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ABSTRACT

We report on a combined experimental and theoretical study of the acid catalyzed
dehydration of D-fructose in dimethylsulfoxide (DMSO) using; Amberlyst 70,
PO,>/niobic acid, and sulfuric acid as catalysts. The reaction has been studied and
intermediates characterized using; B¢, 'H, and "0 NMR, and High Resolution
Electrospray lonization Mass Spectrometry (HR ESI-MS). High level G4MP2 theory
calculations are used to understand the thermodynamic landscape for the reaction
mechanism in DMSO. We have experimentally identified two key intermediates in
the dehydration of fructose to form HMF that were also identified, using theory, as
local minima on the potential surface for reaction. A third intermediate, a species
capable of undergoing keto-enol tautomerism, was also experimentally detected.
However, it was not possible to experimentally distinguish between the keto and the
enol forms. These data with different catalysts are consistent with common
intermediates along the reaction pathway from fructose to HMF in DMSO. The role
of oxygen in producing acidic species in reactions carried out in DMSO in presence of

air is also discussed.
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1. INTRODUCTION

Naturally occurring, abundant and accessible carbohydrates are viewed as
promising and underexploited "green" and renewable resources which can be used to
produce chemical feedstocks and liquid transportation fuels.[1] Sugars, including both
D-fructose and glucose, are a class of carbohydrates that can be used to produce
chemical feedstocks.[2, 3] 5-Hydroxymethylfurfural (HMF), has generated
considerable scientific interest as a versatile biomass-derived chemical feedstock from
which compounds can be generated that can then be utilized in a wide variety of
chemical applications.[4-6] Rosatella et al.[4] describe a biorefinery approach that
would decrease dependence on fossil fuels. HMF is discussed as a useful intermediate
in such an approach, as it could be converted into biofuels like dimethylfuran and
chemical feedstocks such as furan dicarboxylic acid, gamma-valerolactone (GVL) and
levulinic acid.[7] GVL could then be converted to methyl-tetrahydrofuran, a diesel
additive, or it could act as a platform for the synthesis of adipic acid. Thus, Nylon
could potentially be produced from chemicals synthesized from biomass. One
convenient pathway to HMF is via the triple dehydration of fructose.[8-10]
Isotope-labeling studies suggest that HMF production via the consecutive loss of three
water molecules takes place preferentially from the cyclic furanose tautomer.[11] It
has been shown that a wide variety of Lewis and Brensted acids catalyze this reaction.
These include mineral acids (HCI1, H,SO4, and H3PO4),[12-14] transition metal
ions,[15-17] H-type zeolites,[18] supported heteropolyacids,[19] strongly acid

cation-exchange resins,[20, 21] and solid metal phosphates.[22-25] This reaction has



been studied in a variety of solvents including water, organic solvents, ionic liquids,
organic/water mixtures, biphasic water/organic systems, and supercritical water.[ 16,
22-24, 26-34] Both the choice of catalyst and solvent can affect yields and the
specificity for HMF formation. Some studies [33] have carried out in DMSO in the
presence of air. However, literature reports [35] indicate that at moderately high
temperatures (~ 80°C) DMSO decomposes into acidic species, including sulfuric acid.
We provide data that indicates that these species can catalyze the reaction in DMSO.
In general, the yields of HMF are lower than desired because the dehydration
reactions that lead to HMF are in competition with undesirable reactions, including
reversion, fragmentation and polymerization.[20] Though there have been studies that
focused on the mechanism of formation of HMF,[34] it is still not clear how the
choice of solvent and catalyst affects the production of HMF in preference to
undesirable products. In addition, questions still remain about the identity of the
intermediates in this process, the effect of solvent on their energies, and thus the
commonality of these intermediates for different catalysts and solvents. As such,
further investigation of these issues is desirable in order to establish a detailed
molecular level mechanism for the reaction of fructose to HMF. Such a determination,
for a number of different catalysts and solvents, has the potential to provide insights
that could lead to the development of new catalysts tailored for improved yields and
selectivity for HMF formation.

Haworth and Jones [36] suggested that the high selectivity of HMF formation

from fructo-furanose is due to the structural similarity of the five-membered ring in



both fructose and HMF; an extension of the observation that the fructofuranose ring
system is more readily converted to 5-hydroxymethylfurfural than the glucopyranose
system.[11] In prior studies, van Dam et al.,[37] Kuster [38] and Antal et al.[39]
proposed mechanisms involving either acyclic or cyclic intermediates. Recently,
based on 'H and >C NMR data, Amarasekara et al.[33] identified a key cyclic
intermediate as
(4R,5R)-4-hydroxy-5-hydroxymethyl-4,5-dihydrofuran-2-carbaldehyde for fructose
dehydration to form HMF in DMSO at 150 OC. A recent report by Kimura et.al[34]
identified the intermediates 3,4-dihydroxy-2-dihydroxymethyl-5-
hydroxymethyltetrahydrofuran and 4-hydroxy-5-hydroxymethyl-4,5-dihydrofuran-
2-carbaldehyde by means of in-situ BC NMR spectroscopy. The latter is the same
intermediate proposed by Amarasekara, while the former was previously unreported.
Horvath et al.[40] proposed reaction pathways for the acid (H,SO4) catalyzed
conversion of fructose to HMF involving the intermediates,
(2R,38S,4S)-2-(hydroxymethyl)-5-(hydroxyl-methylene)tetrahydrofuran-3,4-diol and
(4S,5R)-4-hydroxy-5-hydroxymethyl-4,5-dihydrofuran-2-carbaldehyde. The later is
the same intermediate proposed by Kimura and Amarasekara except with a different
chirality. Our previous study of this reaction[41] shows that the sequential
dehydration of fructose to form HMF follows a similar mechanism in different
solvents (DMSO and H,0) and with different catalysts (PO, /niobic acid, Amberlyst
70, and H,SOy).

In this study, we report on the acid catalyzed dehydration of D-fructose in



DMSO-ds. The reaction intermediates and products were probed using BC, 'H, and
0 NMR spectroscopy. With the aid of BC NMR, "C-labeled fructose and High
Resolution Electrospray lonization Mass Spectrometry (HR ESI-MS) we have
identified two key intermediates in the reaction of fructose to form HMF in DMSO-dj.
A third species, capable of undergoing keto-enol tautomerism, was also
experimentally identified, though it was not possible to uniquely identify which
tautomer was present. This experimental work is coupled with a theoretical study of
the free energies of various intermediates resulting in a proposed mechanism for this
reaction in DMSO. The two intermediates whose structures were unambigiously
identified experimentally are also identified by theory as minima on the potential
energy surface for the dehydration of fructose in DMSO. Both the keto and enol
forms of the third species are also local minima on the free energy surface with the
keto form being lowest in energy

This reaction was studied experimentally using three acid catalysts: Amberlyst 70,
PO, /niobic acid or sulfuric acid in DMSO. Sulfuric acid is a homogeneous Bronsted
acid. PO4>/niobic acid and Amberlyst 70 are heterogeneous solid state catalysts.
Niobic acid has both Lewis and Brensted acidic sites[42] while Amberlyst 70 is a
Bronsted acid. We note that typically in the reactions previously reported in the
literature that are alluded to above that used DMSO as a solvent, no effort was made
to exclude air. Maintaining consistency with previous literature reports, this report
presents data collected in the presence of air; however data collected in an inert

atmosphere are also presented to demonstrate the effect of oxygen on reactions carried



out at moderate temperatures in DMSO.

