DA)**** reactions between 2,5-DMF and
multiple alkenes including ethylene,”*™*’ maleic anhy-
dride,>**! acrylic acid,**** and acrolein,** with subsequent
dehydration have displayed its very promising potential for the
production of renewable PX and other aromatic derivatives
with high stereospecificity.

Shiramizu et al.** studied the DA reaction between 2,5-DMF
and acrolein. The intermediate product obtained after
dehydration and decarboxylation provides PX, and subse-
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quently leads to terephthalic acid. They demonstrated that, (i)
this reaction requires a low temperature (T = —60 °C) to
proceed effectively, which is an economic limitation for
industrial scale applications, (ii) this reaction is thermodynami-
cally controlled for both the endo (AH° = —6.41 kcal mol™
and A,S° = —0.03 kcal mol™ K™') and exo (A H° = —6.39 kcal
mol™" and A,S° = —0.03 kcal mol™ K™') approaches, so that
(iii) the endo stereoisomer is slightly predominant, with an
endo/exo ratio equal to 1.2. This reaction is the central focus
of this contribution.

The importance of the DA reaction for preparing natural
products and bioactive compounds has boosted the develop-
ment of methods to improve the yields and selectivities of the
[4 + 2] cycloaddition reactions.>” In particular, the observation
made in 1960 by Yates and Eaton,*® that the AICl; Lewis acid
(LA) strongly accelerates the DA reaction, encouraged
researchers to develop LA-catalyzed processes.””*® Subse-
quently, their use has considerably extended the scope of the
DA reaction, with better kinetics and with modified endo/exo
as well as regio selectivities in comparison to the uncatalyzed
process.”” These effects of the catalysts (Bronsted and Lewis
acids) as well as of the nature of the solvent on the selectivity
of the DA reaction have been studied experimentally, but also
using quantum chemical modeling. So, the frontier molecular
orbital (FMO) theory and density functional theory (DFT)
have been enacted to explain the reactivity, to unravel the
reaction mechanism, and to explain the selectivity of these
reactions.”’™>* Within the FMO theory,” concepts such as the
energy gaps [the difference between the energies of the lowest
unoccupied molecular orbital (LUMO) and of the highest
occupied molecular orbital (HOMO)] and molecular orbital
(MO) interactions are used for explaining the DA reactions.
This criterion implies that a DA reaction is accelerated
provided the HOMO — LUMO gap is minimized. By attaching
electron-withdrawing substituents to the dienophile and/or
electron-donating groups to the diene, the HOMO — LUMO
gap decreases, and subsequently, the polarity of the transition
state (TS) and the reaction rate increase.’* ¢ After a
comprehensive study of organic reactions, based on the
analysis of the conceptual DFT (CDFT) indices, Domingo
et al’”*" proposed the polar DA mechanism, where the
feasibility of the reaction is driven by the nucleophilic character
of the diene and the electrophilic character of the dienophile.
Larger electrophilic and nucleophilic characters increase the
reaction rates through more polar TSs. In the same way, they
inferred a good correlation between the activation energies of
DA reactions and the polar character of the cycloaddition as
measured by the global electron density transfer (GEDT)
[using the natural bond order (NBO) method] at the
corresponding TSs.” Likewise, the activation by a LA or by
supplying electron-withdrawing substituents to the more
electron-deficient reactant reduces the activation energy, and
subsequently enhances the polarity of process.”’

In 2000, using DFT at the B3LYP/6-31G(d) level, Avalos et
al.”” examined the uncatalyzed and Lewis acid (LA)-catalyzed
DA reactions between furan and methyl vinyl ketone. They
depicted that the LA increases the asynchronicity of this
reaction and decreases the activation energies by promotin%
the formation of the endo stereoisomer. Next, Fraile et al.*
studied the LA-catalyzed DA reactions between 2,5-DMF/
furan with acrylonitrile and methyl acrylate at the B3LYP/6-
31G(d)//HF/3-21G(d) levels. They inferred that (i) the
cycloadditions of methyl acrylate with 2,5-DMF and furan
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promote the endo cycloadduct, (ii) the DA reaction between
2,5-DMF and acrylonitrile promotes the exo cycloadduct, and
(iii) AICl; catalyzes better these cycloadditions than ZnCl,. In
the same way, using DFT at the B3LYP/6-31G(d) level, Saez
et al.*® explored the mechanism of the AlCl;-catalyzed DA
reactions between 2-(trimethylsilyloxy)acrolein and furan.
They found that (i) this reaction occurs through a three-step
mechanism passing through a zwitterionic intermediate, (ii)
the endo cycloadduct is the major product, (iii) taking into
account the solvent (dichloromethane) effects leads to a better
stabilization of the TS and of the intermediate, and (iv) the
coordination of AICl; with 2-(trimethylsilyloxy)acrolein
increases the electrophilicity of the dienophile, and sub-
sequently rises the polarity of this cycloaddition. Using DFT at
the B3LYP/6-31G(d) level, Alves et al.*’ 2006 performed a
study on the uncatalyzed and LA-catalyzed DA cycloadditions
of cyclopentadiene with crotonaldehyde and methacrolein.
They asserted that (i) these reactions proceed via a one-step
highly asynchronous mechanism, (ii) the reaction of cyclo-
pentadiene promotes the formation of the endo cycloadduct
with crotonaldehyde, and the exo product with methacrolein,
(iii) the inclusion of catalysts decreases the activation barrier,
and (iv) the solvent (PCM/dichloromethane) effects increase
the stability of the TSs owing to their zwitterionic character,
but do not change the stereoselectivity observed in vacuo.

Later, using DFT/B3LYP/6-31+G(d,p) calculations, Nacer-
eddine et al.”® tackled the DA reaction between difluoro-2-
methylcyclopropane and furan. They emphasized that the endo
cycloadduct is favored both kinetically and thermodynamically
in comparison to the exo cycloadduct, and that this reaction
occurs by a one-step asynchronous mechanism. Besides,
employing the B3LYP/6-31G(d) method to describe the
uncatalyzed and LA-catalyzed DA reactions of methyl acrylate
and methyl methacrylate with furan Bouacha et al.*’
highlighted that (i) these reactions take place via a one-step
asynchronous mechanism, (i) the endo product is both
kinetically and thermodynamically favored, and (iii) the
inclusion of solvent (PCM/dichloromethane) and catalyst
(AICL;) effects decrease the activation energies but do not
modify the stereoselectivity observed in the uncatalyzed DA
reactions in vacuo.

Likewise, using DFT at the MO06-2X-D3/6-311+G(d,p)
computational level, Ju et al.** handled the conversion of 2,5-
DMF and acrylic acid to aromatic derivatives catalyzed by
Bronsted acid ionic liquids in the experimental conditions.
They investigated two mechanisms of 2,5-DMF activation:
UPOD (unprotonated oxygen of 2,5-DMF) and POD (direct
protonated oxygen of 2,5-DMF), each with endo and exo DA
reaction routes. They observed that (i) the UPOD route
produces a mixture of aromatic products [PX + DMBA (2,5-
dimethylbenzoic acid)], with the overall rate limited by the
ring-opening step, while (ii) the POD route only yields
DMBA, with the DA cycloaddition being the rate-determining
step and the energy barrier of the cycloaddition higher than
that of UPOD, and (iii) the endo stereoisomer is more
favorable than the exo one.

