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Solvent Effects on Degradative Condensation Side
Reactions of Fructose in Its Initial Conversion to

5-Hydroxymethylfurfural

Xing Fu,” Yexin Hu,” Yanru Zhang,”” Yucheng Zhang,” Dianyong Tang,”™ Liangfang Zhu,*"

and Changwei Hu*"

The degradative condensation of hexose, which originates
from the C—C cleavage of hexose and condensation of degrad-
ed hexose fragment, is one of the possible reaction pathways
for the formation of humins in hexose dehydration to 5-hy-
droxymethylfurfural (HMF). Herein, the impacts of several polar
aprotic solvents on the degradative condensation of fructose
to small-molecule carboxylic acids and oligomers (possible pre-
cursors of humins) are reported. In particular, a close relation-
ship between the tautomeric distribution of fructose in sol-
vents and the mechanism of degradative condensation is dem-

Introduction

Lignocellulosic biomass is the most abundant and inexpensive
renewable resource that can potentially substitute the fossil re-
sources for producing transportation fuels and commodity
chemicals."” Over the past decade, tremendous efforts have
been made to develop effective methods to sustainably trans-
form lignocellulosic biomass-derived feedstock into value-
added products.”*®" Among others, 5-hydroxymethylfurfural
(HMF), the dehydrated product of hexose, has been regarded
as a key platform chemical.®*9 Nowadays, the highly selective
synthesis of HMF by catalytic dehydration of hexose has at-
tracted increasing attention.**”! However, several side reactions
are involved in hexose dehydration, which lowers the HMF se-
lectivity and increases the separation energy. Large-scale indus-
trialization of HMF is feasible but has not yet been realized;"
this is mainly hampered by the formation of soluble or insolu-
ble polymeric byproducts. Such undesirable carbonaceous sub-
stances account for 10-50% carbon loss of the feedstock,
thereby decreasing the economic viability.*> To improve the
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onstrated. Typically, a-fructofuranose in 1,4-dioxane and acyclic
open-chain fructose in THF favor the conversion of fructose to
formic acid and oligomers; a-fructopyranose in y-valerolactone
or N-methylpyrrolidone favors levulinic acid and oligomers,
whereas B-fructopyranose in 4-methyl-2-pentanone favors
acetic acid and corresponding oligomers. This close correlation
highlights a general understanding of the solvent-controlled
formation of oligomers, which represents an important step
toward the rational design of effective solvent systems for
HMF production.

utilization of biomass-derived carbon resources, the formation
of humins should be limited as much as possible.

An understanding of the reaction pathways of humin forma-
tion might be greatly helpful for its future inhibition. A sche-
matic illustration of such formation pathways is exhibited in
Scheme 1, wherein the condensation/polymerizations of partly
dehydrated hexose and/or HMF are proposed to be responsi-
ble for humin formation.”>¥ Significantly, HMF itself has been
regarded as a key intermediate for humin formation through
the uncontrolled self-® or cross-polymerization with other
highly reactive intermediates [i.e., 2,5-dioxo-6-hydroxyhexanal
(DHH)] and/or products [(i.e., levulinic acid (LA)] in aqueous
solution.”™® Based on this understanding, effective strategies
have been developed to inhibit the rehydration of HMF to
form DHH or LA through the rational design of catalysts'®
and cautious selection of solvents,"'* such that the formation
of humins could be alleviated.
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Scheme 1. Reaction pathways of humin formation during hexose dehydra-
tion. DHH = 2,5-dioxo-6-hydroxyhexanal, LA =levulinic acid, FA=formic acid.
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However, humins might also be generated from the degra-
dative condensation of glucose, fructose, and/or HMF. Herein,
the concept of degradative condensation is proposed and de-
fined as the oligomerization of the intermediates derived from
the C—C cleavage of hexose or HMF. The degradative conden-
sation of fructose might be easier than that of glucose and
HMF, as proposed in our previous work.'? Recent kinetic stud-
ies revealed that the apparent activation energy of the acid-
catalyzed degradative condensation of fructose ranged from
79 to 130 kJmol'.l'">"34 Ajthough a limited mechanistic un-
derstanding has been achieved, it is widely accepted that such
degradative condensation produces oligomers associated with
a degraded product, namely, formic acid (FA). The rehydration
of HMF also generates equal molar amounts of FA and LA.
Nevertheless, several studies have reported the formation of a
stoichiometric excess of FA, relative to that of LA, during fruc-
tose dehydration in various solvents, ™ which suggests the
general existence of a degradative condensation route that
might be related to humin formation. In this regard, develop-
ing mechanistic insights into how reaction parameters influ-
ence the degradative condensation of hexose is of critical im-
portance for the design of optimal reaction systems to inhibit
humin formation and then enhance HMF selectivity.

