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Abstract: A reduction reaction of 5-hydroxymethylfurfural to 2,5-dimethylfuran (2,5-DMF) has
been previously performed in an organic solvent under high-temperature conditions. For the relax-
ation of such reaction conditions, conventional palladium on carbon (Pd/C) was combined with
vesicles composed of phospholipids or surfactants. Pd/C combined with 1,2-dioleoyl-sn-glycero-3-
phosphocholine indicated a yield (25%) at 60 °C compared with Pd/C (17%). Vesicles at the liquid
crystalline phase were advantageous for the reduction reaction of HMF. The yield of 2,5-DMF cat-
alyzed by Pd/C combined with the vesicles depended on the lipid composition of the vesicles. It was
clarified that the yield of 2,5-DMF could be controlled by the hydration property of the vesicles. Com-
pared with conventional 2,5-DMF synthesis in an organic solvent, the use of vesicles made it possible
to reduce the burden of using organic solvents in high-temperature conditions, although limitedly.

Keywords: vesicle; metallocatalysis; 5-hydroxymethylfurfural; 2,5-dimethylfuran; reduction reaction;
bound water

1. Introduction

Biofuels are of great importance in the field relating to energy production using
biomasses. 2,5-Dimethylfuran (2,5-DMEF) is expected to be one of the promising liquid fuels
obtained from biomasses and has the potential to relieve global fossil fuel shortages and air
pollution problems [1]. 2,5-DMF possesses excellent energy density, boiling point, octane
value, hydrophobic property, and production efficiency [1-4]. The characteristics of DMF
have been thoroughly reported: engine performance and emission for DMF-based fuel,
ignition delay, and combustion duration have been comprehensively evaluated so far [2].
It has been reported that 2,5-DMF can be obtained from 5-hydroxymethylfurfural (HMF),
which is a compound derived from biomass [5-8]. The conventional method to obtain
2,5-DMF from HMF requires an acidic condition using aldehyde acid and sulfonic acid [6],
high temperature/pressure (130 °C/0.7 MPa) [5], the use of harmful tetrahydrofuran (THF)
as a solvent [9,10], and heterogeneous catalysts [5-8,11-13]. It would be difficult to consider
that these reaction conditions are an environmentally benign and safe process.

2,5-DMF is yielded by a reduction reaction of HME The essence of the reduction/oxidation
reaction, including the conversion of HMF to 2,5-DMF, is a proton transfer from substrate
associated with electron transfer via metal species of catalysts. The metal-ligand com-
plex [12], metal ion [13], or metal-supported catalysts [14] to promote proton/electron
transfer have been widely studied. For example, Pd/C [6], Ru/C [15], Ru/Co304 [5], and
others [8,16] have been reported to catalyze the reduction reaction of HMF to 2,5-DMF.

Recently, an improvement in a metal catalyst by phospholipid vesicles (a closed phos-
pholipid bilayer) was reported [17-19]. One contribution is that phospholipid vesicles made
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it possible to facilitate the catalytic oxidation reaction [18,19]. This is because enhanced
reactivity by phospholipid vesicles (liposomes) resulted from the polarized water bound
to phospholipid vesicles [17,18]. Such bound water makes it possible to enhance proton
transfer from a substrate, such as cholesterol [17] and dopamine [18]. Bound water has been
studied in vesicles composed of phospholipids [20] or surfactants [21,22]. Interestingly,
a recent study using terahertz time-domain spectroscopy revealed bound water to phos-
pholipid vesicles [23,24]. Water molecules strongly bind to phospholipids at the surface
of phospholipid vesicles, whereas water loosely binds to bulk water [23]. Crucially, an
intensification of the intermolecular binding of bound water with lipids occurs during the
gel-to-rippled gel phase transition (pretransition) [24]. Another possible contribution of
vesicles to enhanced reactivity is to act as a nanoscopic reaction field. Vesicles can supply
the nano-sized void (free volume) in the lipid bilayer where organic compounds can be
partitioned and laterally diffused [25]. Such a property has resulted in the enhanced reac-
tivity of some reactions, including the Horner-Wadsworth-Emmons reaction [26], Aldol
reaction [27], and Belousov-Zhabotinsky reaction [28]. Thus, the interior of the lipid mem-
brane of vesicles is available for the reduction reaction of HMF in the water phase under
mild temperature conditions relative to previous conditions, such as 130-260 °C [5,6,15,16].