The three intermediates which we have experimentally identified in this work are
shown in Scheme 1. Int. 3,
4-(hydroxy)-5-(hydroxymethyl)-4,5-dihydrofuran-2-carbaldehyde, was previously
reported by Horvath,[40] Amarasekara [33] and Kimura, though with different
conclusions with regard to chirality.[34] We have not investigated its chirality.
Another species (Int. 2) may exist either as an enol form, 2-(hydroxymethyl)
-5-(hydroxylmethylene)-tetrahydrofuran-3,4-diol or a keto form
3,4-Dihydroxy-5-hydroxymethyl-tetrahydro-furan-2-carbaldehyde. The enol form was
reported by Horvath, but was postulated as a solvated transition state by Amarasekara.
Int. 1 in Scheme 1 is a DMSO complex with 2 ,6-anhydro-f-D-fructofuranose which
we name as 2-(hydroxydimethylsulfinyloxy)- B-D-fructofuranose that has not been

previously reported.

2. EXPERIMENTAL SECTION

2.1. Materials

(-)-D-fructose (>99.9%), DMSO-ds (99.9% atom D), D,O (99.9% atom D), H,0"
(22.0 atom%), phosphoric acid (85 wt %), 5-hydroxymethylfurfural (HMF) (=99%),
sulfuric acid (H2SOy4, 98 wt %), and biphenyl (99.5%) were obtained from
Sigma—Aldrich and used without further purification. Amberlyst 70 (a sulfonic
ion-exchange resin) was purchased from Sigma—Aldrich as wet beads and was dried

overnight in an oven at 60°C. [13C-1] fructose, [13C-2] fructose, and [13C-6] fructose



(99 atom %) were purchased from Omicron Biochemicals Inc. (IN). Niobic acid
(Nb2Os-nH,0, containing 20 wt% H»O) was kindly supplied by CBMM (Companhia
Brasileira de Metalurgiae Mineracdo). Preparation of the PO4*/niobic acid catalyst
followed procedures similar to those employed by Carlini et al.[23] in which 19.056g
of niobic acid was stirred in 360 ml of 1M phosphoric acid (in DI H,O) for 48 hours.
The suspension was centrifuged at 8500 rpm and the top water phase was decanted off.
The solid obtained was washed three times with water using repeated centrifugation
and decantation. The resulting washed solid was dried in a vacuum oven at 160°C and
then calcinated at 300 °C for 3h to obtain the catalyst.

2.2. Nuclear magnetic resonance (NMR)

Fourier transform *C and '"H NMR spectra were acquired on a Bruker Avance 111
500 (DCH CryoProbe). NMR spectra were obtained at a base frequency of 125.71
MHz for "*C and 499.95 MHz for 'H. For *C NMR spectroscopy, the pulse sequence
used a delay (D1) and acquisition times (AQ) of 2.0 and 1.0 s, respectively, a spectral
width of 29.7 kHz, 32K data points, 90° pulse (12.0 ps) and 256 scans. A °C NMR
DEPT spectrum was obtained at 0z = 135° where CH and CHj signals appear in the
positive phase and CH; appears in the negative phase. For the 'H NMR experiment,
D1 =1.0s, AQ=3.2 s, a spectral width of 10.3 kHz, 64 K data points, 90° pulse (10.7
us) and 16 scans were used. Chemical shifts are reported in ppm relative to DMSO-d;
at 2.50 and 39.51 ppm for 'H and >C NMR spectra, respectively. In situ ''O NMR

spectra were acquired with 4092 scans on a Varian Inova-400 spectrometer.



2.3. Procedures for NMR studies on fructose dehydration in DMSO-dg.

Batch catalytic experiments for the dehydration of ~3 wt% fructose (0.904g) in
DMSO-d;s (30 ml) were carried out in a 50 ml glass flask equipped with a magnetic
stirrer and a reflux condenser. Biphenyl (0.3 g) was added as an internal standard.
0.075g of Amberlyst 70 catalyst (the substrate/catalyst weight ratio was 12) was
added to the reaction mixture which was then heated to the desired temperature (80°C
-100°C) by means of a temperature regulated oil bath. Aliquots of approximately 0.5
ml volume were periodically transferred to an NMR tube via a syringe for up to 48 h
of reaction time. The reaction was quenched by immersing the NMR tube containing
the sample in an ice-water bath. Prior to recording a 'H or ?C NMR spectrum the
samples were thawed. Similar procedures were followed for fructose dehydration in
DMSO-ds with the PO4>/niobic acid catalyst where the substrate/catalyst weight ratio
was also 12. Typically, 0.9g of fructose, 0.3g biphenyl and 0.075g PO4*/niobic acid
were added to 30 ml DMSO-d6 and the reaction mixture was heated at the desired
temperature. For sulfuric acid catalyzed reactions, 1% v/v of 0.8mM H,SOj4 solution
in DMSO was added. Standard Schlenk techniques were employed for reactions
carried out under air-free conditions. The DMSO was dried using activated 3A
molecular sieves under an inert atmosphere and injected into an evacuated Schlenk
flask containing fructose and biphenyl and either Amberlyst 70 or PO,>/niobic acid,
which was back-filled with nitrogen. For the dehydration of '*C-labeled fructose in
DMSO-dg, a solution of D-fructose (15 mg) in 0.5 mL of DMSO-ds and 1.3 mg

PO, */niobic acid, sulfuric acid (10 mol%) or 1.3 mg Amberlyst 70 was prepared in a
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5-mm J-Young NMR tube and transferred to the NMR spectrometer. 'H and “*C
NMR spectra were recorded at room temperature. The NMR tube was then placed in a
temperature regulated oil bath at 80°C for a predetermined time, and the reaction was
quenched by immersing the NMR tube containing the sample in an ice-water bath. 'H
or C NMR spectra were recorded after thawing.

2.4. Procedures for in situ NMR studies on fructose dehydration in DMSO-ds
with 0.5% H,'"O.

A solution of D-fructose (15 mg) and 1.3 mg of Amberlyst 70 (or PO,*/niobic
acid) in 0.5 mL of DMSO-ds containing H,''O (20.0 atom % ''O) was prepared in a
5-mm J-Young NMR tube. The tube was then transferred to a Varian Inova-400 NMR
spectrometer where the 0 NMR spectrum was recorded at room temperature. The
NMR tube was then heated to 80 °C, and in situ '’O NMR spectra were recorded at
regular intervals for up to 24 h while keeping the temperature at 80°C using
conditions identical to the t=0 spectrum.

2.5. Liquid chromatography-mass spectrometry (LC-MS) analysis of reaction
mixtures.

For the LC-MS experiments, similar procedures were employed and similar
results were obtained for all three catalysts, Amberlyst 70, PO4*/niobic acid and
sulfuric acid. Amberlyst 70 is explicitly discussed as an example. A solution of 3 wt%
fructose (0.903g) in DMSO (30ml) was heated at 80 °C for 8 h with the Amberlyst 70
(0.075g). The reaction was then quenched by immersing the flask containing the
sample in an ice-water bath. When PO4*/niobic acid was used as a catalyst the
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contents were immediately centrifuged to separate the finely powdered catalyst from
the reaction mixture. The clear portion of the solution, obtained by decanting, was
diluted by H,O to yield a final solvent mixture of 95% H,0 and 5% DMSO and
filtered before ESI-MS analysis. A control experiment was performed with 30 mg
fructose dissolved in 1.0 mL DMSO diluted with H,O to make the final solvent
mixture 95% H>0 and 5% DMSO, which was then filtered before ESI-MS analysis.

