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hanism of the conversion of
methyl levulinate into g-valerolactone catalyzed by
Al(OiPr)3 in an alcohol solvent: a DFT study†

Zhaoyang Ju, a Shaokeng Feng,a Lanhui Ren, b Tingyu Lei,c Haixiang Cheng,a

Mengting Yu*a and Chengsheng Ge*a

Biomass-derived g-valerolactone (GVL) is a versatile chemical that can be used in various fields. As an

efficient, cheap, and sustainable catalyst, Al(OiPr)3 has been successfully used in the conversion of

methyl levulinate (ML) to GVL in the solvent isopropanol (IPA). However, the molecular mechanism of

this conversion catalyzed by Al(OiPr)3 remains ambiguous. To investigate the mechanism of the

conversion of ML to GVL catalyzed by Al(OiPr)3, the reaction pathways, including the transesterification,

Meerwein–Ponndorf–Verley (MPV) hydrogenation, and ring-closure steps, were probed using density

functional theory (DFT) calculations at the M062X-D3/def2-TZVP level. Among the elementary steps, it is

found that ring-closure is the rate-determining step and that Al3+ can coordinate with the oxygen of 2-

hydroxy-isopropyl levulinate (2HIPL) to catalyze the last ring-closure step. A four-centered transition

state can be formed, and Al(OiPr)3 shows a strong catalytic effect in the two steps of the ester exchange

reaction. The center of Al(OiPr)3 mainly coordinates with the carbonyl oxygen atom of the ester to

catalyze the reaction. The present study provides some help in understanding the conversion

mechanism of ML to GVL and designing more effective catalysts for use in biomass conversion chemistry.
1. Introduction

In light of environmental pollution and fossil resource deple-
tion, lignocellulosic biomass has become a promising resource
for the production of biofuels as a replacement for fossil fuels.1,2

g-Valerolactone (GVL) is accessible from lignocellulosic
biomass,3,4 and it has been identied as one of the most
promising platforms for the sustainable production of fuels
because of its outstanding physicochemical properties.5 As an
ideal precursor for the production of high-value chemicals to
alleviate dependence on fossil fuels, GVL can be used to
produce valuable chemicals such as dimethyl adipate, valeric
esters, and long-chain alkanes, among others.6–8 Furthermore, it
could also be applied as an additive in food and drink because
of its fruit avour and low toxicity.9,10

Generally, GVL is yielded from the catalytic hydrogenation–
cyclization of levulinic acid (LA) or its esters in an alcohol
solvent. The traditionally used hydrogen donor is H2, which
requires high pressure to store and makes this process less
safe.11 Alcohol solvents are common and cheap reagents that
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exist in liquid state at room temperature. As an energy-saving
and cost-effective method, catalytic transfer hydrogenation
(CTH) in alcohol solvents is regarded as an attractive approach
compared to traditional hydrogenation using high-pressure and
ammable H2.12–15 As shown in Scheme 1, the production of
GVL in alcohols usually involves transesterication, Meerwein–
Ponndorf–Verley (MPV) reduction, and a ring-closure reaction
to nish the overall process.16,17 In particular, the use of
secondary alcohols, such as isopropanol (i-PrOH) and 2-
butanol, as a hydrogen donor has shown a better effect on MPV
reduction.18,19 According to the previous reports, several
heterogeneous catalysts containing noble metals (Ru, Ir, Rh, Pd,
Re, etc.) have been developed and have shown excellent abilities
to yield GVL.20–22 However, their high cost, difficult regenera-
tion, and easy deactivation are highly challenging in practical
applications.23,24 Zhang et al.25 reported that a 99.0% yield of
GVL could be obtained from ethyl levulinate (EL) by using
a ternary Cu/ZnO/Al2O3 catalyst in the CTH process with i-PrOH
as the hydrogen donor. Moreover, He et al.26 utilized a series of
Al–Zr mixed oxides to obtain an 83.2% yield at 220 �C in 4 h
using i-PrOH as the hydrogen donor, and reported that the
acid–base sites played a synergic role in the production of GVL
from EL. Recently, the noble metal-free catalyst Al(OiPr)3 was
shown to provide a high yield of GVL (up to 97.6%) under mild
conditions (150 �C, 30 min); this catalyst has many advantages
in the conversion of ML to GVL using i-PrOH as the solvent,
such as its low price and easy availability.18 The C–O bond of
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra08429a&domain=pdf&date_stamp=2022-01-19
http://orcid.org/0000-0001-7989-5414
http://orcid.org/0000-0002-6079-9657
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08429a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012005


