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Abstract

The kinetics and the mechanism of Dowex 50WX8 catalyzed conversion of D-fructose to 5, 5′-[oxybis(methylene)]bis[2-
furaldehyde] via the intermediate 5-hydroxymethylfurfural was studied in DMSO. The first order rate constants for two 
step process was determined at 383 and 393 K by monitoring the concentrations of 5-hydroxymethylfurfural and 5, 
5′-[oxybis(methylene)]bis[2-furaldehyde]. The activation energies for D-fructose to 5-hydroxymethylfurfural conver-
sion and dimerization to 5, 5′-[oxybis(methylene)]bis[2-furaldehyde] were determined as 48.2 and 24.5 kJ mol−1. A 
detailed mechanism with four acid catalyzed dehydration steps is proposed for the one-pot conversion of D-fructose to 
5, 5′-[oxybis(methylene)]bis[2-furaldehyde] based on 1H NMR studies in DMSO-d6 at 393 K.

Keywords D-Fructose · 5, 5′-[oxybis(methylene)]bis[2-furaldehyde] · 5-Hydroxymethylfurfural · Dowex 50WX8 · Solid-
acid catalyst

1 Introduction

The evolving interest in the use of renewable resources 
based feedstocks for the polymer and chemical industry 
has promoted the studies on a diversity of plant based 
compounds such as vegetable oil triglycerides [1], suc-
cinic acid [2], lactic acid [3, 4], 1,3-propanediol [5, 6], lev-
ulinic acid [7–9], 5-hydroxymethylfurfural (HMF) [10–12], 
2,5-furandicarboxylic acid or its derivatives [13, 14], and 
vanillin [15, 16]. The furan derivatives furfural (FF) and HMF 
form an important sub-group in these renewable feed-
stocks as most of the abundant C5 and C6 monosaccha-
rides can be dehydrated to these furans using inexpensive 
acid catalysts at moderate temperatures. Furfural is one of 
the earliest used renewable resource based feedstock in 
the polymer industry and Durite Plastics Inc. started the 
manufacture of phenol–furfural resins and plastic materi-
als in the 1930′s [17]. This may be due to the relatively easy 

preparation of furfural from hemicellulose rich biomass 
involving a mineral acid catalyzed aqueous phase process 
and distillation [18] as well as the hydrolytic stability of 
furfural. On the contrary, the production of the related C6 
furan compound 5-hydroxymethylfurfural is much more 
challenging due to further transformations via a rehydra-
tion reaction giving levulinic acid and formic acid as well 
as polymerizations to humins [19].

Even though there are a number of challenges in prepa-
ration, isolation and storage of 5-hydroxymethylfurfural, 
this bifunctional furan has received significant interest as 
its derivatives such as oxidation products 2,5-furandicar-
boxaldehyde and 2,5-furandicarboxylic acid (FDCA) are 
attractive monomers for the synthesis of next generation 
renewable polymers [10, 20–25]. The dicarboxylic acid 
derivative FDCA is probably the most widely studied com-
pound in the series. This symmetrical building block has 
been listed in a 2004 US Department of Energy National 
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Renewable Energy Laboratory (NREL) report as one of the 
twelve key chemicals that can be subsequently converted 
to a variety of high-value bio-based chemicals and poly-
meric materials [26].

Since there are certain challenges in preparation and 
isolation of HMF, we have recently studied the possibil-
ity of in situ preparation of the more stable HMF dimer, 
avoiding the isolation of the unstable HMF as a way of 
producing an alternative symmetrical feedstock for poly-
mer industry [27]. In our previous studies we have found 
that HMF dimer dialdehyde 5, 5′-[oxybis(methylene)]
bis[2-furaldehyde] (OBFC, 1) shown in Fig. 1 can be pro-
duced in good yields by heating a concentrated solution 
of D-fructose at 383 K in DMSO with Dowex 50WX8 solid 
acid catalyst, without isolation of the intermediate HMF 
[27]. Furthermore, this dialdehyde was then converted to 
the dicarboxylic acid monomer, 5,5′-[oxybis(methylene)]
bis[2-furancarboxylic acid] (2) using oxygen (1 atm.) and 
5% Pt/C catalyst in 1.5 M aqueous NaOH at room tem-
perature in 98% yield [27] as shown in Fig. 1. The new 
dicarboxylic acid monomer can be considered as a renew-
able resources based alternative to terephthalic acid as 
demonstrated by the preparation of the polyesters with 
1,2-ethanediol and 1,4-butanediol in 87–92% yield (Fig. 1). 
As a continuation of this research effort we have studied 
the kinetics and reaction mechanism of Dowex 50WX8 
solid acid catalyzed one-pot conversion of D-fructose to 
5, 5′-[oxybis(methylene)]bis[2-furaldehyde] (OBFC, 1) in 
dimethyl sulfoxide. The understanding of the mechanism 
and kinetics data of the reaction are required in deciding 
optimum reaction conditions and this is especially impor-
tant in the industrial scale production of OBFC. The kinetic 
data obtained in this study, rate constants and activation 
energies of reaction steps are useful to achieve the maxi-
mum D-fructose conversion, product yield, optimum reac-
tion time and also to maintain the most desirable reaction 
temperature. In this publication we present the kinetics of 
this industrially useful OBFC preparation process as well 

