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Mechanistic insight into the self-coupling of 5-
hydroxymethyl furfural to C;, fuel intermediate

catalyzed by ionic liquidsT
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DFT calculations have been carried out to obtain insight into the self-coupling of biomass-based 5-
hydroxymethyl furfural (HMF) to Cy, fuel intermediate 5,5'-dihydroxymethyl furoin (DHMF) catalyzed by
jonic liquids (ILs). It was found that acetate-based IL or thiazolium IL in combination with the additive
EtsN show high catalytic performance, wherein N-heterocyclic carbons (NHCs) derived from the cations

of ILs act as the nucleophiles and the protonated acetate anion or the [EtsNH]* acts as the proton

shuttle. The effectiveness of this catalysis is attributed to the proton-shared three-center-four-electron
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(3c-4e) bonds between HMF and HOAc or [EtsNHI*, which stabilize the transition states and the

intermediates. In addition, the results of the calculations also confirm that the nucleophilicity and basicity
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1. Introduction

The utilization of biomass instead of nonrenewable fossil
resources has become a hot topic."* Lignocellulose, a prom-
ising class of renewable and nonedible biomass resources has
drawn significant attention as a carbon resource for generating
value-added chemicals and high-quality fuel products.*®
Among them, 5-hydroxymethyl furfural (HMF) is considered as
a versatile lignocellulose-derived platform molecule and can be
transformed into small organic molecules, such as biofuel 2,5-
dimethylfuran and 2,5-dihydroxymethylfuran.”® More impor-
tantly, HMF can serve as a precursor for the production of 5,5'-
dihydroxymethyl furoin (DHMF), a high energy-density C,, fuel
intermediate that could be further converted into oxygenated
diesels and alkane fuels.'**>

Dumesic et al. carried out the pioneering work of upgrading
lignocellulose-derived Cs-Cs molecules into larger fuel precur-
sors (Cs_q15 fuel intermediates) through aldol condensation.'
Later, Huang et al.** studied the self-coupling of furfural (FF)
and 5-methylfurfural to diesel fuel precursors (Cy, and Cy, fuel
intermediates) by metal catalysts. Another attractive route for
the biomass conversion is using environmentally benign and
atom economical ionic liquids (ILs) as reaction media or
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of NHCs are key factors for the self-coupling reaction. These results rationalize the experimental findings
and offer valuable insights into understanding the catalysis of ILs.

catalysts,** which are characterized by unique properties, such
as relatively low volatility, high thermal stability, nonflamma-
bility and excellent designability, through the modification of
cations and anions.'® Following the first application of ILs as
efficient solvents and catalysts for the dissolution and frac-
tionation of lignocellulose by the groups of Rogers and Zhao,"”**
interest in ILs-promoted biomass conversion has increased
continuously and rapidly over the past decades. For instance,
Chen and co-workers' reported that DHMF could be catalyti-
cally produced in good yield (87% isolated or 98% determined
by HPLC or NMR) from HMF wusing 1-ethyl-3-
methylimidazolium acetate ([EMIM]OAc) as a catalyst at
ambient atmosphere and 60-80 °C. Following this work, the
same group found that FF and HMF can rapidly self-couple to
form C,, and C;, furoins by using thiazolium ILs in combina-
tion with an additive organic base.** On the basis of the
mechanism for the benzion condensation of benzaldehyde
catalyzed by N-heterocyclic carbene (NHC),>* the authors
proposed a mechanism in which NHCs derived from acetate-
based IL or thiazolium IL play important roles to facilitate the
self-coupling of FF and HMF.

However, to the best of our knowledge, the molecular
mechanism for the self-coupling of HMF to DHMF catalyzed by
ILs has not yet been elucidated. Inspired by these experimental
findings, in this paper, we focused on the exploration of the
detailed reaction mechanism for the novel catalytic self-
coupling reaction using density functional theory (DFT), from
which we expect reveal (i) what are the crucial roles of the cation
and anion of the IL or additive, (ii) whether the discrete NHCs
(i.e., TPT (1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene)
and I'Bu (1,3-di-tert-butylimidazolin-2-ylidene)) are
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catalytically active for the conversion, and (iii) the effect of
different substituents of the IL cation on the reactivity. We hope
that the visual geometric and energetic information provided
through DFT calculations will contribute to an in-depth
understanding of the reaction mechanism and will provide
guidance for the development of more efficient catalytic
systems for biomass conversion.

