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Abstract

Density functional theory calculations with the M06-2X exchange—correlation functional have been performed to explore
the Diels—Alder reaction between 2,5-DMF and ethylene as well as to compare the uncatalyzed reaction to the one catalyzed
by the AICl; Lewis acid. The uncatalyzed reaction corresponds to a normal electron-demand (NED) mechanism where
ethylene is an electron acceptor and 2,5-DMF plays the role of electron donor. This reaction presents a low polar character,
its kinetics is little impacted by the solvent dielectric constant, and the formation of the two new ¢ bonds occurs through a
one-step synchronous process. When the LA interacts with ethylene, forming a ®-complex, it enhances its acceptor char-
acter, further favoring the NED mechanism, which is accompanied by a reduction of the free energy of the transition state.
On the other hand, when AICl; is complexed by 2,5-DMF, the inverse electron-demand (IED) mechanism is favored, with
ethylene playing the role of the donor. Within both NED and IED mechanism, the LA-catalyzed reaction takes place via a
one-step asynchronous process. In addition, it is highly polar, so that the activation barrier decreases with the solvent polar-
ity. Moreover, the calculations have evidenced that the LA forms stable complexes with any of the reactants so that the gain
on the activation barrier amounts to 9—12 kcal mol~! for the NED mechanism and to 3-9 kcal mol~! for the IED one and
that the formation of Al,Cl, dimers impacts the different equilibria. Finally, the decrease of the activation barrier goes in
pair with the reduction of the HOMO-LUMO gap, with the greatest decrease recorded when the LA interacts with ethylene
according to the NED mechanism.

Keywords Diels—Alder reaction - 2,5-DMF and ethylene - Lewis acid catalysis - DFT calculations

1 Introduction

Nowadays, fossil resources, such as petroleum, coal, and
natural gas, stand for the main suppliers of the global energy
system, accounting for around 80% of primary energy con-
sumption [1]. With the dwindling of oil reserves and the
urgently growing demand for energy, along with increas-
ing concerns about environmental pollution and greenhouse
gas emissions, the transformation of renewable biomass
into chemicals is attracting increasing attention from the
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scientific and industrial communities [2—4]. From this per-
spective, biomass as a raw material for the manufacture of
chemicals (e.g., biodegradable polymers like polylactic acid)
and as transport fuels is currently a central focus of research
[5, 6]. Among these, the catalytic conversion of carbohy-
drates, which represent 75% of the annual renewable bio-
mass [3, 7], can generate high added-value fuels and chemi-
cals, such as 5-hydroxymethylfurfural (5-HMF). 5-HMF is
a versatile molecular platform that can be produced by acid-
catalyzed dehydrogenation of lignocellulose compounds [8].
5-HMF is an alternative nonpetroleum precursor, which can
be used as a chemical building block for the production of
various high-volume organic chemicals aiming at numer-
ous industrial applications. These chemicals include the
2,5-furandicarboxylic acid (FDCA) and 2,5-dimethylfuran
(2,5-DMF), which can be used as biofuels [9-13]. 5-HMF
is also regarded as an important precursor for the produc-
tion of high added-value polymers such as polyurethanes,
polyamides, and polyesters [14, 15].

@ Springer


http://orcid.org/0000-0003-3678-8875
http://crossmark.crossref.org/dialog/?doi=10.1007/s00214-022-02880-y&domain=pdf

21 Page 2 of 14

Theoretical Chemistry Accounts (2022) 141:21

In the recent years, the synthesis of bio-based polyethyl-
ene terephthalate (PET) has aroused a great interest. In fact,
the petroleum route, which rests upon the polymerization
reaction between ethylene glycol and terephthalic acid (TA),
corresponds to the main source for obtaining PET. Currently,
the synthesis of TA derives mainly from the liquid-phase
oxidation of p-xylene (PX) originating from petroleum.
However, worldwide efforts are being oriented to explore
alternative pathways of TA and ethylene glycol from renew-
able biomass resources [16]. Among these, PX can be pro-
duced from the Diels—Alder (DA) cycloaddition reaction of
2,5-DMF with ethylene. Much research has been conducted
on the process of synthesizing bio-based PX via this reac-
tion [17-28]. The DA reaction is indeed one of the most
useful synthetic reactions in organic chemistry, in which a
diene (rich in electrons) adds to a dienophile (poor in elec-
trons) forming a six-membered ring [29-31]. The process
of bond breaking and bond formation in the DA reaction is
considered concerted but not necessarily synchronous. In
extreme cases, the DA reaction can even become a two-step
process with a zwitterionic or a biradical intermediate. The
DA reaction has been widely investigated experimentally
as well as using quantum chemical modeling. In particular,
frontier molecular orbital (FMO) theory and density func-
tional theory (DFT) have been used to explain the reactivity,
the reaction mechanism, and the selectivity of cycloaddition
reactions [32-43].