The LC-MS/MS system was an Aglient Technologies 1200 series HPLC
coupled to an Agilent Technologies 6210 ESI TOF-MS mass spectrometer. A SuL
aliquot of the solution was injected into the LC-MS/MS system. An Agilent poroshell
120 EC-C18 RPLC column, 30x50 mm size, 2.7 micron particle size, maintained at
60 °C, was used for analysis. The two mobile phases were 0.1% formic acid in water
(solvent A) and 0.1 % formic acid in acetonitrile (solvent B).
2.6 Theoretical methods

We have employed the highly accurate G4MP2[43] level of theory to evaluate
gas phase energetics of reaction intermediates at 298 K, similar to our previous
studies of fructose.[44-46] The solvation energies were computed using the SMD[47]
solvation model at the B3LYP/6-31G(2df,p) level of theory using the DMSO solvent
(e = 46.8). Initial starting geometries were taken from our previous studies.[44, 45]
Energies of selected geometries were computed with incorporation of explicit DMSO
molecules in the model. A computed value of -264.4 kcal/mol (3 DMSO +
H'>H (DMSO0);, in implicit DMSO solvent) is taken as the Gibbs free energy of

protonation of DMSO in computing the relative free energies of protonation and
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deprotonation in the DMSO medium. DMSO was treated as a discrete solvent in
calculations involving species C1 (intermediate 1) and C2 since the experimentally
observed structure of Int. 1 (by NMR) corresponds to the theoretically predicted
structure when the discrete solvent model is used. A continuum model is used in the
treatment of all other species (including Int. 2 and Int. 3). The NMR spectra of Int. 3
matches that of the predicted spectra of the theoretically calculated species without
invoking complexation with DMSO. Intermediate 2 is not observed by NMR. All

calculations were performed using Gaussian 09 software.[48]

3. RESULTS AND DISCUSSION

In this report we present a molecular level investigation of the mechanism for the
acid catalyzed triple dehydration of fructose to form HMF. Two heterogeneous
catalysts, Amberlyst 70 and PO,*/niobic acid as well as a homogeneous catalyst-
sulfuric acid - were used in this study. Amberlyst 70 and sulfuric acid are both
Bronsted acids, while PO,>/niobic acid ~has both Lewis and Brensted acid sites.[42]
The same intermediates are identified with any of the three catalysts. The
intermediates are: 2-(hydroxydimethylsulfinyloxy)- B-D-fructofuranose (Int. 1),
another species (Int. 2) capable of keto-enol
tautomerism,4-Dihydroxy-5-hydroxymethyl-tetrahydro-furan-2-carbaldehyde (the
keto form) -2-(hydroxymethyl)-5-(hydroxylmethylene)-tetrahydrofuran-3,4-diol (the
enol form) and 4-(hydroxy)-5-(hydroxymethyl)-4,5- dihydrofuran-2 -carbaldehyde
(Int. 3). This is the first report in the literature for Int. 1, while the enol form of Int.
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2[40] and Int. 3,[33][34, 40] were previously reported. All intermediates were
identified using ESI-MS. Additionally, Int. 1, a complex with the DMSO solvent was
characterized by means of routine BC and 'O NMR spectroscopic techniques as well
as by NMR using C enriched fructose and DEPT. Int. 3 was characterized by means
of >C NMR spectroscopy.

All three intermediates that have been identified experimentally correspond to
local energy minima in the theoretically calculated potential energy landscape for the
triple dehydration of fructose to form HMF. The keto from of Int. 2 has a lower
theoretically calculated potential energy (section 3.8 below) than its enol form.
However as will be discussed in more detail later, the energy barriers and
preexponentials for reactions that lead to the formation and disappearance of an
intermediate are also expected to influence the steady state concentration of any
intermediate. The role of the solvent, DMSO, is also discussed. It was previously
reported that the dehydration of fructose in DMSO with a PO,>/niobic acid catalyst
results in the formation of furfural in addition to HMF.[41] Furfural is not seen as a
product with the other catalysts used in this study. It was demonstrated that furfural
does not originate from HMF under reaction conditions. Thus, furfural is formed from
fructose via a pathway accessed when PO4*/niobic acid is the catalyst.41 We
hypothesize that the pathway for furfural formation, which is only observed in our
study with a PO, /niobic acid catalyst, is a result of the Lewis acid sites that are
reported to be present for PO,*/niobic acid . Using IR spectroscopy and pyridine as a

probe molecule, we verified that PO4*/niobic acid ~has both Lewis and Bronsted
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acidic sites (Supporting Information, Fig. S1), analogous to what has been reported
for niobic acid in the literature.[42] However, a more detailed investigation of the
mechanism for furfural formation is beyond the scope of this report.
3.1 Role of Solvent

The acid catalyzed dehydration of fructose has been reported in DMSO in high
yield even in the absence of an added acid catalyst. As such, it has been suggested that
in addition to being a solvent, DMSO also acts as the catalyst for this reaction.[33]
However, DMSO decomposes at moderate temperatures (~ 80 °C) in the presence of
oxygen to produce acidic species, including H,SO4.[35] We present data to show that
it is these acidic species, rather than the solvent itself, that catalyzes the dehydration
reaction. We do this by carrying out the dehydration of fructose in DMSO in the
absence of an added catalyst, both in presence of air and under an inert atmosphere. In
the latter case, no evidence of either the intermediates or the final HMF product is
seen after 24 hours of reaction time, while in the former case the reaction proceeds
along with formation of the intermediates to produce obvious HMF peaks in about 3
hours reaction time at 100 °C. This behavior demonstrates that the decomposition of
DMSO in presence of air into acidic species is the origin of its apparent catalytic
behavior. The relevant spectra are presented in the supporting information (Fig. S2).

However, DMSO does play a direct role in the overall reaction pathway.
Theoretical calculations and experimental evidence demonstrate (Sections 3.8 and 3.3
respectively) that a key intermediate, Int. 1, identified in the reaction pathway is a
complex that incorporates DMSO. Consistent with the involvement of solvent in the
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overall reaction, Kimura et. al. [34] observe different products for the dehydration of
fructose with different solvents- DMSO, water, and methanol.

