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Abstract: Spectral studies revealed the presence of a specific
arrangement of 5-hydroxymethylfurfural (5-HMF) molecules
in solution as a result of a hydrogen–bonding network, and this
arrangement readily facilitates the aging of 5-HMF. Deterio-
ration of the quality of this platform chemical limits its
practical applications, especially in synthesis/pharma areas.
The model drug Ranitidine (Zantac�) was synthesized with
only 15% yield starting from 5-HMF which was isolated and
stored as an oil after a biomass conversion process. In contrast,
a much higher yield of 65% was obtained by using 5-HMF
isolated in crystalline state from an optimized biomass
conversion process. The molecular mechanisms responsible
for 5-HMF decomposition in solution were established by
NMR and ESI-MS studies. A highly selective synthesis of a 5-
HMF derivative from glucose was achieved using a protecting
group at O(6) position.

5-Hydroxymethylfurfural (5-HMF) is a well-established
platform chemical with numerous opportunities in organic
chemistry,[1] materials science,[2] biofuels,[3] and sustainable
chemical industry.[4] An unquestionable advantage of 5-HMF
is its direct preparation from biomass, for which the estimated
global net primary production is nearly 1.05 � 1014 kg fixed
carbon per year.[5] A practically important factor is the nearly
equal contribution from marine and terrestrial primary
biomass producers.[5] The overall process starts with produc-
tion of carbohydrate biomass and involves capture of sunlight,
CO2, and H2O, and release of O2 (Scheme 1). The next stage is
conversion of carbohydrates into sugar monomers, followed
by catalytic synthesis of 5-HMF with water as the only side
product. The overall process is highly efficient and completely
environmentally benign. Capture of CO2, H2O, and sunlight is
accompanied by release of 5-HMF, H2O and O2.

[6]

A number of different catalytic systems have been
reported for the preparation of 5-HMF from carbohy-
drates.[1–7] Use of fructose and glucose as monomeric sugars,
as well as cellulose as a raw carbohydrate material, has been

demonstrated.[8,9] However, in the vast majority of cases, 5-
HMF was isolated as an oil of varying purity (mostly 90–
98%), whereas isolation of solid 5-HMF is rarely described.[10]

In the present study, we found a critical difference
between 5-HMF prepared as an oil compared to a crystalline
solid. Degradation during the isolation and storage of 5-HMF
in an oil form critically reduces the advantages of this
platform chemical. Even 97–99% pure 5-HMF is susceptible
to rapid aging and decomposition upon storage in an oil form
(Scheme 2). Such rapid degradation and aging of 5-HMF
imposes an unavoidable obstacle which drastically compli-
cates its practical utilization as a platform chemical in organic
synthesis and industrial applications.

In this work, the process of 5-HMF aging was studied in
detail, and the nature of the decomposition was revealed.
Understanding the nature of the process made it possible to
develop an efficient procedure for the synthesis of crystalline
5-HMF from fructose and cellulose with greater than 99.9%
purity using a simple and recyclable catalytic system (Sche-

Scheme 1. The use of solar energy for biomass-derived chemical
production of 5-HMF.
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Scheme 2. Possible pathways of biomass conversion and critical role
of product purity in the synthetic utility of 5-HMF.
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me 2a). A new approach was developed for the conversion of
less reactive glucose. A simple protection of the O(6)-position
in glucose increased the selectivity of the reaction and
simplified product separation (Scheme 2b). Preparation of
the drug Ranitidine was used as a model synthetic application,
and a significant increase in yield was observed when using
crystalline 5-HMF as the starting material instead of the oil
form (65 % versus 15 %).

5-HMF was synthesized from fructose using the known
catalytic system with H2SO4 as a catalyst and [BMIM][Cl], an
ionic liquid, as the reaction medium.[11] Transformation of
fructose into 5-HMF under these reaction conditions pro-
ceeded with high conversion (90–99 %) and good yield (80–
90%). Isolation of 5-HMF was performed by extraction with
ethyl acetate followed by purification by filtration through
silica gel (see the Supporting Information). The product was
obtained as a yellow or light orange oil of 97–99 % purity.