Insights into the Diels—Alder reaction and its stereo-
selectivity have been unraveled by adopting the distortion/
interaction—activation strain (DIAS) scheme,’"®” which
investigates the effects of the reorganization/distortion and
interaction energies along the reaction pathway. These studies
highlighted the key role of the distortion or strain energy on
the relative endo and exo TS energies, and therefore on the
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Scheme 1. Schematic Representation of the Uncatalyzed and LA-Catalyzed DA Reactions between 2,5-DMF 1 and Acrolein 2,
[Lewis Acid (LA), endo Cycloadduct (3 endo), and exo Cycloadduct (3 exo)]. [The Experimental Optimized Conditions
Reported in ref 33 Are Catalyst = Sc(OTf);, Solvent = CDCl;, Temperature = —60 °C, Reaction Time = 68.5 h, Yield of the

Final Product (endo + exo) = 84%, and f,gq/exo = 1.2]
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stereoselectivity. Then, when combined with the energy
decomposition analysis (EDA) method, this approach allows
assessing the relative importance of the electrostatic, Pauli, and
orbital interactions contributions. So, Vermeeren et al.%” have
shown that LAs facilitate the DA reaction by reducing the Pauli
repulsion between the 7-systems of the diene and dienophile.

In this study, DFT is employed to describe the uncatalyzed
(Scheme 1.1) and LA-catalyzed DA reactions (Scheme 1.2)
between 2,5-DMF 1 and acrolein 2. These reactions are
analyzed both in vacuo and in solution (solvent = cyclohexane,
dichloromethane, ethanol, and DMSO) by considering typical
catalysts of group 13, AICl;, BF;, and GaCl,. This study also
includes the DFT simulation of the Sc(OTf);-catalyzed DA
reaction between 2,5-DMF and acrolein in chloroform in order
to assess the obtained results with those found experimen-
tally.34 In each case, the structural, electronic, and
thermochemical properties of the reactants, transition states,
and products are evaluated and analyzed. The work is
structured as follows: the next Section describes the key
aspects of the computational procedure, the following Section
presents and discusses the results, while conclusions are
provided in the final Section.

2. THEORETICAL AND COMPUTATIONAL ASPECTS

The equilibrium structures of the reactants, products, and
transition states were optimized at the DFT level using the
MO06-2X exchange—correlation (XC) functional®® and the 6-
311+G(d,p) basis set. Vibrational frequencies were calculated
to confirm the stationary character of the reactants, products
(no imaginary frequency), and TSs (one imaginary frequency).
Departing from each TS, calculations were performed to
describe the structures and energies along the intrinsic reaction
coordinate (IRC).®* For all species, reactants, products, and
TSs, the energy (AE, AE¥), enthalpy (A H°, AHY), entropy
(A,8°, AS¥), and Gibbs free energy (A,G°, AG¥) of both
reaction and activation were evaluated. Solvent effects were
included in both geometry optimizations and the subsequent
calculations of the thermodynamical state functions by
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adopting the integral equation formalism (IEF) version of
the polarizable continuum model (IEE-PCM).®® This scheme
models the solvent by a continuum and its dielectric
permittivity (&). Several solvents have been considered,
cyclohexane (& = 2.02), dichloromethane (¢ = 8.93), ethanol
(¢ = 24.5), and DMSO (& = 46.7). Calculations were initially
performed for T = 298.15 K and P = 1.0 atm. Then, a
concentration correction of +1.89 kcal mol™" in the calculation
of the solvation free energies of cycloaddition was used to
account for the change of conditions when going from gas
phase at 1 atm to solution at 1 M concentration.”® This
correction was also applied on the in vacuo values in order to
better highlight the effects of the surrounding medium. This
correction corresponds to a modification of the entropies by
—6.34 cal mol™! K™'. In the same way, the reaction rate
constants k were calculated based on the Eyring equation,67
providing the endo/exo ratio (Fengosexo), Which refers to the
difference between the free energies of activation of the endo
and exo pathways.

Selecting the AlCl;-catalyzed reaction, Table S1 shows that
the MO06-2X exchange—correlation functional is a suitable
choice, in comparison to higher-level CCSD calculations as
well as results obtained with other XC functionals.
particular, the decrease of the activation energy due to the
AlCl; catalysis is closely reproduced as well as the difference of
activation energy between the exo and endo pathways of the
AlCl;-catalyzed reaction. These M06-2X results are like those
obtained with @B97X-D but quite different from the B3LYP
results. These results are consistent with those of our previous
study.”” Yet, the absolute values of the activation energies are
slightly underestimated by the M06-2X XC functional with
respect to CCSD.

The global electron density transfer (GEDT)>® at the TSs
was computed as the sum of the natural atomic charges (q),
obtained by a natural bond orbital (NBO) analysis,”® of the
atoms belonging to each framework (f) at the TSs; i.e.

In

https://doi.org/10.1021/acsomega.4c07888
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Table 1. Electronic Properties (eV), €y, €1, ft = (€ + £1)/2;
wdienophile) AE(NED) = [EL (2’) — €y (1)]) AE(IED) = I:gL (1) — €y (2)]) in vacuo at the

—10.9 eV (in vacuo)], AW = @ gene —
M06-2X/6-311+G(d,p) Level

n==¢& —

ey, @ = p*/2n, N = g4 (Nu) — &y (TCE) [ey (TCE) =

i & u n 1) N Aw AE(NED) AE(IED)
1 -7.1 0.4 -3.4 7.5 0.8 3.8
2 -9.3 -1.0 =S.1 8.3 1.6 1.6 —-0.8 6.1 9.7
2-AlICl, -9.7 -3.0 —6.3 6.6 3.0 1.2 —-2.2 4.1 10.1
2-BF; —11.1 -2.6 —6.8 8.5 2.7 —-0.2 -1.9 4.5 11.5
2-GaCl, -9.9 -2.8 —6.3 7.1 2.8 1.0 -2.0 4.3 10.3
, o
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Figure 1. Geometries of the transition states of the uncatalyzed and LA-catalyzed DA reactions in vacuo. The C;—C, and C,—C; distances and the

Ad=dc_¢

as the charge on the acrolein, in e, are given in green. [N = endo, X

— d,_c, values are given in A. The unique imaginary frequencies, in cm ™, are provided in blue. The GEDT values at the TS, estimated

= exo].

GEDT =

the considered framework to the other one.