From these paragraphs, we suppose that vesicles can contribute to the reduction
reaction of HMF to 2,5-DME. This is because HMF (logPw = —0.15) favors both bulk water
and organic phases and because 2,5-DMF (logP.., = 2.24) is present in the organic phase. It
is noted that the log Pow value, which is the concentration ratio of the substrate in octanol to
the water phase, represents the hydrophobicity of the individual substrate. A combination
of vesicles with conventional metal catalysts would improve the solvent environment for
the HMF reduction reaction. Herein, we report the possible role of vesicles on the metal-
supported catalyst. Then, the vesicle-combined metal-supported catalysts (VCMSCs) were
prepared by using Pd/C. The potential ability to convert HMF to 2,5-DMF was examined
by using VCMSCs. We investigated how vesicles worked the reduction reaction of HMF
under mild temperature conditions compared with previous ones [5,6,15,16].

2. Materials and Methods
2.1. Materials

Commercially available metal-supported catalysts Pd/C were purchased from Wako
Pure Chemical Co. Ltd. (Hiroshima, Japan). Four kinds of phospholipids such as 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; Ty, = 41.4 °C), 1,2-dimyristoly-sn-glycero-
3-phosphocholine (DMPC; Ty, = 23.4 °C), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC; Ty = —3 °C), and 1,2,-dioleoyl-sn-glycero-3-phosphocholine (DOPC; T, = —20 °C)
were used herein (these lipids were purchased from Wako Pure Chemical Co. Ltd., Hi-
roshima, Japan). In addition, sorbitan monooleate (Span 20 and 40), Tween 20, and Tween
40 were used. Chemical structures of lipids are shown in Figure 1. 5-hydroxymethylfurfural
(HMF), 2,5-Dimethylfuran (2,5-DMF), 5-methyl-2-furaldehyde (MF), and 2,5-bis (hydrox-
ymethyl) furan (BHMF) were purchased from Wako Pure Chemical Co. Ltd., Osaka, Japan.
Other chemicals were of analytical grade.

2.2. Preparation of Catalyst

The desired amount of Pd/C was loaded into the batch reactor, and hydrogen gas was
thereafter injected. A 2h-incubation achieved hydrogen adsorption onto metal-supported
catalysts, which led to catalytic activity. This is because no reaction was observed without
the treatment of hydrogen adsorption.

2.3. Preparation of Vesicles

For phospholipid vesicles, the hydration method was performed according to a previ-
ous report [29]. The lipid mixture was dissolved in chloroform and then dried onto the wall
of a round-bottom flask in vacuum and was then left overnight to ensure the removal of all
of the solvent. The dried thin lipid film was hydrated with water to form multilamellar
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vesicles (MLVs). Large unilamellar vesicles (LUVs) were formed from MLVs with five
cycles of freeze-thaw treatment. All vesicles were treated with an extrusion method to
adjust their diameter to 100 nm. Nonphospholipid vesicles composed of Span and Tween
series were prepared according to the two-step emulsification method [21,22,30].
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Figure 1. Chemical structure of various lipids used in this study.

2.4. Synthesis of 2,5-DMF

HMF (2.0 x 1072 mol) was solved in 10 mL of THF, and metal-supported catalyst such
as Pd/C (metal: 4.7 x 107> mol) was thereafter added to the solution. The reaction mixture
was incubated for 624 h at 60 °C. To examine the effect of vesicles on the conversion
of HMF to 2,5-DMF, 0.5 mL of vesicle suspension (lipids 2 x 10~® mol) was added to
10 mL of HMF in THF solution (water content 4.7 vol%). The mixture incubated for
624 h was thereafter separated into liquid and solid fractions. The HMF and 2,5-DMF
contents were analyzed by high-performance liquid chromatography. For a determination
of HMF concentration, we used 5C18-AR-II column (NACALAI TESQUE, COSMOSIL,
4.6 x 150 mm) incubated at 38 °C by column oven (CO-8020, TOSO Co. Ltd., Tokyo,
Japan). The flow rate of mobile phase (H,O/MeOH = 80/20 v/v) was 1.0 mL/min, and
the wavelength of UV detector (SPD-6A, Shimazu, Kyoto, Japan) was 280 nm for HMF
and 234 nm for 2,5-DME. The retention times for HMF and 2,5-DMF were 4.8 and 7.3 min,
respectively. Moreover, the retention times for possible intermediates are MF, 4.70 min;
BHMEF, 4.70 min; furfuryl alcohol, 7.04 min; furan, 4.10 min; 2,5-diformylfuran (DFF),
6.00 min; methyl furfral, 13.7 min; and MFA, 15.2 min. The data for HMF conversion and
2,5-DMF yield were triplicated to calculate their standard error. All data are displayed as
mean value £ standard error.