Scheme 1 A schematic representation of transesterification, hydrogenation, and ring-closure in the transformation of ML to GVL.
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View Article Online
carboxylic acid derivatives could be activated by chiral Al3+-
based complexes, which also had a good effect on the MPV
reduction.27 Efficient catalytic processes are usually required for
the hydrogenation of keto compounds in MPV reduction. The
conversion of GVL on Al-based catalysts has been studied
experimentally to achieve high yields, but the reaction mecha-
nism still remains ambiguous. Therefore, it is also essential to
understand the molecular reaction mechanism to provide some
basic guidelines for the design of more efficient catalysts in the
future. In the conversion of ML to GVL in i-PrOH, the ML
undergoes transesterication, MPV hydrogenation, and ring-
closure steps. In this work, we combined all these basic
elements to probe the detailed reaction mechanism from ML to
GVL catalyzed by Al(OiPr)3. This will provide some help in
understanding the mechanism of the conversion of ML to GVL
from the viewpoint of theoretical calculations.

In this work, the detailed reaction mechanism of the
conversion of ML into GVL catalyzed by Al(OiPr)3 in i-PrOH has
been carried out using DFT calculations at the M062X-D3/def2-
TZVP level. In the conversion of ML into GVL, there are three
main steps, namely, transesterication, the MPV reduction
reaction, and ring-closure to nish the process. To explore the
detailed reaction mechanism of the transformation of ML to
GVL and the roles of Al(OiPr)3 in the system, we have probed the
conversion pathways of each step and studied the mechanism
in the presence of Al(OiPr)3. Finally, a detailed reaction mech-
anism has been proposed based on the DFT calculations. These
results should provide a better understanding of the mecha-
nism of the transformation of ML to GVL catalyzed by Al(OiPr)3
in i-PrOH and give some basic guidelines to design more effi-
cient catalysts.
2. Computational methods

All calculations were performed using the Gaussian 16
package,28 and the geometric structures were generated using
CYL view.29 The geometry optimizations in this study were
carried out using the M062X-D3 method30,31 with the basis set
def2-TZVP.32 In the M062X-D3 method, the D3 term represents
a dispersion correction.33,34 Zhao et al. tested a series of the M06
suite of density functionals and recommended the M06-2X
functional for applications involving thermochemistry and
noncovalent interactions.35 Def2-tzvp is the triple zeta valence
basis set and has good quality for C, H, O, and Al, as has been
reported in previous studies.36,37 The harmonic vibrational
frequencies of the reaction complexes were calculated at the
same level of theory and used to rst determine whether the
optimized structures were true minima or transition states
(TSs). To verify the transition states connecting the reactants
© 2022 The Author(s). Published by the Royal Society of Chemistry
with the appropriate products, the intrinsic reaction coordi-
nates (IRCs) were also calculated using the algorithm developed
by Gonzalez and Schlegel.38 To account for the effects of the
solution environment around the catalytic active site, the
calculations were performed in an i-PrOH dielectric using the
SMD solvationmodel39 at theM06-2X-D3/def2-TZVP level for the
geometry evaluation. The activation energy (Ga), which is the
energy barrier, and the reaction energy (Gr) of the systems are
dened as follows:

Ga ¼ GTS � GR, Gr ¼ Gp � GR (1)

where GTS, GR, and GP represent the Gibbs free energies of the
transition state, reactant, and product at 298.15 K and 100 kPa.
To measure the reactive sites of the molecular surface, the
electrostatic potential (ESP) of the reactants was analyzed and
the standard Mulliken population analysis was used to obtain
the charge density of each atom.40,41
3. Results and discussion
3.1 Transesterication reaction