A t?ological analysis within the bond evolution theory
(BET)® was carried out at the same M06-2X/6-311+G(d,p)
level. First, the wave function was obtained for each point of
the IRCs and, then, the electronic localization functions
(ELF)"””" analysis was enacted by using the TopMod
package’” considering a grid step of 0.2 bohr. The ELF
basin positions were visualized using DrawMol”* and the basin
populations evolution along the IRC by DrawProfile.”*

Following the approach of conceptual DFT,”>~"7 several
descriptors of the electronic structure and reactivity were also
evaluated, including the energies of both the HOMO (ey) and
the LUMO (&), the LUMO — HOMO gap (gap = &, — &),
the global electrophilicity (@ = u?/ 27),”® the chemical
potential [y = (e + £.)/2],” and the global hardness (1 =
€, — €y).” The nucleophilicity index (N) was calculated as N
= &y (Nu) — &4 (TCE) where Nu is the nucleophile and TCE
is the tetracyano-ethylene.”” In addition, the difference
between the global electrophilicity indices of the reactants
(A® = Dgiene — Dgienophite) Was evaluated since it determines
the polar character of the process.”’

The thermodynamics and kinetics of the reactions were
further examined using the DIAS approach®™™** to investigate
the effects of the reorganization/distortion and interaction
energies along the reaction pathway. The distortion energies
(AEp;,) were calculated by extracting the geometry of a given
moiety (i.e., acrolein, 2,5-DMF, and acrolein-AlCl,) in the TS,
product, or at any point along the IRC, and performing a
single-point calculation to evaluate its total electronic energy
and finally subtracting it from its equilibrium-geometry value.

Qe 4, Positive values mean an electronic flux from
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Interaction energies (AEy,,) were then obtained by subtracting
the distortion energies from the total electronic energies
(relative to the sum of equilibrium-geometry energies of the
reactants)

AE,, = AE — AE,

The autoDIAS tool, developed by Svatunek and Houk, was
employed to perform the DIAS analysis along the reaction
pathways.*®

All calculations were carried out with the Gaussianl6
software package.*

3. RESULTS AND DISCUSSION

3.1. Reaction in Vacuo. 3.1.1. Analysis of the CDFT
Reactivity Indices of the Reactants. First, to revealed the role
of the 2,5-DMF (1), acrolein (2), and acrolein—LA (2-LA)
complexes in these DA reactions, an analysis of the CDFT
indices of the reactants, computed at the M06-2X level, was
performed (Table 1). In this Section on the reaction in vacuo,
only the s-trans conformer of acrolein was considered while a
comparative discussion on the reactivity of the s-cis and s-trans
conformers is given in Subsection 3.2.

The electronic chemical potential i of 1 (—3.4 V) is higher
than those of 2 (=5.1 V), and of the 2-LA complexes, —6.3
eV (2-AICL,), —6.8 eV (2-BF;), and —6.3 eV (2-GaCl,),
demonstrating that the GEDT in these DA reactions takes
place from 1 toward 2 and the 2-LA complexes. Consequently,
the normal-electron demand (NED) mechanism of the
uncatalyzed and LA-catalyzed DA reaction is favored with
respect to the inverse-electron demand (IED) mechanism.
This is confirmed by the smaller value of AE(NED) = [¢,(2)

https://doi.org/10.1021/acsomega.4c07888
ACS Omega 2025, 10, 833—847
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Table 2. Thermochemical State Functions (A E, A H°, A G°, AE¥, AH*, AG¥, AAG¥ in kcal mol™! and A,S°, AS¥ in cal mol™*
K™!), and the endo/exo Ratio of the Uncatalyzed DA Reaction between 1 and 2 in vacuo at the M06-2X/6-311+G(d,p) Level.

AAG* = [AG* (TS-endo) — AG* (TS-exo0)]

reactions AE A H° A,S° AG°
1+ 2 —3 endo —11.9 -9.7 —44.2 3.4
1+ 2 —3exo —12.2 —10.0 —43.7 3.3

AAGF
-03

AGH
27.1
27.4

AS*
—42.7
—42.5

AH*
14.4
14.7

AE*

13.9
14.2

Tendo/exo

1.6

— ey(1) = 6.1 eV] with respect to AE(IED) = [¢,(1) — ey(2)
=9.7 eV].

The electrophilicity and nucleophilicity indices of acrolein
amount both to 1.6 eV, 2 being therefore classified as a strong
electroghile and a moderate nucleophile within their respective
scales.”” The strong electrophilic character of acrolein
originates from the electron-withdrawing (EW) —CHO
group. On the other hand, for 1, ® = 0.8 eV and N = 3.8
eV so that 1 is characterized as a moderate electrophile and as
a strong nucleophile. Therefore, 2,5-DMF participates in DA
reactions as a strong nucleophile without the need for a
nucleophilic activation. Moreover, the uncatalyzed DA reaction
has a polar character, as substantiated by the high value of the
difference of electrophilicity indices between the two reactants
(Aw = —0.8 eV).

The coordination of the LA with the O atom of the carbonyl
group of acrolein 2 (Scheme 1.2) increases considerably its
electrophilicity but decreases its nucleophilic character. The @
index of the 2-LA complexes is a function of the metal,
increasing in the Al > Ga > B order. Moreover, the LA reduces
AE(NED), which remains smaller than AE(IED) (Table 1).
Therefore, the LA-catalyzed processes are more polar than
uncatalyzed ones.

3.1.2. Thermodynamic and Kinetic Analysis. 3.1.2.1. Un-
catalyzed DA Cycloaddition. The uncatalyzed DA reactions
can occur through two stereoisomeric reaction channels,
namely endo and exo (Scheme 1.1). The structures of the
TSs together with the C,—C, and C,—C; bond lengths are
portrayed in Figure 1. Table 2 lists the reaction and activation
energies, as well as the activation Gibbs free energy differences
(AAG¥), and the endo/exo kinetic ratio (Fengo/exo)- The DA
reaction between 1 and 2 is exothermic (A H°<0), but slightly
endergonic (A,G°>0). Furthermore, the formation of the exo
cycloadduct is slightly more exothermic than that of the endo
one. The 3 exo product is thermodynamically slightly more
stable than the 3 endo product [A X (3 exo) < A X (3 endo),
with X = E, H°, and G°] (with differences of the order of the
accuracy of the method). On the other hand, the endo
stereoisomer is kinetically favored with an endo/exo kinetic
ratio of 1.6.