5-HMF, isolated as an oil, was dried and stored at room
temperature. The color of the stored sample changed from
light yellow to dark brown over 2 weeks of storage. Small
aliquots were taken and subjected to NMR analysis, which
clearly revealed the formation of another compound (Fig-
ure 1A). 2D DOSY NMR spectroscopy showed a decreased
self-diffusion coefficient for the newly formed compound
(Figure 1B), and indicated that the molecule was larger than
5-HMF. The compound was isolated, and the structure was
unambiguously established as a 5-HMF dimer by X-Ray
analysis (Figure 1C). 5-HMF intermolecular etherification
took place with a yield of approximately 50 % after two weeks
of storage.

In addition to the 5-HMF dimer, an HPLC-ESI-MS study
of the aging process revealed a number of other decompo-
sition products. Oligomerization of 5-HMF readily took place
and resulted in the formation of several higher molecular
weight compounds with three to ten furan cores. The
structures of the degradation products, suggested on the
basis of MS and MS/MS data, can be found in the Supporting
Information.

Apparently, prolonged storage of 5-HMF resulted in
decomposition, thus leading to formation of the dimer and
larger oligomers. We propose that the aging process is
facilitated by the impurities remaining after synthesis of 5-
HMF. In the studied system, the presence of acidic impurities,
remaining after the catalytic transformation, may be a reason
for the oligomerization process. Even 97–99% pure 5-HMF in
the oil state was found to undergo rapid aging.

Many organic compounds are synthesized and stored as
oils. Generally, having 97–99 % purity is usually sufficient for
synthetic applications and provides the required stability
upon storage. In this regard, the observed behavior of 5-HMF
in the oil form is somewhat unusual. To evaluate 5-HMF
behavior in a solution and in the neat oil state, we conducted
an NMR analysis of samples with varying concentrations.

The measurement of self-diffusion coefficients (D) with
increasing concentration revealed a rapid nonlinear decrease
of D (Figure 2). For comparison, the self-diffusion coefficient
of the covalently linked 5-HMF dimer was also recorded. At
about 1m concentration, the self-diffusion coefficient of the 5-
HMF dimer was comparable to the corresponding value
recorded for pure 5-HMF. Slow self-diffusion of 5-HMF in
solution indicated strong noncovalent interactions between 5-
HMF molecules and formation of larger aggregates. The
process took place even at low concentration of 5-HMF in
diluted solutions. Further increase of the 5-HMF concentra-
tion led to rapid growth of the molecular network in solution
and a large decrease in mobility. To gain insight into the
nature of the solution of 5-HMF, we carried out 2D NOESY
experiments. Even at 5–10 vol % concentration, intermolec-
ular NOE contacts were present in the spectrum, thus
confirming the possibility of intermolecular bonding

Figure 1. A) 1H NMR monitoring of 5-HMF stored at RT as an oil. B)
1H DOSY study of the stored 5-HMF sample. C) Molecular view of 5-
HMF dimer determined by X-ray analysis.

Figure 2. Self-diffusion coefficients for 5-HMF and covalent dimer at
various concentrations. The insert shows the NOE spectrum of 5-HMF
at 20 vol% (2.05m) concentration (for ~, the concentration based on
the number of furan fragments was 1.1m ; see Supporting Information
for details).
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(Figure 2; the insert). The NOESY NMR spectrum of the
neat 5-HMF exhibited NOE correlations between every pair
of non-equivalent protons, suggesting the existence of a more
closely packed arrangement of molecules connected by
a hydrogen-bonding network (see the Supporting Informa-
tion).

1H and 13C{1H} NMR spectra of 5-HMF in the neat oil
state exhibited rather narrow lines with full width at half
maximum (FWHM) at less than 10 Hz, which corresponds to
T2* relaxation times in the range of 50–70 ms. This range is
close to the typical values for tissues and other specimens with
constrained molecular mobility.

As determined by NMR spectroscopy, aggregation of 5-
HMF in solution leads to the formation of a self-organized
network. The close arrangement of the molecules in the
network is favorable for dimerization and further oligomeri-
zation. This observation may explain unique properties of 5-
HMF and its tendency toward rapid aging and decomposition.
In fact, dimerization and oligomerization takes place in
already geometrically preorganized system, thus the oligo-
merization process can be very facile. In such a supramolec-
ular network of molecules in solution, a much stronger
influence of the acidic impurities and other reaction con-
ditions should be observed. In the crystalline form, molecules
of 5-HMF also exhibit intermolecular hydrogen bonds,[12]

however restricted molecular mobility ensures stability of
crystallized 5-HMF.