Recently, using DFT with the M06-2X exchange—corre-
lation functional (XCF), Nikbin et al. [17] have addressed
the uncatalyzed and acid-catalyzed (Lewis and Brgnsted)
cycloadditions between 2,5-DMF and ethylene and the
subsequent dehydration of the cycloadduct to produce PX.
They modeled the Lewis acid (LA) sites of zeolites by bare
alkali ions and the Bronsted site by a proton. They have
demonstrated that i) only Lewis acids are able to catalyze the
DA cycloaddition by reducing the HOMO-LUMO gap and
therefore the activation barrier, ii) Li* is the strongest Lewis
acid, and iii) both the Brgnsted and Lewis acids can catalyze
the dehydration reaction. Solvent effects were not considered
in their work. Later on, Nikbin and co-workers have invested
cluster models of the zeolite framework, showing that HY
and alkaline-Y can catalyze the cycloaddition and dehydra-
tion reactions, and they highlighted that HY is much more
efficient than alkaline-Y[18]. Using DFT (M06-2X XCF),
Salavati-fard et al. explored the mechanism of the DA reac-
tion between 2,5-DMF and maleic anhydride [44]. Reaction
paths were reported for the uncatalyzed as well as the cata-
lyzed (Lewis and Brgnsted acids) reactions in vacuo and in
a wide variety of solvents. Based on the activation barrier of
the order of 24 kcal mol~!, they concluded that the uncata-
lyzed Diels—Alder reaction is thermally feasible in vacuo,
while LA (modeled as Na*) reduces the activation barrier by
interacting with maleic anhydride, which leads to a decrease
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of the HOMO(2,5-DMF)-LUMO(maleic anhydride) gap of
the two reactants. With Brgnsted acid (BA), one of the car-
bonyl oxygens of maleic anhydride is protonated, chang-
ing the reaction mechanism from concerted to stepwise and
removing the activation barrier. Moreover, they found that
increasing the polarity of solvents, as modeled with the SMD
approach, makes the LA catalysis less efficient but brings the
activation barriers of the both concerted and stepwise path-
ways closer together. Later, Rohling et al. [19] performed
periodic DFT calculations on the DA reaction between
2,5-DMF and ethylene in low-silica alkali(M)-exchanged
faujasites (MY; Si/Al=2.4; M* =Li*, Na*, K*, Rb*, Cs™).
They reported that confinement leads to a destabilization of
the reactants and a stabilization of the transition state (TS).
Among the MY, the most significant reactant destabiliza-
tion is found in RbY. Anti-bonding orbital interactions are
found between the reactant and the cation, indicating that
the TS stabilization arises from ionic interactions. In addi-
tion, RbY exhibits an optimal combination of confinement
effects, resulting in having the lowest computed activation
energy. They have also performed a mechanistic study on
TM-[Cu(I), Cu(Il), Zn(I), Ni(II), Cr(III), Sc{Il), V(V)]
exchanged faujasites to elucidate the effect of d-shell filling
on the DA reaction between 2,5-DMF and ethylene [20].
Two pathways were established, one being the concerted
one-step and the other being the stepwise two-step pathway.
Their study has highlighted that a decrease in the d-shell
filling brings about a concomitant increase of the reactant
activation as evidenced by a smaller HOMO-LUMO gap
and a lowering of the activation barrier. For models holding
relatively small d-block cations, the zeolite framework was
found to bias the DA reaction toward an asynchronous one-
step pathway instead of the two-step pathway.

To rationalize DA reactions, Domingo et al. [45, 46]
have proposed a polar mechanism, where the feasibility of
the reaction depends on the nucleophilic and electrophilic
characters of the diene and dienophile, respectively. They
found a good correlation between experimental activation
energies and the polar character of the cycloaddition as
determined by the calculated charge transfer (CT) [using
the natural bond order (NBO) method] at the correspond-
ing TSs. This relationship has been further confirmed
between B3LYP/6-31G(d) activation energies and these
CT amplitudes, as well as between the activation energies
and the electrophilicities of the substituted dienophiles.
In this frame, because it is non-polar, as characterized by
a negligible CT, the reaction between ethylene and buta-
diene presents a high activation energy (> 20 kcal/mol),
so that it does not easily take place in the laboratory. On
the other hand, the activation energy is reduced when the
ethylene is substituted by electron withdrawing groups or
when it complexes an LA, because the polarity of the reac-
tion is enhanced [45-47].
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Scheme 1 Schematic repre-
sentation of the uncatalyzed
and LA-catalyzed DA reactions
between 2,5-DMF and ethyl-
ene, key energies of reaction
[cycloaddition (ca), activation
(#), complexation (c), and
decomplexation (d)], and equa-
tion labeling
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In the present contribution, DFT is used to describe the
uncatalyzed (Scheme 1.1) and LA-catalyzed DA reactions
between 2,5-DMF and ethylene. AICI; is selected as LA,
because it is broadly used experimentally [48]. Two situa-
tions are tackled, i.e., when AICl; is complexed either (i) by
ethylene, which corresponds to the normal electron-demand
(NED) DA reaction (Scheme 1.2) or (ii) by 2,5-DMF, which
is known as the inverse electron-demand (IED) DA reac-
tion (Scheme 1.3). These reactions are characterized both
in vacuo and in solvents (1,4-dioxane, chloroform, and ace-
tonitrile). In each case, structural, electronic, and thermo-
chemical properties of the reactants, transition states, and

products are predicted and interpreted. This work is organ-
ized as follows: the details on the computational procedure
are portrayed in the next section, and the results are then
displayed and discussed. Eventually, pertinent conclusions
are drawn in the closing section.

2 Computational details

The equilibrium structures of the reactants, products, and
transition states were optimized at the DFT level using
the M06-2X XCF [49] and the 6-311 4+ G(d,p) basis set.

