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1. Introduction
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Abstract

Nowadays, due to the fact that the term ‘sustainable development’ has caught everyone’s attention, chemists
have been researching substances which obtainable via synthesizing biocompounds. Recently, scientists
found out that 5-hydroxylmethylfurfural (HMF), which can be synthesized via dehydration reaction of common
biocompounds like polysaccharides, has a great potential of forming novel derivatives to utilize in the
biopolymer manufacturing field. HMF oxidative esterification is one of the notable reactions of which the
outcome seems promising and applicable. In this research, the esterification of HMF and hexane-1,6-diol took
place directly in DMSO or TEA solvent using Ru/C, Co30+-N@C as catalysts, base KsPOa4; with oxygen 1 bar
as an oxidant. LC-MS/MS analysis was used to detect the presence of the ester products; however, due to
the low conversion and selectivity, the content of desired product is not enough to isolate and confirm its
structure.
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Tém tat

Trong xu huéng phéat trién kinh té va khoa hoc céng nghé bén vitng, céc nha héa hoc nghién ctru cac chét
duwoc téng hop ttr céc hop chét sinh hoc. Ngay nay, 5-hydroxylmethylfurfural (HMF) thu duwoc tir phén tng
tach nuéc clia mot sé polisaccarit quen thudc, thu hit duoc sw quan tdm dic biét do tiém ndng tng dung tr
céc dan xuét cta phan tir ndy. Phan (ng este oxi héa HMF la mét trong nhitng chuyén héa tiéu biéu ma san
phém thu duoc cé y nghia quan trong trong linh vire biopolymer. Trong nghién ctru ndy, monoeste gitka HMF
va hexane-1,6-diol duoc tao thanh tir phdn tng truc tiép clia 2 chét nay véi tac nhén oxi héa la oxi (1 bar ) khi
Str dung hé xuc tac Ru/C va Co304+-N@C trong dung méi DMSO hodc TEA, bazo vé co KsPO4. Phén tich LC-
MS/MS phét hién sw c6 mét cla este san phdm. Tuy nhién, hiéu suét va dé chon loc cta phan (ing thap, ham
lurong sén phédm mong mudn chwa di I6n dé phén lap va xac nhén céu tric.

T khoéa: HMF, oxidative esterification, biopolymer.

research works have focused on several key aspects:
(1) biological properties, such as the metabolism of

The interest in polymers synthesized from
renewable resources has been rising due to issues
related to the environment, as well as for the thermal
and energy transportation, is still based on the fossil-
fuel reservoir [1,2]. Consequently, a variety of natural
macromolecules and renewable monomers, such as
polysaccharides, lignin, succinic acid, vegetable oils,
terpenes, and furan-based derivatives, have emerged in
the preparation of wvarious polymers [3,4]. One
promising biomass-derived platform chemical is
5-hydroxymethylfurfural (HMF), which is suitable for
alternative polymers. The ability to synthesize HMF
directly from raw natural cellulose would remove a
major barrier to the development of sustainable HMF
platform [5,6]. Due to the importance of HMF,
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HMF and toxicological effects; (2) synthesis of HMF
including the catalysts used, the feedstocks used, and
the solvent systems, (3) derivatives of HMF as biofuels
precursors, fine chemicals, monomers for polymers;
and (4) industrial production of HMF and its
derivatives.

One of the most important applications of HMF
is to synthesize monomers for polymers, such as
2,5-furandicarboxylic acid (FDCA) and
2,5-bis(hydroxymethyl) furan (BHF). In addition to
the synthesis of FDCA-based polyesters, their physical
properties (i.e., crystallinity, thermal and mechanical
properties, thermal degradation, structural properties
and permeability) have been investigated as well. The
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thermal and barrier properties of polyethylene
2,5-furandicarboxylate (PEF) were highly comparable
to their analogue polyethylene terephthalate (PET)
[7-11].

The direct conversion of alkanediol an alcohol
and HMF into their mono- and diesters has strong
implications in polymerization reactions since the
resulting products can be employed as monomer units
for the polycondensation crosslinking. Industrially, the
esterification of diols with fatty acids to their mono-
and diesters involves the presence of alkaline catalysts
at high temperatures (170 - 210 °C). On the other work,
the selective oxidation of alcohols to esters using
heterogeneous Co0304-N@C catalysts under mild
conditions had been investigated for benzylic,
heterocyclic, aliphatic alcohols. The application of
C0304-N@C catalysts in the presence of oxygen, the
cross and self-esterification of alcohols to esters
proceeds in good to excellent yields [12,13].