The reaction of fructose in DMSO leads to reduction of humin formation
compared to when the same reaction is carried out in water. Horvath [40] suggested
that the preference for S-member rings in DMSO over 6-member rings in water is at
least a contributory factor in this observation. As previously reported,[41] the carbon
balance we obtained in DMSO was at least 82% using Amberlyst 70 as a catalyst and
at least 65% when using a PO4*/niobic acid catalyst. In this study we determined that
the yield of HMF with sulfuric acid could exceed 80% at a number of temperatures
and acidities. There yields were determined based on a comparison of the HMF signal
to that of a calibrated HMF standard solution at a time after all the starting fructose
had reacted. Humins, soluble polymers, and other byproducts that formed were not
analyzed in detail in this work. It is also relevant to mention that the rehydration of
HMEF to form levulinic acid and formic acid is effectively inhibited when working in
DMSO since this reaction requires added water.[41]

3.2. Observation of the intermediates in the dehydration of fructose in DMSO-ds
by °C NMR.

In this study, we focus on information relevant to the molecular level mechanism
for HMF formation from fructose in DMSO. Fig.1 shows a time-progression of >C
NMR spectra for the dehydration of D-fructose in DMSO-ds with an Amberlyst 70
catalyst at 80 °c. During the first 2 h the spectra show mainly the four cyclic

tautomers of fructose.[49, 50] Six new carbon resonances at 57.4, 65.6, 78.1, 81.0,
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82.4, and 108.0 ppm are observed at approximately t=1 h, indicating the formation of
a reaction intermediate, which we denote as Int. 1. The °C NMR spectra for reaction
times beyond 2 h show an increase in the peaks corresponding to Int. 1. The Be
NMR spectra, taken at t=1 also confirm the production of an HMF product with
resonances at 56.5, 110.0, 124.6, 151.8, 162.0, and 178.3 ppm, which are consistent
with the reported 13C chemical shifts for HMEF.[51] The 'H NMR spectra (not shown)
of this sample further confirmed the production of HMF with the peaks at 4.50 (s),
6.60 (d, J=3.6 Hz), 7.38 (d, J=3.6 Hz), and 9.49 (s) ppm.

At t = 8 h, the amplitude of the signal due to HMF has increased, whereas beyond
t =15 h the amplitude of the resonances due to Int. 1 decrease with an increase in the
HMF signal. Finally, the signal due to Int. 1 is no longer visible at t=24 hours and the
amplitude of the HMF resonances have further increased to close to their final level.
Careful examination of the *C NMR spectra between t=2 and t=10 h, shows that a
new set of resonances, three in the aliphatic region at 61.1, 90.1, 73.4 ppm, two in the
alkene region at 122.5 and 156.4 ppm, and one in the carbonyl region at 184.0 ppm,
appear and correspond to the another intermediate (Int. 3). As shown below (Section
3.5), evidence of another intermediate, Int. 2, is obtained from high resolution MS
data. As also discussed below, and as is clear from the structures of Int. 2 and Int. 3,
the formation of Int. 2 preceded the formation of Int. 3 along the reaction pathway
from fructose to HMF. Thus, to be consistent in naming the intermediates formed as
this reaction progresses, we label the second intermediate observed via NMR as Int. 3,

since it is the third intermediate based on progress along the reaction coordinate. From
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Fig. 1, it is clear that the intensity of NMR peaks assigned to Int. 3 increase when the
reaction time increases from 2 to 6 h. When the reaction time reaches 7 h the intensity
of the resonances associated with Int. 3 begin to decrease until they are barely visible
at t=12 h. No signals due the levulinic acid or formic acid rehydration products were
observed in either the >C or "H NMR spectra under these conditions. °C spectra
demonstrate that there are separate sets of six resonances that appear for Int. 1 and Int.
3, respectively. To confirm that each set of six resonances are assigned to a single
intermediate, we monitor the changes in the normalized intensity of the NMR
resonances assigned to Int. 1 and Int. 3 during the reaction. Figure 2 shows the °C
NMR spectrum for the fructose dehydration catalyzed by sulfuric acid at 83 °C
carried out under a N, atmosphere. Fig. 2a (bottom) clearly shows all the six
resonances assigned to Int. 1 at 57.4, 65.6, 78.1, 81.0, 82.4, and 108.0 ppm and none
of the resonances assigned to Int. 3. However after 22 min (Fig. 2 (top) six new
resonances appear at 61.1, 90.1, 73.4, 122.5,156.4 and 184.0 ppm that we had earlier
attributed to Int. 3. It may also be noted that the normalized intensity of each of the
resonances that were assigned to Int. 1 has approximately doubled during this time
interval (supporting information, Table S1). The fact that the time dependence of the
amplitude of all 6 resonances assigned to Int. 1 is essentially the same is consistent
with their assignment to a single species. The resonances due to Int. 3 are not
observable at 12.5 min of reaction time. Thus, their amplitude must increase by much
more than a factor of two in going from 12.5 to 22 minutes. If any of the resonances
assigned to Int. 1 actually belonged to Int. 3 their amplitude would increase much
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more than a factor of 2 between 12.5 and 22 min of reaction time. The fact that this
does not happen is consistent with our assignments of resonances to Int. 1 and Int. 3,
respectively. To further support our assignment, each of the set of resonances was
monitored as the reaction progressed and it was found that the six carbon resonances
due to Int. 1 change in parallel with each other as do the six carbon resonances
assigned to Int. 3. The relevant data for Amberlyst 70 and PO4*niobic acid are
presented in the supporting information (Fig. S2 and S3 respectively). This behavior
is also consistent with the six peaks assigned to Int. 1 being due to a single species
with the same behavior and same conclusion for Int. 3. The reactions of fructose in
DMSO-d; using PO,>/niobic acid at 80 °C (Fig. S5) and Amberlyst 70 at 100 °C (Fig
S6) were also studied. Dehydration reactions under an inert atmosphere catalyzed by
sulfuric acid at 100 °C were also carried out (Fig. S7). In each case, based on both Bc
and "H NMR spectra, Int. 1 and Int. 3 are also observed, consistent with the same
mechanism for the triple dehydration of fructose being operative for any of the
catalysts used. Fig. 3a shows the changes in the normalized intensity for the *C NMR
signals from fructose, Int. 1, Int. 3, and HMF, during the course of the reaction using
Amberlyst 70 as the catalyst at 80 OC. The normalized intensities were determined
using a biphenyl internal standard. In Fig. 3a, Int. 1, Int. 3 and HMF can be seen at
t=1 h, with their yields increasing with increasing reaction time. The concentration of
Int. 1 starts to decrease at ~5 h and is no longer visible at 16 h, while Int. 3 is barely
detectable at t=12 h. Fig 3b shows the analogous result using PO4*/niobic acid as
catalyst at 80 °C. There appear to be some differences in the relative shapes of the
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traces with the two catalysts (Fig 3) including that the presence of induction times are
easier to see in the kinetic profile obtained with PO4*/niobic acid than with Amberlyst
70 (Fig 3a) as the catalyst. Differences in acidity could be responsible for and/or
contribute to the differences in signal shape when using niobic acid versus Amberlyst
70 as catalysts. Preliminary data from our group indicates that the rate of reaction of
fructose to form HMF depends on acidity. In addition, it is possible that the different
catalysts could differentially affect the rates of specific steps in the overall reaction
mechanism. In Fig. 3b, Int. 1 can be seen at t=2 h, while Int. 3 is first observed at
approximately 4 h. After 5 h, signals due to HMF become apparent, with the HMF
yield increasing with increasing reaction time. The concentration of Int. 1 starts to
decrease at ~6 h and is no longer visible at 16 h, while Int. 3 is barely detectable at
t=10 h. Another noteworthy feature of both of the above reaction profiles (Figs. 3a
and 3b) is that during the initial time periods (0-5h) it is clear by visual inspection that
the rate of rise of the curve for Int. 1 is faster than the rate of rise of the curve from
Int. 3. This also provides further evidence that the production of Int. 1 indeed
precedes the production of Int. 3.

