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Discovery and Exploration of the Efficient Acyclic Dehydration of 
Hexoses in DMSO/Water 
Esben Taarning,[b] Irantzu Sádaba,[b] Pernille Rose Jensen,[c] and Sebastian Meier*[a] 

 

Abstract: Current gaps in the development of sustainable processes 
include lacking strategies to systematically identify and optimize the 
formation of new products. The dehydration of hexoses to 5-
hydroxymethylfurfural (HMF) is a particularly widely studied process. 
In an attempt to identify a new high-selectivity conversion of glucose, 
quantitative NMR spectroscopy was used to screen conditions that 
were reported to yield high conversion of glucose, but low formation 
of HMF. In this manner, an olefinic six-carbon byproduct was identified. 
By water addition, selectivity for the compound was nearly tripled 
relative to previous reports. The detection of high-yielding side 
reactions in the formation of HMF is remarkable, considering how 
extensively HMF formation has been studied. High selectivity for the 
acyclic pathway allows hitherto unobserved intermediates in this 
pathway to be identified using in situ NMR spectroscopy. An additional, 
presumably cyclic, pathway contributes to HMF formation. 

Biomass production from carbon dioxide exceeds 100·1012 kg per 
year[1] with an average content of carbohydrates near 75% (in 
addition to 20% lignin and 5% other compound classes).[2] 
Contrary to other renewable biomass, carbohydrates are 
obtainable as cheap bulk chemicals. As the primary product of 
glycolysis and as the monomeric constituent of starch and 
cellulose, glucose is the most abundant carbohydrate building 
block. Hence, benign, efficient and tunable means to obtain fuels 
and plastic building blocks particularly from glucose are desirable.  
 Processes for the conversion of carbohydrates to chemicals 
often include stoichiometric dehydration, in order to reduce the 
oxygen content in the product molecule. Acid catalyzed 
dehydration of hexoses has attracted attention in the production 
of the cyclic product HMF[1b, 3] and of linear acids.[4] Both cyclic 
and linear compounds are investigated as possible bio-platform 
molecules, from which new groups of useful chemicals can be 
derived. Thus, HMF has been converted to various furan 
derivatives, while unsaturated alpha-hydroxy acids have been 

used to produce post-functionalized polyesters and upgraded 
monomers. 
 The formation of HMF has been studied extensively for 
several decades, but the mechanism by which it forms has 
remained a matter of debate.[1b, 5] HMF may either form from five-
membered fructofuranose through a route encompassing cyclic 
intermediates[6] or through a route involving open-chain 
intermediates.[7] Acyclic routes from glucose or fructose have 
been experimentally supported by the detection of new sets of 
byproducts[4b] that are best rationalized through hypothetical 
acyclic intermediates including 3,4-di-deoxyglucosone-3-ene 
(3,4-DGE).[4b, 6] Low populations of open-chain carbohydrates and 
their poorly characterized properties, in particular their reactivity 
and catalyst binding, have complicated the mechanistic 
understanding of carbohydrate chemistry under reaction 
conditions.[8] The best suited experimental approach to such 
understanding arguably involves NMR spectroscopy, as isomeric 
forms of carbohydrates can be distinguished in solution by NMR 
spectroscopy. NMR approaches have also proven useful to 
determine chemical structures in unpurified reaction mixtures,[9] 
which is particularly beneficial for detecting transient 
intermediates that are difficult or impossible to purify.[10] 

Here, we apply quantitative NMR spectroscopy on reaction 
mixtures that use cheap and abundant chemicals under 
conditions where reported yields of HMF were low at high glucose 
conversion. In this manner, reactions producing unexpected 
major byproducts are identified, which are systematically 
optimized to result in a non-commercial bio-based chemical at 
record high selectivity (Scheme 1). Using these rationales, a 
reaction yielding almost 50 % of the non-commercial olefinic C6-
acid THA directly from glucose was developed (Figure 1). 

Scheme 1. Flowchart for the identification of a process giving high selectivity 
for a new glucose derived product from serendipitous and systematic steps. 