2.5. Observation of Microscopic Structures

Samples contained Pd/C and vesicles (250 or 0 M) and were incubated at room
temperature for 1 h. In brief, a 5 uL aliquot of diluted solution was placed on a copper
grid (400-mesh) covered with a carbon-coated collodion film for 1 min, and the excess
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sample solution was removed by blotting with filter paper. After the residual solution had
dried up, the grid was negatively stained with a 2% (w/v) phosphotungstic acid solution.
Again, the liquid on the grid was removed with filter paper and dried. TEM images were
acquired using a JEOL JEM-3100FEF transmission microscope (JEOL, Tokyo, Japan) with
an acceleration voltage of 300 kV. In the case of cryo-TEM, samples were rapidly frozen by
an EM-CPC (LEICA). Other operations were similar to the conventional TEM observation.

2.6. Calcein Leakage Experiment

Calcein leakage from vesicles was evaluated according to a previous report [31]. The
vesicle containing calcein (0.1 M) was prepared in a similar manner to that described above
for vesicles in pure buffer solution, with the only difference being that the solution with
which the lipids were hydrated was 0.1 M Tris-HCl, pH 7.5, containing 0.1 M calcein.
Untrapped calcein was removed from the calcein-containing vesicles by size exclusion
chromatography using a Sepharose 4B column (diameter, 1 cm; length, 15 cm; applied
sample volume, 0.5 mL), 0.1 M Tris-HCI/150 mM NaCl, and pH 7.5 as elution buffer.
The fluorescence intensity of the vesicles containing entrapped calcein was measured and
found to be low due to self-quenching. To follow the leakage of entrapped calcein after
PLC addition, the PLC solution was mixed with vesicle suspension to yield 0.1 mM lipids
and 10 uM PLC. The change in fluorescence intensity due to calcein leakage from the
vesicles was monitored with an FP6500 fluorescence spectrometer from JASCO, Tokyo,
Japan. Excitation and emission wavelengths were set at 490 and 520 nm, respectively. The
amount of calcein leaked after time t was calculated according to Equation (1)

(calcein leakage) (%) = 100 (It - Ip)/ (Imax - o) 1)

where Iy, It, and Imax are the fluorescence intensities measured at the beginning of the
experiment at time t and after addition of 3% triton X-100, respectively. The time course of
calcein leakage was monitored from the mixing of vesicles with THF solution.

2.7. Dielectric Dispersion Analysis

Dielectric dispersion analysis permits to monitor the dipole moment, such as water.
An RF impedance analyzer (Agilent, Santa Clara, CA, USA, 4219B; 1 MHz-1 GHz) and a
network analyzer (Agilent, N5230C; 500 MHz-50 GHz) were used to monitor bulk water
and water bound to vesicles. The vesicle suspension (about 30 mM for lipids) was loaded
onto the electrode. We kept the sample for 30 min at constant temperature before starting
measurement. Thereafter, the relative permittivity (¢') and dielectric loss (¢”) for the vesicle
suspension were measured as a function of frequency and at each temperature, according
to previous reports [29]. The frequency dependence of ¢’ and ¢” (1 MHz-50 GHz) were
analyzed with the following Debye’s equation:

4 Ae;
Il — E s S 2
coo S+ (f/ fu) @
¢ GdC _ }4: Agi(f/fCi) (3)

C2nfC Ha+ (f/ fei)?

where ¢}, and G4 mean the limit of relative permittivity at higher frequency and direct
current conductivity of vesicle suspensions. Cj is the cell constant obtained by a calibration
using water, methanol, and ethanol in the frequency range 1 MHz to 1 GHz. Alternatively,
a calibration was carefully performed by using distilled water in the range 500 MHz to
50 GHz.