For monitoring carbohydrate conversion and 5-HMF
decomposition processes, we developed a straightforward
procedure for the analysis of 5-HMF-containing systems using
NMR spectroscopy directly in ionic liquids (see the Support-
ing Information). Spectral analysis of the reaction mixture
provided a reliable picture of catalytic performance and
eliminated the influence of product decomposition during
isolation. A number of optimizations were carried out and
revealed a strong influence of water on the reaction yield and
selectivity. To achieve selective conversion of carbohydrates
into 5-HMF, continuous removal of excess of water was
essential.[9j] Conventional stirring of the reaction mixture
using a magnetic stirrer bar or mechanical stirrer did not give
desired efficiency of the catalytic process, even under vacuum
(see Figure S4 in the Supporting Information). However,
continuous surface renewal during exposure to vacuum
substantially improved the reaction outcome. Continuous
surface renewal was efficiently achieved using a rotary
evaporator for the synthesis of 5-HMF. Carrying out the
synthetic procedure in the rotary evaporator simplified the
reaction setup and product isolation. Solvent recycling during
the extraction process was carried out using the same rotary
evaporator. This option is a convenient and affordable reactor
which allows the dehydration reaction to proceed in a vacuum
under very efficient surface-renewing mixing conditions (see
Figure S4).

Use of a large amount of the catalyst and heating above
80 8C led to a decrease in the yield of 5-HMF as a result of the
formation of byproducts. Another important factor was the
ratio between the amounts of the carbohydrate substrate and
ionic liquid. The concentration of the dissolved carbohydrate
affected the viscosity of the reaction mixture and influenced

the contribution of the side-reactions. Under the optimized
reaction conditions efficient recycling was demonstrated:
(82� 10) % yield was observed in 15 cycles (see Figure S2). In
all cycles, 99 % pure 5-HMF was obtained, and it formed
crystals upon cooling. Also, it could be recrystallized to obtain
the crystalline product with greater than 99.9 % purity (see
the Supporting Information). The reaction was successfully
carried out with fructose and cellulose as starting materials
and led to 85 and 50% yields of 5-HMF, respectively. Storage
of crystalline 5-HMF for 1 month at room temperature did
not lead to product decomposition, and the compound
remained pure as confirmed by NMR and MS analysis.
These results are in sharp contrast to the behavior of oily 5-
HMF, in which aging and decomposition rapidly took place in
a short period of time.

The observed strong influence of water can be explained
by taking into account the molecular arrangement of 5-HMF
in solution (Figure 2) as it may facilitate the side-reactions.
Continuous removal of water during synthesis decreased the
effect of the product degradation process and increased the
yield. The studied catalytic system utilized an important
advantage of ionic liquids—low vapor pressure and high
thermal stability combined with unique molecular level
properties.[13]

The selectivity of 5-HMF formation from glucose is much
lower as compared to fructose because of harsh reaction
conditions and decomposition of 5-HMF during the synthetic
process.[8, 9] As we established, the fact can be associated with
the formation of oligomeric products resulting from hydro-
gen-bonding networks involving 5-HMF. In such a case
protection of O(6)-position of the carbohydrate (which is
involved in hydrogen-bonding to the hydroxymethyl group in
5-HMF) should effect side-reactions.

Indeed, the concept is very practical since O(6)-protected
glucose is easily accessible (Scheme 3). We have found that 6-
O-TBDPS-d-glucopyranose undergoes conversion into 5-

(TBDPS-oxymethyl)furfural using a known CrCl3 catalyst.
The product was obtained in 81 % yield upon isolation. For
comparison, conversion of unprotected glucose with the same
catalytic system results in much lower yields of 40–50%.[11a] In
some cases high yields were observed according to NMR and
HPLC analyses.[1–8] However, the yield of pure isolated 5-
HMF can be significantly lower because of degradation
during the isolation process. In such a case, handling O-
protected sugar can noticeably improve the process.

The absence of a free hydroxy group prevents formation
of a hydrogen-bonding network, thus suggesting a plausible
influence on oligomerization during the conversion process.