A wide range of solvents, including polar protic or aprotic
solvents, a water-organic mixture, biphasic solvents, and ionic
liquids, have been evaluated for hexose dehydration.">® The
solvent composition plays an important role in controlling the
rate and selectivity of hexose dehydration by influencing the
solubility of hexose, tautomer distribution of hexose, stability
of intermediates and/or products, and the forms of active spe-
cies."*f |n particular, the tautomer distribution of hexose in
solvents primarily controls HMF selectivity.""9 For p-fructose,
five tautomers (i.e., a-p-fructofuranose (a-furanose), f-b-fructo-
furanose (B-furanose), a-b-fructopyranose (a-pyranose), [3-p-
fructopyranose (B-pyranose), and acyclic keto b-fructose
(open-chain)) are included in solution (Scheme 2).'%F1 At
120°C, fructose predominantly exists as -furanose (39%) and
p-pyranose (37%) in H,O, but mainly p-furanose (46%) and a-
furanose (25 %) in DMSO.™™ Notably, the dominant existence of
fructofuranose tautomer in DMSO was proposed to lead to
HMF, whereas the fructopyranose form in water led to oligo-
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Scheme 2. Structures of five tautomers of fructose and their interconversion

via open-chain fructose.
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mers.”*9 However, to the best of our knowledge, little effort

has been made to demonstrate the intrinsic solvent effect on
the degradative condensation of fructose, especially the rela-
tionship between the tautomeric distribution of fructose and
the formation of humins at the initial reaction stage in various
solvents. The lack of this fundamental understanding hampers
guidance for the design of optimal reaction systems for inhibit-
ing humin formation in HMF production.

Herein, the impact of several typical polar aprotic solvents
[i.e., 1,4-dioxane (DIO), THF, 4-methyl-2-pentanone (MIBK), y-va-
lerolactone (GVL), N-methylpyrrolidone (NMP), and dimethyl
sulfoxide (DMSO)] on the side reactions of fructose to small-
molecule carboxylic acids and oligomers (the possible precur-
sors of humins) through degradative condensation in the initial
stage of fructose conversion is studied. The solvents are
chosen based on their frequent applications in acid-catalyzed
fructose-to-HMF dehydration. The product distributions in the
presence or absence of acid catalyst in various solvents reveal
the popular formation of FA and oligomers through degrada-
tive condensation in DIO or THF, acetic acid (AA) and oligo-
mers in MIBK, LA and oligomers in GVL or NMP, and HMF in
DMSO. The intrinsic solvent effect on different product distri-
butions has been probed by performing fructose conversion in
the absence of an acid catalyst to approach an earlier reaction
stage and exclude the influence of HMF formed. In situ attenu-
ated total reflection-infrared spectroscopy (ATR-IR), electro-
spray ionization mass spectrometry (ESI-MS/MS), and quantum
chemical calculations have been used to investigate the
mutual evolution of each fructose tautomer, the predominant
tautomer, and the correlation between the tautomeric distribu-
tion of fructose and the mechanism of degradative condensa-
tion in various solvents.

Results and Discussion

Effect of solvents on the product distribution in the initial
stage of fructose conversion

In the presence of HCl, a Brgnsted acid catalyst, fructose
(250.0 mm) underwent fast dehydration to HMF within 2 min
(even 20 s) at 120°C in various solvents (Table S1 in the Sup-
porting Information); thus indicating that the solvents were all
suitable for fructose-to-HMF dehydration.”?" Additionally, we
observed the predominant formation of FA in DIO or THF, AA
in MIBK, and LA in GVL or NMP within 20 s of reaction. These
small-molecule carboxylic acids were clearly the products from
the direct degradation of fructose. However, no C; or smaller
products were detected in DIO or THF to accompany the for-
mation of FA, no C, or smaller products were detected in MIBK
to accompany the formation of AA, and only a stoichiometri-
cally smaller amount of FA was detected with the formation of
LA in GVL or NMP. These results suggested that the degraded
fructose fragments might have undergone further transforma-
tion, typically a condensation reaction, to form products that
could not be detected by means of HPLC. Within such a short
reaction time of 20 s or 2 min, no insoluble humins were ob-
served in any solvents, thereby demonstrating the possible for-
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Table 1. Effect of solvents on the conversion of fructose in the initial reaction stage.”

Entry Solvent Fru conversion Yield [mol %] Carbon balance [mol %]
[mol %] HMF FA AA LA actual theoretical® difference”
1 DIO 43.3 (17.0) -() 27.2 (46.2) - - 61.2 (90.7) 83.9 (98.4) 22.7 (7.7)
2 THF 27.0 (25.8) -(-) 3.0 (14.9) - (=) - (=) 73.5 (76.7) 76.0 (89.1) 2.5(12.4)
3 MIBK 58.3 (26.8) -() 0.1 (-) 10.7 (18.2) - 45.3 (79.3) 52.5(91.4) 7.2 (12.1)
4 GVL 27.3 (33.7) -() 0.3 (-) -(=) 19.9 31.7 89.3 (82.9) 92.9 (86.2) 3.6 (3.3)
5 NMP 15.5 (29.7) -() 0.3 (-) -(=) 13.7 (23.4) 96.0 (81.7) 98.5 (84.0) 25(23)
6 DMSO 68.1 (16.2) 38.7 (0.1) -2 - - 70.6 (83.9) 70.6 (83.9) -

[a] Reaction conditions: 250.0 mm fructose, solvent (1 mL), 120°C, 1 h. The values in parentheses represent data obtained by reacting 27.8 mm fructose for
30 min. [b] The theoretical carbon balance was estimated by assuming that the lost carbon merely came from the degradative condensation of fructose.
[c] The difference between the theoretical and actual values, which represents the lost percentage of carbon owing to the degradation of fructose.