@ Springer
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Vibrational frequencies were computed to confirm the sta-
tionary character of the reactants and products (no imagi-
nary frequency) as well as transition states (one imaginary
frequency). To assess the impact of selecting the M06-2X
XCF, additional DFT calculations were performed using
a selection of XCFs (M06 [49], MO6L [50], MO6HF [51],
B3LYP [52, 53], and ®B97X-D [54]) and compared to
reference results obtained at the coupled-cluster singles
and doubles (CCSD) level of theory. Single-point aug-cc-
pVDZ and aug-cc-pVTZ CCSD energies were calculated
on geometries optimized at the MP2/6-311 + G(d,p) level.
Additional single-point MP2 energies were also evaluated
using the cc-pVDZ, cc-pVTZ, cc-pVQZ, aug-cc-pVDZ,
and aug-cc-pVTZ basis sets [55] to highlight the effects
of diffuse functions.

Departing from each transition states (TS),
M06-2X/6-311 + G(d,p) calculations were performed to
describe the structures and energies along the intrinsic
reaction coordinate (IRC). For all species, reactants, prod-
ucts, and TS, the standard energy (A,E, AE;E), enthalpy
(A.H°, AH"), entropy (A.S°, AS?), and Gibbs enthalpy
(AG°, AG7) of both reaction and activation were evalu-
ated. Solvent effects were modeled with the IEFPCM
model [56]. Calculations were initially performed for
T=298.15 K and P=1.0 atm. Then, a concentration cor-
rection of + 1.89 kcal mol™! in the calculation of solva-
tion free energies was used to account for the change of
conditions when going from gas phase at 1 atm to solu-
tion at 1 M concentration [57]. This correction was also
performed on the in vacuo values to better highlight the
effects of the surrounding medium. This correction cor-
responds to a modification of the solvation entropies by
- 6.34 cal mol™' K™,

To evaluate the amplitude of the charge transfer between
the reactants at the transition state, a natural bond orbital
(NBO) analysis [58] was carried out. Following the approach
of conceptual DFT (CDFT) [59-61], several descriptors
of the electronic structure and reactivity were evaluated,
including the energies of both the highest occupied molecu-
lar orbital (HOMO, ¢};) and the lowest unoccupied molecular
orbital (LUMO, ¢;), the LUMO-HOMO gap (gap=¢;—
gyy), the global electrophilicity (w = p%/21) [62], the chemi-
cal potential [y =(ey+¢)/2] [59], and the global hardness
(n=¢€—¢ep) [63]. According to Ref. [64], the nucleophilicity
index (N) was calculated as N=¢&y (Nu) — ey (TCE) where
Nu is the nucleophile and TCE is the tetracyano-ethylene ref-
erence. In addition, the difference between the global elec-
trophilicity indices of the reactants (Aw = ®giene — Dgienophile)
[65] was evaluated, because it determines the polar character
of the process. All calculations were carried out with the
Gaussian09 software package [66].

@ Springer

3 Results and discussion

3.1 Assessment of the M06-2X XCF

This section centers around the calculation of the state
functions by means of DFT with the different XCFs for
the uncatalyzed and LA-catalyzed DA reactions between
2,5-DMF and ethylene in 1,4-dioxane (Scheme 1). The
results are compared to reference CCSD values. The list
of thermochemical data is provided in Tables S1 and S2
(Supplementary data). The corresponding energies of reac-
tion and activation are plotted in Figs. 1 and 2. Note that
Fig. 1 displays not only the A E of the DA cycloaddition
but also the energies of complexation of AICI; by ethylene
and by 2,5-DMF as well as the energies of decomplexation
of the products.

The correlation coefficients of the linear regressions
with respect to the reference CCSD results are very good
(R>0.98), with the exception of B3LYP (both for the reac-
tion and activation energies) and MO6L (activation ener-
gies only). For the reaction energies (Fig. 1), the intercept
at the origin is smaller than 1 kcal mol™' for the M06-2X,
MO06, and ®B97X-D XCFs as well as for MP2, while the
slopes are larger than one and slightly better with the M06
and ®B97X-D XCFs than with M06-2X and MP2. For the
other XCFs (MO6L, MO6HF, and B3LYP), the intercept
at the origin is larger and/or the slope deviates more sub-
stantially from one. For the activation energies (Fig. 2), the
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60.0 y=0.55+1.14 x_R=0.994
N T T T T
——y=056+1.03x R=0.995
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400 ... y=0.17 +1.35x R=0.990 ’ g
— —-y=227+067x R=0953
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g » P
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3 — & -B3LYP
+ -—e—- »BI7X-D
-40.0 ! ! ! 1 1

1
-30.0 -20.0 -10.0 0.0 10.0 20.0 30.0 40.0
CGCSD AE (keal/mol)

Fig. 1 Correlation between the energies of reaction, AE (lca, 2c,
3c, 2d, and 3d), calculated at different levels of approximation (DFT
with several XCFs as well as MP2) in comparison to reference CCSD
results
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Fig.2 Correlation between the energies of activation, AE* (1ca, 2c,
3¢, 2d, and 3d), calculated at different levels of approximation (DFT
with several XCFs as well as MP2) in comparison to reference CCSD
results

best slopes are obtained with the M06 (1.00) and ®B97X-D
(1.07) XCFs, but the M06-2X slope (0.87) is also close
to one, whereas its intercept at the origin is much smaller
(— 1.4 kcal mol~! versus — 4.1 and — 4.7 kcal mol™' for
MO06 and ®B97X-D). MO6L presents results in very good
agreement with CCSD, whereas MO6HF, B3LYP, and MP2
perform poorly. As a matter of fact, the choice of M06-2X as
reliable XCF to study these (catalyzed) DA reactions is justi-
fied, keeping in mind that it systematically underestimates
the variations of activation energies.