There are several mechanistic investigations of the reaction of fructose that report
on the structure of observed intermediates[11, 36-39, 52] As an initial step in the
determination of the structures of Int. 1 and Int. 3, we attempted to predict the NMR
resonances (Using Modgraph NMRPredict as part of MestReNova 6.0.2) of the
intermediates proposed in the literature, and of the calculated low energy

intermediates described in Section 3.8. The NMR peaks of Int. 1 (57.4, 65.6, 78.1,

20



81.0, 82.4, and 108.0 ppm) do not match any of the intermediates proposed in the
literature for either the cyclic pathway or open-chain pathway. The relation of the
experimentally characterized structures to the structures of the calculated
intermediates will be discussed in Section 3.8.

However, the NMR resonances of Int. 3 (61.1, 90.1, 73.4, 122.5, 156.4, and 184.0
ppm) compare well to the chemical shifts of a reported cyclic intermediate,
4-(hydroxy)-5-(hydroxymethyl)-4,5-dihydrofuran-2-carbaldehyde (Table 1), with
resonance reported at 122.8, 156.8, and 184.9 ppm for fructose dehydration to HMF
in DMSO-d; at 150 °C in the absence of a catalyst.[33] Since this reaction was carried
out in the presence of air at a high temperature, we expect that it was catalyzed by
acidic species, including H,SO4.[33] Corresponding resonances were reported at 61.3,
73.6,90.3, 122.3, 156.4, and 184.3 ppm for fructose dehydration with a H,SO4
catalyst in DMSO at 120 OC .[40] The same structure as Int. 3 was reported by
Kimura [34] with the ">C resonances observed at 62, 90, 85, 129, 157 and 186 ppm.
3.3 Structural analysis of the intermediates using DEPT spectra

To further investigate the structures of Int. 1 and Int. 3, distortionless
enhancement of NMR signals by polarization transfer (DEPT) was used to determine
the number of protons on each carbon atom. DEPT spectra were obtained at 0, = 135
where CH and CH3 appear in a phase opposite to the phase CH, appears in. Fig. 4
shows the DEPT 135 spectrum at t=6 h, which has the —-CH, peaks at 57.4 and 65.6
ppm and the —CH peaks at 78.1, 81.0 and 82.4 ppm for Int. 1. For Int. 3, the DEPT

135° spectrum gives the —CH, peaks at 61.1 ppm and the —CH peaks at 73.4, 90.1,
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122.5, and 184.0 ppm. The carbon resonances that are recorded using C NMR but
are absent in DEPT are carbons without any attached hydrogen. The types of carbons
in Int. 3 match well with the respective carbon types in
-4-(hydroxy)-5-(hydroxymethyl)-4,5-dihydrofuran-2-carbaldehyde (Table 1).

3.4 Structural analysis of the intermediates using **C Labeled D-fructose

Experiments were performed to determine where the 13C label at the C-1, C-2, and
C-6 carbons in fructose resides in the intermediates and the HMF product. The
numbering scheme employed is depicted in Scheme 2. The Scheme also depicts a
plausible pathway for the overall reaction, but not necessarily a unique one. These
results are displayed in Fig. 5, as a function of reaction time, at 80 °C in DMSO-d,
using an Amberlyst 70 catalyst.

The initial spectrum (t=0 h) in Fig. 5 demonstrates that the NMR signals at 97.3,
98.1, 102.0, 104.1, and 213.9 ppm, due to the C-2 carbon in the five tautomers of
fructose (a-furanose, B-furanose, B-pyranose, a-pyranose, and open-chain fructose),
are enhanced due to "°C enrichment. Spectra taken at 1h indicate that the intensity of
the peak at 108.0 ppm, which belongs to the Int. 1, is enhanced relative to the
intensities of other Int. 1 NMR peaks. Thus, the C-2 carbon of fructose is the origin
of the 108.0 ppm peak of Int. 1. The peak at 108.0 ppm becomes readily apparent
after 2 h, and a resonance at 156.4 ppm attributed to Int. 3 is evident for a reaction
time of ~ 3 h. After 4 h of reaction time the resonance at 154.5 ppm, which is due to
the C-2 carbon in HMF, is enhanced greatly. The two resonances at 108.0 and 156.4

ppm decrease in intensity after 6 h. However, the resonance at 154.5 ppm increases in
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intensity with increasing reaction time. The peaks at 108.0 and 156.4 ppm have
greatly diminished in intensity and are barely visible at t=9h, and the BC NMR
spectrum is dominated by the HMF resonances. These results indicate that C-2 of
fructose ends up producing the 108.0 ppm resonance for Int. 1 and then the 156.4
ppm (C-2) signal of Int. 3, and finally ends up as the C-2 (154.5 ppm) carbon of
HMEF.

When [13C-1] fructose was used as precursor (at 80 °c, using Amberlyst 70), the
intensity of the resonances at 57.4 and 184.0 ppm, are enhanced relative to the
intensities of other Int. 1 and Int. 3 NMR peaks respectively, which are too weak to
be visible in Fig. S8. Thus, the C-1 carbon of fructose is the origin of the 57.4 and
184.0 ppm (C-1) resonances of Int. 1 and Int. 3 respectively. Furthermore, a peak in
the carbonyl region at 178.3 ppm, assigned to the aldehyde carbon (C-1) in HMF, is
greatly enhanced. This latter result indicates that C-1 carbon of fructose remains in the
C-1 position in HMF. Using [°C-6] fructose (Fig. S9) under the same conditions as
indicated above, *C NMR data indicates that the C-6 carbon of fructose maps onto
the 65.6 ppm resonance in Int. 1 (C-6) and the 61.1 ppm resonance (C-6) in Int. 3.
Moreover, the C-6 carbon of fructose is the origin of the C-6 carbon of HMF, which is
in agreement with our previous results.[41]

We note that the experiments involving "*C enriched fructose were carried out in a
sealed J-Young tube while batch reactions were carried out in open reaction vessels
(unless otherwise noted). As a result of these differences in reaction conditions the

time dependence of the temperature the sample was exposed to, and potentially the
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degree of exposure to air for the two samples were different. Both exposure to air and
the time at elevated temperature can affect the acidity of the DMSO solution and thus
the rate of reaction. The major focus of this work was identification of intermediates
using different catalysts. A quantitative study of the kinetics of these reactions was
beyond the scope of this work. However, the order, of appearance of Int. 1, Int. 2 and
Int. 3 and HMF is the same under both sets of conditions. In addition, since niobic
acid and Amberlyst 70 are solids, a quantitative study of the kinetics of the reaction of
fructose with these catalysts would be challenging. Be-Bc coupling parameters
provide direct information about the connectivity of the skeleton of the
intermediates.[53, 54] As discussed above, the reaction of ['*C-1] fructose, leads to a
strong C resonance at 57.4 ppm in Int. 1 and at 184.0 ppm in Int. 3. Careful
inspection of other NMR peaks due to Int. 1 shows that three natural-abundance
signals (81.0, 82.4, and 108.0 ppm) are split into doublets (Fig. 6), directly giving the
coupling constant, Jcc, with the labeled C-1 carbon which are presented in Table 2.
For comparison, the signals at 81.0, 82.4, and 108.0 ppm when unlabeled fructose is
used as precursor are also shown in Fig. 6.