At the TSs, the lengths of bonds under formation (C,—C,
and C,—Cjy) are 1.98 and 2.25 A for the TS-endo (TSN), while
1.96 and 2.34 A for the TS-exo (TSX) (Figure 1). Their
differences, namely Ad = [d(C,—Cg) — d(C,—C,)], are used
to characterize the asynchronicity on the bond formation, with
values of 0.27 and 0.39 A for the endo and exo mechanisms,
respectively. They demonstrate that these uncatalyzed cyclo-
additions take place via a one-step asynchronous mechanism,
with the exo pathway being slightly more asynchronous than
the endo one. The nature of the vibrational normal coordinate
associated with the unique imaginary frequency of these TSs
(Figure 1) indicates that it mainly concerns the motion of the
C,, C;, C,, and C; atoms along the C;—C; and C,—Cg bond
formations. The GEDT values at the TSs, —0.20 e and —0.21 e
for the endo and exo pathways, respectively, account for the
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polar character of these DA reactions. The flux of the electron
density goes from the 2,5-DMF moiety to the acrolein one, in
agreement with the larger chemical potential of 1 (—2.4 eV)
than of 2 (—5.1 eV) (Table 1). Thus, these reactions are
classified as forward electron density flux (FEDF) reactions.
3.1.2.2. LA-Catalyzed DA Cycloadditions. The activation
Gibbs free energies (AGY), the AAGY differences, and the
Tendo/exo Of the LA-catalyzed reaction between 1 and 2 (Scheme
1.2) are summarized in Table 3. The TSs corresponding to the

Table 3. Activation Gibbs Free Energy (AG¥ in kcal mol™),
Activation Gibbs Free Energy Differences (AAG* in kcal/
mol), and the endo/exo Kinetic Ratio of the LA-Catalyzed
DA Reaction between 1 and 2 In Vacuo at the M06-2X/6-
311+G(d,p) Level

reactions AGH AAG* Tendo/exo
1 + 2-AlCl; —3 endo-AlCl; 10.8 1.0 0.2
1 + 2-AlCl; =3 exo-AlCl, 9.8
1 + 2-BF, —3 endo-BF, 15.6 2.6 0.01
1 + 2-BF; —3 exo-BF, 13.0
1 + 2-GaCl; =3 endo-GaCl, 13.4 1.9 0.04
1 + 2-GaCl; —3 exo-GaCl; 11.5

formation of both stereoisomers, endo and exo are illustrated
in Figure 1. The LA catalysts decrease the activation barrier by
up to 17 kcal mol™". In addition, the exo stereoisomer is now
clearly kinetically favored with AAG? values of 1.0, 2.6, and 1.9
kcal mol™ for AICl;, BF;, and GaCl,, respectively. BF; is the
most exo selective LA catalyst. Likewise, for both mechanisms,
AlCl; leads to the largest reduction of the activation barrier
(Table 3). This refers to the fact that the complexation of
acrolein 2 with AICI; is more stabilizing than that with GaCl;
and BF; [AX(2-AICL;) < A X(2-GaCl;) < A X(2-BF;), with
X = E, H° and G°, Table S10]. Therefore, the corresponding
decomplexation is also less feasible [AX(3-AICL;) > A X(3-
GaCly) > AgX(3-BF;), for both endo and exo pathways, Table
S12], which refers to the formation of a strong coordinating
bond between the O atom of the carbonyl group and AICl;. In
the same context, the DFT calculations show that the
complexation reaction of LAs with acrolein is exothermic
(AH® < 0) and exergonic (A.G° < 0) (Table S10). In parallel,
all the LAs decomplexation reactions are endothermic
[A4H°(3-LA) > 0] and endergonic [A4G°(3-LA) > 0] for
both the endo and exo pathways in vacuo (Table S12).

The Ad values range between (0.75—0.88 A) and (0.81—
0.84 A) for the endo and exo mechanisms, respectively (Figure
1). Thus, while the mechanism remains one-step the TSs is
typical of highly asynchronous bond-formation processes, with
TSX-LA more asynchronous than TSN-LA. The vibrational
normal coordinate of the imaginary frequency mode keeps the
same character in presence of LA. Then, the GEDT values
amount to —0.43 e for both endo and exo pathways,
highlighting a larger flux of the electron density from 2,5-
DME to the acrolein—LA complex than for the uncatalyzed

https://doi.org/10.1021/acsomega.4c07888
ACS Omega 2025, 10, 833—847


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07888/suppl_file/ao4c07888_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07888/suppl_file/ao4c07888_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07888/suppl_file/ao4c07888_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07888/suppl_file/ao4c07888_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07888/suppl_file/ao4c07888_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

reaction. This corresponds to a more polar reaction,
consistently with a larger Aw value, a smaller HOMO -
LUMO gap, and an increase of the electrophilicity index of the
acrolein (Table 1) with respect to that of the uncatalyzed
reaction. In summary, the LA increases both the degree of
asynchronicity and the polarity of the process but does not
change the reaction mechanism.

3.2. Solvents Effects. 3.2.1. Analysis of s-cis and s-trans
Isomers of Acrolein. Acrolein exhibits two distinct geometric
isomers, namely s-cis and s-trans. DFT calculations at the
IEFPCM(dichloromethane)/M06-2X/6-311+G(d,p) level of
approximation demonstrate that the energy, enthalpy, and
Gibbs free energy of the s-cis conformer exceed those of the s-
trans conformer (Table S3). Consequently, the s-trans
conformer exhibits a significantly higher Maxwell—Boltzmann
weight (P = 98%) compared to the s-cis one (P = 2%). This is
why, for the investigation of the DA reaction between 2,5-
DMF 1 and acrolein 2 targets in priority its s-trans
conformation, while some discussions are added on the s-
cis/s-trans comparison. Then, besides when it is noted, in the
following Sections and Subsections, the discussion deals
implicitly with the s-trans conformation.

3.2.2. Uncatalyzed DA Cycloaddition. The reaction and
activation energies, the AAG* differences, and the 7pgo exo fOr
the uncatalyzed reaction in solution (cyclohexane, dichloro-
methane, ethanol, and DMSO) are given in Table S4. The
structures of the TSs are plotted in Figure S1. A{H® and A,G°
reveals little or no effect of the solvent, increasing A, G° by less
than 0.8 kcal mol™" with the dielectric constant of the medium
for both the endo and exo mechanisms. Likewise, the solvent
has a small impact on AG¥, with a reduction of the activation
barrier from 0.2 to 1.2 kcal mol™" across the range of examples
(Figure 2). This contradicts the FMO theory prediction,

—a— endo
—e— exo

27.2 1 7

27.4 <

27.0

26.8

AG¥ (kcal/mol)

26.6

26.4

26.2

0.2 0.4 0.6 0.8
e-1/e+2

0.0

Figure 2. Variation of the Gibbs free energy of activation for the
uncatalyzed DA reaction between 2,5-DMF and acrolein plotted as a
function of solvent polarity, estimated by the (¢ — 1)/(e + 2)
function. For comparison the AG¥ in vacuo data have been added
(e—1/e +2=0).

because the NED gap (which is smaller than the IED gap in all
cases) increases with the solvent polarity, while the activation
energy changes in the opposite way.

Then, when the polarity of the solvent increases, AAG*
increases slightly (from —0.2 to 0.1 kcal mol™, Table S4), and
consequently, accounting for solvents effects with larger
dielectric constants changes slightly the stereoselectivity of

838

the uncatalyzed DA reaction with respect to the in vacuo
situation.