3.2 Analysis of the CDFT reactivity indices
of the reactants

Using the optimized geometrical structures, the CDFT
descriptors of the reactants in vacuo and in solution were
calculated (Table S3), which sets forward a first analysis
of their reactivity. The chemical potential of 2,5-DMF
(u=— 3.4 eV) is larger than that of ethylene (u=— 4.2 eV),
confirming the transfer of electron from 2,5-DMF to eth-
ylene. This is also consistent with (i) the HOMO energy
of 2,5-DMF (from — 7.1 eV to — 7.3 eV as a function of
the solvent) higher than that of ethylene (from — 9.1 eV
to — 9.2 eV), (ii) the electrophilicity index of ethylene
(0.9 eV) slightly larger than that of 2,5-DMF (0.8 eV), (iii)
the nucleophilicity index of the 2,5-DMF (in vacuo, 3.8 eV)
larger than that of ethylene (in vacuo, 1.8 eV), and (iv)
the smaller value of AE (NED)=[¢; (ethylene)—ey (2,5-
DMF)=17.8 eV] with respect to AE(IED) =g (2,5-DMF)—
ey (ethylene) =9.5 eV]. This indicates a preference of inter-
action between the HOMO of the 2,5-DMF and the LUMO

of the ethylene (Fig. 3, Figs. S1, S2, and S3), which is in
good agreement with the frontier molecular orbital (FMO)
theory [32]. In addition, 2,5-DMF is a weak electrophile
(w=0.8 €V) and a strong nucleophile (N from 3.2 to 3.8 V),
while ethylene is also classified as a weak electrophile
(w=0.9 eV) and a rather weak nucleophile (N from 1.3 to
1.8 eV) according to the electrophilicity and nucleophilicity
[67] scales. Yet, the aromaticity of 2,5-DMF is a detrimen-
tal factor to its nucleophilicity, but the presence of the two
methyl groups is enhancing it. Indeed, N(furan)=3.0 eV and
N(cyclopentadiene) =3.4 eV in comparison to 3.8 eV for
2,5-DMF. Thus, the uncatalyzed DA reaction has a low polar
character, further characterized by the low value of the dif-
ference of electrophilicity index between the two reactants
(Aw=0.1¢eV).

The coordination of AlICl; with 2,5-DMF and ethylene
stabilizes the energy of their frontier orbitals. Therefore, the
coordination of AICI; with ethylene increases its electro-
philicity (in vacuo, @ =1.8 eV versus 0.9 eV) and decreases
its nucleophilicity (in vacuo, N=0.3 eV versus 1.8 eV).
Combining the strong electrophilic character of the ethyl-
ene—AICl; complex with the strong nucleophilic character
of 2,5-DMF (in vacuo, N=3.8 eV) makes that the NED
LA-catalyzed DA reaction will have a very polar character
(Aw=-1.0eV). This is accompanied by a reduction of the
HOMO-LUMO gap, AE(NED) = [g; (ethylene-AlCl;)—ey
(2,5-DMF)] which, in vacuo, goes down to 5.8 eV versus
7.8 eV for the uncatalyzed reaction. On the other hand,
AICl; better stabilizes the HOMO of 2,5-DMF than its
LUMO, decreasing its donor character (in vacuo, N=2.1 eV
versus 3.8 eV) while increasing its acceptor character (in
vacuo, w=1.4 eV versus 0.8 eV), so that the polar character
of the reaction is also increased, through it is opposite to
the previous situation. Indeed, in this case, the IED reac-
tion is favored with AE(IED) =[¢; (2,5-DMF-AICIl;)—ey
(ethylene)] =8.4 eV in vacuo (Fig. 3), but this difference
of FMO energies is larger than for the uncatalyzed NED
reaction, which results mostly from the weak nucleophilic
character of ethylene. This comparison between the differ-
ent mechanisms of AICl; complexation demonstrates that
AICI, further promotes the NED LA-catalyzed DA reaction.
Moreover, for both the uncatalyzed and the LA-catalyzed
DA reactions, and for the different diene/dienophile combi-
nations, the FMO gaps increase slightly with the polarity of
the solvent (Fig. S4).

3.3 Thermodynamic analysis

This section is devoted to the M06-2X/6-311 + G(d,p) calcu-
lation of the thermochemical state functions for the uncata-
lyzed and LA-catalyzed DA reactions between 2,5-DMF
and ethylene in vacuo and in various solvents (1,4-dioxane,
chloroform, and acetonitrile). The reaction and activation

@ Springer
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Fig.3 Frontier molecular orbital diagram of the uncatalyzed and LA-catalyzed DA reactions between 2,5-DMF and ethylene, the electronic
structures and energies were calculated at the M06-2X/6-311 4 G(d,p) level in vacuo

energies are summarized in Table 1, while the individual
values for the reactants, products, and TSs are given in
Table S4 (Supporting Information).

Table 1 reveals that the DA reaction between 2,5-DMF
and ethylene is exothermic (A H° <0), but slightly ender-
gonic (A,G°>0). The solvent has a minor impact on A H®,
on A,G° (reduction from 0.1 to 0.3 kcal mol™"), and on
A,S° (increase from 0.2 to 0.8 cal mol™! K™'). Likewise,
the activation barrier of the uncatalyzed DA reaction
unveils a modest influence of the solvent, increasing by less
than 0.5 kcal mol~! across the range of displayed exam-
ples (Fig. 4). Yet, the uncatalyzed DA reaction between
2,5-DMF and ethylene exhibits a high activation energy
(AG” ~35 kcal mol™"). This large activation barrier, asso-
ciated with the non-polar character of the reaction of the
uncatalyzed cycloaddition, is responsible for the absence of
reaction in the laboratory [17].