As shown in Table 2, for [*C-1] fructose, the coupling constants for the NMR
resonances at 81.0, 82.4, and 108.0 ppm in Int. 1 are 3.8, 2.5, and 51.5 Hz,
respectively. The large one-bond *C-"C spin-coupling constant of 51.5 Hz indicates
that the resonance at 108.0 ppm is due to the carbon adjacent to the labeled site and is
thus attributed to C-2 in Int. 1. The resonances at 156.4, 122.5, 73.4, and 90.1 ppm

attributed to Int. 3 obtained from [13C-1] fructose were each split into a doublet and
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the corresponding coupling constants are 60.4, 9.3, 1.8, and 4.3 Hz (Table 2). The
large one-bond BeBe spin-coupling constant of 60.4 Hz indicates that the resonance
at 156.4 ppm is adjacent to the labeled site (C-1) and thus attributed to the C-2 carbon
in Int. 3.

Other one-bond ('Jec) and longer-range '*C-"C spin-couplings (e.g., “Jec, *Jec,
etc.) were obtained from analysis of the BC NMR spectra of the reactions of [13C-2]
fructose and [13C-6] fructose (Table 2). When [13C-6] fructose was used as the
precursor the BC NMR spectrum gives an enhanced peak at 65.6 ppm and a doublet at
82.4 ppm with a 33.1 Hz coupling constant for Int. 1. This indicates that the peak at
82.4 ppm carbon is adjacent to C-6 (65.6 ppm peak) in Int. 1. Moreover, the only
BeBe spin-coupling between C-6 and other carbons in Int. 1 involves the resonance
at 82.4 ppm (Table 2), indicating that there is no other carbon adjacent to C-6 except
this one.

With [*C-2] fructose as the reactant, three resonances, at 184.0, 122.5, and 90.1
ppm, appear as doublets with 72.3, 60.3, 2.6 Hz coupling constants, respectively
(Table 2). Again, the large Be-Be spin-coupling constants of 72.3 and 60.3 Hz, for
the resonances at 184.0 and 122.5 ppm indicate that these resonances are due to
carbons adjacent to the labeled (C-2) site and are thus attributed to the C-1 and C-3
carbons in Int. 3. As seen above, using a [*C-1] fructose reactant, the resonance at
184.0 ppm is attributed to C-1 in Int. 1, thus the resonance at 122.5 ppm is attributed
to the C-3 carbon in Int. 3.

The connectivity of the carbon skeleton of Int. 1 can be deduced based on the
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magnitudes of the one bond and longer range Jcc coupling constants. The C-1, C-2,
and C-6 carbons of fructose produce the resonances seen at 57.4, 108.0, and 65.6 ppm
in Int. 1 that end up as the C-1, C-2, and C-6 carbon in Int. 3, and finally end up as
the C-1, C-2, and C-6 carbon in HMF respectively. Therefore, the fructose
dehydration reaction does not appear to involve C-C bond cleavage. Additionally,
based on coupling constants (Table 2) we can conclude that the resonances at 81.0,
78.1, 82.4 ppm can be attributed to C-3, C-4, and C-5 carbons, respectively, in Int. 1.

These results from DEPT spectra and Be labeling are all consistent with Int. 3
being identified as 4-(hydroxy)-5-(hydroxymethyl)- 4,5-dihydrofuran-2-carbaldehyde.
The structure of Int.1 is discussed in Section 3.7 below.

3.5 Structural analysis of the intermediates: High Resolution Electrospray
ionization Mass Spectrometry (HR ESI-MS)

To further probe the structure of the intermediates, a mixture of fructose in DMSO
with the Amberlyst 70 catalyst, that had been allowed to react at 80 °C for 6 h, was
subjected to HR ESI-MS analysis. The mass spectrum, shown in Fig. 7, revealed five
peaks at mass-to-charge (m/z) ratios of 127.0391, 145.0494, 163.0600, 185.0420, and
203.0530, corresponding to [CsH703]" ((HMF+H] =[Fructose—3H,O+H]"), [CsHoO4]"
([Fructose—2H,O+H]"), [CsH},05] ([Fructose—-OH]"), [CsH oNaOs]"
([Fructose—H,0+Na]"), and [CsH2NaOg] ([Fructose+Na] "), respectively. These
peaks were isotopically resolved and match very well with the theoretical mass
spectra for the indicated compounds predicted by the Agilent MassHunter software.
Some higher mass number peaks were also observed and are attributed to humin-like
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polymers. LC was used to separate out higher mass species from the species shown in
Fig 7.

As a control, ESI-MS analysis was also performed for a sample of fructose
dissolved in DMSO at room temperature in the absence of a catalyst. Peaks at m/z of
145.0494, 163.0600, and 185.0420, were observed for the reacting system, and were
not observed in the ESI-MS of the control sample. These results indicate that the
above three mass peaks originate from three species produced during the acid
catalyzed fructose dehydration reaction taking place in DMSO. The structures of the
relevant fragment ions are also shown in Fig. 7. The same three species are obtained
with ESI-MS for the fructose dehydration reaction in DMSO in presence of
PO4*/niobic acid catalyst, sulfuric acid or in presence of air without an added acid
catalyst. The peaks at m/z 163.0600, 185.0420 and 145.0494 correspond to Int. 1, Int.
2 and Int. 3 respectively.

3.6 Structural analysis of the intermediate 1: 'O NMR data

To obtain additional information about the structure of Int. 1, the fructose
dehydration reaction was carried out in DMSO-dj containing 0.5% H,'’0, and the
reaction was monitored by in situ 0 NMR. Fig. 8a displays the in situ 0 NMR
spectra obtained during the reaction of fructose in DMSO-ds containing H,'70 at 80
°c using Amberlyst 70 as the catalyst. The signal at 0.0 ppm is due to the H,'0,
while the peak at 12.4 ppm at t=0 h is due to naturally occurring '’O in the DMSO-djs
solvent (Fig. 8b). [55] Corresponding results are obtained when the reaction is carried
out using PO,*/niobic acid or without an added catalyst but in presence of air.
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As seen in Fig. 8a, a peak at 60 ppm is observed at t=2 h. In addition, the in situ
0 NMR spectrum at t=2 h confirmed the production of HMF with a peak at 582
ppm, which is a result of exchange between the aldehyde oxygen in HMF and H,'0.
An increase in the characteristic resonances associated with HMF is accompanied by
a decrease in the intensity of 60 ppm peak as the reaction proceeds from 2 h to 8 h.
This result indicates that the peak at 60 ppm is due to a reaction intermediate. The
time-scale for its appearance and disappearance indicates that this moiety corresponds
to Int. 1. After 8 h the signal at 60 ppm has almost completely disappeared and the
NMR peak due to HMF is dominant.

Additionally, the peak at 12.4 ppm (initially due to the naturally occurring '’O in
the DMSO-dp) increases with the reaction time, indicating that "0 s incorporated
into the DMSO-ds. The control experiment using H,'’0 (0.5 %) in DMSO-dj carried
out in the absence of fructose, under the same experimental conditions, shows that the
oxygen atom in DMSO-ds does not undergo exchange with H,'’O at 80 °C. Thus, the
0 must be incorporated into DMSO as a result of DMSO participating in the
dehydration reaction.