mation of oligomers through degradation and subsequent
condensation in the initial stage of fructose dehydration. Ac-
tually, the promotional solvent effect of THF on the formation
of FA and oligomers was in accordance with our previous
study, wherein a Lewis or Brgnsted acid was added for fructose
dehydration."**?  Notably, the conversion of fructose
(250.0 mm) in the absence of acid catalyst at 120°C for 1 h re-
sulted in the same product distributions as those in the pres-
ence of HCI catalyst. The results are shown in Table 1, wherein
FA was found to be the sole product in DIO or THF (entries 1
and 2), AA was the predominant product in MIBK (entry 3), LA
was the predominant product in GVL or NMP (entry 4 and 5),
and HMF was the only product in DMSO (entry 6). Herein, the
formation of HMF in DMSO originated from the well-known
catalytic performance of DMS0.["®*?3) On account of the above
results, the formation of small-molecule carboxylic acids (i.e.,
FA, AA, and/or LA) could be considered as an important mes-
sage for predicating the formation of oligomers in the initial
stage of fructose dehydration. Moreover, the theoretical
carbon balance was clearly higher than that of the actual
carbon balances in DIO, THF, MIBK, GVL, or NMP, which sug-
gested the occurrence of the degradative condensation of
fructose in the initial reaction stage of fructose conversion
without adding acid catalyst. Therefore, the occurrence of deg-
radative condensation of fructose is a popular reaction path-
way in various polar aprotic solvents in either the presence or
absence of acid catalyst; thus indicating the intrinsic influence
of the solvents used on the formation of small-molecule car-
boxylic acids and oligomers in the initial reaction stage of fruc-
tose conversion. To probe this intrinsic solvent effect, the fruc-
tose conversions in the subsequent study were all conducted
by reacting fructose in the absence of any catalyst.
Considering the fact that some fructose remained undis-
solved in THF, MIBK, or GVL owing to the solubility limit, we
further lowered the initial fructose concentration to 27.8 mm
to ensure complete dissolution and decreased the reaction
time from 1 h to 30 min to approach an earlier reaction stage.
The results are also shown in Table 1. Notably, the reduction of
fructose concentration and reaction time led to the same prod-
uct distribution of small-molecule carboxylic acids in a given
polar aprotic organic solvent, which strongly illustrated that
the fructose solubility and undissolved fructose had little influ-
ence on determining the product evolutions in the initial reac-
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tion stage of fructose conversion. Furthermore, the time pro-
files within 1 h (Figure S1 in the Supporting Information)?" il-
lustrated the increase of FA yield in DIO, the predominant in-
crease of AA yield in MIBK, and the predominant increase of
LA in NMP. In other words, fructose conversion in a given sol-
vent within 1 h gave out the same product distribution, which
was not affected by the reaction time or the fructose concen-
tration in the initial stage of fructose conversion. Although the
polarity of solvents has been reported to influence the product
distributions during hexose conversion,* no correlation be-
tween the solvent polarity (order: MIBK>NMP >GVL >DIO >
DMSO >THF) and the formation of carboxylic acids could be
established. Additionally, the possible influence of the actual
reaction pressures on the degradative condensation of fructose
were excluded because the similarly higher reaction pressures
(0.26-0.38 MPa) in DIO, THF, or MIBK led to different carboxylic
acids (i.e., FA or AA), and the same reaction pressure
(0.18 MPa) in NMP and DMSO also resulted in different prod-
ucts (i.e., LA or HMF; Table S2 in the Supporting Informa-
tion).?" The possible decomposition of FA into CO,, CO, or H,
under the reaction conditions was also excluded by analyzing
the gaseous products with GC coupled to a thermal conductiv-
ity detector (TCD), which made the quantification of FA relia-
ble.

Effect of solvents on the possible structure of oligomers

The formation of oligomers was the main factor for carbon
loss during fructose conversion. To explore possible structures
of oligomers originally derived from the degradative condensa-
tion of fructose in the initial stage of fructose conversion, the
reaction mixtures, after reacting fructose at 120°C for 1 h in
various solvents, were analyzed by means of ESI-MS/MS
(Figure 1). The results showed the formation of two kinds of di-
merized products in the initial reaction stage: 1) dimers with
m/z 365, 347, 311, 293, or 275 in all of the solvents were as-
signed to [2Fru-nH,0+Na]* (n=1-6) species that formed
through intermolecular etherification of fructose and subse-
quent dehydration; and 2) dimers with m/z 305 and 247 in
DIO, 273 in THF, 301-368 in MIBK, 319 and 223 in GVL, and
221 in NMP were assigned to the dimerized products through
the degradation of fructose and further dimerization of de-
graded fructose fragment with another fructose molecule. For
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Figure 1. ESI-MS spectra of reaction mixtures after reacting fructose (Fru) in various sol-
vents at 120°C for 1 h. a) DIO, b) THF, c¢) MIBK, d) GVL, €) NMP, and f) DMSO.
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instance, the species with m/z 247 was assigned to
[2Fru-FA-5H,0+Na]* (i.e., [C;;H,,0s+Na]™), the
species with m/z 305 was assigned to [2Fru-C,H,0,—
H,O+Na]* (i.e., [C;oH:s0,+Nal™", as verified by ESI-
MS/MS results in Figure S2 in the Supporting Infor-
mation),”" the species with m/z 273 was assigned to
[2Fru-2FA-H,0+Na]* (i.e., [C,oH.g0,+Na]™), the
species with m/z 223 was assigned to [2Fru-LA-
C,H,0,+Nal* (ie., [CH,,05+Nal"), and the species
with m/z 221 was assigned to [2Fru-LA-FA+Na]*
(i.e., [C¢H,0,+Na] ), according to Equations (1)-(5):

2C¢H;,04 — C44Hy,05 4+ CH,0, + 5H,0 (1)
2C¢H,,04 — CyoH1504 + C,H,0, + H,0 (2)
2C4H;,04 — CyoHy50; + 2CH,0, 4+ H,0 (3)
2CsH,,04 — CsH,,05 + CsHO5 + CH,O (4)
2C4H,,04 — CH,4,0; 4 CHO;3 4 CH,0, (5)

However, at room temperature, the etherized
dimers were only observed in DMSO or NMP, whereas
the dimerized products formed through the degrada-
tive condensation of fructose were not observed at
all in any solvents. Therefore, the different appear-
ance of etherized or degradative-condensed oligo-
mers in a given solvent was induced by the high-
temperature reaction, rather than the ESI or solvent
themselves.