2. Computational details

The calculations were carried out by using the popular B3LYP
functional.®*** The 6-311++G(d,p) basis set was used for all
atoms except for the Br atom, which was described by the
effective core potentials (ECPs) of Hay and Wadt with the
LanL2DZ double-valence basis set.>*** All of the geometries for
the minima and transition states involved in the self-coupling
reaction were first fully optimized in the gas phase without
any symmetry constraints and then fully re-optimized in the
solvent model based on the density (SMD) continuum solvent
model.?*?*” Different solvents, such as 1,2-dichloroethane and
THF, were chosen in the SMD geometry optimization.
Frequency calculations were performed to identify all optimized
structures as minima (zero imaginary frequencies) or first-order
saddle points (one imaginary frequency) and to provide free
energies at 298.15 K. Thus, the present work only reports the
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relative Gibbs free energies (in kcal mol ') obtained from the
SMD calculations. Intrinsic reaction coordinate (IRC)***°
calculations were also carried out to verify that each transition
state actually connects the desired minima. In addition, natural
bond orbital (NBO) analyses® were performed to evaluate the
molecular orbitals. All calculations were implemented with the
Gaussian 09 software package.*

Localized orbital locator (LOL),*> multi-center bond order
(M-CBO),* electrostatic potential (ESP),** and Hirshfeld
charge® were calculated by Multiwfn 3.3.8 ** at the B3LYP/6-
31G(d,p) level.

3. Results and discussion
3.1 Mechanism proposed by Chen and co-workers*

Based on the experimental results, Chen and co-workers™
proposed a possible reaction mechanism for the acetate IL-
catalyzed self-condensation process (Scheme 1) that included
five sub-steps: (1) the proton transfer from imidazolium cation
to the acetate anion of [EMIM]OAc to generate the catalyst NHC
I, (2) nucleophilic attack on the carbonyl group of HMF by NHC
I to afford a zwitterionic tetrahedral intermediate II, (3) the
deprotonation of intermediate II by the acetate anion to form
a Breslow intermediate III' ** that is equivalent to the acyl anion
intermediate III, (4) nucleophilic attack on the carbonyl group

S
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HOAc f - HOAc
HO / \ OH %
o » o |
o} N HO \ /
o .
\ / OH >[N>' HMF
HO DHMF V \
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Scheme 1 Sketch of the catalytic cycle for the acetate IL-catalyzed self-coupling of HMF proposed by Chen and co-workers.*
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of a second HMF molecule by intermediate III to give another
tetrahedral intermediate IV, (5) intramolecular proton transfer
and dissociation of NHC I leading to the production of DHMF.

3.2 Energetics and geometries associated with mechanism
shown in Scheme 1

Here, we first provide detailed calculated results according to
the catalytic cycle shown in Scheme 1. The calculated potential
energy surface (PES) profile with schematic geometries of
stationary points is displayed in Fig. 1.

The active species involved in the catalytic reaction is NHC I,
and through our calculations, we found that proton transfer can
easily occur from the imidazolium cation to the acetate anion of
[EMIM]OACc by passing over a barrier of 9.0 kcal mol ™, resulting
in NHC I After establishing the active NHC I, we now present
the energetics and geometries associated with the mechanism
shown in Scheme 1.

As illustrated in Fig. 1, the initial nucleophilic attack on the
electrophilic carbonyl C atom of HMF by NHC I coupled with
the proton transfer from HOAc to carbonyl O atom spans TS1
with an energy barrier of 11.4 kcal mol ™, affording a zwitter-
ionic tetrahedral species IM2, which lies below the entrance by

HMF

.

HOAc

Fig. 1
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10.7 keal mol . Subsequently, the deprotonation of IM2 with
the aid of the acetate anion via TS2 requires surmounting
a barrier of 19.3 kcal mol ™', leading to a less stable acyl anion
species IM3. With introducing a second HMF molecule and
releasing of the HOAc from IM3 give the intermediate IM4,
which then again undergoes nucleophilic attack of the
incoming carbonyl carbon of HMF, and accompanied by
intramolecular proton transfer, furnishes another tetrahedral
species IM5. The barrier for this step is 10.4 kcal mol™* (the
energy difference between TS3 and IM4), which is nearly equal
to the barrier for the first nucleophilic attack. Finally, the
departure of NHC I to form the aimed product DHMF via TS4
involves a notable barrier of 34.0 kcal mol™*. The overall reac-
tion is estimated to be exothermic by 0.2 kcal mol™".

To further understand the bonding interaction and electron
distribution, the LOL profiles of IM1, TS1 and IM2 are presented
in Fig. S1 in the ESI,T where a larger value indicates that more
electrons are confined in this region and confirms the bond
formation. Fig. S1(a) and (b)} depict the electron localization
distributions in the C-C-O and C-01-O plane, respectively. As
shown in Fig. S1,f there is no C-C bonding interaction for IM1,
and then the LOL value of C-C increased gradually, indicating
the formation of the C-C bond. On the other hand, the LOL

M4

I—0

Calculated free energy profile with schematic geometries according to the mechanism shown in Scheme 1. Bond distances are given in A.
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value of O-H decreased and that of H-O1 increased gradually
along the reaction coordinate in Fig. S1(b),} demonstrating the
proton shift between the O and O1 atoms.