The transesterication reaction is the main process to obtain
some important energy sources, such as monoalkyl esters and
glycerol, in alkyl alcohol.42,43 In the conversion of ML to GVL in i-
PrOH, the content of isopropyl levulinate (IPL) is relatively high
in the early stage of the reaction, and then follows a decreasing
trend at different temperatures of 110, 120, 130, and 140 �C
within 60 min.18 This indicates that the transesterication
reaction of ML to IPL does indeed occur at the beginning of the
transformation, and that the IPL would be further converted as
the reaction proceeds. To investigate the reactionmechanism of
the transesterication of ML to IPL in i-PrOH, the reaction
pathways were probed using DFT calculations. As a useful tool
to predict the reactive sites of a molecular surface, quantitative
molecular surface analysis of ML, i-PrOH, and Al(OiPr)3 was
carried out, the results are shown in Fig. 1, in which blue-
colored surfaces represent positive electrostatic potential and
red-colored surfaces represent negative electrostatic potential.
The negatively charged area is susceptible to attack by electro-
philic reagents. In the structures of ML and i-PrOH, the negative
electrostatic potential is mainly distributed around the oxygen
atoms, with a less-positive charge around the methyl group. The
Al3+ center of Al(OiPr)3 can form strong H-bonds with the
reactants. The differences in electrostatic potential play an
important role in the formation of H-bonds to catalyze the
reaction.

First, we probed the transesterication reaction of ML with i-
PrOH as a model system without a catalyst (Ra/ Pa), as shown
RSC Adv., 2022, 12, 2788–2797 | 2789
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Fig. 1 Electrostatic potential surfaces of (A) ML, (B) i-PrOH, and (C) Al(OiPr)3 (isovalue ¼ 0.001 a.u.).

Table 1 Distance between the Al3+ center and the carboxyl oxygen atom of ML (R(Al–O)), the Mulliken charge densities of the carbonyl carbon
(qcarbonyl C), and the negative frequencies of the TSs for the ester exchange step

R(Al–O) [Å] qcarbonyl C [a.u.] Negative frequency of TS [cm�1]
Barrier [kcal
mol�1]

Uncatalyzed — 0.3800 �1442.25 48.0
Al(OiPr)3 1.874 0.0077 �1595.52 38.2
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View Article Online
in Fig. 2. Initially, H-bonds can be formed between the oxygen (i-
PrOH) and the carbon of the ester group (ML) with a distance of
2.818 Å. Then, a four-center cyclic TS is formed between i-PrOH
andML with distances of 1.649, 1.218, 1.205, 1.655 Å (C–O, O–H,
H–O, and O–C), respectively. The geometry of TSa is illustrated
in Fig. 2. Finally, i-PrOH will add to the ML to release methanol.
The reaction barrier to complete the transesterication in i-
PrOH was 48.0 kcal mol�1, and this reaction is endothermic
by 5.7 kcal mol�1. The oxygen atom of i-PrOH acts as
Fig. 2 The relative free energy diagram and optimized geometries of th
catalyst Al(OiPr)3 (Rb–Pb) (bond distances in angstroms).

2790 | RSC Adv., 2022, 12, 2788–2797
a nucleophile and attacks the carbonyl carbon atom of the ester
molecule.

To investigate the reaction pathways catalyzed by Al(OiPr)3,
the reaction energies and optimized geometries of the reactant,
TS, and product complexes were calculated, and are shown in
Fig. 2 (Rb/ Pb). The Al3+ of Al(OiPr)3 mainly interacts with the
oxygen of the ester group. A H-bond can be formed between
Al(OiPr)3 and ML with a distance of 1.873 Å. The oxygen of i-
PrOH attacks the carbon of ester group. A four-center cyclic
e reactants, TSs, and products without a catalyst (Ra–Pa) and with the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Relative free energy diagram and optimized geometries for the ester exchange catalyzed by Al(OiPr)3 via another pathway (bond distances
in angstroms).
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TSb structure is formed between i-PrOH andML. This process is
completed with a 38.8 kcal mol�1 energy barrier. This means
that Al(OiPr)3 exerts a catalytic effect to some extent by forming
H-bonds with the oxygen of the ester group (ML). The R(Al–O)
distance, Mulliken charges, and negative frequencies of the TS
structures are listed in Table 1. The Mulliken charge of the
carbonyl carbon (qcarbonyl C) in ML under Al(OiPr)3 catalysis is
0.0077 a.u.; the decrease in the charge of the carbonyl carbon
atom will be benecial for the transesterication reaction.