The catalytic activity of Co3;04-N@C catalysis
for HMF oxidative esterification was also studied and
showed positive results [14,15]. The nearest trials of
HMF were limited to the coupling reaction with
methanol. Along with methyl ester, alkanediol and
HMF-derived diesters are potential alternatives to
FDCA in the conventional FDCA-based polymers
manufacturing  [16,17]. In  addition, single
esterification products can be used as novel diol
monomers for the crosslinking reaction. Whenever an
alkanediol takes part in an esterification reaction, the
presence of second hydroxyl group in the reactant can
reduce the esterification capability of the first hydroxyl
group. This effect depends on the length of the alkyl
chain between the two hydroxyl groups. Besides, the
spatial effect of long chain alcohols also affects the
conversion of esterification.

In our research, the esterification between
5-hydroxymethylfurfural and diols using Ruthenium,
5% on activated carbon powder reduced and Co304-
N@C catalysts under mild conditions has been
investigated.

2. Experiment
2.1. Chemicals

The Ruthenium, 5% on activated carbon powder
reduced 11748 LOT: U06AO011, CAS: 7440-18-8 was
purchased from Alfa Aesar. Co304-N@C catalyst was
supported by Leibniz-Institute for Catalysis [12,13].
5-Hydroxymethylfurfural (95%) was purchased from
Fluorochem Ltd and stored under refrigeration.
Hexane-1,6-diol was purchased from Fischer
Scientific. Molecular sieves were activated before
using. They were added to a dry flask and heat to
120 °C with an oil bath under high vacuum overnight
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using a flow control adapter (t-joint). Refill with argon
and use as needed. Butan-1,4-diol was purchased from
Sigma - Aldrich. K3PO4, K,COs;, TEA, DMSO,
n-heptan were purchased from Merck.

2.2. Esterification of HMF and Diols

The 50 milligrams of Ru@C catalyst (5.0 mol%)
and K>CO; (0.1 mmol) were added to an oven-dried
Schlenk tube. Then, Dimethyl sulfoxide (4 mL) and
HMF (0.5 mmol) were added sequentially. The
Schlenk tube was evacuated, refilled with 1 bar O,, and
closed with septum. The reaction was stirred at 12 °C
(refluxed condenser was fixed) for 24 h. After that,
3 mmol of hexane-1,6-diol and 25 milligrams of
C0304-N@C (Co-L1/C) catalyst (2.5 mol % Co) were
added sequentially. The reaction was stirred at 120 °C
for another 24 h by passing 1 bar O,. After cooling the
reaction mixture to room temperature, the catalyst was
filtered off, and the sample of the mixture was directly
subjected to LC-MS/MS (ESI) analysis.

Characterization of the final product was carried
out using an Agilent 6210 Time-of-Flight LC/MS
instrument. For mass spectroscopy using ESI
ionization source, positive ion mode, and the spray
voltage was settled up at 4000 V.

3. Results and Discussion
3.1. Solvent Screening

Table 1 showed the effect of different solvents to
the reaction between HMF and hexane-1,6-diol. Fig. 1
shows possible pathways and products for the
oxidative esterification of HMF with hexane-1,6-diol.

The ESI-TOF mass spectrum of the product
obtained using K3PO,s base and DMSO solvent at
120 °C for 48h (Entry 1). Fig. 2 clearly shows that one
of the products of the reactions has formula Ci2H;3Os,
which represents for the compound 6-hydroxyhexyl
5-(hydroxymethyl)furan-2-carboxylate (I). There was
a very slightly difference between the calculated mass
(265.10464) and the measured mass (265.10462). As
can be seen in Table 1, four different solvents, those
were n-heptane, TEA, DMSO, hexane-1,6-diol, were
used as the reaction environment for promoting the
oxidation of HMF. The results showed that monoester
products had been formed when the reactions were
carried out in DMSO and TEA solvents (entry 1
and 6).

ESI-MS analysis was not allowed to detect 6-
hydroxyhexyl 5-(hydroxymethyl)furan-2-carboxylate
(I) quantitatively (only qualitatively). It was not
possible to calculate product yield. ESI-MS spectrum
in the case of entry 1 and 6 showed that HMF was
almost converted completely, while in the other cases
(entry 2-5), HMF was almost not converted.
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Table 1. Condition survey for HMF conversion to ester with diol

Entry = Diol Catalyst Base Solvent Temp Time | Product
(°C)

1 hexane-1,6-diol = Ru/C-Co3;04@N/C K3PO4 DMSO 120  48h I

2 hexane-1,6-diol = Ru/C-Co3;04@N/C K,CO;  DMSO 120  48h None
3 hexane-1,6-diol = Ru/C-Co3;04@N/C KsPOs  n-heptane 120 | 48h None
4 hexane-1,6-diol = Ru/C-Co3;04@N/C TEA TEA 80 48h None
5 hexane-1,6-diol = Ru/C-Co3;04@N/C K,CO;  TEA 80 48h None
6 hexane-1,6-diol = Ru/C-Co3;04@N/C K3PO4 TEA 80 48h I