On the basis of the discussion above, we conclude that the
calculated barriers of the four sub-processes are 11.4, 19.3, 27.4
and 34.0 kcal mol ', respectively. Therefore, the final dissoci-
ation of NHC I is the bottleneck for the entire self-coupling
process. This finding is qualitatively consistent with the exper-
imental report that the first nucleophilic attack was conducted
under mild conditions (60 °C) whereas the subsequent steps
were carried out at an elevated temperature (80 °C). Further-
more, it is noteworthy that the zwitterionic tetrahedral species
IM2 is the most stable intermediate, which is in agreement with
IM2 observed experimentally.

3.3 Further discussion

3.3.1 Catalytic performance of [EMIM]|CI/DBU. As an
acetate-based IL, [EMIM]OAc has been proved to play the roles of
both NHC and “proton shuttle”® to promote the self-coupling of
HMF, and therefore, we extend our study to investigate the cata-
lytic performance of IL paired with a no-basic anion in combina-
tion with a strong organic base, such as [EMIM|CI/DBU, to confirm
whether such a combination would work in this kind of reaction.
Our calculations showed that NHC I was easily obtained from the
catalyst precursor [EMIM]CI through the proton shift from the
imidazolium cation to the sp>hybridized nitrogen of DBU by
passing over a barrier of 9.9 kecal mol ™. Understandably, with the
exception of the first nucleophilic attack, the subsequent

N K
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conversions are almost identical to those shown in Fig. 1. There-
fore, we only located the pathway for the transformation from
IM1pgy to IM2pgy, as shown in Fig. 2. The barrier for this trans-
formation is 14.8 keal mol~*, which is higher than that in Fig. 1 by
3.4 keal mol 2. This result indicates that as a proton shuttle, HOAc
is more prominent than [DBUH]". To confirm this point, we
analyzed the molecular orbitals and M-CBOs of relative structures.

F ---H'---F~ (FHF) is a well-recognized three-center-four-
electron (3c-4e) species. Fig. 3 compares the molecular
orbitals and M-CBOs of TS1pgy, TS1 and IM1 with those of FHF.
It is observed that both O---H-N in TS1pgy and O---H-O in TS1
have similar molecular orbitals to that of FHF, whereas the M-
CBO (—0.044) of the later is closer to that (—0.103) of FHF
than that of the former (—0.035), indicating that O---H-O in TS1
possess a large similarity to the 3c-4e bond in the FHF species.
Such a 3c-4e bond may be mainly responsible for stabilizing the
transition state structure, which is in agreement with the energy
barrier calculated above. In addition, similar 3c-4e bond and M-
CBO (—0.051) can be found in IM2, providing a reasonable
explanation for the experimental detection of IM2.

3.3.2 Catalytic performance of discrete NHCs (TPT and
I'Bu). To further confirm the crucial role of the 3c-4e bond in
promoting the self-coupling reaction, our calculations were
extended to the cases where discrete NHCs (TPT and I'Bu), in
the absence of acetate or DBU, were applied as catalysts. The
calculated relative free energies and optimized geometries of
the critical structures are summarized in Table 1 and Fig. S2 in
the ESL.f Compared with the energy of TS1g, and TS1 in Fig. 1
and with the energy of TS1pgy in Fig. 2, it can be clearly seen

\ =~
‘\ > 0 /
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% Ee\ 5244 H
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Fig. 2 Calculated free energy profile with schematic structures for the first nucleophilic attack catalyzed by [EMIM]CI/DBU. Bond distances are

given in A.
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I-2-d

(-0.103)

(-0.044)

TS1

Fig. 3 The molecular orbitals and M-CBOs (in brackets) of TS1pgy, TS1 and IM2 in comparison with F~---H*---

bonding species.

that the transition states are significantly destabilized in the
absence of 3c-4e bonds. Moreover, the rate-determining
barriers calculated for the discrete NHCs-catalyzed systems
are as high as 40.7 and 55.0 kcal mol ™", respectively, which is
again consistent with experimental observations that no
product was obtained when TPT or I'Bu were mixed with
a stoichiometric amount of HMF.