Also, the possible molecular formula of the oligo-
mers revealed the release of small-molecule carboxyl-
ic acids during the degradative condensation of fruc-
tose. Typically, one molecular glycolaldehyde (or its
isomer) was released from fructose in DIO (Fig-
ure 1a); however, no glycolaldehyde (or its isomer)
was detected in the time profile of fructose conver-
sion in this solvent (Figure S1a in the Supporting In-
formation).”” This result was possibly ascribed to the
unstable characteristics of glycolaldehyde (or its
isomer) in the reaction system.?*** Once formed, gly-
colaldehyde (or its isomer) might immediately de-
compose to generate FA as the final product detect-
ed. Whereas, in THF, only the FA-related dimers (e.g.,
[2Fru-2FA-H,0+Na]*) were detected in the ESI-MS
spectrum (Figure 1b), which was indicative of the re-
lease of FA during the degradative dimerization of
fructose in THF. Therefore, although FA was detected
as the product in both DIO and THF, the different
structures of dimers were indicative of the different
evolution routes of FA in these two typical aprotic
solvents containing similar epoxy structures. Mean-
while, we also observed the formation of some tri-
merized products in THF. For instance, the species
with m/z 381 was assigned to [3Fru-2FA-5H,0+
Na]*, the species with m/z 417 was assigned to
[3Fru-2FA-3H,0+Nal*, and the species with m/z
435 was assigned to [3Fru-2FA-2H,0+Na]". The
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observation of trimerized products in THF provided a clue to
the formation of trimers by further condensation reactions.

Similarly, the ESI-MS spectra of the products after reacting
fructose in MIBK, GVL, and NMP also illustrated the formation
of oligomers derived from the degradative condensation of
fructose, for which the signals at m/z 301 to 384 were mainly
ascribed to the di- or trimerized species after releasing AA or
FA molecules from fructose in MIBK (Figure 1c¢), the signals at
m/z 223 and 319 were assigned to dimerized species [2Fru-
LA-C,H,O0+Na]" and [2Fru-FA-H,0+Na]* after releasing LA
or FA molecules from fructose in GVL (Figure 1d), and the
signal at m/z 221 corresponded to [2 Fru-LA-FA 4+ Na]* derived
from the condensation of degraded fructose fragment after
the release of FA or LA in NMP (Figure 1e). Additionally, the ap-
pearance of signals assigned to [Fru+GVL+Na]l™ (m/z 303;
Figure 1d) and [Fru+NMP+Na]* (m/z 302; Figure 1e) was ex-
plained by the possible aggregation of charged ions between
fructose and solvent molecules after ionization.”” Notably, no
signals assigned to the products from the degradative conden-
sation of fructose were observed in DMSO (Figure 1 f). Instead,
the appearance of signals corresponding to [2Fru-nH,0+Na]*
(n=1-6) species supported the mechanism of difructose anhy-
dride (DFA)-mediated fructose-to-HMF dehydration in DMSO
because of the highly stable existence of caramel-like®® [2 Fru-
2H,0+Na]t (m/z 347) species."”>?2F1 However, it is interesting
to note that the [2Fru-H,0+Na]™ (m/z 365) species was
found to be the main DFA species in DIO, THF, GVL, and NMP.
The different existence forms of the DFAs in various solvents
might be indicative of different conversion paths of fructose at
the initial reaction stage, which deserves a deeper study in our
future work.

Significantly, we have also detected the formation of oligo-
mers as tetra-, penta-, hexa-, hepta-, and nonamers in the ESI/
MS spectra of the reaction mixture after reacting fructose in
the presence of HCl in various solvents (Figure S3 in the Sup-
porting Information).”” Therefore, the di- and trimers formed
in the initial reaction stage of fructose conversion were sup-
posed to act as “precursors” or “cores” to trigger subsequent
oligomerization, typically cross-condensation with HMF or
other highly active intermediates during acid-catalyzed fruc-
tose dehydration. Considering this point, suppression of the
degradative condensation pathway in the initial reaction stage
of fructose dehydration is of particular importance to inhibit
the formation of humins.

In situ ATR-IR spectra for the initial fructose conversion in
typical solvents

To probe the effects of solvent on the formation of oligomers
through degradative condensation in the initial stage of fruc-
tose conversion, the in situ ATR-IR spectra of the reaction mix-
tures during fructose conversion at 120°C were monitored.
The raw spectra are shown in Figure S4 in the Supporting In-
formation,?" whereas the spectra after deducting the solvent
bands to exclude solvent disturbance are exhibited in Fig-
ure 2a and c and Figure S5a-S8a in the Supporting Informa-
tion.”" To assist recognizing the tautomers of fructose in the
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solvents, theoretical calculations of the IR spectra of each tau-
tomer were performed by using Gaussian 09 software at the
B3LYP/6-31+G(d,p) level of theory. Considering the overlap-
ping of IR signals between - and [-configured tautomers,
only the characteristic IR bands attributed to p-furanose, 3-pyr-
anose, and open-chain fructose are shown in Table S3 in the
Supporting Information.”?" Because of the exclusive attribution,
the IR band at 778 cm™', which was assigned to the vibration
of C,—O—H in open-chain fructose, and 1084 cm™' which was
assigned to the vibrations of C,—C;, C;:—O—H, and C;—O-H in
pyranose, could be used to represent the characteristic signals
of open-chain fructose and fructopyranose, respectively.
Although the band at 1725 cm™', which was assigned to the
C=0 stretching vibration, was also a characteristic IR band for
open-chain fructose,”® it was not an ideal characteristic signal
on account of its overlap with the IR bands of solvents (i.e.,
MIBK, GVL, or NMP) that contained a C=0 group.