The differences between the lengths of the forming C—C
single bonds in the TSs (Figure S1), lie in the (0.31—0.42 A)
range for the TS-endo, and (0.44—0.56 A) for the TS-exo.
They show that these TSs correspond to a one-step
asynchronous process, with the TS-exo mechanism being
slightly more asynchronous than the TS-endo one (Figure S1).
For both mechanisms, the degree of asynchronicity increases
slightly with the polarity of the solvent (Figure S1), in parallel
with the increase of the GEDT from 2,5-DMF to acrolein.

For the s-cis isomer, the exo product is also slightly
thermodynamically favorable, while the endo stereoisomer
holds a kinetic preference, with an endo/exo kinetic ratio of
1.7, in comparison to 1.2 for s-trans (Table SS).

3.2.3. LA-Catalyzed DA Cycloadditions. In solution, the
LA-catalyzed DA reaction between 2,5-DMF and acrolein
(Scheme 1.2) is characterized by the formation of two TSs
(TS, and TS,) and a stable intermediate (Int). Nevertheless,
for the endo pathway, only one TS was found when the solvent
is polar (different from cyclohexane). The activation energy
(AET), the activation enthalpy (AHT), the activation entropy
(AS¥), the activation Gibbs free energies (AG¥) for the
different (endo and exo) TSs, as well as the AAG¥ differences,
and the 7,4, /cxo are reported in Table S6. The reaction energies
associated with the formation of the intermediate are gathered
in Table S7. The structures of the TSs (TS; and TS,)
corresponding to the formation of both stereoisomers are
outlined in Figures S2—S7. When there are two transition
states, the LA decreases the activation barriers (TS1 and TS2)
for both the endo and exo mechanisms (Figure 3). In most of
the cases, the activation barriers are smaller for the exo path.
Then, when increasing the solvent polarity, the activation
barrier to TS1 decreases while it increases for TS2.
Consequently, in cyclohexane, AGH is larger than AG¥ and
the kinetic control is dictated by TS1. On the other hand, in
polar solvents, AG** is generally larger than AG*', and TS2
dictates the selectivity of the reaction.

Between the two TSs, there is a zwitterionic intermediate.
Again, except for cyclohexane solution, this intermediate is
slightly more stable than the sum of the 2-LA + 1 reactants.
Moreover, the exo intermediate is also more stable than its
endo analog. For the 3 endo-BF; DA reaction in polar solvents,
there is only one TS, and thus no intermediate. This has been
assigned to the absence of O—BF; coordinating bond in the
corresponding TSs (Figure S6). In this case, the activation
barrier decreases slightly (6.4 kcal mol™ in dichloromethane,
6.8 kcal mol™" in ethanol, and 6.9 kcal mol™' in DMSO) in
comparison to the uncatalyzed reaction.

The normal FMOs gaps [AE(NED) = ¢ (2-LA) — ey4(1)]
increase slightly, by about tenths of eV, with the dielectric
constant (Table S2). This is associated with an increase of
AG*™ and subsequently of the AAG™ values (Table S6),
showing that solvent effects improve the exo selectivity of LA-
catalyzed DA reactions. Finally, the exo stereoselectivity is
larger with AICl; than GaCl;, and both are smaller than with
BF;, for the reasons explained above.

For the reaction catalyzed by AICl;, when comparing the
activation energies for the s-cis versus s-trans isomers, the same
exo stereoselectivity is observed while the barrier of activation
remains smaller for the first TS than the second one. So, the
conformation of acrolein does not modify the stereoselectivity
of the LA-catalyzed DA reaction (Table S8). In the same way,
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Figure 3. Variation of the Gibbs free energy of activation for the LA-catalyzed DA reaction between 2,5-DMF and acrolein plotted as a function of
solvent polarity, represented by the (¢ — 1)/(e + 2) function. For comparison the AG¥ in vacuo data have been added (¢ — 1/& + 2 = 0), though

the reactions correspond to a one-step process.

when starting from the s-trans conformer the formation of
zwitterionic intermediate (Int) is thermodynamically slightly
more stable than its formation when starting from the s-cis one
[A;X (s-trans) < A, X (s-cis), with X = E, H°, and G°, Table
S9].

The molecular structures at the TS show an increase of
asynchronicity of the LA-catalyzed DA reactions in solution in
comparison to the uncatalyzed ones, for the first TS (Figures
S2—SS). Yet, the degree of asynchronicity decreases slightly
with the solvent polarity, in contrast to the uncatalyzed
reaction. Their polarity is also larger, with small differences
between the two TSs and a minor impact of the solvent
polarity. This is consistent with the variation of the CDFT
indices of the reactants with the polarity of the solvent (a slight
decrease in the electrophilicity and nucleophilicity indices of 2-
LA, and a slight increase of the NED gaps, Table S2).
Differences between the exo and endo paths are small with,
often, slightly more polar, and asynchronous characters for the
endo one.

3.3. Complexation Reactions Involving the LA
Catalysts. The LA is not only impacting the position of the
TSs (geometries and energies). It can also react with acrolein,
with itself, and with the solvent. This has effects on the global
thermodynamics and kinetics. First, it forms a stable complex
with 2, where its O atom complexes the central B, Al, and Ga
atom of the LA. The 2-LA complex is particularly stable with
AICl;, being characterized by A _G° values ranging from —23 to
—27 kecal mol™" as a function of the solvent (Table S10). The
complexation of 2 with GaCl; gives A.G° values from —16 to
—19 kcal mol ™, while they are even smaller with BF;, from —4
to —10 kcal mol™". Moreover, a sufficiently polar solvent such
as DMSO (e = 46.7) and ethanol (& = 24.5) further stabilizes
the acrolein—LA complex. The energies of complexation are
little impacted by the conformation of the acrolein, with
variations of the order of 1 kcal mol™! [Table S11].

For the complex between the product (endo and exo) and
AICl;, where the interaction occurs with the O atom of
carbonyl group, it is again more stable with AICl;, having
dissociation Gibbs free energies ranging from 24 to 27 kcal
mol™" as a function of the solvent (Table S12). These A,G°
values are smaller when looking at the liberation of GaCl,,
ranging from 17 to 18 kcal mol™}, while, for BF;, the A;G°
values go from 4 to 5 kcal mol™, respectively. The energies of

839

dissociation are minimally affected by the conformation of
acrolein, with variations typically less than 1 kcal mol™" [Table
s13].

Yet, along the reaction path where LA activates acrolein one
may wonder whether the most favorable coordination
corresponds to the situation described above (coordination
of the central atom of LA with the oxygen atom of acrolein) or
rather to the situation where it is linked to the C3=C4 double
bond of acrolein. Using the same level of approximation, the
calculations demonstrate that the latter coordination mode is
less favorable by about 24—27 kcal mol™ (AICl;), 8—16 kcal
mol™" (BF;), and 16—20 kcal mol™ (GaCl;) (Table S14).