3.7 Summary of the proposed reaction scheme based on experimental data.

Data in the literature suggests that a furanose tautomer[11] is the gateway species
through which fructose enters the reaction sequence delineated in Scheme 2.
Combining the results from NMR and ESI-MS has allowed us to develop a common
schematic reaction mechanism, Scheme 2, for the fructose dehydration reaction taking
place in DMSO with a PO4*/niobic acid, sulfuric acid, Amberlyst 70 catalyst, or
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without an added catalyst but in the presence of oxygen. The results of the ESI-MS
study indicate that complexation of a carbo-cationic intermediate (1) by DMSO-ds to
give a oxosulfonium intermediate (2) that incorporates a molecule of the DMSO
solvent as well as two water molecules. MS results confirmed the formation of (1) as
the m/z peaks at 163.0600 matches quite well with the calculated values of 163.0601.
Oxosulfonium intermediates in mesylate reactions taking place in DMSO-d, that are
similar to 2 have been characterized spectroscopically by Creary et al.[55] Horvath[40]
has proposed the formation of fructosyl oxocarbenium ions as transition states which
do involve complexation with the solvent. Our proposed structure for Int. 1 is
confirmed by 'O labeling experiments, that indicate that the incorporation of 'O in
DMSO involves the formation of species 2 in Scheme 2 which in turn results from
complexation of 1 with DMSO-ds as well as two H,'’0 molecules. The resultant
species (2) then loses a water molecule resulting in the formation of Int. 1. The loss of
the solvent molecule leads to Int. 2 and the incorporation of the '’O label into
DMSO-ds. However, we note that since barriers to reaction have not been
experimentally reported or calculated the data presented in this study does not
preclude other reaction pathways such as the generation of Int 1 from fructose and a
parallel pathway for the generation of Int 2 from fructose with the reaction
progressing to form Int 3 and subsequently HMF.

Int. 1 could then break down to give the keto/enol intermediate (Int. 2) with an
m/z= 185.0420, which has been identified in our ESI-MS data;
2-(hydroxymethyl)-5-(hydroxylmethylene)-tetrahydrofuran-3,4-diol (enol form), or
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4-Dihydroxy-5-hydroxymethyl-tetrahydro-furan-2-carbaldehyde (the keto form). The
observed m/z matches quite well with the calculated m/z of 185.0426 expected for
this intermediate. However, it is not possible to distinguish between the keto form and
enol forms of this intermediate based on MS data. We note that the enol form of Int. 2
was reported by Kimura et al.[34] They proposed that the structure of the intermediate
is a diol based on the absence of alkene peaks in the BC NMR spectra. Horvath[40]
was able to detect Int. 2 by means of NMR spectroscopy, and the enol structure was
proposed in that report with assignments provided for the observed NMR resonances.
However, we have not been able to detect either form of Int. 2 by means of NMR
spectroscopy. This suggests that under our reactions conditions, which involve a
lower temperature for reaction than Horvath’s study, there is a relatively low steady
state concentration of Int. 2 resulting from the rate of reaction of Int. 2 significantly
exceeding its rate of production

In Scheme 2, the structure of Int. 3 is consistent with the structure of the
intermediate reported by Amarasekara, Horvath, and Kimura.[33, 34, 40] The m/z
peak at 145.0494 that corresponds to Int. 3 matches quite well with the calculated
value of 145.0495, supporting this assignment. In the present study (as seen in Section
3.2), and in the work reported by Horvath,[40] two sets of NMR resonances are
observed and assigned to intermediates, Int. 1 and Int. 3. Our assignment of the
structure of Int. 3 agrees with that previously reported. [33, 34, 40] All three studies
propose a very similar set of steps from fructose to HMF. However, in Horvath’s
work Int. 1 is identified as 2,6-anhydro-f-D-fructofuranose and they propose a
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mechanism for fructose dehydration that does not explicitly involve the solvent. Our
results from the 'O labeling studies and results from high-level quantum chemical
methods, which are discussed below (section 3.8), suggests that DMSO is involved in
the formation of Int. 1, (the fructofuranosyl oxocarbenium ion), which may be in
equilibrium with the 2 ,6-anhydro-B-D-fructofuranose in the presence of DMSO in an
acidic medium. In Horvath's report, dehydration reactions were carried out at 120°C
and in Amarasekara's [33]report the reaction temperature was 150 °C. Our reaction
conditions involve lower temperatures of 80 °C-100 °C. T1tis possible that
differences in reaction conditions could account for the reported differences in
observations with regard to Int. 1.

As seen in section 3.4 our experiments involving isotopically labeled C-13
precursors indicate that the position of the labels in the products is identical to that in
the starting materials. This lack of scrambling of the labels indicate a lack of C-C
bond cleavage in the tautomers of fructose as well as its successive dehydration
products along the reaction coordinate to form HMF.

Finally, we note that the two heterogeneous catalysts used have different surface
areas, thus mass transfer effects could conceivably play a role, however while these
effects could lead to changes in the observed kinetics of the reaction they would not
be expected to have an effect on the mechanism. Thus, the intermediates that we
observe and the qualitative aspects of the kinetics remain the same with the different
catalysts.

3.8 Computational study of the mechanism of the fructose dehydration
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In order to understand the thermodynamic landscape of the reactions in even more
detail, free energy calculations were performed for the fructose-HMF pathway. A
detailed free energy surface using the G4MP2 level of theory (at 298 K) is shown in
Fig. 9. In the presence of acid, protonation occurs at the tertiary hydroxyl site of
fructose due to the high proton affinity of the tertiary hydroxyl group compared to
secondary or primary hydroxyl groups.[45] In aqueous medium, the protonation of
tertiary hydroxyl groups is endergonic by 8 kcal/mol,[45] while in DMSO this process
(A->B) is endergonic by 12.5 kcal/mol. Upon protonation of the tertiary hydroxyl
group, the water molecule becomes a good leaving group and the complete
detachment of water is moderately exergonic from B (B> C, -2.4 kcal/mol).
However, formation of C; (-4.6 kcal/mol) and C; (-0.4 kcal/mol) is significantly
exergonic from the protonated fructose (B). Species C, is a positively charged species
formed by the complexation of oxycarbenium ion with DMSO and a water molecule
(detached from the tertiary position). Complete detachment of a water molecule from
Ci results in the formation of C; (-0.4 kcal/mol)

Association and dissociation processes occurring in the gas phase result in
significant changes in entropy contributions. However, these entropy effects are far
less in solution, where solvent molecules (DMSO) are readily available to interact
with solute and products. Since DMSO is only explicitly included in the first steps (Cy1
and C,) in Figure 9, the entropy calculations for these species and subsequent
intermediates must, by necessity, be treated differently. Therefore, the entropy
contributions from the gas phase free energy calculation is not included in the
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formation of species C1 or C,.[56] This approximation avoids a different treatment for
these steps compared to the other intermediates for which an explicit complexation
with a solvent molecule is not included.

One way leading to the formation of D is via removal of DMSO and a
hydronium ion from C; resulting in the endergonic formation of D (-2.1 kcal/mol)
(C>D, +2.5kcal/mol). The optimized structures of C; and C; are also shown in Fig.
10. Note that addition of water, as shown in Fig. 10 stabilizes the intermediate C;
(shown as C3+1 water), by providing a hydrogen bonding network and strengthening
the C-Opmso bond. This suggests the possibility of water exchange indicated by our
0'” labeling study. Species D is an identified intermediate during the fructose-HMF
pathway in DMSO.[36] Alternatively, D can be formed via the pathway C1>C->D,
where the C1=>C involves the detachment of DMSO and H,O from C;. In this
pathway C; to C is endergonic by 14.7 kcal/mol, while C to D is exergonic by 12.2
kcal/mol. Both species C; and D can lead to the enol E (5.2 kcal/mol). Note that
detailed kinetic information (both experimental and theoretical) regarding these
intermediates are essential to understand the relative abundance of these various
intermediates during the initial dehydration. Experimental data is being generated to
allow us to formulate such a model but the kinetics involved in such a model are
beyond the scope of the current work.