It has been reported that vesicle suspension has three different characteristic relax-
ations: the lateral diffusion of ionic species (i = 1, first step, several MHz); the rotational
Brownian motion of lipid headgroups (i = 2, second step, 20-50 MHz; L) [29]; the water
bound to vesicle membranes (i = 3; third step, 200-500 MHz; W) [18,22,32], and (iv) free
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water (i = 4; fourth step, 20-30 GHz) [18,22,32]. Therefore, Equations (2) and (3) were
assumed to be written by a summation of three relaxation terms.

3. Results and Discussion
3.1. Characterization of Metal Catalyst Combined with Vesicles

We focused on the development of vesicle-combined metal-supported catalysts (VCM-
SCs) to function in THF as the reaction solvent for 2,5-DMF synthesis via an HMF reduction
reaction. In the first series of experiments, the VCMSCs were then characterized. Generally,
THF has an impact on vesicle stability, although THF has recently been used as a size
adjustor in the case of vesicle preparation by homopolymer [33]. A cryo-TEM image for
phospholipid vesicles prepared by DOPC is shown in Figure 2a. Overall, DOPC vesicles
were unilamellar, and their mean diameter was 110.2 nm (determined by more than 100 vesi-
cles observed in cryo-TEM images), which was in agreement with the result obtained by a
dynamic light scattering measurement (105.4 nm). The mixture of DOPC vesicle suspension
with THF solution was also observed with cryo-TEM. Some emulsion-like images were
confirmed (arrows in Figure 2b). Interestingly, some vesicles kept themselves without any
disruption. The fraction of vesicle disruption should be quantified with adequate meth-
ods other than cyro-TEM observation. This is because a quantification using cryo-TEM
observation easily involves statistical uncertainty. Then, the fraction of vesicle disruption
was quantified with a probe leakage experiment [21,31,34]. Calcein was thereby used
here since calcein can be easily encapsulated in vesicles, and calcein leakage is then well
known as the typical index for the stability of vesicle membranous structures [34]. Thereby,
various vesicles encapsulating calcein were mixed with THF to investigate calcein leakage.
More than 60% of the calcein leakage for DOPC vesicles was observed independent of the
water content to THF (Xyy) (Figure 2c). The calcein leakage at Xy = 4.7 vol% was unlikely
to depend on the kinds of lipids, as shown in Figure 2d. Every vesicle had 50% calcein
leakage or more, indicating obviously that many vesicles were ruptured, although a part
of the vesicles might remain in keeping their structure, which is consistent with the direct
observations with cryo-TEM (Figure 2b).

Table 1. Additive effect of vesicles on HMF conversion and 2,5-DMF yield.

Entry Composition * Water Content [vol%] HMEF Conversion # [%] 2,5-DMF Yield # [%]

1 None 0 543 +23 171 £ 1.7
2 DOPC 4.7 412+£29 253 +2.6
3 POPC 4.7 552425 121 +£29
4 DMPC 4.7 0 0

5 DPPC 47 0 0

6 Span40/Tween40(50/50) 4.7 55,5+ 2.6 0

7 Span40/Tween40(75/25) 4.7 555+ 3.2 52+13
8 Span20/Tween20(50/50) 4.7 642 +29 0.8+0.2
9 Span20/Tween20(75/25) 4.7 61.7 £2.2 72+18

Ho 0 Pd/C (47 umol of Pd)
\\@/// 0.5 mL Vesicles in water (2 umol) 0
\ 10 mL THF, 60°C, 24 h \@/

20 mmol

* Value in parenthesis is the molar ratio; ¥ HMF conversion and 2,5-DMF yield were calculated from HPLC data
shown in Figure 3a. All the experiments were triplicated, and the mean value + standard error is displayed.