as a reaction mechanism proposed on the basis of NMR 
studies carried out in deuterated DMSO medium.

2  Experimental

2.1  Materials and instrumentation

D-fructose (> 99%), Dowex 50WX8 (hydrogen form, 
1.7 meq/mL, 50–100 mesh), biphenyl (> 99%) and dime-
thyl sulfoxide were purchased from Aldrich Chemical Co. 
The D-fructose samples were heated in a thermostated oil 
bath using a Cole-Parmer ML-04801-68 hot plate and plug-
in ML-04801-80 digital temperature controller with ± 0.1 K 
accuracy. 1H NMR spectra were recorded in DMSO-d6 on a 
Varian Mercury plus spectrometer operating at 400 MHz 
and chemical shifts are given in ppm downfield from TMS 
(δ = 0.00). 13C NMR spectra in DMSO-d6 were recorded on 
the same spectrometer operating at 100 MHz; chemical 
shifts were measured relative to DMSO-d6 and converted 
to δ(TMS) using δ(DMSO) = 39.51 ppm. The products were 
identified using Varian Saturn 2100T GC–MS and con-
firmed by co-injection of authentic samples. The quanti-
tative analysis was carried out on a Varian 3900 GC, with 
a WCOT fused silica capillary column (15 m × 0.25 mm), 
VF-1 ms stationary phase and FID detector, injector 250 °C, 
detector 300 °C. The oven temperature was set at 200 °C 
with a flow rate 2.0 mL/min. In the quantitative analysis, a 
standard curve was generated for each compound using 
Varian Star 6.2 Chromatographic Workstation software 
with the total ion current (TIC) peak area being correlated 
to the concentration of the compound in solution. The 
rate constants of the reactions were derived by fitting the 
HMF concentration changes along the reaction time with 
the aid of the toolbox cftool available in MATLAB. During 
the curve fittings, the nonlinear least squares method 
was used with the trust region algorithm, and the fitting 
robustness was improved by least absolute deviations.

Fig. 1  The oxidation of 
5, 5′-[oxybis(methylene)]
bis[2-furaldehyde] (OBFC, 1) 
to 5,5′-[oxybis(methylene)]
bis[2-furancarboxylic acid] (2) 
and synthesis of polyesters (3) 
by condensation with diols 
[27]. a = 5% Pt/C,  O2, 1 atm., 
1.5 M aqueous NaOH, 23 °C, 
48 h.; b = SOCl2, DMF, 80 °C, 4 h; 
c = 1,2-ethanediol or 1,4-butan-
ediol, pyridine, 1,1,2,2-tetra-
chloroethane, 0–23 °C, 12 h
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2.2  Kinetics study of the solid‑acid catalyzed 
one‑pot conversion of D‑fructose to 5, 
5′‑[oxybis(methylene)]bis[2‑furaldehyde] 
(OBFC, 1) in dimethyl sulfoxide

A mixture of D-fructose (5.00  g, 27.8  mmol), Dowex 
50WX8 (0.50 g) and internal standard biphenyl (0.50 g) 
in 10 mL of dimethyl sulfoxide was heated in an open 
boiling tube using an oil bath at 383.0 ± 0.1 K for 15 h 
with magnetic stirring. The 0.10 mL test samples were 
withdrawn from the reaction mixture in 30 min intervals 
in the first 2 h and then at every hour afterwards. These 
0.10 mL test samples were diluted with 1.00 mL of meth-
anol before gas chromatography analysis. A standard 
series prepared by mixing known amounts of authentic 
HMF, OBFC and internal standard biphenyl was used in 
the preparation of the calibration plot. All the kinetic 
analysis was carried out in duplicate and the experiment 
was repeated at 393.0 ± 0.1 K. The conversion of D-fruc-
tose to OBFC (1) through HMF (4) is shown in Fig. 2 and 
the average variations of molar concentrations of HMF, 
OBFC with time for experiments carried out at 383.0 ± 0.1 
and 393.0 ± 0.1 K are shown in the plot in Fig. 3.