Int. 3 observed in this study and previous reported studies [33, 34, 40] is
4-(hydroxy)-5-(hydroxymethyl)-4,5- dihydrofuran-2 —carbaldehyde, shown as species
J in the Fig. 9. The formation of J (-11.6 kcal/mol) from E (+5.2 kcal/mol), proposed
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here through pathway E->E1>E»—>J, involves protonation, dehydration and
deprotonation respectively. Alternatively, J can be formed via a pathway
E>F>G>H->1->J, which involves acid catalyzed enol to ketone tautomerization
and subsequent dehydration. Int. 2, determined experimentally may either be species
E or species G. The relative free energy of J clearly indicates the stability of this
intermediate with respect to fructose and supports the experimental observations
relating to Int. 3 discussed above. Similar to the formation of J from E, the formation
of HMF (M, -34.4 kcal/mol) involves protonation, dehydration, and deprotonation via
the J>K->L->M pathway. Species K and L have relative free energies similar to
that of fructose, however the formation of HMF is significantly exergonic (by 30
kcal/mol) suggesting that thermodynamic equilibrium would favor the formation of
HMF, indicating the experimental observation of K and L species, which have not
been observed, is less likely.

The free energy landscape presented in Fig. 9 clearly supports the experimentally
identified intermediates; Int. 1, Int. 2, and Int. 3 (species C;, E or G, and J
respectively). Though the calculation of the free energy of the intermediates
indicates that the keto form of Int 2 (G) is lower in energy than its enol counterpart
(E), the steady state concentration of the intermediates which is relevant for
experimental detection is determined by the kinetics of formation and reaction of a
given species. Calculation of the relevant kinetic parameters is beyond the scope of
the current computational study and thus theory does not allow us to reach an
unambiguous conclusion as to whether species E or G is present a higher
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concentration under a given set of experimental conditions. Additionally, other low
energy structures such as species D (anhydrofructose) and G (diol) were proposed
elsewhere.[34, 40] We also note that explicit inclusion of solvent molecules in the
model would stabilize the positively charged species considerably. A detailed kinetic
model including the explicit effects of solvent molecules in the formation of various

intermediates in the fructose-HMF pathway is currently under investigation.

4.0 CONCLUSIONS

The mechanism of the acid catalyzed dehydration of D-fructose in DMSO was
probed experimentally by means of B¢, "Hand 7O NMR and high-resolution
electrospray mass-spectroscopy, and theoretically using high level G4MP2 theory.
Two intermediates, 2-(hydroxydimethylsulfinyloxy)- B-D-fructofuranose (Int. 1) and
4-(hydroxy)-5-(hydroxymethyl)-4,5- dihydrofuran-2 -carbaldehyde (Int. 3) were
unambiguously identified by both theory and experiment. A third species that is
capable of keto-enol tautomerism (Int. 2)
2-(hydroxymethyl)-5-(hydroxylmethylene)-tetrahydrofuran-3,4-diol (enol form) and
4-Dihydroxy-5-hydroxymethyl-tetrahydro-furan-2-carbaldehyde (the keto form) was
also identified by theory and experimentally by MS; however experimentally it was
not possible in this study to distinguish between the keto and the enol forms. The
results of theoretical calculations indicate that both the enol and keto forms are local
minima on the potential energy surface and the keto form has a lower free energy than

the enol form. Our calculations and experimental results provide evidence for an
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intermediate (Int. 1) that has not been previously reported and demonstrate the role
the solvent plays in the reaction mechanism. We also report preliminary kinetic data,
using NMR spectroscopy that is consistent with the proposed intermediates. Three
dehydration steps are required to go from fructose to HMF. Since such reactions are
typically acid catalyzed, it is not surprising that the experimentally observed
intermediates are the same for the two Bronsted acid catalysts that we have used. We
also observe the same intermediates along the reaction pathway to HMF when using
PO43'/niobic acid, which has both Lewis acid and Brensted acid sites. These results
are consistent with there being a common mechanism for the acid catalyzed triple
dehydration of fructose to produce HMF and, at least for the systems studied; this
mechanism appears to be independent of the source of protons. We also note that, in
presence of oxygen, DMSO can decompose at moderate temperatures to produce
acidic species that catalyze the dehydration fructose thus rationalizing the claim in the

literature that DMSO can act as a catalyst for the fructose dehydration reaction.
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Figure captions:

Figure 1. BC NMR spectra for the dehydration of D-fructose in DMSO-d; using
Amberlyst 70 as catalyst at 80 °c.

Figure 2. The resonances of Int. 1 and Int. 3 after 12.5 min (bottom) and 22 min (top).
The reaction was carried out under an inert atmosphere at 83°C using sulfuric acid as
the catalyst.

Figure 3. Changes in the normalized intensity of D-fructose, HMF, Int. 1, and Int. 3

during the reaction (3 wt% of D-fructose in DMSO-d; catalyzed by (a) Amberlyst 70
and (b)PO43'/ni0bic acid at 80 0C). The normalized intensities were determined using
the biphenyl internal standard.

Figure 4. The DEPT 135 BC NMR spectrum at t=6h for the D-fructose dehydration
reaction at 80 °C in DMSO-ds with Amberlyst 70 catalyst. a) BC NMR spectra
between 85 and 200 ppm, b) BC NMR spectra between 55 and 85 ppm.

Figure 5. °C NMR spectra for the dehydration of [°C-2] fructose in DMSO-d; using
Amberlyst 70 as the catalyst at 80 °C.
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Figure 6. Comparison of the >C NMR peaks at 81.0, 82.4, and 108.0 ppm when
[*C-2] fructose and fructose, respectively, were used as precursors for the
dehydration reaction in DMSO-d; using an Amberlyst 70 catalyst.

Figure 7 . ESI Mass spectrum of the reaction mixture for fructose in DMSO using an
Amberlyst 70 catalyst at 80 OC after 6 h.

Figure 8. In situ 0 NMR spectra for the fructose reaction in DMSO-ds with added
H,'"0 (0.5 %) at 80 °C using Amberlyst 70 as the catalyst .

Figure 9. Computed Gibbs free energy profile for the fructose-HMF reaction pathway.
All energies (kcal/mol) are computed using the G4MP2 level of theory and w.r.t. the
free energy of isolated fructose molecule in DMSO medium. The DMSO medium was
included implicitly with a continuum model (see Section 2.7) except in some cases as
noted where an explicit DMSO molecule is included. Optimized geometries of species
C1 and C2 are shown in Fig. 9. Formation of E and D is upon the removal of
protonated DMSO from C2 (see text)

Figure 10. Optimized structures of intermediates (C1, C1+1 water, and C2) at the
B3LYP/6-31G(2df,p) level of theory used for geometries in G4MP2 theory.

Scheme 1. Structure of HMF, the product of the acid catalyzed triple dehydration of
fructose, and the previously reported intermediates formed during this reaction in
DMSO.

Scheme 2. A proposed schematic mechanism for the catalytic conversion of fructose
to HMF in DMSO.
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