Next, we confirmed the vesicle structure in the presence of Pd-supported carbon
black (Pd/C) in water by cryo-TEM observation. Overall, spherical Pd/C catalysts were
observed (Figure 2e). Their diameter distribution was analyzed to calculate the mean
diameter (~685 nm), as shown in Figure 2f. Thereafter, the Pd/C catalyst was combined
with DOPC vesicles (entry 2). As shown in Figure 2g, some vesicles were observed
neighboring the Pd/C surface in the THF solvent. It is noted that emulsion-like droplets
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observed in Figure 2b were unlikely to be present at the surface of Pd/C. Pd/C combined
with DOPC vesicles was complementarily observed with the negative staining method.
Some vesicles were observed at the surface of Pd/C (Figure 2h). Bearing in mind that
TEM observations should be performed in a vacuum, DOPC vesicles were successfully
combined, even in the THF solvent, with Pd/C retaining its own bilayer structure.
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Figure 2. Characterization of the vesicle-combined metal-supported catalyst using DOPC vesicles
and Pd/C. Cryo-TEM images of DOPC vesicles in the (a) absence and (b) presence of THE. Arrows:
typical example of emulsions. (c) Relationship between calcein leakage from DOPC vesicle (entry 2)
and water content in THF. Calcein leakage was obtained 24 h later after the injection of vesicles
encapsulating calcein. (d) Calcein leakage from various types of vesicles at Xy = 4.7 vol%. Entry
numbers are listed in Table 1. (e) Cryo-TEM image of Pd/C and (f) a diameter distribution of Pd/C.
(g) Cryo-TEM and (h) TEM image of Pd/C in the presence of DOPC vesicles. Samples were stained by
phosphate tungsten acid at the TEM observation. (i) Cyclic voltammogram for Pd/C in the absence
and presence of vesicles. DOPC and DPPC vesicles (100 nm), supported electrolytes: 0.5 M HpSOy4.
Working electrode: Pt; counter electrode: Pt; reference electrode: Ag/AgCl; scan rate (positive),
0.01/s; initial voltage, 0.4 V; high potential, 2.5 V; low potential, 0.5 V.

It is an electrochemical property of VCMSCs and Pd/C that determines the catalytic
reactivity to 2,5-DMF synthesis. Whether the complexation of vesicles affected the electro-
chemical property of Pd/C was examined with the cyclic voltammogram method. A cyclic
voltammogram can evaluate the reduction-oxidation potential that relates to the property
of the electron transfer of metal, which is the index of catalytic activity. The complexation
of DOPC (entry 2) and DPPC (entry 5) to the suspension of Pd/C resulted in no alteration
in the cyclic voltammogram, as shown in Figure 2i, suggesting no influence of the vesicles
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on the electrochemical property of Pd/C. The same was true for other types of vesicles
(entries 3,4,6-9) (data not shown).
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Figure 3. Time course of HMF conversion:(a) HPLC data, HMF (280 nm) and DMF (234 nm); (b) HMF
yield and 2,5-DMF yield; closed key, Pd/C (entry 1); open key, VCMSC using DOPC vesicles (entry 2);
the reaction temperature, 60 °C; (c) temperature effect on DMF yield obtained by VCMSC using
DOPC. All the experiments were triplicated, and the mean values + standard errors are shown.

From this characterization of the VCMSCs, their use in 2,5-DMF synthesis was ex-
pected as well as bare Pd/C.

3.2. 2,5-DMF Synthesis by VCMSCs

Previously, the conversion of HMF to 2,5-DMF was conducted by Pd/C under 130 °C [5,9,10].
However, VCMSCs using vesicles cannot be applied to this temperature condition because
of low thermal stability [34]. Then, the reaction temperature was herein selected to be 60 °C
as the present reaction condition. The reasons were (i) the boiling point of THF is 65 °C
and (ii) the thermal stability of vesicles as supramolecular assemblies. Figure 3a shows the
HPLC data at 0 to 24 h. The peaks were detected at 4.8 min for the remaining HMF and
7.3 min for the produced 2,5-DMF, although unknown peaks at 5.8-6 min were detected.
Figure 3b shows the time course of the remaining HMF and 2,5-DMF yield obtained from
Figure 3a. The addition of VCMSC relative to Pd/C resulted in a significant decrease in the
remaining HMF (54.3 & 2.3 to 41.2 £ 2.9%) and an increase in 2,5-DMF yield (17.1 & 1.7 to
25.3 £ 2.6%). To clarify the additive effect of vesicles, the aliquot of water equivalent to
vesicle suspension was added to the reaction system. The resulting yield of 2,5-DMF was
similar to that for Pd/C alone (data not shown). From the result, the VCMSC-catalyzed
production of 2,5-DMF was likely to originate from the vesicle, not from water. Next,
the optimal temperature condition to expect the vesicles without any disruption due to a
thermal effect was roughly screened, as shown in Figure 3c. A temperature condition of
60 °C was optimal in the present work.