Various metal salts reported to have low selectivity for HMF 
formation from carbohydrates were found to catalyze instead the 
formation of unforeseen byproducts. The main byproduct in the 
reaction mixture was identified as a trans-olefinic compound 
(Figure S1). This trans-olefinic compound was preferentially 
observed using SnCl4 in DMSO, with a selectivity for this  
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Figure 1. (A) Chemical structures of HMF and THA. (B) Product composition in 
a reaction of glucose (1 M) and SnCl4 (0.1 M) in DMSO/water binary mixtures 
with the indicated water content (%vol/vol at 100 °C, 20 hours). The 1H NMR 
spectral region showing narrow HMF signals and the multiplet of the THA olefins 
is shown. (C) Selectivity for THA and HMF and conversion of glucose 
determined by integrals of spectra shown in (B) and validated by quantitative 
13C NMR. 

byproduct near 20%. In situ NMR identified this olefinic compound 
as trans-THA (Figure S2). No cis-THA was observed, suggesting 
that a cis-intermediate preferably reacts to HMF, while a 
corresponding trans-intermediate reacts to THA (Figure 1A). 
Around 38% selectivity for HMF was observed at 100 °C, 
consistent with previous reports on formation of HMF in 
SnCl4/DMSO.[3d, 3f] 

Compared to water as the solvent, polar aprotic solvents like 
DMSO are known to strongly affect activation energies in aldose 
conversion to furanics.[11] Hence, we hypothesized that the 
addition of water to the SnCl4/DMSO system may stabilize acidic 
protons relative to the transition state and decelerate possible 
Brønsted acid catalyzed pathways to HMF. In addition, a water 
effect on product selectivity was anticipated, as the formation of 
both HMF and THA are stoichiometric dehydration reactions. 
Water addition was therefore used to tune the product selectivity 
in the stoichiometric dehydration reaction, stipulated by the fact 
that previous studies on various reaction systems had shown 
significant water effects on product distribution. HMF is principally 
considered stable in water/DMSO mixtures with very limited 
rehydration and conversion to levulinic acid and formic acid. 
Accordingly, no increase in formic acid or levulinic acid formation 
was observed when adding water (5-20% v/v) to the reaction 
mixture (Figure 1B). In contrast, the ratio of THA to HMF changed 
up to fourfold, giving NMR yields of more than 44% THA at a water 
content of 10% (w/v) (Figure 1 B, C). This yield corresponds to a 
threefold increase in THA yield relative to the previous reports 
using Sn-Beta catalyzed conversions of glucose, sucrose or 
fructose in water or methanol.[4a, 4b]  

Figure 2. (A) Quantitative 13C NMR spectra showing the substrate signal and 
the product mixture run under identical conditions. Integration is relative to the 
DMSO signal as the internal standard (red numbers). (B) Schematic overview 
of the product distribution (%carbon) in the presence of water (10% vol/vol).  

Quantitative 1H and 13C NMR spectra were used to quantify the 
residual reaction products, which are mostly comprised of 
polymeric humins, 3-deoxy compound byproducts (Figure 2, 
Figure S3) and lactate. Approximately 23% of carbon balance are 
not accounted for by the main soluble products and are ascribed 
to humins and minor byproducts. Water concentrations above 
10% (w/v) were found to increase humin formation. The formation 
of furanics, THA, 3- deoxy compounds and retro-aldol products 
mirrors the pathways catalyzed by Sn-containing zeolites near 
160°C.[4b] The tuning of product distribution by water resembles 
recent discoveries of water[12] and alkali ion[13] effects at the active 
site of heterogeneous Sn(IV) catalysts under such industrially 
relevant conditions. 
 High selectivity for acyclic products of glucose conversion 
forms a promising basis for new mechanistic insight into the 
relevant pathways. Low reaction temperatures and the use of 
homogeneous catalyst made SnCl4/DMSO/water systems 
amenable to mechanistic studies by in situ NMR spectroscopy. 
The reactivity of glucose and fructose was compared under 
identical reaction conditions by using both substrates in an 
equimolar mixture (Figure 3) The reaction was followed by 1H-13C 
HSQC NMR spectroscopy to yield high-quality baseline-resolved 
signals. Resultant reaction time courses are displayed in Figure 
3, showing that fructose reacted 30-fold faster than glucose. The 
increased reactivity of fructose is a possible consequence of the 
higher open-chain fraction of fructose as compared to glucose. 
Sn(IV) has previously been suggested to exert its catalytic activity 
by coordinating open chain glucose, fructose or enol species as 
five-membered chelate structures.[3d] Consistent with this 
functionality, free open-chain fructose was not observed in the 
reaction mixture, possibly due to its chelation and reactivity 
(Figure S4). The rapid conversion of fructose to THA by 
SnCl4/DMSO/water permits full conversion within 24 hours at 
temperatures as low as 40 °C. The resultant THA product is a 
diastereomeric compound with chiral centers at C2 and C5 
(Figure S5).  
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Figure 3. (A,B) Projections of the 2D 1H-13C HSQC spectra onto the 13C 
dimension for a reaction comparing fructose and glucose conversion under 
identical reaction conditions. 1H-13C HSQC was used to to obtain 13C spectra 
with increased sensitivity while tracking the reaction in situ (0.5 M glucose, 0.5 
M fructose, 0.1 M SnCl4, 90 °C). Spectra of 10 minutes duration were recorded 
and the first ten spectra are shown. (B) Reaction progress showing higher 
reactivity of fructose as compared to glucose.  