The variations of the intensity of bands at 778 (/,;5) and
1084 cm™' (/,0g0) in various solvents are plotted in Figure 2b
and d and Figure S5b-S8b in the Supporting Information,?"
wherein the increase of the intensity of the band at an earlier
stage was indicative of the dissolution of fructose because
fructofuranose (crystalline fructose) in solvent would be trans-
ferred into fructopyranose via open-chain fructose to reach an
equilibrium tautomer distribution. After complete dissolution,
the intensity variations in the curves would further imply con-
figuration changes during the tautomerization process. From
the insitu ATR-IR spectra, we observed different dissolution
and tautomerization times for fructose in different solvents
(Table S4 in the Supporting Information).”" Fructose dissolved
quickly in GVL (15 min), NMP (5 min), or DMSO (3 min), but
slowly in DIO (30 min), THF (50 min), or MIBK (30 min). Mean-
while, faster dissolution favored a faster tautomerization equi-
librium. It was noted that a longer dissolution time (>30 min)
in DIO, THF, or MIBK favored the formation of shorter-chain
carboxylic acids (i.e., FA or AA) and oligomers, but the shorter
dissolution times (< 15 min) in GVL, NMP, or DMSO favored the
formation of longer-chain products (i.e., LA or HMF) with or
without oligomers. Nevertheless, the same dissolution times in
DIO and MIBK led to different products (FA vs. AA), and the
same tautomerization equilibrium times in GVL and DMSO also
led to different products (LA vs. HMF), thereby indicating that
the time for dissolution and tautomerization equilibrium was
not the key factor that determined product evolution in the in-
itial stage of fructose conversion.

Notably, we found that the formation of a special initial
product to accompany oligomers was related to the main fruc-
tose tautomer existing in a given solvent during both the dis-
solution and tautomerization processes. In DIO (Figure 2b), the
faster increase of I,,3 than that of /4, was indicative of the
faster formation of open-chain fructose and slower formation
of fructopyranose, thereby revealing the main existence of
fructofuranose or open-chain fructose in DIO during the disso-
lution stage. After dissolution, the decrease of I, illustrated
the gradual decrease of the open-chain fructose tautomer and
the nearly unchanged /43, suggested a balanced content of
pyranose tautomer after fructose dissolution. Therefore, it was
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Figure 2. In situ ATR-IR spectra of the reaction mixture during fructose conversion at 120°C in a) DIO and c) THF. b) and d) Intensity variation of selected char-
acteristic bands [v=778 cm™": 6(C,—O—H) in open-chain fructose; v=1084 cm™": v(C,—Cs), 6(Cs—O—H), and 6(C,—O—H) in pyranose]. The dashed line signifies
the time for complete dissolution of fructose in the solvent. Reaction conditions: fructose (55.6 mmol), solvent (50 mL), 120°C.

reasonable to deduce that the content of furanose tautomer
increased during the tautomerization process. Accordingly, the
combination of increasing furanose tautomer and increasing
FA yield with increasing reaction time in DIO revealed the
main contribution of fructofuranose to the formation of FA
and oligomers in the initial fructose conversion in DIO. In THF
(Figure 2d), I,75 and Il,os, showed similar increases to that in
DIO during the gradual dissolution process, thereby supporting
the chain opening of fructose during dissolution. After dissolu-
tion, I,;5 kept increasing, whereas I,o5, remained unchanged;
this was indicative of the stable existence of open-chain fruc-
tose in THF during tautomerization. Therefore, the combina-
tion of increasing open-chain fructose tautomer and increasing
FA yield with increasing reaction time in THF demonstrated
the main contribution of open-chain fructose to the formation
of FA and oligomers during initial fructose conversion in THF.
The existence of different tautomers in DIO and THF might be
used to explain the different evolution routes of FA, accompa-
nying the generation of different kinds of soluble humins (see
above). In a similar way, we found that fructose existed mainly
in the fructopyranose form in MIBK or GVL, but mainly in the
fructofuranose form in NMP or DMSO. Therefore, a correlation
between the predominant form of tautomers and product evo-
lutions in the initial stage of fructose conversion might be ob-
tained (see below).