@ Springer

On the other side, for the NED LA-catalyzed DA reac-
tion (complexation of AICl; with ethylene, Scheme 2),
AICl; leads to a strong decrease of the activation barrier
(AAG™ = AG*(1ca) — AG*(2ca)=9.2 kcal mol~! in gas
phase, 11.4 kcal mol~! in 1,4-dioxane, 12.3 kcal mol™! in
chloroform, and 12.6 kcal mol™! in acetonitrile). For the
IED LA-catalyzed DA reaction (complexation of AlCl;
with 2,5-DMF, Scheme 3), a smaller decrease of AG” is
observed (AAG* = AG”(1ca) — AG*(3ca)=3.3 kcal mol™!
in gas phase, 5.2 kcal mol~! in 1,4-dioxane, 6.9 kcal mol™!
in chloroform, and 8.3 kcal mol~" in acetonitrile). Moreover,
for both mechanisms of the LA-catalyzed DA reaction, the
largest decrease in the activation barrier is reported for ace-
tonitrile (Fig. 4). This highlights that by increasing the polar-
ity of the solvents, the catalytic power of AICl; increases.

Table 2 discloses the values of the thermodynamic
quantities of LA complexation and decomplexation reac-
tions for both modes of coordination (Reactions 2¢, 3c,
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2d, and 3d, Scheme 1), in vacuo and in solution (1,4-diox-
ane, chloroform, and acetonitrile). The LA complexa-
tion reaction is exothermic [A H°(2¢/3¢) < 0] and exer-
gonic [A,G°(2¢/3¢) < 0] in vacuo and in solution. In
parallel, the LA decomplexation reaction is endothermic
[A4H°(2d/3d) > 0], but exergonic [A.G°(2d) < 0] for the
NED mechanism and endergonic [A G°(3d) > 0] for the
IED mechanism. The complexation is stronger in the case
of 2,5-DMF [A X(3¢) < A.X(2¢), with X=F, H°, and G°].
Therefore, the corresponding decomplexation is also more
difficult [A 4X(3d) > A X(2d)], which refers to the formation
of a strong coordinating bond between the oxygen atom and
AICl;. This is indicative that the IED LA-catalyzed DA
reaction is less favorable than the NED LA-catalyzed DA
reaction, because the complex is more stabilized, leading to
larger effective activation barriers.

Combining these different reactions, the relative
Gibbs free energy diagrams of the uncatalyzed and LA-
catalyzed DA reactions between 2,5-DMF and ethyl-
ene in vacuo and in solution (1,4-dioxane, chloroform,
and acetonitrile) are displayed in Figs. 5, 6, 7 and 8,
respectively. For the uncatalyzed process, the TS energy
relative to those of the isolated reactants amounts to
34.7 kcal mol™! in vacuo, 34.9 kcal mol~! in 1,4-dioxane,
35.0 kcal mol~! in chloroform, and 35.1 kcal mol~! in
acetonitrile. Then, for the catalyzed reaction, where AICl,4
is complexed by ethylene (NED), the energy difference
between the reactants and the TS is 20.1 kcal mol™' (in
vacuo), 18.4 kcal mol™! (in 1,4-dioxane), 16.9 kcal mol ™
(in chloroform), and 15.8 kcal mol~! (in acetonitrile). On
the other hand, the activation free enthalpy with respect
to the ethylene—AlCl; complex attains 27.3, 25.5, 24.6,
and 24.4 kcal mol~! for the environments given in the
same order. Proceeding in the same way, for the IED

36 T T T T
34 - .
—a— Uncatalyzed DA reaction |
324 —e— NED LA-catalyzed DA reaction
Py y —&— |ED LA-catalyzed DA reaction
o
£ 301 g
©
<
= 284
(¢] i
<
26
q
24 g
22
T | T T
0.0 0.2 04 0.6 0.8 1.0

e-1/e+2

Fig.4 Variation of the free enthalpy of activation for the uncatalyzed
and LA-catalyzed DA reactions plotted as a function of solvent polar-
ity, represented by the £ — 1/e+2 function

process (the AICI; is complexed by 2,5-DMF), the TS
energies difference between the reactants and the TS
attains 20.3 kcal mol™! (in vacuo), 18.8 kcal mol~!
(in 1,4-dioxane), 17.0 kcal mol™! (in chloroform), and
15.3 kcal mol™! (in acetonitrile). Again, the values are
larger when considering the complexation of AICl; by
2.5-DMF: 33.3, 31.6, 30.0, and 28.7 kcal mol™!, respec-
tively. In summary, the reaction is facilitated by the
attachment of AICl; and by increasing the polarity of
solvent, with the NED LA-catalyzed reaction being more
favorable than the IED LA-catalyzed reaction. Yet, the
2,5-DMF-AICI; complex is preferentially formed, but
the AG® difference with respect to the complexation of
AICl, by ethylene, ranging between 5 and 6 kcal mol~!
as a function of the solvent, demonstrates that there is an
equilibrium between the two types of complexes.