Higher reactivity of fructose than of glucose is inherent to 
both open-chain and cyclic reaction pathways, as the open and 
the furanose form are higher populated in fructose than in glucose. 
In situ 1H-13C HSQC NMR spectroscopy at optimized reaction 
conditions was thus employed for a competitive in situ assay 
between isomeric species to probe the conversion of all linear 
aldohexoses in a reaction mixture (Figure S7). Figure 4 shows the 
resultant reaction profiles with a significantly different kinetics of 
cyclic hexose conversion, where glucose reacted slowest and 
idose fastest. This trend parallels the highest expected stability of 
pyranose forms for glucose and lowest stability of pyranose forms 
for idose as a consequence of the spatial distribution of non-
hydrogen substituents at the 6-membered ring (all-equatorial for 
glucose and all-axial for idose).[14]  

A comparison of the initial rate of carbohydrate conversion 
and of open chain populations previously determined in water 
indicated a correlation between open chain population and 
reaction rate (Figure 4B). Metal chlorides have previously been 
suggested to catalyze the anomerization of glucose and fructose 
in acyclic form.[3b] The observed correlation between the rate of 
conversion and fraction of acyclic aldohexose is consistent with a 
rapid pre-equilibrium between cyclic and open aldohexose forms, 
prior to a rate-limiting conversion of the open substrate to the 
reactive complex between acyclic form and metal. If the rate-
limiting formation of reactive complex from open substrate is 
designated with rate constant 𝑘"#$%&'(, then the rate of complex 
formation 𝑑 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 /𝑑𝑡 = 𝑘"#$%&'( ∙ 𝑜𝑝𝑒𝑛  depends on the 
equilibrium constant 𝐾  between open and dominant cyclic 
species as 𝑑 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 /𝑑𝑡 = 𝑘"#$%&'( ∙ 𝐾 ∙ 𝑐𝑦𝑐𝑙𝑖𝑐 . Faster 
conversion of substrates with higher acyclic population (higher 𝐾) 
and possible structural details in hydroxyl group orientation  

Figure 4. Kinetic profile for the conversion of all aldohexoses at 100 °C (A) and 
correlation of reaction rates to previously determined acyclic fractions (drawn 
on a double logarithmic scale in B). Conversion was tracked in situ by 1H-13C 
HSQC NMR spectroscopy on a reaction mixture of all aldohexoses (10 mg each, 
0.1 M SnCl4 in 600 µl d6-DMSO) to warrant identical reaction conditions for all 
substrates.  

Figure 5. Hyperpolarized 13C NMR experiment of initial steps of [2-13C]fructose 
conversion at 70 °C in DMSO by SnCl4 (0.1 M ; top). A time series of 1D 13C 
spectra is displayed, where the overall signal fades due to the loss of transient 
nuclear spin hyperpolarization. Time resolved 13C spectra show the formation 
of an enol species as the initial detectable intermediate.  

influencing the rate of conversion (here through 𝑘"#$%&'()[15] may 
thus account for kinetic differences displayed in Figure 4. 
Combined, these studies indicate the value of employing 
competitive in situ experiments for determining plausible routes of 
hexose conversion. 