2.3  Mechanistic study of the solid‑acid 
catalyzed conversion of D‑fructose to 5, 
5′‑[oxybis(methylene)]bis[2‑furaldehyde] 
(OBFC, 1) in dimethyl sulfoxide ‑d6

A mixture of D-fructose (250  mg, 1.39  mmol), Dowex 
50WX8 (25 mg) and biphenyl (25 mg) in 0.5 mL of dime-
thyl sulfoxide-d6 was prepared in an NMR tube. The 
compounds in NMR tube was thoroughly mixed using a 
vibrating mixture for 1.0 min and 1H NMR (rd = 2 s, NS = 8) 
was recorded as baseline data (t = 0). Then the sample 
was heated in the thermostated oil bath at 393.0 ± 0.1 K 
for 30  min. After the heating period the reaction was 
quenched by immersing the NMR tube in ice-cold water 
for 3 min and then immediately transferred to the NMR 
spectrometer and 1H NMR was recorded under condi-
tions identical to the t = 0 spectrum. Further spectra were 
recorded after heating for increasing time periods as 
described in the kinetics study procedure. The HMF inter-
mediate and final product OBFC were identified by com-
parison with the reported spectra of these compounds 
recorded in the same solvent (DMSO-d6) [27, 28]. A stack 
plot of a series of selected 1H NMR spectra showing the 
formation of HMF intermediate first and then transfor-
mation to the final product OBFC is shown in Fig. 4. The 
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Fig. 2  The solid acid Dowex 50WX8 catalyzed transformations of α/β D-fructose to 5-hydroxymethylfurfural (HMF, 4) and then HMF to 5, 
5′-[oxybis(methylene)]bis[2-furaldehyde] (OBFC, 1) in DMSO

Fig. 3  The changes in 
5-hydroxymethylfurfural (HMF, 
4) and oxybis(methylene)]
bis[2-furaldehyde] (OBFC, 
1) concentrations with time 
during the Dowex 50WX8 cata-
lyzed transformation of α/β 
D-fructose to OBFC in DMSO. 
Experimental data from two 
experiments conducted at 383 
and 393 K are shown
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mechanism proposed on the basis of this study is shown 
in Fig. 5.

3  Results and discussion

3.1  Kinetics study of the solid‑acid catalyzed 
one‑pot conversion of D‑fructose to 5, 
5′‑[oxybis(methylene)]bis[2‑furaldehyde] 
(OBFC, 1) in dimethyl sulfoxide

In this work we have studied the kinetics of the solid-acid 
catalyzed one-pot two step conversion of D-fructose to 5, 
5′-[oxybis(methylene)]bis[2-furaldehyde] (OBFC, 1) via inter-
mediate formation of HMF (4) as shown in Fig. 2. The changes 
in molar concentrations of HMF and OBFC with time for the 
two reactions carried out at 383 and 393 K are shown in 
Fig. 3. These plots suggests that the two step process follows 
a consecutive, first order reaction kinetics [29]. In addition, 

first order reaction kinetics have been reported in analysis 
of similar acid catalyzed dehydrations [30, 31]. Therefore, the 
following kinetic Eqs. (1–7) can be derived for the acid cata-
lyzed conversion of D-fructose to 5, 5′-[oxybis(methylene)]
bis[2-furaldehyde] in dimethyl sulfoxide [29].

A = D-fructose, B = HMF and C = OBFC

(1)A
k1

→ B
k2

→
1

2
C

(2)
d[A]

dt
= −k

1
[A]

(3)
d[B]

dt
= k1[A] − k2[B]

(4)
d[C]

dt
= −k2[B]

Fig. 4  1H NMR spectra of α/β 
D-fructose, Dowex mixture in 
DMOS-d6 before heating (t = 0) 
and after 0.5, 1, 3, 6 and 15 h 
heating at 393 K. The t = 1, 3, 
6 and 15 h spectra are shown 
with increasing 0.2 ppm shift 
to the left for clarity

Fig. 5  The proposed 
mechanism for Dowex 
50WX8 catalyzed conver-
sion of α/β D-fructose to 5, 
5′-[oxybis(methylene)]bis[2-
furaldehyde] (OBFC, 1) via the 
HMF (4) intermediate in DMSO
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at t = 0 [A] = [A]0 and [B] = [C] = 0.
at all times [A] + [B] + 2[C] = [A]0.