Scheme 3. Highly selective conversion of O-protected d-glucopyranose
to O-protected 5-HMF. a) TBDPSCl, DMAP, Py, RT, 24 h;
b) CrCl3·6H2O, [BMIM][Cl] , methyl isobutyl ketone, 120 8C, 1 h.
BMIM= 1-n-butyl-3-methylimidazolium, DMAP= 4-(N,N’-dimethyl-
amino)pyridine, Py = pyridine, TBDPS= Ph2tBuSi.
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In addition, 5-(TBDPS-oxymethyl)furfural was extracted
from the reaction mixture much more easily as compared to
5-HMF, presumably because of the lower polarity of the
former. Improved separation is an important advantage in the
case of ionic liquid media.

The resulting O-protected 5-HMF is a stable compound
which can be stored at room temperature for a long time
without significant decomposition. The TBDPS-group is
easily removed to obtain 5-HMF in a pure crystalline form.
The presence of protecting group also extends possible
synthetic applications for stepwise selective transformations
involving reaction of the aldehyde group as a first step.[14]

5-HMF obtained by the developed procedure was utilized
in the synthesis of the histamine H2-receptor antagonist
Ranitidine (trade name of the drug is Zantac�) using the
modified synthetic scheme suggested by Mascal and Dutta.[15]

Starting from crystalline 5-HMF, this valuable pharmaceutical
product was obtained in five steps with an overall yield of
65% and the purity of synthesized Ranitidine was 99.9% (see
the Supporting Information for details). An identical yield of
Ranitidine was obtained starting from crystalline 5-HMF
stored for one month. In contrast, a small 15% yield of
Ranitidine was obtained using one-month-old oily 5-HMF.

Rapid aging of 5-HMF in the oil form diminishes the
utility of this valuable building block in synthetic applications.
Moreover, a more resource-demanding separation procedure
based on chromatography may be required at intermediate
stages to remove byproducts. It should be noted that the
presence of the dimer and oligomers in the aged 5-HMF
resulted in several parallel pathways during the synthetic
process. Indeed, the dimer and oligomers showed similar
reactivity compared to the parent 5-HMF and readily
participated in the same reactions. Overall, storage of 5-
HMF in an oil state and related aging processes make it
impractical for synthetic applications.

To summarize, synthesis of 5-HMF from fructose was
carried out under vacuum with surface-renewing mixing
conditions which removed water from the reaction mixture.
Under the optimized reaction conditions, pure 5-HMF was
obtained in high yields and excellent selectivity using an easily
available recyclable catalytic system. The synthetic proce-
dure, as well as the subsequent 5-HMF isolation, were carried
out in a rotary evaporator without the need for special
equipment.

The degradation and aging of 5-HMF were studied by
NMR and MS methods and confirmed the formation of
dimers and oligomers during storage. Self-organization of 5-
HMF in solution and formation of a hydrogen-bonded
network greatly facilitated the oligomerization process,
especially in the presence of acidic impurities. The process
is readily facilitated at higher concentrations of 5-HMF and
affects neat 5-HMF stored in the oil state. Crystalline 5-HMF
was found to be superior for storage and practical synthetic
applications, while preparation and usage of 5-HMF as an oil
should be avoided. Biomass conversion with crystalline 5-
HMF as a platform chemical provides excellent synthetic
opportunities.

A new approach was developed to achieve high selectivity
in the conversion of less reactive glucose. Disruption of the

hydrogen-bonding network with a simple protecting group
avoids decomposition during the synthesis and facilitates
extraction from the reaction mixture. Thus, conversion of
glucose resulted in a high yield of isolated 5-HMF (> 80%)
under readily available catalytic conditions. The synthesized
O-protected 5-HMF is a stable product and can be stored
without a need of extensive purification.
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Critical Influence of 5-
Hydroxymethylfurfural Aging and
Decomposition on the Utility of Biomass
Conversion in Organic Synthesis

Acting one’s age : Aging and decomposi-
tion processes of oily 5-hydroxymethyl-
furfural (5-HMF) were evaluated by
spectral studies which revealed the pres-
ence of a specific arrangement of 5-HMF
molecules in solution resulting from
a hydrogen-bonding network. Blocking
the hydrogen-bonding network by a suit-
able protecting group avoided decompo-
sition during the synthesis and facilitated
extraction of the product from the reac-
tion mixture.
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