Table 1 Thermochemical

AE AH° AG° AS° AEY AH* AG* AS*

X Reactions
state functions (A E, A H°,
AG°, AE*, AH?, AG” in kcal In vacuo 1lca
mol ™! and A S°, AS¥ in cal 2
mol~! K™ of the uncatalyzed ca
and LA-catalyzed DA reactions 3ca
between 2,5-DMF and ethylene 1,4-dioxane (¢=2.25) 1lca
at the M06-2X/6-311 +G(d,p) 2ca
level
3ca
Chloroform (¢=4.81) 1lca
2ca
3ca
Acetonitrile (¢=37.5) 1ca
2ca
3ca

-148 -120 23 —478 208 215 347 —442
10.0 10.8 255 —493

192 197 314 -392

-147 -119 23 —-47.6 21.1 218 349 -450
8.0 89 235 -—49.1

17.8 183 297 -—382

-147 -119 22 -473 213 220 350 —437
7.1 81 227 -49.0

167 172 281 =365

-149 -120 20 -47.0 214 222 351 —434
6.5 75 225 =501

156 161 268 —36.2

Solvents (1,4-dioxane, chloroform, and acetonitrile) effects were described using IEFPCM

@ Springer
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Table2 Thermochemical state functions of LA complexation and
decomplexation reactions (AyE, A qH®, A4G°, in keal mol™! and
AyeS° in cal mol ™' K1) at the M06-2X/6-311 + G(d,p) level

Reactions A 4E A ygH® AyyG° AyS°®

In vacuo 2¢ -165 -150 -72 -262
2d 6.6 55 =24 264
3c —-253 =239 —-13.0 —-364
3d 40.6  38.7 285 343

1,4-Dioxane (¢=2.25) 2¢ -174 —-159 -7.1 -29.8
2d 6.7 56 -29 277
3c —-26.1 —-246 —12.8 —39.6
3d 415 397 284 369

Chloroform (¢=4.81) 2¢ —-18.0 —-165 =77 -=29.7
2d 6.5 55 =24 267
3c —-265 —250 —13.0 —-403
3d 420 402 289 383

Acetonitrile (¢=37.5) 2¢ —-18.6 —17.1 —-8.6 —128.7
2d 2.2 1.1 —-45 18.7
3c —-27.0 —255 —134 -405
3d 425 406 293 379

Solvents (1,4-dioxane, chloroform, and acetonitrile) effects were
described using IEFPCM

AG®298.15K - .
(kcal/mol)

347

3.4 Impact of the dimerization of AICl; and other
coordination reactions involving AICI;

AICl; is known to dimerize. The dimerization data are pro-
vided in Table 3 for the reactions in vacuo and in solution.
The AICl; dimerization reaction has exothermic and exer-
gonic characters. Thus, during this reaction, the formation of
Al,Clg dimer is favored. This has an impact on the amount
of AICI; that can act as a LA catalyst with either of the
reactant. Therefore, if considering the reaction between the
Al,Clg dimer and ethylene, the formation of the ethylene-
AICI, complex is characterized by AG® of 4.1 kcal mol™!
of ethylene in vacuo but only 0.3 kcal mol~! in acetonitrile.
This demonstrates that if the solvent is polar enough, the
complex is formed in sufficient amount, leading to an acti-
vation barrier of ~ 16 kcal mol~!. Similarly, the formation
of the 2,5-DMF-AICI; complex from the Al,Clg dimer has
a AG® of — 1.7 kcal mol~! in vacuo and — 4.5 kcal mol~! in
acetonitrile. Therefore, in acetonitrile, the activation barrier
amounts to ~20 kcal mol™".

Considering the complex between the product and
AICly, if the interaction occurs with the CC double bond,
the stabilization is weak so that it easily dissociates to get
the DA product and AICl;, and even more easily Al,Clg. In
the latter case, the resulting AyG° values amount to about
— 13 kcal mol~'. On the other hand, if the interaction occurs
with the O atom, the complex is better stabilized, with dis-
sociation free energies ranging, as a function of the medium,

== Uncatalyzed DA reaction

=== NED LA-catalyzed DA reaction

=== |[ED LA-catalyzed DA reaction

W

ChAIZZ,

-26.

—_—

N

Reaction coordinate

Fig.5 Relative Gibbs free energy diagram of the uncatalyzed and LA-catalyzed DA reactions between 2,5-DMF and ethylene in vacuo at the

MO06-2X/6-311+G(d,p) level

@ Springer
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Fig.6 Relative Gibbs free energy diagram of the uncatalyzed and LA-catalyzed DA reactions between 2,5-DMF and ethylene at the [[EFPCM
(1,4-dioxane)/M06-2X/6-311G + (d,p)] level

AG®298.15 K
(kcal/mol)

~ 35.0

= Uncatalyzed DA reaction

=== NED LA-catalyzed DA reaction

wmm |[ED LA-catalyzed DA reaction

ST O — m’ (AICI,)

5 A/c,?

Reaction coordinate

Fig.7 Relative Gibbs free energy diagram of the uncatalyzed and LA-catalyzed DA reactions between 2,5-DMF and ethylene at the [[EFPCM
(chloroform)/M06-2X/6-311G +(d,p)] level

from 28.5 to 29.3 kcal mol~' when considering the liberation
of AICl; and from 17.2 to 20.4 kcal mol™" when consider-
ing AICl; molecules form dimers. Note that the addition

of Lewis base can be used to displace the equilibrium of
formation of the complexes between the product and AICl,
as evidenced in the case of Ziegler—Natta polymerizations

@ Springer
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Fig.8 Relative Gibbs free energy diagram of the uncatalyzed and LA-catalyzed DA reactions between 2,5-DMF and ethylene at the [[EFPCM

(acetonitrile)/M06-2X/6-311G +(d,p)] level

Table 3 Thermochemical state functions (A4, E, Ay, H®, and Ay, G°
in kcal mol~! and A, S° in cal mol™! K™!) of the AICl, dimerization
reaction calculated at the M06-2X/6-311 + G(d,p) level

2AICI, = AlLCl,

AdimE AdimFIO AdimGo AdimSO
In vacuo -31.7 -30.5 —-225 —-27.1
1,4-Dioxane (¢ =2.25) - 30.6 —-294 - 19.6 —-33.1
Chloroform (e =4.81) —30.0 —28.8 —18.7 -33.9
Acetonitrile (¢=37.5) —-294 —28.2 -17.7 —-354

Solvents (1,4-dioxane, chloroform and acetonitrile) effects were
described using IEFPCM

where related organoaluminium co-catalysts are employed
[68, 69].