In addition, for the catalyzed reaction, another mechanism
can involve the complexation of the C1 and C4 atoms of the
2,5-DMF by the LA, which leads to the inverse electron-
demand (IED) LA-catalyzed DA reaction. Keeping the same
level of approximation, the calculations indicate that the latter
coordination mode is less favorable by about 9—13 kcal mol™
(AICL), 4—5 kcal mol™ (BF;), and 16—20 kcal mol™* (GaCl,)
(Table S15) than that involving the complexation between LA
and the O atom of carbonyl group of acrolein. For the IED LA-
catalyzed DA reaction, another mode of coordination of LA
can occur. It corresponds to the case where the O atom of the
furan complexes the LA. Calculations lead also to the
conclusion that the latter coordination mode is even less
favorable than the coordination of LA with the C1 and C4
atoms of the 2,5-DM, by about 3—4 kcal mol™ (AICl;), 1 keal
mol™" (BF;), and 7—9 kcal mol™" (GaCl;) (Table S15). In
summary, the coordination of the central atom of LA with the
O atom of acrolein is the most favored complexation mode.

Another aspect to consider in these LA-catalyzed reactions is
the well-known dimerization of AICl; and GaCl;. The
thermodynamic dimerization data are provided in Table S16
for the reactions in vacuo and in solution. These dimerization
reactions have exothermic and exergonic characters, so that the
formation of the AL, Cly and Ga,Clg dimers is favored. The
AICl; dimerization is more exothermic and exergonic than the
GaCl; one. This is related to the similar size of the Al and Cl
atom and not to the electronegativity, since Ga is more
electronegative than Al. As a matter of fact, the thermody-
namics of the 2-LA complex formation should account for the
fact that dimers are the starting structures of these LA and they
should be dissociated before forming a complex with 2.
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Thus, the complexation energies become
A G =AG" — %AdimGO (Table S10). In this context,
the 2-AlCl; complex has a A (4)G® value ranging, as a function
of the medium, from —11.5 to —18.4 kcal mol™, when
considering its formation from the AL,Clg dimer (Table S10).
For the reaction between the Ga,Cls dimer and acrolein,
A (4)G® values go from —8.2 to —12.6 kcal mol™! (Table S10),
as a function of the solvent. In the same way, the dissociation
Gibbs free energies of the product—LA complex should
account for the subsequent formation of dimers, and they
are given by Ay 1)G® = A;G° + %AdimGO (Table S12). In the
latter situation, the resulting A44)G° values range, as a function
of the nature of the solvent, from 12.9 to 18.8 kcal mol™ and
from 9.2 to 12.4 kcal mol™ for AICly and GaCls, respectively.

Finally, it is noteworthy that the solvent molecules can
complex the LA, and particularly if the latter can play the role
of Lewis base. The corresponding thermodynamic values of
these LA complexation reactions are listed in Table S17. All
the LAs complexation reactions are exothermic (A H°<0).
Then, with cyclohexane and ethanol, all LAs complexation
reactions are endergonic (A G°>0). In the case of AICl; and
GaCl; interacting with dichloromethane, the formation of
solvent—LA complexes is only slightly exergonic or endergonic
so that CH,Cl, cannot displace the LA from its dimer. The
situation is different with DMSO where the complexes are
more stable than the dimers.

3.4. Global Reaction Diagrams. Considering all reactions
or interactions between the reactants and the LA, the relative
Gibbs free energy diagram of the uncatalyzed and AICl;-
catalyzed DA reactions between 2,5-DMF 1 and the s-trans
acrolein 2 in dichloromethane is drawn in Figure 4. In absence
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Figure 4. Relative Gibbs free energy diagram (298.15 K) of the
uncatalyzed and AlCl;-catalyzed DA reactions between 1 and 2 s-trans
at the IEFPCM (dichloromethane)/M06-2X/6-311G+(d,p) level.

of LA, the TS Gibbs free energy relative to those of the isolated
reactants (AG¥) amounts to 26.5 and 26.6 kcal mol™! for the
endo and exo approaches, respectively. When AICl; catalyzes
the DA reaction, the acrolein—AICl; complex is first formed,
with a stabilization of 17.6 kcal mol™'. Then, the reaction
proceeds via two TSs and one intermediate. The required
activation energy to the first TS is smaller than for the second
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TS. Both activation energies are smaller for the exo pathway
(3.6 and 7.5 kcal mol™") than the endo one (4.5 and 9.2 kcal
mol™"). Finally, the product—LA complex is dissociated, which
requires 18.0 (exo) or 17.2 (endo) kcal mol™". This high
dissociation free energy suggests that the reaction may
terminate at this stage, potentially limiting the product yield.
Furthermore, the relative free energy of the final product (~4.0
kcal/mol) indicates that the global reaction is endergonic.
Nevertheless, adding a Lewis base could shift the equilibrium,
as seen in Ziegler—Natta polymerizations with organo-
aluminum cocatalysts. The global AG° reaction diagram
obtained with the s-cis isomer of acrolein 2 is like that with
s-trans one (Figure S8), with activation energies to both TS1
and TS2 smaller for the exo pathway (4.2 and 8.0 kcal mol™")
than the endo one (5.1 and 9.8 kcal mol™").

The global AG® reaction diagrams obtained with BF; and
GaCl; as LA are presented in Supporting Information (Figures
S9 and S10). The results with GaCl, are like those with AICL,.
The following quantitative differences are observed: (i) the 2-
LA complex is less stabilized, (ii) the differences between the
activation energies of the first and second TSs are smaller,
though the second ones remain larger (6.9 kcal mol™" for the
exo and 9.0 kcal mol™! for the endo), and (iii) the 3-LA
dissociation energies are smaller (11—12 kcal mol™"). Then, as
far as the exo pathway is considered, the reaction diagram with
BF; as LA is also qualitatively like those with AICl; and GaCl,.
Looking at the amplitude of the Gibbs free energy variations,
the BF; results are closer to those with GaCl; than AICl;. On
the other hand, along the endo pathway, there is only one TS.
The 2-BF; complexation energy amounts to —9.1 kcal mol ™/,
which is like the dissociation energy of 3-BF; (8.4 kcal mol™")
while the activation energy (20.1 kcal mol™) is substantially
larger than within the two-step mechanisms.