ChemSusChem 2019, 12,1-13 www.chemsuschem.org

Quantum chemical calculations on tautomer distribution of
fructose in the solvents

To simulate the real solvent environment and actual solvent
effect on the tautomeric distribution of fructose, we performed
quantum chemical calculations at the pbepbe/maug-cc-pvdz
level of theory with implicit solvation in the polarizable contin-
uum model (PCM) by using Gaussian 09 software. The hydro-
gen-bonding interactions between the tautomers of fructose
and solvent molecules were investigated, wherein six solvent
molecules were added to each tautomer to saturate the hydro-
gen bonding of fructose and two forms of open-chain fructose
(open-chain | and open-chain Il) were used to increase the
amount of sample (Figure S9 in the Supporting Information).?"
The sum of electronic and thermal Gibbs free energies of the
simulated tautomers in the solvents are shown in Tables S5-
S10 in the Supporting Information,”” and the relative Gibbs
free energies of the simulated tautomers are calibrated by set-
ting the Gibbs free energy of p-furanose tautomer to zero.
From the results shown in Table 2, we found that a-furanose
had the lowest Gibbs free energy in DIO (entry 1) and open-
chain fructose had the lowest Gibbs free energy in THF
(entry 2). In other words, a-furanose was the dominant tauto-
mer in DIO and open-chain fructose was the dominant tauto-
mer in THF, which was consistent with the results from in situ
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Table 2. Relative Gibbs free energies of different tautomers of fructose in various solvents at 120°C.”
Entry Solvent Relative Gibbs free energies [kJmol™']
a-furanose p-furanose o-pyranose B-pyranose open-chain | open-chain I
1 DIO —123 0.0 55 —-53 129 —-34
2 THF —10.7 0.0 —4.8 —-2.7 —224 —-7.2
3 MIBK —13.2 0.0 —6.1 —15.6 -1.8 —103
4 GVL —9.6 0.0 —20.5 0.3 -79 —16.2
5 NMP —10.8 0.0 —6.0 3.9 9.2 9.2
6 DMSO 16.4 0.0 1.1 13.4 26.5 124
[a] The relative Gibbs free energies of the simulated tautomer were calibrated by setting the Gibbs free energy of 3-furanose tautomer to zero.

ATR-IR spectra (see above). Moreover, (-pyranose was the
dominant tautomer in MIBK, with a-furanose in second place
with a small AG of 2.4 kJmol™" (Table 2, entry 3). In GVL, the
dominant tautomeric configuration of fructose was a-pyranose
with open-chain Il as the second most popular configuration
(AG=4.3 kimol™; Table 2, entry 4). In NMP, o-furanose existed
as the dominant tautomer, with o-pyranose in second place
(AG=4.8 kimol™'; Table 2, entry5). As expected, B-furanose
had the lowest energy configuration in DMSO (Table 2,
entry 6), which would favor the dehydration pathway that led
to HMF formation. The combination of in situ ATR-IR spectra
and quantum chemical computations revealed that the forma-
tion of oligomers through degradative condensation in the ini-
tial stage of fructose conversion in a given solvent was closely
related to the type of predominant fructose tautomer. The rela-
tionships between the dominant tautomer distribution of fruc-
tose in solvents and the formation of small-molecule products
and oligomers in various solvents are shown in Scheme 3,

HO [o]
\_o_ 1

\_/" umr

Solvent effects on the degradative condensation of fructose
to small-molecule carboxylic acids and concomitant
oligomers

As shown in Figure 3, a deliberate analysis of the geometric
structures of fructose tautomers before and after solvation pro-
vided information on the effects of solvent on the interaction
between fructose and solvent molecules and its influence on
fructose conversion. The variations of bond lengths in C—C and
C—O in each tautomer are summarized in Tables S11 and S12
in the Supporting Information,”?” respectively. In DIO, a clear
elongation of the C;—C, and C,—C; bonds of a-furanose was
observed, whereas the length of the C—O bond was decreased
or remained unchanged. This variation in bond length was
supposed to result in the final cleavage of C.—C, or C,—Cs
bonds of a-furanose to generate FA directly (Figure 4a) or indi-
rectly (Figure 4b). In the direct route, C;—C,; bond cleavage of
a-furanose underwent a decarboxylation mechanism,”® pro-

ducing FA directly. In the indirect route, C,—C; bond

cleavage of a-furanose underwent a retro-aldol con-

densation mechanism,”” producing glycolaldehyde

(or its isomer) followed by further decomposition to

FA, according to reports in the literature.l'®>2"24:30

0_~—OH
OH O . . .
o A(izfon Ho/‘j_Zon MOH o During both evolution processes, oligomers would
HO “OH HO OH HO ; .
H/H\OH — & o (B-D-fructofuranose) GH OH — W oM form as the result of further condensation of unstable
FA+ (0-D-fructofuranose) “ Y/ DMsO <u¢ - (keto D-fructose) FA+ degraded fragments with fructose. In THF, the elon-
= 7 Oligomers

Oligomers 3
D-Fructose

gation of C,—C, and C,—C; bonds in open-chain |

OH R ~ —OH fructose was more prominent, whereas the length of
0 /\V\@\ Mg 0
~0 " . ~ (o] . .
T9 - [ :G” o * [ I"” P C—O bonds decreased or remained constant, which
Jou HO" ™ YOH HO" > “OH - OH .
LA+ OH OH AA+ was proposed to result in cleavage of the C,—C,
Oligomers ~ (0-D-fruictopyranose) (F-uctomrencse) oligomers  bond in open-chain | fructose to form FA and oligo-

Scheme 3. The relationship between the dominant tautomer distribution of fructose in

solvents and the formation of small-molecule products and oligomers.