The effect of VCMSCs using other vesicles on the conversion of HMF to 2,5-DMF
was investigated at 60 °C. A total of 0.5 mL of vesicle suspension was added to the
reaction system, including 0.2 mM of Pd/C as the final lipid concentration, and the reaction
temperature was 60 °C. The yield of 2,5-DMF depended on the lipid composition, whereas
no large alteration in the conversion of HMF was observed (Table 1). The order of the
2,5-DMF yield was DPPC~DMPC < POPC < DOPC (entries 2-5), and the yield of 2,5-DMF
in the presence of DOPC vesicles was comparable with that in the absence of vesicles
(entry 1). Furthermore, the above order of vesicles in the 2,5-DMF yield corresponded
with the order for either the membrane fluidity [29] or hydration property [17,18,20] of
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vesicles. Likewise, the effect of VCMSCs using nonphospholipid vesicles on the conversion
of HMF to 2,5-DMF was examined. Span20/Tween20 and Span40/Tween40 vesicles are
fluid vesicles possessing bound water as compared with vesicles [21,22]. Overall, the
2,5-DMF yield was in the range of 0 to 7.2 &= 1.8% (Table 1, entries 6-9). Comparing entries
6 with 7 and entries 8 with 9, the increase in the molar ratio of Span40 and Span20 elevated
the 2,5-DMF yield: 0 to 5.2 & 1.3% and 0.8 = 0.2 to 7.2 &= 1.8%, respectively.

Bearing in mind that vesicles possess much more polarized bound water than Span/
Tween vesicles [18,21,22,29] and that an increase in the Span content in vesicles affords
hydration and membrane fluidity [22], the dependency of the lipid composition in VCMSCs
on reactivity (Table 1) suggested that the polarized bound water was likely to contribute
to the reaction process of HMF to 2,5-DMF. Thereby, the contribution of polarized bound
water to the reduction reaction of HMF to 2,5-DMF was examined by the solvent isotope
effect. DOPC vesicles prepared in D,O were used to prepare VCMSCs. A definite reduction
in the 2,5-DMF yield was observed. No conversion of HMF in D,O indicated that the
H,O-induced products were not the precursor of 2,5-DMF.

3.3. Relationship between Hydration Property of Vesicles and Reactivity

Vesicles generally possess bound water [17,20-22,32], which is one of the dominant
factors for the hydration property of vesicles. In the case of vesicles, water mainly binds to
the phosphorous ester group (PO; ™). Therefore, bound water can be estimated by the peak
shift in the asymmetry stretching vibration of PO, ~ (observed at around 1240 cm~!) in an
FTIR measurement. In addition, dielectric measurements can give qualitative and quantita-
tive information with respect to bound water to vesicles [12,18,33]. Both measurements are
well comparable with each other, and we investigated the hydration property of vesicles by
using the dielectric measurement because Span40 and Span60 have no PO, ™ group.