In the imidazolium-IL-catalyzed isomerization of glucose to
fructose, the imidazolium cations play the dual roles of H-bond
donor and proton shuttle.44 The role of Al3+-based catalysts was
shown to be shortening the proton transfer distance.45 Simi-
larly, another pathway catalyzed by Al(OiPr)3 is also probed in
this section. The relative energy scheme and optimized geom-
etries of the reactant, TS, and product complexes are plotted in
Fig. 3. Firstly, the Al3+ forms a strong H-bond with the oxygen of
the ester group in ML, and then the i-PrOc is added to the ester
group carbon of ML. An intermediate (P1) is formed with
a 28.2 kcal mol�1 energy barrier, and its formation is endo-
thermic, with a reaction energy of 8.6 kcal mol�1. Then, the
CH3Oc will be coordinated with the Al3+ to nish the trans-
esterication in the second step (just opposite to the former
process). The energy barrier of the second step to nish the
transesterication is 12.6 kcal mol�1, and this process is
exothermic with a reaction energy of 8.9 kcal mol�1. Comparing
Table 2 Computed relative energies (kcal mol�1) for the different
hydrogen transfer reaction pathways in different ways and the negative
frequencies of the TSs

Activation energy
[kcal mol�1]

Reaction energy
[kcal mol�1]

Negative frequency
of TS [cm�1]

(A) Inter- 34.6 �0.2 �1453.74
(B) Intra- 51.0 �7.1 �812.46

© 2022 The Author(s). Published by the Royal Society of Chemistry
the energy barriers in these two kinds of transesterication
catalyzed by Al(OiPr)3 (Rb / Pb and R1 / P2), Al(OiPr)3 plays
a critical role in the second pathway (R1 / P2) to catalyze the
transesterication. Additionally, the activation potential energy
of the reaction catalyzed by Al(OiPr)3 is much lower than that of
the non-catalytic reaction, and Al(OiPr)3 can indeed affect the
transesterication reaction to decrease the energy barrier.
3.2 Meerwein–Ponndorf–Verley (MPV) reduction

The catalytic hydrogenation of LA or its esters plays an impor-
tant role in producing GVL with low energy consumption.46 The
Meerwein–Ponndorf–Verley (MPV) reaction is very selective
toward the keto functional group, which offers the possibility of
catalytic hydrogenation of biomass derivatives in the liquid
phase.17,47,48 In this section, we investigate the reaction path-
ways, including the energetics and structures, of the MPV
hydrogenation of IPL to 2-hydroxy-isopropyl levulinate (2HIPL).
To investigate the reaction barriers for the direct hydration of
IPL using various hydrogen donors, we carried out computa-
tions without a catalyst. There are two pathways, i.e., an inter-
and an intra-molecular pathway, to achieve the hydrogenation.
The free energies of the hydrogen transfer reactions and the
negative frequencies of the TSs are summarized in Table 2. The
hydrogen of i-PrOH is directly transferred through a six-
membered ring TS structure (TSc). The IRCs were calculated
to verify the TSs connecting the reactants with the appropriate
products in this work. The IRCs (maxpoint¼ 100, stepsize¼ 10)
corresponding to TSc in Fig. 4A are listed in Fig. S1.† Initially, H-
bonds can form between the hydroxyl of i-PrOH and IPL, and
then the protons transfer to IPL to produce 2HIPL and iso-
propanone. As shown in Fig. 4(A), the protons of hydroxyl and
CH in i-PrOH transfer to the carbonyl of ML to complete the
inter-molecular hydrogenation, and the energy barrier of inter-
molecular hydrogenation is 51.0 kcal mol�1. At the same time,
IPL can undergo intra-molecular hydrogen transfer (Fig. 4(B)) to
RSC Adv., 2022, 12, 2788–2797 | 2791
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Fig. 4 (A) Intermolecular hydrogen transfer between IPL and i-PrOH to form 2HIPL and isopropanone. (B) Intramolecular hydrogen transfer
involving IPL to form GVL and isopropanone.
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form GVL and isopropanone. However, a barrier of
51.0 kcal mol�1 must be overcome in this process, and it is
exothermic by 7.1 kcal mol�1. The hydrogen donors can come
from many sources, such as secondary alcohols or IPL. The
energy barrier of inter-molecular hydrogenation is lower than
that of intra-molecular hydrogenation. This further conrmed
that the secondary alcohols are better than primary alcohols.
The larger reaction barrier of intra-molecular hydrogenation
implies that inter-molecular hydrogenation is preferred in the
presence of hydrogen donors (solvents such as i-PrOH).