Though one of the objectives of this work is to analyze
the polarization effects of the solvent on the thermody-
namics and kinetics of the DA reaction between 2,5-DMF
and ethylene when catalyzed by an LA, one should notice
that the LA has the ability to be complexed by the solvent
molecules, as a function of their nature, i.e., their Lewis
basicity. As shown in Table S5, this is particularly true for
1,4-dioxane and acetonitrile, for which the complexation
is strongly exothermic and exergonic (A.G°=— 29.4 and
— 26.3 kcal mol™!, respectively). As a matter of fact, the
Lewis acidity of AICl; is quenched in these solvents, owing
to the formation of a stable coordination bond between either

@ Springer

the N atom (acetonitrile) or the O atom (1,4-dioxane) and
AICl;. On the other hand, the Gibbs enthalpy of complexa-
tion of AICI; by chloroform is almost zero, demonstrating
that AICl; is not displaced from its dimer by chloroform, and
that AICI; can catalyze the DA reaction.

Note that in the reaction path where AICl; activates 2,5-
DMF, one may wonder whether the most favorable coor-
dination corresponds to the situation described above (Al
coordinated by the aromatic ring, and linked to the C3 and
C6 atoms) or rather to the situation where the furan oxygen
complexes AICl;. Calculations performed at the same level
of approximation demonstrate that the latter coordination
mode is less favorable by about 4 kcal mol~! (Table S6).

3.5 Geometries of transition states

The geometries of TSs for the uncatalyzed and LA-catalyzed
DA reactions, for both modes of coordination (Scheme 1)
are depicted in Fig. 9 together with the C,—C; and C,—C4
bond lengths (nomenclature is shown in Schemes 2 and 3).
For the uncatalyzed DA reactions, the lengths of the C,—C;
and C,—C¢ forming bonds at the TSs are equal. Thus, the
two ¢ bonds are formed at the same time and the cycload-
dition takes place via a one-step synchronous mechanism.
The lengths of the C—C bonds involved in the uncatalyzed
DA process rise slightly by increasing the polarity of the
solvents. On the other side, for the catalyzed processes, there
is a degree of asynchronicity, which can be evaluated as
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AG® =-9 AG* = 0
kcal mol™? 5302 5 kcal mol! AG'=-14
[lAICI ~ kcal mol + AlCI
-0.39k” 4 — 3

Scheme 2 Reaction mechanism of the NED LA-catalyzed DA reaction between 2,5-DMF ethylene together with geometric electronic, and ther-
modynamical quantities evaluated at the IEFPCM (acetonitrile)/M06-2X/6-311G + (d,p) level. Free energies are in kcal mol ™!

=
AGO =-13 AG* = AGO = -13
— C 1
0 keal mol! -0- kcal moI kcal mol! AICI
ICl3 > —_— 3*

Scheme 3 Reaction mechanism of the IED LA-catalyzed DA reaction between 2,5-DMF and ethylene together with geometric, electronic, and
thermodynamical quantities evaluated at the IEFPCM (acetonitrile)/M06-2X/6-311G + (d,p) level. Free energies are in kcal mol ™!

the difference between the C,—C; and C,—C, bond lengths,
namely Ad=d(C,—C;)—d(C,—C;). Their Ad values range
between 0.425 and 0.576 A for the NED process and
between 0.435 and 0.527 A for the IED process. In acetoni-
trile (and chloroform), this indicates that the NED process is
more synchronous than the IED process, while the opposite
is observed in vacuo and in 1,4 dioxane. Indeed, as the polar-
ity of the solvent increases, the degree of asynchronicity
decreases for the NED mechanism and increases for the IED
mechanism. In the same order, the analysis of the vibrational
normal coordinate corresponding to the unique imaginary
vibrational frequency of the TSs (see the corresponding val-
ues in Fig. 9) indicates that they mainly concern the motion
of the C,, C;, C,, and Cg4 atoms along the C,—C; and C,—C,
bond formation.