Figure 4a shows the typical dielectric spectra (between 1 MHz and 1 GHz) for DOPC
(entry 2) and DPPC (entry 5) vesicles at 39 mM of lipid concentration Cy;,. The spectra
had characteristic relaxations attributed to the rotational Brownian motion of phospholipid
headgroups (20~50 MHz; L;) and bound water to vesicles (200~500 MHz; Wy ). The spectra
were then analyzed to evaluate the amplitude of the dielectric relaxation Aepyq observed
at the range of Wi, based on previous reports [18,32]. The Agpyq values for DOPC and
DPPC vesicles were 4.8 and 0.7, respectively. According to the classic Debye’s theorem
in liquid physics, the Aepyq value is theoretically proportional to the term (the number of
bound water to lipids) x (the polarizability of bound water) [20]. To take into consideration
the contribution of the amount of bound water to lipids, Aepyq/Cyip was plotted against
the Cj;, value (Figure 4b). Rough linearity of Agpyg to Cjyp was observed in the case of
DOPC (12 = 0.90) and DPPC (r?> = 0.92). The same was true for other lipids (data not
shown). Then, we defined the slope of Aeyyq to Cyip, with Aepyq/Cyp as the hydration
index. The liposome membrane with a higher Agyq/Cyip value was better hydrated. The
Aépyq/ Cyip values for various vesicles are shown in Figure 4c. In the case of phospholipids
(entries 2-5), bound water was present around the PO, ™ group [35], implying the same
polarizability of bound water. The resulting Aenyq/Cip value should correspond to the
number of bound water molecules per lipid molecule. The DOPC vesicle (entry 2) had
the strongest hydration property of the vesicles used here. In contrast, the DPPC vesicle
(entry 5) had the weakest hydration property of vesicles. These trends are in agreement
with previous reports [18]. It is noted that the replacement of H,O by D,0O resulted
in a definite reduction in the Agyyq/Cyyp value (entry 2"), which is consistent with the
finding that D,O has weaker polarizability than H,O [36]. It was therefore considered
that the index Agyyq/Cyjp included not only the number of bound water molecules but
also its polarizability. For nonphospholipid vesicles (entries 6-9), the Aepyq/Cyyp value was
comparable to those for the vesicles (entries 3-5), as shown in Figure 4c. The rise in the
Span content of vesicles resulted in an elevation in the Aépyq/Cyip value (see entries 7 to
6 and 9 to 8). It was likely that bound water was present around the sorbitol group (see
chemical structures in Figure 1) [21]. It has also been reported that these vesicles were
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much more hydrated compared with vesicles [21,22]. It was therefore considered that the
Aényq/ Cyip values for entries 6-9 were determined by the balance of the above two factors.
Thus, it is reasonable that the Aeyyq/Cyyp value is the index representing the number of
bound water molecules and their polarizability.
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Figure 4. (a) Typical spectra for vesicles. Lipid concentration was 39 mM: L;, the rotational Brownian
motion of headgroup for lipids; Wi, bound water to lipids. (b) Relationship between the amplitude
and lipid concentration. Correlation coefficients for entries 2 and 5 were r? = 0.90 and 0.92, respectively.
(c) Hydration index for various vesicles. Entry numbers are listed in Table 1. Entry 2 represents
DOPC in D,O. (d) Relationship between hydration property of vesicles and their reactivity. 2,5-DMF
was obtained from Pd/C-catalyzed reaction of HMF in the presence of vesicles. Entry numbers are
listed in Table 1. Triangle (entry 2) represents DOPC in D,O.

As stated in Section 3.1, some vesicles kept their own bilayer structure even in the
THF solvent. It was considered that the hydration property for the vesicles should have an
impact on the yield of 2,5-DMF catalyzed by VCMSCs. Then, the yield of 2,5-DMF in the
presence of the respective vesicle (Table 1) was plotted against the corresponding hydration
index (Figure 4c). As shown in Figure 4d, both were roughly correlated with a range of
Aépyqg/Crip > 0.04. The range Aépyq/Crip < 0.04 resulted in no 2,5-DMF yield. A comparison
of DOPC in H,O (entry 2) with DOPC in D,0O (entry 2’) indicated the contribution of the
polarizability of bound water to the yield of 2,5-DMFE.

3.4. Possible Reaction Mechanism and Contribution of Vesicles Used in VCMSCs

As described in the last section, the 2,5-DMF yield depended on the bound water to
vesicles. Then, we discussed the possible role of vesicles in VCMSCs from the aspects of
the reaction mechanism of HMF to 2,5-DMEF. It has been reported that the possible reaction
route of HMF to 2,5-DMF is through MF-routed and BHMF-routed reactions [8], as shown
in Figure 5a. The possible reaction route was herein discussed. First, both MF and BHMF
could not be detected in our measurements (data not shown). In addition, in another
report [8], the concentration levels of MF and BHMF were quite low at the intermediate
level (by 0.1 times) [8]. Both MF and BHMF were then used as the initial substrate for DMF
synthesis to determine the possible reaction route to 2,5-DMF. Figure 5b demonstrated that
MF indicated a higher DMF yield than BHMEF, suggesting that MF rather than BHMF was
a possible intermediate for 2,5-DMF synthesis catalyzed by Pd/C and VCMSC. Previous
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Figure 5. (a) Reaction route of HMF to 2,5-DMF. (b) Effect of initial substrate on 2,5-DMF yield: B,
BHMEF; M, ME. (c) 2,5-DMF yield with and without H, pre-adsorption treatment to Pd/C. (d) Effect
of H,O on catalytic activity of Pd/C and D,O solvent isotope effect on DMF yield. VCMSC was
Pd/C combined with DOPC vesicles. Reaction conditions: 60 °C and 24 h. (e) Possible reaction
mechanism of HMF conversion to 2,5-DMF. Bound water to vesicles might contribute to the formation
of intermediate M1 and M3. All the experiments were triplicated, and the mean values + standard

errors are shown.