To investigate the pathways of the MPV reaction catalyzed by
Al(OiPr)3, the relative energies and the corresponding structures
are shown in Fig. 5. Assary et al. reported the reaction pathways
of MPV reduction catalyzed by Sn, Zr, and Al model catalysts.49

The free energy of MPV hydrogenation from IPL to 2HIPL
Fig. 5 The computed free energy profile with schematic diagrams of ge
medium (R]CH3CHCH3).

2792 | RSC Adv., 2022, 12, 2788–2797
catalyzed by Al(OiPr)3 at the MP2/6-311+G(3df, 3pd)//B3LYP/6-
31+G(d)49 and M06-2X-D3/def2-tzvp levels are compared in
Fig. S2.† As shown in Fig. S2,† the activation barriers at theM06-
2X-D3/def2-tzvp and MP2/6-311+G(3df,3pd)//B3LYP/6-31+G(d)
level for the pathways reported by Assary et al. are less than
1 kcal mol�1.49 DFT-D3 provides a good description of p-
stacking interactions for multiatomic systems.50,51 The small
difference in the energies is mainly caused by the structures
optimized at the B3LYP and M06-2X-D3 levels, but both of them
are reasonable to calculate the energies. Furthermore, Cohen
et al. studied the mechanistic details of the MPV reduction of
ketones via experiments and DFT calculations, and found that
a six-membered ring TS is the most favorable pathway.52

Some similar reaction mechanisms for the MPV reaction of
ketones catalyzed by Al(OiPr)3 in i-PrOH solvent with a two-step
ometries for the hydrogenation of IPL to 2HIPL by Al(OiPr)3 in i-PrOH

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intermolecular hydrogen transfer mechanism were explored
using DFT calculations. In the rst step (R3/ P3), H-bonds are
formed between Al(OiPr)3 and the oxygen of the carbonyl group
(IPL). The oxygen of the carbonyl group (IPL) can be activated by
Al(OiPr)3. Then, the hydrogen proton of C2 of Al(OiPr)3 is
transferred to the carbon of the carbonyl group (IPL) via a six-
membered ring TS structure (TS3). This process requires an
energy barrier of 16.2 kcal mol�1 to be overcome, and is
exothermic by about 3.2 kcal mol�1. The intermediate product
P3 is formed to complete the rst hydrogenation. In the solvent
i-PrOH, isopropanone will be removed, and the second step (R4
/ P4) will be continuous. The interaction position between
Al(OiPr)3 and IPL changes to form R4 due to the molecular
exibility. For the second hydrogenation of IPL (R4 / P4), the
H of the hydroxyl of i-PrOH coordinated with Al3+ transfers to
the O of the carbonyl group (IPL) via a six-membered ring TS
structure (TS4). This process presents a 14.9 kcal mol�1 energy
barrier to complete the MPV hydrogenation. The energy barrier
of the rst hydrogenation is a bit higher than that of the second.
Fig. 6 Optimized geometries for the reactants, transition states, and prod
chemical bond lengths is Å, 1 Å ¼ 0.1 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Additionally, a six-membered ring TS is formed between
Al(OiPr)3 and IPL in the MPV hydrogenation. The oxygen of IPL
can be activated by coordination with Al(OiPr)3.