wherein a-fructofuranose in DIO and acyclic open-chain fruc-
tose in THF favor the degradative condensation of fructose to
FA and oligomers, a-fructopyranose in GVL or NMP favors the
degradative condensation of fructose to LA and oligomers,
and B-fructopyranose in MIBK favors the degradative conden-
sation of fructose to AA and oligomers.
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mers in the initial stage of fructose conversion (Fig-
ure 4¢c). In other words, the unstable deoxypentose
intermediates formed through fructose degradation
in THF would undergo further condensation to form
di- (m/z 273) or trimers (m/z 381/417/435), and then be further
polymerized to a hexamer (m/z 851) with a higher degree of
polymerization. Whereas, in MIBK, AA was conceivably generat-
ed from C,—C; cleavage of (3-pyranose owing to the simultane-
ous increase in lengths of C,—C; and C,—Oy (Og: the epoxy
oxygen) bonds after solvation, minor formation of FA originat-
ed from C,—C; cleavage of a-furanose (Figure S10 in the Sup-
porting Information).”?” In GVL, LA might come from C,—C,
cleavage of a-pyranose, whereas the minor product of FA ori-
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Figure 3. Structures of fructose tautomers and solvated tautomers. Possible hydrogen bonding between the hydroxyl of fructose and oxygen of each solvent
is indicated by dotted lines. The digits represent the lengths of corresponding C—C, C—O, or O—H bonds.

ginated from C,—C, cleavage of open-chain Il fructose (Fig- and FA came from C,—C, cleavage of a-furanose (Figure S12 in
ure S11 in the Supporting Information).”” In NMP, LA was the Supporting Information).?” According to reports in the lit-
deemed to be the product of C,—C, cleavage of a-pyranose erature,*? in DMSO, the elongation of both C,;—C, and C,—Og
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Figure 4. Three possible reaction pathways for transforming a-fructofuranose or open-chain fructose into FA and oligomers in DIO or THF. The elongated C—C

bond is indicated in red.

bonds after solvation led to the successive dehydration of f3-
furanose to form HMF as the product (Figure S13 in the Sup-
porting Information).”” From these results, we reasonably infer
that the existence of a-fructofuranose in solvents such as DIO,
MIBK, or NMP results in a pathway toward FA formation direct-
ly from fructose. Meanwhile, the existence of acyclic open-
chain fructose in solvents such as THF or GVL also accounts for
initial FA formation. Alternatively, the dominant existence of a-
fructopyranose in GVL or NMP leads to a popular pathway
toward LA formation directly from fructose. Moreover, the
dominant existence of B-fructopyranose in MIBK favors the
pathway toward AA formation. All of these processes generate
oligomers as the side products during fructose-to-HMF dehy-
dration. Notably, the dominant existence of -fructofuranose in
DMSO contributes to favorable fructose-to-HMF dehydration,
wherein degradative condensation is inhibited as much as pos-
sible.

From the above discussion, we have demonstrated that the
solvent plays an important role in controlling the formation of
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small molecules and oligomers by affecting the dissolution of
fructose and dominant existence of tautomers of fructose,
even in the initial reaction stage. Once formed, these oligo-
mers might be transformed into insoluble ones through fur-
ther condensation with HMF, as we have detected in solvents
containing a Brensted acid catalyst. Clearly, an unsuitable se-
lection of solvent for hexose dehydration will result in the con-
spicuous formation of humins and carbon losses, which disfa-
vor the effective utilization of biomass-derived carbons for
HMF production. Therefore, the cautious selection of solvent
needs to be preferentially considered in designing an effective
catalytic system for HMF production in the future.

Conclusions

We reported the effects of solvent on the degradative conden-
sation of fructose in the initial stage of fructose conversion,
wherein 1,4-dioxane (DIO), THF, 4-methyl-2-pentanone (MIBK),
v-valerolactone (GVL), N-methylpyrrolidone (NMP), and dimeth-
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yl sulfoxide (DMSO) were used as typical polar aprotic solvents.
Significant amounts of small-molecule carboxylic acids [i.e.,
formic acid (FA), acetic acid (AA), and levulinic acid (LA)] have
been detected as the degraded products associated with the
formation of oligomers, which are the possible precursors or
cores of insoluble humins. We showed the dominant formation
of FA and oligomers in DIO or THF, AA and oligomers in MIBK,
LA and oligomers in GVL or NMP, and HMF in DMSO in the ini-
tial stage of fructose conversion. Different product distribu-
tions in various solvents have been ascribed to the dominant
existence of specific tautomers of fructose governed by sol-
vents, as revealed by in situ attenuated total reflection-infrared
spectroscopy (ATR-IR), electrospray ionization mass spectrome-
try (ESI-MS), and quantum chemical calculations. In other
words, a-fructofuranose in DIO and acyclic open-chain fructose
in THF favor the degradative condensation of fructose to form
FA and oligomers, a-fructopyranose in GVL or NMP leads to
degradative condensation to LA and oligomers, -fructopyra-
nose in MIBK benefits degradative condensation to AA and
oligomers, and B-fructofuranose in DMSO contributes to fruc-
tose-to-HMF dehydration. The formation mechanism of small-
molecule carboxylic acids and concomitant oligomers have
been proposed. This close relationship between the dominant
tautomer distribution of fructose in various solvents and the
formation of oligomers at the initial stage of fructose conver-
sion provide a universal understanding of the solvent-con-
trolled formation of humins in the initial stage of fructose de-
hydration, which represents an important step towards the ra-
tional design of effective solvent systems for HMF production.

Experimental Section
Materials

Analytical reagent (A.R.) grade fructose was purchased from TCI Re-
agent Factory. All other chemicals of A.R. grade were purchased
from J&K Scientific Ltd. Water, used in all experiments, was ultra-
pure (18.25 mQcm™). All chemicals were used as received.