When the LA is Sc(OTf);, the LA-activation of the carbonyl
group of acrolein 2 stabilizes also the energy of its frontier
orbitals, increases its acceptor character (in chloroform, @ =
2.7 eV versus 1.6 eV) and considerably decreases its donor
character (in chloroform, N = 0.0 eV versus 1.2 eV).
Therefore, the Sc(OTf);-catalyzed processes is more polar
than uncatalyzed ones (Aw = —1.9 eV versus 0.8 eV, Table
$2), and slightly more polar than those catalyzed by AICl; and
GaCl;, but it is similar to the BFj-catalyzed one. The
complexation reaction of Sc(OTf); with acrolein is weaker
than that with AICl; [A X(acrolein—AICl;) < AX(acrolein—
Sc(OTf);), with X = E, H°, and G°, Table S10]. Calculations
did not manage to find the occurrence of a [4 + 2] Sc(OTf),-
catalyzed DA reaction between 2,5-DMF and acrolein. This is
be attributed to the significant steric hindrance imposed by the
trifluoromethanesulfonate groups and to the presence of a
competing [4 + 3] DA reaction. This explanation is similar to
what has been mentioned in the context of the DA reaction
between cyclopentadiene and 2-silyloxyacroleins.*® Experimen-
tally, the Sc(OTf);-catalyzed DA reaction between 2,5-DMF
and acrolein exhibited a low yield of p-xylene, at low
temperatures.

3.5. Distortion/Interaction—Activation Strain (DIAS)
Analysis. Following previous investigations on DA reactions
and others,”” ™' the DIAS scheme was enacted to further
compare the uncatalyzed and catalyzed reactions as well as to
compare the exo and endo paths (Figure S). The uncatalyzed
reaction displays a distortion energy that amounts to about
twice the corresponding value of the AICl;-catalyzed reaction.
For the uncatalyzed reaction AEp, is mostly attributed to the
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Figure 5. Comparative DIAS diagrams for the endo (solid lines) and exo (dashed lines) approaches of the uncatalyzed (left) and AlCl;-catalyzed
(right) DA reactions between 2,5-DMF 1 and acrolein 2 along the reaction coordinate projected onto the forming C--C bond distance as
determined with the IEFPCM(dichloromethane)/M06-2X/6-311+G(d,p) method. The transition states are indicated by a dot.

diene whereas for the catalyzed one, AEp; presents similar
amplitudes for the diene and the activated dienophile. Figure 5
further shows that the exo selectivity of the catalyzed reaction
is attributed to smaller distortion energies, mostly of the AlCl;-
activated acrolein, along the IRC path, though the interaction
energy is in favor of the endo pathway. The larger AEp; value
for the endo pathway is attributed to the closer proximity
between the carbonyl-AICl; and 2,5-DMF methyl group,
d(Al-0--CH;) = 3.26 and 3.28 A, for the endo and exo
pathways, respectively.

3.6. Bond Evolution Theory (BET) Analysis along the
Decomposition Pathways. To understand the mechanism
of the uncatalyzed and AlCl;-catalyzed DA reaction between
2,5-DMF and acrolein, BET analyses were performed for both
the endo and exo pathways in dichloromethane. For each BET
analysis, the reported basins are those with an increasing or
decreasing electron population of along the IRC.

3.6.1. BET Analysis of the Uncatalyzed DA Cycloaddition.
The BET study of the TS-endo stereoisomeric pathway of the
uncatalyzed DA reaction between 2,5-DMF and acrolein
indicates that the process takes place along six SSDs (Figure
6). The BET study of the corresponding TS-exo pathway is
similar to that of the endo approach, with only small
differences in the population of the basins (Figures S11 and
S12). In the SSD-I, the system exhibits the topologies of the
reactants. Seven basins are highlighted: the V(C2,C3) (2.45 e),
V(C1,C2) (3.5 ), and V(C3,C4) (3.5 e) disynaptic basins and
the V(O1) (4.2 e, lone pairs) monosynaptic basin of 2,5-DMF
as well as the V(C7,C8) (3.2 e) and V(C8,C9) (2.3 e)
disynaptic basins and the O2 (5.3 e, lone pairs) monosynaptic
basin of acrolein. At the SSD-II, two monosynaptic basins are
created, V(C1) and V(C7), with 0.5 and 0.3 e. They stem from
the concurrent reduction of the V(C1,C2) and V(C7,C8)
disynaptic basin populations (Figure 7). These two basins
merge in domain III to form the new disynaptic V(C1,C7)
basin. This corresponds to the formation of the C1—C7 single
bond by means of a cusp-C type catastrophe. In the following
domains (SSD-IV and SSD-V), two other monosynaptic
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Figure 6. Electron populations (e) evolution for selected basins along
the IRC for the endo path of the uncatalyzed DA reaction between
2,5-DMF and acrolein as calculated at the IEFPCM-
(dichloromethane)/M06-2X/6-311+G(d,p) level of approximation.
These evolutions are depicted on top of the potential energy surface.

basins appear, V(C8) and V(C4) with 0.3 and 0.2 e. They are
associated with the simultaneous drop of the V(C4,C3) and
V(C7,C8) disynaptic basin populations, respectively by means
of 2-fold-F type catastrophes (Figure 7). These two basins join
together in domain VI to form the new disynaptic V(C4,C8)
basin. This leads the formation of the C4—C8 single bond by
the means of another cusp-C type catastrophe, and therefore to
the final product. Moreover, it is observed that from SSD-II to
V, the population of the disynaptic V(C1,C2), V(C3,C4), and
V(C7,C8) basins continuously decrease, which highlights
depopulations from double to single bonds. At the same
time, the population of the V(C2,C3) basin increases toward a
final population of 3.5 e, which corresponds to the trans-
formation of a single into a double bond. During the reaction,
the populations of V(02) and V(C8,C9) remained mostly
constant. On the contrary, the V(O1) monosynaptic basin
population increases from 4.1 to 4.9 e. This change can be
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Figure 8. Electron populations (e) evolution for selected basins along the IRC for the endo pathway of the AlCl;-catalyzed DA reaction between
2,5-DMF and acrolein as determined at the IEFPCM(dichloromethane)/M06-2X/6-311+G(d,p) level of approximation. These evolutions are
plotted on top of the potential energy surface. The zero energy value (on both reaction steps) corresponds to the intermediate.

explained by the fact that one of the lone pairs of O1 was from —0.8 eV versus Aw (2,5-DMF + ethylene) = —0.1 eV]

delocalized in the heteroaromatic ring of the reactant, which and a decrease in the activation barrier [in vacuo, AG* (2,5-
reduces its population. This is no more possible in the product. DMF + acrolein) = 27 kcal mol™ versus AG¥ (2,5-DMF +
For comparison, the BET of the uncatalyzed DA reaction ethylene) = 32.9 kcal mol™'].

between 2,5-DMF and ethylene indicates that the process takes 3.6.2. BET Analysis of the AlCl;-Catalyzed DA Cyclo-
place along three SSDs, as can be seen in Figure S13. Though addition. The BET study of the endo stereoisomeric pathway
the number of SSDs is smaller than with acrolein, the of the AlICl;-catalyzed DA reaction between 2,5-DMF and
mechanism and the evolution of the populations along the IRC acrolein indicates that the process, involving two TSs and one
are similar. Two conclusions can be drawn from this ELF intermediate, takes place along five SSDs (Figure 8). The BET
analysis: (i) the ethylene C7—C8 framework of acrolein study of the corresponding TS-exo stereoisomeric pathway is
presents an identical electronic topology to that of the similar, with only slight variations in basins populations
unsubstituted ethylene, indicating that in the ground state (Figures S15 and S16).