Following the approach adopted in Refs. [70, 71], the
amount of CT at the transition state was evaluated. q-(TS)
is obtained as the sum of the natural atomic charge of the
atoms belonging to the ethylene (uncatalyzed or IED LA-
catalyzed reactions) or to the ethylene—AlCl; (NED LA-
catalyzed reaction) moieties. Therefore, since the global
charge of the ethylene/ethylene-AlCl; reactants is zero, a
negative qcp(TS) value corresponds to a transfer of charge
from the 2,5-DMF-AICI;/2,5-DMF to ethylene/ethylene-
AICl; (NED), while a positive value to a IED mechanism.
For the uncatalyzed DA reaction, q-p(TS) values are — 0.06
e (in vacuo) and — 0.07 e (in 1,4-dioxane, chloroform, and
acetonitrile), indicating the expected negligibly polar char-
acter of this cycloaddition, in agreement with the analysis
of the CDFT indices (small Aw, large HOMO-LUMO gap,
small electrophilicity of ethylene). Then, turning to the

LA-catalyzed DA reaction, the calculated q-(TS) amounts
to -0.43 e (in vacuo and in all the solvents) for the NED
mechanism, highlighting a large electronic CT from 2,5-
DMF to the ethylene—AlCl; complex (Fig. 9). This corre-
sponds to a polar reaction, in agreement with a larger Aw®
value, a smaller HOMO-LUMO gap, and an increased elec-
trophilicity of the dienophile with respect to the uncatalyzed
reaction. On the other hand, for the IED mechanism, the
amount of CT depends on the solvent and ranges from 0.08
e in vacuo, to 0.12 e in 1,4-dioxane, to 0.14 e in chloroform,
and to 0.16 e in acetonitrile. The amount and direction of
CT is consistent with the MO energies as well as with the
sign of Aw.

Considering these geometries and the NBO population
analysis, the following mechanisms can be disclosed. For
the NED reaction, the formation of the C,—AICl; coordina-
tion bond creates an electrophilic site on the C; atom of
ethylene (Scheme 2). This leads to a first nucleophilic attack
resulting in the formation of the C,—C; ¢ bond. This results
in a transition state where the C, atom is electrophilic (in
acetonitrile, g=0.48 e), while C, is nucleophilic (g=—0.84
e). Then, C, reacts with C4 to form the second ¢ bond. For
the EID process, an electrophilic center is formed on the C,
atom of 2,5-DMF owing to the formation of the C,~AICl,
coordination (Scheme 3). It induces the electrophilic attack
by any of the C atoms of ethylene to reach the transition
state, which is characterized by the first ¢ bond in formation
(C,—Cy). In the IED transition state, the NBO charges on C,
and C; amount to — 0.27 e and 0.39 e, respectively, leading
to a favorable electrostatic interaction and the formation of
the second o bond.

@ Springer
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Fig. 9 Geometries of the TSs involved in the uncatalyzed and LA-cat-
alyzed DA reactions between 2,5-0DMF and ethylene. The distances
and the Ad values are given in A. The unique imaginary frequen-

4 Conclusion

The uncatalyzed and Lewis acid (LA)-catalyzed Diels—Alder
reaction between 2,5-DMF and ethylene has been investi-
gated using density functional theory (DFT). The uncata-
lyzed reaction is characterized by a large activation bar-
rier (AG” =35 kcal mol™!). This corresponds to a normal
electron-demand (NED) mechanism where ethylene is
an electron acceptor whereas 2,5-DMF plays the role of
electron donor. In other words, with the FMO scheme, an
electron is promoted from the HOMO of 2,5-DMF to the

@ Springer

cies (red, cm™!) are provided as well as the qcp amplitudes at the TS
with respect to the reactant (blue, e) [(1): in vacuo, (2):1,4-dioxane,
(3):chloroform, and (4):acetonitrile]

LUMO of ethylene, whereas in the inverse electron-demand
(IED) mechanism, the HOMO of ethylene interacts with
the LUMO of 2,5-DMF. Moreover, adopting the tools of
conceptual DFT, this reaction is shown to have a low polar
character, as substantiated by a small difference of electro-
philicity (0.1 eV) between the reactants as well as by a small
electron charge transfer (CT) at the transition state (— 0.06 e,
in vacuo). As a matter of fact, the effect of the solvent is neg-
ligible on the barrier of activation. In addition, the analysis
of the geometrical structure of the transition state shows that
the reaction takes place via a one-step synchronous process.
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For the catalyzed reaction, AICl; has been selected as
LA. When it interacts with ethylene, forming a n-complex,
it enhances its acceptor character, further favoring the NED
over the IED mechanism. This is accompanied by a reduc-
tion of the free energy of the transition state. Therefore, the
strong electrophilic character of the ethylene—AICl; com-
plex combined with the strong nucleophilic character of
2,5-DMF leads to a polar reaction pathway, which whom
the activation barrier decreases with the solvent polarity.
On the other hand, when AICl; is complexed by 2,5-DMF,
the IED mechanism is favored over the NED one, the polar
character is slightly larger than for the uncatalyzed reaction,
while a similar reduction of AG? with the solvent polarity
is observed. In addition, when the reaction is catalyzed, the
two bonds formed at the TSs occur via a one-step asyn-
chronous process. Moreover, the calculations have unraveled
that the LA plays additional roles, i.e., (i) it forms stable
complexes with any of the reactants, so that the increase
of the activation barrier amounts to 9—12 kcal mol ™! for the
NED mechanism and to 3-9 kcal mol™" for the IED one,
(ii) then, its complexes formed with the product can pre-
vent the release of the latter, and finally, (iii) AICl; forms
dimers, which also impact the different equilibria. This paper
paves therefore the way toward a better understanding of the
reactivity and therefore valorization of 2,5-DMF, which is a
direct product of biomass transformation. Forthcoming stud-
ies of our groups will tackle the Diels—Alder reaction with
more elaborated dienophiles, such as acrolein.

The DFT calculations and analyses have been enacted
by employing the M06-2X exchange-correlation functional,
because, among a small set of functionals covering a broad
range of Hartree—Fock exchange percentages, it better repro-
duces the reference reaction and activation energies evalu-
ated using the coupled-cluster singles and doubles method.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00214-022-02880-y.
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