7 hexane-1,6-diol = Ru/C-Co3;04@N/C K3PO4 Hexane-1,6-diol 120 | 48h None
8 butane-1,4-diol = Ru/C-Co3;04@N/C K3PO4 DMSO 120  48h None

*All of these reactions included 2 steps as described in the experimental section, and oxygen 1 bar was used as an

oxidant
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Fig. 1. Possible pathways and products for the oxidative esterification of HMF with hexane-1,6-diol
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Fig. 2. ESI-TOF mass spectrum of the crude product obtained from a reaction between HMF and hexane-1,6-diol
(a) Full spectrum (b) Zoomed spectrum of the possible desired product (Entry 1).
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Dimethyl sulfoxide (DMSO) is an important
polar aprotic solvent that dissolves both polar and
nonpolar compounds and is miscible in a wide range
of organic solvents as well as water. The conversion of
aldehydes to esters proceeds best if the reaction is
performed in the alcoholic organic solvent in order to
circumvent the formation of carboxylic acids. In
addition, due to the poor mobility caused by
intermolecular hydrogen bonds, as well as the long
carbon chain in diol molecules that the use of alcohol
as a reaction solvent was unfavorable for the
transformation of HMF (entry 7). The studies are
underway with mixed solvents and show promising
indications that the oxidation to carboxylic acids could
be retarded in favor of esterification. Thus, it could be
possible to lessen the amounts of alcohol used in the
oxidation [27].

Similar to the oxidation of aldehyde to acid in
water in the present of heterogeneous catalysis, which
forms an intermediate gem diol, a hemiacetal is formed
in the oxidation reaction to the ester [15,18,19]. The
formation of hemiacetal is a nucleophilic reaction, in
which the formation of intermediate anions occurs in
the presence of bases. Several polarizing solvents such
as TEA and DMSO, especially the high anion-
solvation ability of DMSO play an important role in
promoting the formation of intermediates and
stabilizing these products.

3.2. Alkanediol Screening

The presence of a second hydroxyl group in
molecules of which negative inductive effect reduces
the role of diol to act as a nucleophile during the
formation of hemiacetal. This effect strongly depends
on alkyl chain length. In particular, this effect will
decrease along with the increase of alkyl chain length.
However, a long carbon-chain reduces the mobility of
alcohol in the reaction solution, while also block the
diffusion of diols into the active sites inside the
catalytic capillary, and thus reduce catalytic activity.

According to the results showed in Table 1, the
deactivation of the diol-second hydroxyl group was the
most decisive factor that determines the conversion of
reactants to ester. Indeed, although butane-1,4-diol and
hexane-1,6-diol were both utilized for esterification
with HMF (in entry 8 and entry 1-7 respectively),
however, ester product only appeared in entry 1 and
entry 6, in which hexane-1,6-diol was used. Even so, a
longer carbon-chain alcohol may require a slightly
higher reaction temperature for an effective
esterification process [13].

3.3. Effect of Base

In this study, three different bases with increasing
basicity are K»COs, TEA and K3PO4 were used in the
esterification of HMF with long-chain alkanediols.
Among these bases, ester products only formed in the
reactions that used K;POu. Thus, the results show that

53

the influence of different basicity is consistent with the
conclusions about the role of the hemiacetal formation
stage, where the base acts as a catalyst for this
nucleophilic stage.

However, the difference in basicity of these bases
is not too much, therefore this influence may not make
a huge different in the esterification of HMF. Due to
the low esterification efficiency, further studies still
need to be done before a conclusion on the influence
of KsPOj4 on product selectivity could be made.

4. Conclusion

By setting up a series of reaction with various
conditions and wusing LC/MS/MS analysis to
investigate the suitable conditions for the oxidative
esterification of HMF with diols, the optimal reaction
conditions were found. The chosen conditions for the
formation of 6-hydroxyhexyl 5-(hydroxymethyl)
furan-2-carboxylate were: Co0304-N/C and Ru/C
catalysts, solvent DMSO or TEA, base K3;POs, and
oxygen | bar as an oxidant.

Although our work did not provide a certain
evidence for the structure of the formed product, it still
indicated the capability to convert HMF to potential
esters using Co304-N/C and Ru/C as a catalyst system.
Besides, isolation of the desired product to confirm its
structure, determining and controlling the efficiency of
the esterification are still remaining problems. These
problems will be kept on researching, as they will
contribute to construct a sustainable science and
technology platform for the future.
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