the carbonyl group does not polarize the ethylene framework; In the SSD-I, the system shows the topologies of the
and (ii) the activation of the ethylene double bond by an reactants, taken as 2,5-DMF and the complex between AICI,
electron-withdrawing group such as an aldehyde group (the and acrolein. Like for the uncatalyzed mechanisms, seven

case of acrolein in this study) changes the reaction mechanism basins are highlighted: the V(C2,C3) (2.51 e), V(C1,C2) (3.3
from a one-step synchronous to a one-step asynchronous e), and V(C3,C4) (3.4 e) disynaptic basins and the V(O1)

mechanism. This activation also leads to a significant increase (4.1 e, lone pairs) monosynaptic basin of 2,5-DMF as well as
of the reaction polarity [in vacuo, Aw (2,5-DMF + acrolein) = the V(C7,C8) (3.2 e) and V(C8,C9) (2.5 e) disynaptic basins
842 https://doi.org/10.1021/acsomega.4c07888
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and the V(02) (3.1 e, lone pairs) monosynaptic basin of
acrolein. This population of the O2 basin is smaller than in
acrolein alone, owing to the complexation of AICl;. At the
SSD-II, two monosynaptic basins are created, V(C1) and
V(C7), with 0.5 and 0.2 e. They result from the simultaneous
drop of V(C1,C2) and V(C7,C8) disynaptic basin populations.
Similarly to the uncatalyzed reaction, these two basins merge
together in domain III to form the new disynaptic V(C1,C7)
basin, revealing the formation of the C1—C?7 single bond by
the means of a cusp-C type catastrophe. Moreover, from SSD-
I to I, the population of V(C1,C2), V(C3,C4), and
V(C7,C8) basins continuously decreases, which highlights a
depopulation from a double to a single bond, while the
populations of the V(C2,C3) and V(C8,C9) basins increases
with a total population of 3.1 e, which corresponds to the C8—
C9 double bond. The population of V(02) also increases. This
situation characterizes the intermediate.

Starting from this intermediate, in the next domain (SSD-
IV), two other monosynaptic basins appear, V(C4) and V(C8)
with similar populations of 0.45 and 0.51 e. They correspond
to the simultaneous drop of V(C3,C4) and V(C8,C9)
disynaptic basin populations, respectively by means of 2-fold-
F type catastrophes (Figure 9). Then, these two basins merge
together in domain V to form the new disynaptic V(C4,C8)
basin, which corresponds to the formation of the C4—C8
single bond by the means of a cusp-C type catastrophe.
Similarly, to the uncatalyzed reaction, V(O1) monosynaptic
basin population increases from 4.0 to 4.9 e. This change is
explained by the fact that one of the lone pairs of the oxygen
atom of the reactant was delocalized in the heteroaromatic
ring, which reduces its population. On the contrary, the
populations of V(02) and V(C8,C9) basins do not remain
constant during the reaction when the catalyst is present. Their
populations increase during the first part of the reaction and
then decrease in the second part. They appear to play the role
of buffer to store the electron density between the two TSs.

4. CONCLUSIONS AND OUTLOOK

The uncatalyzed and Lewis-acid (LA)-catalyzed Diels—Alder
reaction between 2,5-DMF and acrolein has been studied by
using density functional theory (DFT) with the M06-2X/6-
311+G(d,p) level of approximation. These cycloadditions
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occur along two stereoisomeric reaction channels, namely endo
and exo. The uncatalyzed reaction is characterlzed by a large
activation barrier (AG¥ & 27 kcal mol™, in vacuo) and by a
very small endo selectivity (rogo/exo = 1.6, in vacuo). This
corresponds to a normal electron demand (NED) mechanism
where acrolein is an electrophile due the electron-withdrawing
carbonyl group whereas 2,5-DMF is a nucleophile. This
reaction presents a highly polar character, as evidenced by a
large difference of electrophilicity (Aw = —0.8 eV, in vacuo)
between the reactants as well as by a high value of the GEDT
at the corresponding TS [GEDT & —0.20 e, in vacuo]. The
inclusion of solvent effects leads to a slight reduction in the
activation barrier, accompanied by a slight increase in the rate
constant, and subsequently, a slight decrease in the endo/exo
kinetic ratio. In fact, the presence of solvents with larger
dielectric constants, such as ethanol and DMSO, makes the
reaction exoselective. Moreover, the geometrical structures of
the transition state demonstrate that the reaction takes place
via a one-step asynchronous process, the TS of the exo path
being more asynchronous than that of the endo one.

For the catalyzed reaction, AlCl;, BF;, and GaCl, have been
selected as LAs. When the LA interacts with acrolein, forming
a O—LA coordinating bond, it boosts its acceptor character,
further favoring the NED mechanism. This is accompanied by
an increase of the polarity of the reaction resulting from the
combination between the strong electrophilic character of the
acrolein—LA complex and the strong nucleophilic character of
2,5-DMEF. As expected, the catalysis is characterized by a
reduction in the activation free energy, accompanied by a high
decrease in the endo/exo kinetic ratio, so that the LA-catalyzed
reaction in polar solvents is exoselective. Using the DIAS
scheme enables to demonstrate that (i) the distortion energy
associated with AICl;-catalyzed reaction is about twice smaller
than for the uncatalyzed reaction, and that (ii) the exo
selectivity of the catalyzed reaction is attributed to a smaller
distortion energy (in opposition to more stabilizing interaction
energy), mostly of the AlCl;-activated acrolein.

When the reaction is catalyzed in vacuo, the mechanism
remains one-step for both endo and exo pathways, and the TSs
are representative of highly asynchronous bond-formation
processes, with the TS of the exo path being more
asynchronous than that of the endo one. On the other hand,
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in solution, the reaction catalyzed by AICl; and GaCl; occurs
via a two-step mechanism involving the formation of two TSs
and a stable intermediate, where each TS exhibits an
asynchronous character for both the endo and exo pathways.
Nevertheless, in polar solvents, the endo-BF; reaction diverges
from this established pattern: it displays only one TS and there
is no intermediate. Moreover, the DFT calculations have
demonstrated that the LAs play additional roles, ie., (i) it
forms stable complexes with the O atom of the carbonyl group
of acrolein, and (ii) AICl; and GaCl; form dimers, which
impact the different equilibria. The above conclusions have
been drawn by considering acrolein in its most stable s-trans
conformation. Nevertheless, as shown by additional DFT
calculations, the s-cis conformer having an estimated
Maxwell-Boltzmann population of 2%, presents similar
thermodynamic and kinetic characteristics.

This paper has thus paved the way toward a better
understanding of the reactivity of 2,5-DMF, a direct product
of biomass transformation. Future studies by our group will
address the Diels—Alder reaction using more sophisticated
dienophiles and furan-based dienes such as 5-hydroxymethyl-
furfural and its oxidized derivatives.
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