Conversion of fructose in various aprotic solvents

All reactions were performed in a thick-walled pressured tube (Syn-
thware Corporation, 15 mL), wherein the reaction temperature was
controlled by an automatic temperature controller. In a typical syn-
thetic experiment, fructose (0.25 or 0.0278 mmol) and solvent
(1 mL) were mixed in the reaction tube, followed by being sealed
and placed in an oil bath already heated at 120°C under continu-
ous stirring (400 rpm). The required reaction time (1 h or 30 min)
was counted once the reaction temperature reached 120°C. After
the reaction, the tube was removed from the oil bath and cooled
to room temperature gradually. For the HCl-catalyzed conversion
of fructose, HCl (0.075 mmol) was added as the catalyst, while
other reaction conditions, except reaction time, were unchanged.
To investigate the initial product evolution, the reaction time of
HCl-catalyzed fructose conversions was controlled to be 20s.
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Product analysis

Quantitative analysis of the liquid products was performed by
means of HPLC (Dionex U-3000, Thermo Fisher Scientific) by using
an aminex column (Model HPX-87H, 300 mm x 7.8 mm, Bio-Rad), a
variable-wavelength detector (Model VWD-3 x00(RS)), and a refrac-
tive index (RI) detector (Model RI-101, Shodex). A solution of H,50,
(5 mmolL™") was used as the mobile phase at a flow rate of
0.6 mLmin~". The temperatures of the column and Rl detector
were maintained at 50 and 35 °C, respectively. Fructose was detect-
ed by the Rl detector; small-molecule carboxylic acids, such as FA,
AA, and LA, were detected by a UV detector at a wavelength of
210 nm, and HMF was detected by a UV detector at a wavelength
of 284 nm. The yields of products were determined by comparison
with standard calibration curves obtained for authentic chemicals
at different concentrations. The gaseous products were collected
with an air trap and analyzed by means of GC-TCD (9710, Fuli) with
a carbon molecular sieve packed column (TDX-1, Agilent). The
oven temperature was 120°C and the detector temperature was
160°C.

The conversion of reactant (X) and yield (Y) were defined by Equa-
tions (6) and (7), respectively.

moles of Fru reacted
moles of starting Fru

X [mol %] = x 100 % (6)

moles of products detected

O] =
Y [mol %] moles of starting Fru

x 100 % 7)

Because the carbon balance of the feedstock was low, we defined
two parameters to demonstrate the origin of low carbon balance.
According to quantitative analysis by HPLC, the actual carbon bal-
ance (ACB) was defined as the molar ratio between carbon detect-
ed in products and carbon added as a reactant [Eq. (8).

output of carbon

0 -
ACB [mol %] = input of carbon

x 100 % (8)

For the degradation of fructose, the generation of one mole of FA,
AA, or LA resulted in the formation of one mole of degraded fruc-
tose containing five, four, or one moles of carbon atoms in the
structure. This degraded fructose was hard to detect by HPLC but
would undergo further condensation with other fructose or partly
dehydrated fructose molecules to produce oligomers, thereby re-
sulting in the loss of carbon in the feedstock. Assuming that the
lost carbon merely came from the degradation of fructose, a theo-
retical carbon balance (TCB) could be calculated from Equation (9).

carbon output + carbon in degraded Fru
input of carbon

x 100 %
9

TCB [mol %] =

Based on these two definitions, the difference between the theo-
retical carbon balance and the actual carbon balance was an indi-
cator of whether humins were generated through the degradation
polymerization route or not. If the theoretical carbon balance was
equal to the actual carbon balance, then no degradation polymeri-
zation occurred. Instead, a higher theoretical carbon balance than
that of the actual carbon balance was indicative of the formation
of humins through degradative condensation of fructose.
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ESI-MS/MS spectra

ESI-MS/MS (LCMS-IT-TOF, Shimadzu) spectra were used to analyze
the possible chemical structures of liquid products after reacting
fructose at 120°C in various solvents. The operating parameters
were as follows: ionization voltage, 4.5 kV; interface temperature,
250°C; nebulizer gas flow, 90 Lh™" (N,); detector voltage, 1.60 kV;
continuum mode.

In situ ATR-IR spectra

In situ ATR-IR spectra were used to monitor the dissolution and
tautomeric transformation of fructose during heating at 120°C in
various solvents. The ATR-IR spectra were collected by the ReactIR
iC10 system (Mettler Toledo) equipped with a liquid-nitrogen-
cooled mercury cadmium telluride (MCT) detector used for acquisi-
tion.”"” The IR signals were acquired in the range of 650-4000 cm™'
through the Happ-Genzel apodization method at a resolution of
4cm™". Reaction profiles were generated from those data by
taking band heights and given as absorbance units relative to
zero. In the in situ ATR-IR experiments, the solvent was first heated
to a constant temperature of 120°C before fructose was added.
After acquiring the background IR band of the given solvent at
120°C, solid fructose was quickly transferred into the hot solvent
followed by acquiring the in situ ATR-IR spectra over time.

Quantum chemical calculations

Theoretical calculations of the IR spectra were performed by using
Gaussian 09 software at the B3LYP/6-31-G(d,p) level of theory
with the implicit solvation PCM and scaled by 0.9648."°*3? The in-
teraction between fructose and solvent molecules in various sol-
vents were calculated at the pbepbe/maug-cc-pvdz level of theory
with the implicit solvation PCM using Gaussian 09 software.®*
The PBE function was proven to predict the strength of hydrogen
bonds with an accuracy of 1kcalmol™'®¥ The D3 version of
Grimme's dispersion with Becke-Johnson damping®*" invoked by
the “GD3BJ” keyword was employed. The density fitting approxi-
mation was employed to take advantage of the linear scaling algo-
rithms.®® Density fitting sets were automatically from the atomic
orbital primitives within the basis set.
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