In order to obtain further mechanistic insight into the routes 
of hexose conversion, in situ NMR was conducted to track 
reactions and address the following: (1) what are the earliest 
intermediates detectable upon carbohydrate-catalyst interaction, 
(2) is it possible to rationalize different selectivity to cis and trans 
olefinic bonds upon dehydration and (3) is HMF formed through 
the linear pathway? The detection of early intermediates requires  
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Scheme 2. Plausible reaction scheme consistent with in situ kinetic data 
described herein for the conversion of glucose to THA (trans-2,5,6-trihydroxy-
3-hexenoic acid) and HMF (5-hydroxymethylfurfural) in DMSO/SnCl4. Directly 
observed intermediates and products are highlighted in green. Partial hydrolysis 
of SnCl4 to active species has previously been reported[16] and catalytic [Sn] 
Lewis acid sites are shown in a  generalized manner. 

a short experimental dead time and sufficiently rapid, sensitive 
and information-rich experiments. Hyperpolarized NMR is a 
means to temporarily creating non-equilibrium nuclear spin 
magnetization that provides ~10,000-fold enhanced signal on the 
sub-minute timescale. Hyperpolarized 13C NMR was employed 
due to the rich structural information of the 13C NMR signal, due 
to the high reactivity of fructose and due to its commercial 
availability as [2-13C]-fructose. The experiment shows the initial 
formation of an enol at C2 in 2,4,5,6-tetrahydroxyhex-2-enal 
(Figure 5), with the 13C2 signal split in a characteristic manner by 
the adjacent aldehyde proton at C1. This species is converted to 
trans-3,4 DGE (Scheme 2, Figure 6), which accumulates to levels 
that make it conveniently detectable in conventional NMR 
reaction progress kinetic analysis. Assignment spectra of the 
intermediates identified by conventional NMR are shown in 
Figures S2 and S7.   

Spectroscopic observation of the acyclic pathway makes it 
evident that the formations of trans-3,4 DGE is largely favoured 
over the formation of cis-3,4 DGE (Figure 6). Due to the high 
reactivity of the fructose in SnCl4/DMSO/water, kinetic 
experiments were conducted in the range between 40 °C and 100 
°C to establish the activation energy for trans-3,4 DGE and cis-
3,4 DGE formation from fructose (Figure S8). Trans-3,4 DGE 
forms approximately threefold faster than cis-3,4 DGE (Figure 6), 
with the activation energy of trans-3,4 DGE formation being ~3 
kJ/mol lower than that of cis-3,4 DGE formation (107.5 kJ/mol as  

Figure 6. Fructose conversion at 40 °C as monitored by in situ 1H NMR (fructose 
(1 M), SnCl4 (0.1 M), DMSO/H2O (9:1 (v/v))). 

 
compared to 110.5 kJ/mol, Figure S9), predicting rates of 
formation that differ by eDEa/RT≈3 as observed.  

Kinetic data for the conversion of fructose to trans-3,4 DGE 
and THA fitted well with a mechanism of sequential irreversible 
elementary reactions on one pathway (Figure S10). In contrast, 
reaction profiles did not fit well with a sole conversion of cis-3,4 
DGE to HMF, indicating that HMF in part forms through a cyclic 
mechanism from fructose, not unexpected in the presence of 
accumulating Brønsted acidic THA (Figure S10). A kinetic model 
describing the formation of THA via trans-3,4 DGE and of HMF 
from cis-3,4 DGE or from a cyclic pathway is shown in Figure 7. 
In situ experiments were conducted in the presence and in the 
absence of added water (Figure S11) to probe the effect of water 
on pathway steps. Resultant fits of the model to kinetic data in the 
presence and in the absence of added water are shown in Figure 
7. The apparent rate constant k1 of the kinetic model integrates 
contributions from open chain substrate concentration, catalyst 
complexation and dehydration, while rate the apparent rate 
constant k2 includes a contribution from water concentrations. As 
expected, k2 is thus increased in the presence of water. In contrast, 
cyclic, Brønsted acid catalyzed dehydrations to HMF are 
strongest reduced in rate (k4 and k5) in the presence of water. This 
finding is consistent with the increased selectivity for THA and 
with the hypothesized stabilization of acidic protons and indirect 
deceleration of possible Brønsted acid catalyzed pathways to 
HMF in the presence of water.[11] 

  Figure 7. Kinetic analysis (model displayed on top) of in situ NMR spectra for 
the conversion of 1 M fructose (0.1 M SnCl4, 323 K) in 600 µl d6-DMSO (middle) 
and in 600 µl d6-DMSO/D2O (85/15 v/v, bottom). 