Integration of the three differential equations gives 
solutions:

The MATLAB curve fittings for the experimentally deter-

mined HMF concentration changes in the two reactions 
carried out at 383 and 393 K are shown in Fig. 3. These 
curve fittings gave reasonable goodness of fit  R2 values 
0.9748 and 0.9811 for experimental data sets at 383 and 
393 K respectively. The first order rate constants k1 and k2 
at the two temperatures were calculated using MATLAB 
simulation and these values are shown in Table 1. The acti-
vation energies (Ea) and pre-exponential factor (A) values 
for the two reaction steps: solid acid catalyzed conversion 
of D-fructose to 5-hydroxymethylfurfural (HMF) and then 
HMF to 5, 5′-[oxybis(methylene)]bis[2-furaldehyde] were 
calculated by applying the rate constants in Arrhenius 
equation and these values are shown in Table 2.

A few research groups have studied the dehydra-
tion of D-fructose or D-glucose to HMF with and with-
out added catalysts [30, 32]. For instance Qu et al. has 
reported an activation energy of 55.77 kJ mol−1 and the 
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pre-exponential factor as 1.6 × 104 min−1 for the 1-hydrox-
yethyl-3-methylimidazolium tetrafluoroborate ionic liq-
uid catalyzed dehydration of D-glucose in DMSO [32]. In 
another example Lee and co-workers have reported Ea val-
ues 67.50 and 80.05 kJ mol−1 for catalyzed and uncatalyzed 
reactions; where D-fructose was dehydrated to HMF in an 
ionic liquid—CrCl2 system, with and without a bi-func-
tional mesoporous silica nanoparticle (MNS) catalyst [30]. 
In comparison the presented Dowex 50WX8 catalyzed pro-
cess showed an activation energy of 48.2 kJ mol−1; which 
is lower than bi-functional mesoporous silica nanoparticle 
(MNS) catalyzed process, indicating the effectiveness of 
strong Brønsted acidity of Dowex 50WX8 in DMSO. As far 
as we are aware there are no reports on activation energy 
determinations for the HMF to OBFC conversion. Therefore, 
our Ea determination of 24.5 kJ mol−1 is the first reported 
value for this acid catalyzed dehydrative ether formation. 
It is interesting to note that Casas et al. has reported an Ea 
value of 110 kJ mol−1 for the liquid phase dehydration of 
1-octanol to di-n−octyl ether over Amberlyst 70 catalyst in 
1,4-dioxane [31]. This significant difference may be due to 
facile dehydrative ether formation from HMF due to ben-
zylic like -CH2OH group in HMF, in contrast to aliphatic, 
primary -OH in 1-octanol, as well as the favorable stabiliza-
tion of carbonium ions and protonated intermediates in 
DMSO medium.

3.2  1H NMR mechanistic study of the solid‑acid 
catalyzed conversion of D‑fructose to 5, 
5′‑[oxybis(methylene)]bis[2‑furaldehyde] 
(OBFC, 1) in dimethyl sulfoxide‑d6

The mechanistic study using NMR spectroscopy was car-
ried out in conditions similar to the kinetic study, using 
DMSO-d6 as the solvent. The experiment was carried out 
at 393 K as reaction is faster and gave a higher yield at this 
temperature and a representative set of 1H NMR spectra 
from this experiment are shown in Fig. 4. The baseline 
spectrum (t = 0) was recorded in the D-fructose Dowex 
50WX8 catalyst mixture in DMSO-d6 before heating. This 
spectrum shows the hydroxyl groups of D-fructose as a 
broad peak around 5.0-5.3 ppm due to fast exchange of 
hydroxyl protons with –SO3H acidic H’s in Dowex 50WX8. 
This type of carbohydrate –OH peak broadening in DMSO 
is well known where strong interactions are possible with 
Brønsted acids with multiple acidic sites [33]. The spec-
trum recorded after heating 30 min at 393 K showed four 
small peaks at 4.47 (s), 6.54 (d, J = 3.6 Hz), 7.41(d, J = 3.6 Hz) 
and 9.46 (s) ppm due to the formation of HMF [28]. The 
t = 1 h spectrum showed growth in these peaks, indicat-
ing further increase in concentration of HMF. However, 
in contrary to our earlier mechanistic study on dehydra-
tion of D-fructose in DMSO without an added acid catalyst 