For (i) and (ii), the effect of H, pretreatment on DMF yield was examined, as shown
in Figure 5c. When Pd/C was pretreated in advance by Hj, significant DMF yields were
observed in the presence of Pd/C (17.1 & 1.7%) and VCMSC (25.3 £ 2.6%). In contrast, a
trace of DMF was detected without Hj pretreatment. Therefore, the supply of a proton to the
hydroxyl group was performed by hydrogen adsorbed on Pd/C (bare Pd/C and VCMSC).
Moreover, the additive effect of water on 2,5-DMF was examined by altering the volume
fraction of H,O to THF. The diminished yield of 2,5-DMF was observed at X,, = 100%
(Figure 5d), suggesting that bulk water definitely weakened the action of hydrogen absorbed
on Pd/C. Next, the impact of the polarizability of bound water on 2,5-DMF was examined
based on the D, O solvent isotope effect because D,O has weaker polarizability than H,O. A
definitely reduced yield of 2,5-DMF was observed in the case of VSMSC prepared by DOPC
vesicles in D,O (Figure 5d). That is, replacing bound water bearing strong polarizability
(H>O) with one with weak polarizability (D,O) reduced the reduction reaction of HFM
to DMF. Generally, the polarizability of water molecules indicates the following order:
bound D,O < bound H;0, and bulk D,O < bulk H,O < bound H,O. Therefore, the results
of Figure 5c,d suggested the contribution of bound water to vesicles, rather than bulk water,
on the reduction reaction of HMF.

For (iii), phospholipid vesicles and non-phospholipid vesicles favor the partition of
2,5-DMF into the membrane interior (data not shown). The hydrophobic environment
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of membrane interiors is likely to be advantageous for step (iii): the dehydration of two
water molecules from HMF. Therefore, the configuration of vesicles on Pd/C similar to
Figure 2g,h would be advantageous for step (iii). Moreover, the localization of vesicles on
Pd/C might contribute to keeping bulk water away from bound water and not only to
supplying bound water close to the reaction site.

In addition, bearing in mind the results shown in Figure 5b—d, it is considered that
the reduction in HMF proceeded through cooperation between Pd/C and the vesicle (or
vesicle-derived lipids), as proposed in Figure 5e. In the first step, the binding of HMF to
a complex of Pd/C with vesicles (lipids) occurs. The bound water of lipids could supply
hydrogen to HMF instead of hydrogen adsorbed on Pd/C. Afterward, the hydrogen on
Pd/C attacks HMF to dehydrate and form M2 (equivalent to an intermediate MF). Taking
into consideration that there is no yield of 2,5-DMF in DOPC/D,0O, the attack by bound
water might contribute to the reaction from M2 to M3. The hydroxyl group of M3 was
dehydrated to form 2,5-DMF in a similar manner to the mechanism at the beginning of
reaction. Thus, it was suggested that the bound water localized close to the reaction site
contributed to the reduction reaction of HMF to 2,5-DME.

4. Conclusions

In this study, we examined the possible role of vesicles on the reduction reaction of
HMF to 2,5-DMF, by combining Pd/C with vesicles. The yield of 2,5-DMF catalyzed by
VCMSCs at 60 °C could achieve a mild reaction condition (conventionally 130 °C) and
surpass reactivity (25.3 & 2.6%) relative to that for Pd/C (17.1 & 1.7%). The role of vesicles
was likely to assist the proton transfer between the reaction site on Pd/C and the substrate.
The action of molecular hydrogen on the reaction site of Pd/C was easily weakened by
bulk water. The control of proton transfer over the reduction reaction of HMF was likely to
require the localization of polarized bound water around the reaction site of Pd/C. These
possible actions by vesicles made it possible to reduce the amount of organic solvent and
temperature, although limitedly.
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