 In conclusion, we find that an approach combining 
serendipitous screening by quantitative NMR and systematic 
improvement by modulation of solvent properties affords high 
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selectivities for the non-commercial C6-compound THA and 
sheds light on pathways that compete with HMF production. 
Mechanistic studies are consistent with a chelation of acyclic 
species by the Sn(IV) catalyst, followed by dehydration at C3 to 
form a 2-enol-1-aldehyde species as the first intermediate. Kinetic 
data were consistent with a sequential reaction of trans-3,4 DGE 
to THA and of cis-3,4 DGE to HMF, with another (presumably 
cyclic) pathway contributing to HMF formation from fructose. 
Acyclic pathways to HMF through 3-deoxyglucosone and cis-3,4 
DGE have previously been suggested based on computational 
studies[3e, 6b, 17] and on the experimental observation of cis-3,4 
DGE in carbohydrate- and HMF-containing solutions.[18] DMSO is 
an attractive solvent for the reaction due to its ability to solubilize 
carbohydrates and to reduce humin formation compared to 
aqueous solvents. Further improvements using biphasic 
systems[3a] in order to minimize humin formation and to facilitate 
purification, or use of buffer in order to avoid mechanistic changes 
due to the formation of free Brønsted acid could be envisioned. 
The suitability of heterogeneous Sn(IV) catalysts in aprotic 
solvents for the catalysis of acyclic carbohydrate conversion 
pathways is under investigation. We finally note that the pathways 
described herein have biochemical counterparts in the formation 
of highly reactive glucose degradation products linked to 
cytotoxicity and diabetic complications.[18b, 19] Mechanistic studies 
of these biochemical processes in water may be facilitated by the 
current pathway study. 

Experimental Section 

Reaction mixtures containing carbohydrate in d6-DMSO with catalyst (10-
mol%) and defined water fraction were incubated under shaking (600 rpm 
at 100 ºC for 20 hours in an Eppendorf Thermomixer). Samples were 
transferred to 5 mm NMR sample tubes after the reaction and immediately 
analysed at 30 ºC by 1H and 13C NMR spectroscopy. Samples yielded 
some discolouring due to humin formation, but remained transparent 
(albeit slightly coloured) for the experiments with best THA selectvities. 
Selectivities were estimated by comparing 13C NMR signal (inverse gated 
13C 1D experiment using a recycling delay of 10 seconds, comparing 
primary alcohol signals of glucose, fructose and THM C6) integrals of a 
substrate solution with the product mixture (both normalized to the d6-
DMSO signal). 

In situ experiments were performed by transferring reaction mixtures from 
1.5 ml Eppendorf safelock tubes directly to NMR tubes and heating 
samples to the desired temperature in the spectrometer. Reaction 
progress was then followed by pseudo-2D spectra recording a series of 1H 
or 13C NMR spectra in real time. Comparison of glucose and fructose and 
comparison of reactivity of the linear aldohexoses was conducted using 
1H-13C HSQC spectra and initial rates were approximated by an 
exponential fit. NMR spectra were recorded, processed and analysed with 
Bruker Topspin software. Kinetic data of reaction progress of fructose 
conversion at 40, 70 or 100 ºC were integrated in Bruker Topspin 3.0 and 
fitted to a model of sequential elementary reactions in proFit 7 (Quantum 
Soft, Switzerland). 

Isotope-enriched [2-13C]-fructose (Cambridge Isotope Laboratories, 
Tewksbury, MA) was hyperpolarized using a HyperSense (Oxford 
Instruments, England) polarizer with a magnetic field of 3.35 T. Solid-state 
polarizations of ~30% were obtained in the self-glassing carbohydrate 
syrup. After 1 hour of polarization, the samples were dissolved with heated 
Milli-Q water to yield liquid hyperpolarized [2-13C]-fructose samples. 

Hyperpolarized 13C NMR experiments were conducted by forcefully 
injecting 600 µl of the aqueous fructose solution into a solution of SnCl4 in 
DMSO (100 mg in 4 ml) equilibrated to 70 ºC in an Oxford 400 MHz magnet. 
Acquisition of 13C spectra was started prior to the injection. Detailed 
experimental procedures are described in the Supporting Information. 
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