Table 1  The first order rate constants k1, k2 for solid-acid catalyzed 
one-pot conversion of α/β D-fructose to 5, 5′-[oxybis(methylene)]
bis[2-furaldehyde] (OBFC, 1) via HMF (4) in dimethyl sulfoxide at 
383 and 393 K

Temperature (K) k1  (h−1) k2  (h−1)

383 0.229 1.416

393 0.338 1.722

Table 2  The activation energies (Ea) and pre-exponential factors 
(A) for the two reaction steps: solid acid catalyzed conversion of 
α/β D-fructose to 5-hydroxymethylfurfural (HMF) and then HMF to 
5, 5′-[oxybis(methylene)]bis[2-furaldehyde] (OBFC) in dimethyl sul-
foxide

Reaction step Ea (kJ mol−1) Pre-expo-
nential 
factor (A)

D-Fructose to HMF 48.2 8.7 × 105

HMF to OBFC 24.5 3.1 × 103
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[28] no peaks were observed due to the formation of 
other intermediates. In an earlier study we have identi-
fied (4R,5R)-4-hydroxy-5-hydroxymethyl-4,5-dihydro-
furan-2-carbaldehyde (9 in Fig. 5) as a key intermediate in 
the dehydration of D-fructose to HMF without an added 
acid catalyst [28]. Even though this intermediate is not 
observed in the present case, we believe that this interme-
diate (9) is formed, and then undergoes a fast dehydration 
under the strongly acidic conditions present in this reac-
tion as shown in Fig. 5. Further heating of the sample for a 
total time of 3 h showed the dehydrative ether formation 
of HMF as indicated by a new set of small peaks at 4.59 (s), 
6.73 (d, J = 3.6 Hz), 7.44 (d, J = 3.6 Hz) and 9.55 (s) ppm cor-
responds to OBFC (Fig. 4). In prolonged heating, the peaks 
due to OBFC showed continuous growth at the expense 
of HMF peaks as shown in the t = 6 h spectrum. The HMF 
peaks finally disappeared after 15 h showing the complete 
conversion of HMF to OBFC. A detailed mechanism is pro-
posed where sulfonic acid groups of Dowex 50WX8 act as 
the catalyst in dehydrations as shown in Fig. 5. First the 
protonation of C2 hydroxyl group of D-fructose gives the 
intermediate 5, leading to the enol 6 after a water elimi-
nation. Secondly, the C3 hydroxyl group protonation of 6 
gives 7; the dehydration of this intermediate results the 
carbonium ion 8 and this E1 type elimination can lead to 
the possible intermediate 9. Next the elimination of a third 
water molecule via intermediates 10 and 11 will give the 
stable 5-hydroxymethylfurfural (4). In the last step, the 
protonated HMF (12) may react with a second molecule of 
HMF in a nucleophilic substitution reaction furnishing the 
final product 5, 5′-[oxybis(methylene)]bis[2-furaldehyde] 
(1) as shown in Fig. 5.

4  Conclusion

In conclusion, we have determined the activation ener-
gies for the two steps in consecutive reaction process in 
the Dowex 50WX8 catalyzed conversion of D-fructose to 
5, 5′-[oxybis(methylene)]bis[2-furaldehyde] via the inter-
mediate product 5-hydroxymethylfurfural. The activation 
energies for D-fructose to 5-hydroxymethylfurfural con-
version and dimerization of 5-hydroxymethylfurfural to 
5, 5′-[oxybis(methylene)]bis[2-furaldehyde] were deter-
mined as 48.2 and 24.5 kJ mol−1 respectively. A detailed 
mechanism with four acid catalyzed dehydration steps is 
proposed for the one-pot conversion of D-fructose to 5, 
5′-[oxybis(methylene)]bis[2-furaldehyde] by 1H NMR stud-
ies in DMSO-d6 at 393 K. Interestingly, the intermediate 
(4R,5R)-4-hydroxy-5-hydroxymethyl-4,5-dihydrofuran-
2-carbaldehyde identified in an earlier uncatalyzed reac-
tion was not observed in the Dowex 50WX8 catalyzed 

dehydration of D-fructose to HMF, probably due to a fast 
dehydration of this intermediate under strongly acidic 
catalytic conditions in this reaction.
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