3.3 Ring-closure step

To investigate the mechanism of the ring-closure step to give
GVL, we probed the reaction pathway without a catalyst and
those catalyzed by i-PrOH, 2HIPL, and H2O. To compare the
reactions catalyzed by the different catalysts quantitatively, the
reaction of GVL and i-PrOH without any catalyst was rst
investigated and is shown in Fig. 6(A). To provide GVL, the O2 of
2HIPL approaches C5, and the H of the hydroxyl transfers to O6.
The transition state involved in this process is TSe, in which the
ester group C5–O6 bond (1.634 Å) is almost broken due to the
attack of the oxygen of the hydroxyl with a C5–O2 distance of
1.726 Å. About 46.9 kcal mol�1 is required to cross the
transition-state energy barrier. The reaction without a catalyst is
an endothermic process of about 1.8 kcal mol�1. In this process,
catalysts such as i-PrOH, 2HIPL, and H2O can participate in the
ucts with (A) no catalyst, (B) i-PrOH, (C) 2HIPL, and (D) H2O. The unit of
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Table 3 Computed relative energies (kcal mol�1) for the reaction of
the ring-closure step catalyzed by different catalysts and the negative
frequencies of the TSs

Catalyst
Activation energy
[kcal mol�1]

Reaction energy
[kcal mol�1]

Negative frequency
of TS [cm�1]

— 46.9 1.8 �1282.42
i-PrOH 37.4 2.4 �394.48
2HIPL 62.8 �2.9 �462.71
H2O 39.4 �0.1 �782.58
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reaction as a proton transfer mediator. To investigate the roles
of the other catalysts, the corresponding reaction pathways were
also studied, as shown in Fig. 6(B–D). Taking the reaction
pathway catalyzed by i-PrOH as an example, the H transfers to
the O of i-PrOH, and the H of the hydroxyl of i-PrOH transfers to
O6 of 2HIPL. This process must overcome a 37.4 kcal mol�1

energy barrier, and is endothermic by about 2.4 kcal mol�1. The
oxygen of the catalysts plays the role of a proton shuttle to carry
out the ring-closure reaction. Similarly to Rf-Pf (Fig. 6B), the
ring-closure steps catalyzed by 2HIPL and H2O were also
calculated, and are shown in Fig. 6(C and D). As shown in
Table 3, the barriers of the four kinds of ring-closure steps were
calculated to be 46.9, 37.4, 62.8, and 39.4 kcal mol�1, respec-
tively. Comparing the activation energy of the different cata-
lysts, their proton transfer ability follows the order i-PrOH >
H2O > 2HIPL. This means that i-PrOH plays a substantial role as
a proton shuttle to promote the reaction.
Fig. 7 Optimized geometries for the reactants, transition states, and pro
based catalysts (A) [Al(OiPr)2(i-PrOH)]+1 and (B and C) Al(OiPr)3. The unit

2794 | RSC Adv., 2022, 12, 2788–2797
To compare the catalytic effects of the Al-based catalysts, the
reaction pathways were probed using DFT calculations. The
structures of the different catalytic pathways are shown in Fig. 7.
Some studies have reported that the bifunctional Lewis acid and
Bronsted base sites of Al-based catalysts play an important role
in sugar isomerization.45,53 For R5 / P5 (Fig. 7A), the O5 of
2HIPL can coordinate with the Al3+ of [Al(OiPr)2(i-PrOH)]+1, and
the O2–C5 bond is closed to produce GVL with a 37.1 kcal mol�1

energy barrier. This reaction is endothermic by about
1.1 kcal mol�1. For R50 / P50 (Fig. 7B), the proton of O2H of
2HIPL transfers to the C2 of i-PrOc coordinated with Al3+, and
the H2 of i-PrOcmigrates to the O6 of 2HIPL. The O2–C5 bond is
closed to produce GVL with an 81.4 kcal mol�1 energy barrier.
The reaction then proceeds via the formation of the product P5,
which involves GVL, i-PrOH, and Al(OiPr)3. This reaction is
exothermic by about 1.6 kcal mol�1. Al3+ located at a distance of
about 0.1852 nm forms a hydrogen bond with the ketone oxygen
in 2HIPL. These results show that Al(OiPr)3 has poor proton
transfer ability, and may not catalyze the ring-closure reaction
in this way. In the other pathway of the ring-closure step cata-
lyzed by Al(OiPr)3 (R500 / P500) (Fig. 7C), the carbonyl O5 of
2HIPL is activated by coordination with Al(OiPr)3. The H2 of the
hydroxyl (2HIPL) migrates to O6, and a C5–O2 bond is formed
via a four-membered ring TS. The energy barrier of this process
is 40.1 kcal mol�1. Comparing this value with the energy
barriers of the processes catalyzed by the other catalysts dis-
cussed above, the Al-based catalysts are found to play an
important role in the ring-closure reaction.
ducts of the ring-closure step from 2HIPL to GVL catalyzed by the Al-
of chemical bond lengths is Å, 1 Å ¼ 0.1 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Overall reaction pathway for the conversion of ML into GVL in i-PrOH solvent (R]CH3CHCH3).