3.3.3 Catalytic performance of thiazolium ILs. Interest-
ingly, experiments show that thiazolium IL carrying an electron-
donating group on the ring, 3-benzyl-5-(2-acetoxyethyl)-4-
methylthiazolium chloride (**°[TM]CI), was highly superior to
3-methyl-5-methoxycarbonyl-4-methylthiazolium iodine (*{TM]I)
bearing the electron-withdrawing group. To explore the substit-
uent effects, in the following, we discuss the self-coupling
mechanism for thiazolium ILs in combination with the addi-
tive Et;N, and the results are collected in Fig. 4. Since the intrinsic
mechanism is very similar to that shown in Fig. 1, we only present
the first nucleophilic attack and last rate-determining step in

Table 1 Relative free energies of the critical structures when discrete
NHCs (TPT and I'Bu) were applied as catalysts

IM1g TS1g M2, IM5, TS4g IM6y
R = TPT 0.0 23.9 19.9 37.1 40.7 71
R =I'Bu 0.0 29.4 23.0 47.3 55.0 71

This journal is © The Royal Society of Chemistry 2019
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O H
@-9--

(-0.051)
IM2

F~, a well-recognized 3c-4e

Fig. 4. Both NHC II and NHC III shown in Fig. 4 are generated by
the proton transfer from ““°[TM]Cl and “TTM]I to Et;N. The
energy barrier of the first nucleophilic attack is 9.3 kcal mol " for
the NHC II-catalyzed system, while the calculated energy barrier
is 11.0 keal mol ™" for the NHC IlI-catalyzed system. More obvi-
ously, the rate-determining free energy barrier of the former is
4.2 kecal mol™" lower than that found in the latter, which is in
agreement with the experimental report.

The lower energy required for the NHC II-catalyzed system
can be understood by examining the key structural details
involved. As depicted in Fig. 5, the nucleophilicity of NHC I and
NHC III are measured by ESP and Hirshfeld charge, which are
usually used to predict the order of reactivity.*® The negative
electrostatic potential region is identified as a favorable site for
a nucleophilic attack. The ESP results show that the global
minima on the surfaces of NHC II and NHC III are —49.9 and
—43.6 keal mol ™, respectively. On the other hand, the divalent
carbon (0) of the latter has a larger Hirshfeld charge value than
that of the former. Both of these results indicate that the
nucleophilicity of NHC II is stronger than of NHC III. In addi-
tion, the presence of a more pronounced 3c-4e bonding struc-
ture in TS1a (see Fig. S3 in the ESIT) can also be responsible for
the lower energy barrier. For the last rate-determining step,
TS4a is lower than TS4b because the basicity of NHC I is weaker
than that of NHC III. To confirm this point, we can compare the

RSC Adv., 2019, 9, 10825-10831 | 10829
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Fig. 4 Calculated free energy profiles with schematic structures for the first nucleophilic attack and last rate-determining step catalyzed by
ACOITMICI/EtsN (black line) and A“[TMII/EtsN (red line). The symbol of inequality sign denotes the pathway for the conversion from IM2a (IM2b) to

IM5a (IM5b) has been omitted. Bond distances are given in A.
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Fig.5 ESP on the van der Waals surface of NHC Il and NHC Il. Surface local minima and maxima of ESP are represented as red and blue spheres,
respectively. Only the global minima are labeled. The values in parentheses are calculated Hirshfeld charges.

acidity of their conjugate acids. The barriers for the deproto-
nation of *“°[TM]CI and *[TM]I are 13.5 and 15.0 kcal mol *,
respectively, suggesting that the former is more acidic, and in
turn, its conjugate base (NHC II) is less basic. Taken together,
these results show that NHC II is not only a strong nucleophile
but also a good leaving group.

10830 | RSC Adv., 2019, 9, 10825-10831

4. Conclusions

In summary, molecular insights into the self-coupling of HMF
catalyzed by ILs were proposed with the aid of DFT calculations.
After establishing the active NHC via proton transfer, the reac-
tion undergoes four elementary steps, namely, the initial

This journal is © The Royal Society of Chemistry 2019
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nucleophilic attack, the deprotonation, the second nucleophilic
attack accompanied by proton migration and finally, the
dissociation of NHC. Computational results confirm that the
last step is the rate-determining step. Analysis of molecular
orbital and M-CBO demonstrate that the effectiveness of the
acetate-based IL [EMIM]OAc and the thiazolium IL *“°[TM]Cl/
Et;N are attributed to the formation of proton-shared 3c-4e
bonds between HMF and HOAc or [Et;NH]'". This is a reason
for the remarkable stability of the zwitterionic tetrahedral
intermediate. In addition, substituent effects were also taken
into account to explain the experimental results and further
confirmed that the nucleophilicity and basicity of NHCs are
critical factors for the self-coupling reaction. The present
theoretical results have not only rationalized the experimental
findings well but also provide in-depth insight into the catalysis
of ILs, which will be enlighten about the rational design of
catalysts used in biomass conversion chemistry.
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