Fig. 8 The free energy profile of the formation of GVL from ML catalyzed by Al(OiPr)3 in i-PrOH solvent with the relevant TSs noted corre-
sponding to Scheme 2 (R]CH3CHCH3).
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3.4 Overall reaction process

To integrate all the basic steps, the lowest reaction pathways
were combined. As shown in Fig. 8, the mechanism consists of
three processes, namely, ester exchange, Meerwein–Ponndorf–
Verley (MPV) hydrogenation, and the ring-closure step. The
proposed reaction mechanism for the transformation of ML to
GVL catalyzed by Al(OiPr)3 in i-PrOH solvent is presented in
Scheme 2. The ester exchange process involves two elementary
steps. In the rst step, Al(OiPr)3 mainly interacts with the
oxygen of ML to form the intermediate P1 via transition state
TS1 with a barrier of 28.2 kcal mol�1. The second step along the
reaction coordinate is the isomerization of P1 to R2, with R2
being higher than P1 by about 1.4 kcal mol�1. The methoxy
group is then eliminated from R2, and transition state TS2 with
a four-membered ring is formed. This process is just the reverse
of the rst step. Approximately 12.6 kcal mol�1 of energy is
needed to cross the energy barrier. This reaction is exothermic
by about 8.9 kcal mol�1. The subsequent MPV process involves
hydride transfer from the keto carbon of the Al(OiPr)3 to the
keto carbon of the intermediate isopropyl levulinate (IPL) (R3
/ TS3) through transition state TS3 with an energy barrier of
about 16.2 kcal mol�1. In solution, the isopropanone will be
© 2022 The Author(s). Published by the Royal Society of Chemistry
replaced by an i-PrOH molecule, the i-PrOH in intermediate P3,
to form the complex R4. This process (P3 / R4) is exothermic
by only 0.7 kcal mol�1. The release of the 2-hydroxy-isopropyl
levulinate (2HIPL) (R4 / P4) requires a proton from the i-
PrOH molecule. The protonation occurs via transition state
TS4, which leads to the formation of 2HIPL and an iso-
propanone molecule (P4) with a 15 kcal mol�1 energy barrier. In
the last process, the ring-closure step (R5 / P5), the O5 of
2HIPL can coordinate with Al3+ to catalyze the reaction. The
rate-determining step is the ring-closure with a 37.1 kcal mol�1

energy barrier. The roles of Al(OiPr)3 involve mainly coordina-
tion by the oxygen atoms of the reactants. A six-membered ring
can be formed between Al(OiPr)3 and IPL in the MPV reaction.
4. Conclusions

GVL is a promising renewable platform that can be produced
from lignocellulose via LA/ML hydrogenation. In this paper,
DFT calculations have been used to probe the details of the
mechanism for the conversion of ML to GVL catalyzed by
Al(OiPr)3 in i-PrOH solvent. Comprehensive quantum chemical
computations of the reaction via different pathways were
RSC Adv., 2022, 12, 2788–2797 | 2795
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carried out, and there are three main processes (ester exchange,
MPV hydrogenation, and the ring-closure step) involved.
Al(OiPr)3 mainly interacts with the oxygen of the carbonyl group
ML to activate the reaction. In the ester exchange step, a four-
membered ring transition state is formed between i-PrOH and
ML, and two steps are required to complete this process.
Al(OiPr)3 can show a great catalytic effect via the formation of
strong H-bonds, compared to when no catalyst is used. In the
MPV hydrogenation reaction, IPL undergoes two proton addi-
tions with the catalyst Al(OiPr)3 via a TS with six-centered-ring
geometry. O5 of 2HIPL can coordinate with Al-based catalysts
to reduce the barrier of the ring-closure step, which is rate-
determining. The present theoretical study provides a clear
elementary-step mechanistic prole of the transition from ML
to GVL catalyzed by Al(OiPr)3 and gives some basic guidance for
the design of more efficient catalysts in the future.
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