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ABSTRACT: Herein, an efficient and practical approach for dipolar modification of commercially available solid catalysts is
reported. The solid catalysts HMS (hexagonal mesoporous silica)-DMSO decorated with organic dipolar layers are designed
and synthesized by radiation technology under simple and accessible conditions. The dipolar catalysts can serve as plat-
forms to introduce various active sites, benefiting from the flexibility and diversity of the dipolar layer, which in turn allow
them to achieve catalytic performance in relatively friendly systems. Specifically, the upgraded dipolar catalyst HMS-DMSO-
SO3H exhibits good performance in converting the oxidized lignin model compound of a-hydroxyacetophenone to 1,3-

dioxolane derivatives and dehydrating isomaltulose to glycosyloxymethyl-furfural (GMF).

With the world energy crisis and total global energy con-
sumption increasing dramatically, it is essential to develop
methods for the efficient use of renewable resources.!-3
Biomass, as an attractive carbon-based source, has been
widely used to produce value-added fine chemicals and
fuels.#® The catalytic activation/cleavage of ubiquitous C-
C/C-0 bonds in biomass is crucial through various meth-
ods, including oxygen removal processes and increasing
the molecular weight via C-C coupling reactions.>1! Effi-
cient regulation of the state of reaction intermediates de-
rived from C-C/C-0O bond activation/cleavage to maximize
the selectivity and yield of bio-based products is a key
challenge. In this context, a valid strategy for this goal in
heterogeneous catalysis is to enrich the dipolarity of the
solid catalyst surface, allowing the reactants to participate
in specific non-covalent interactions to stabilize or destabi-
lize the reaction intermediates, thereby enabling the trans-
formations to proceed smoothly.1?-18 However, there is still
a lack of universal methods to prepare dipolar catalysts.
Despite these encountered challenges, with great efforts
and contributions from many pioneers, various dipolar

catalysts have been designed and synthesized successfully
for the conversion of biomass.'21? For example, the organ-
ic-inorganic nanocomposite catalysts with dipolar micro-
environments were prepared, which exhibited excellent
catalytic performance for the selective conversion of fruc-
tose to HMF in a mixed solvent of water and
tetrahydrofuran.2® Xiao and co-workers developed the
heterogeneous catalyst with strong dipolar moieties
through constructing microenvironment to tune the per-
formance of active sites.?! The catalysts exhibit high yields
of fructose to 5-hydroxymethylfurfural in THF. Parallelly, a
dipolar and flexible linear polymer polyvinylpyrrolidone
(PVP) was incorporated into the pores of the acidic COF
material to facilitate the fructose dehydration reaction.??
Recently, the HCP materials with a dipolar moiety have
been developed as alternatives to DMF in the conversion of
NaNs to benzylic azides and triazoles.?? Although these
strategies have been developed, complex designs, long
synthesis periods and lack of clean processes lead to high
costs of catalyst synthesis, which are the important factors
that limiting their application in industry.?* From a catalyst



design perspective, it is generally recommended to opti-
mize the already existing catalyst for a specific process,
which mainly depends on the needs of the user, rather than
to develop an entirely new catalyst material.2> Obviously,
the development of general and eco-efficient methods for
dipolar modification of readily available catalysts or sup-
ports is one of the important issues that chemists need to
address urgently at present.

Currently, electron beam irradiation (EBI) technology
has been used as a green replacement method for tradi-
tional chemical processing, especially surface modification
processes.?6-30 The EBI process is a flow of energetic elec-
trons generated by an accelerator that directly injects en-
ergy to the materials, and then initiates a series of chemical
reactions through free radicals to improve product quality
by changing its chemical and physical properties. Com-
pared with other conventional methods, the EBI technolo-
gy is an efficient method of chemical modification because
no catalysts or additives are required to initiate the reac-
tion, and the chemical reaction can be easily adjusted by
varying the radiation conditions under simple operation,

thus enabling large-scale production. The EBI technology
thus offers a great opportunity for the production of dipo-
lar catalysts that are not easily accessible by chemical
methods.

Out of all these considerations, in this work, without
changing the specific preparation process of the original
catalysts, an efficient and versatile method is reported for
dipolar modification of commercially available solid cata-
lysts by EBI technology. The high-density dipolar moieties
were anchored on the surface of catalyst via rapid thiol-ene
reaction, which endows the catalyst with polar properties.
Notably, the upgrade catalyst exhibits outstanding perfor-
mance in the conversion of lignin model compound to
valuable 1,3-dioxolane derivatives and the dehydration of
isomaltulose to glycosyloxymethyl-furfural (GMF). The
successful implementation of this protocol not only brings
innovation to the catalysts synthesis industry, but also
significantly relieves the dependence on unfriendly polar
aprotic solvents in the conversion process of biomass-
derived platform molecules.

Scheme 1. Schematic illustration of the preparation process of dipolar silica-based catalysts by electron beam
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aReaction conditions: Step 1: HMS-SH (0.20 g, 0.43 mmol), 10.0 mmol of G1, 5.0 mL of CH3CN, N2 atmosphere, 2100 kGy, 5 s. Step 2:
HMS-DMSO (0.50 g, 1.55 mmol), 4-vinylbenzenesulfonic acid sodium salt (1.03 g, 5.0 mmol), 2.0 mL of H20, N2 atmosphere, 1800

kGy, 5 s, treat with HCI (1 mol/L, 40 mL).

In order to confirm the structures of the grafted moie-
ties, the prepared catalysts including HMS-DMSO and HMS-
DMSO0-SOsH were characterized by various spectroscopic
methods. The FTIR spectroscopy showed that the profiles
of fresh and irradiated silica-based catalysts were quite
similar, as shown in Figure 1a, indicating that the chemical
structure of catalysts was not significantly changed
through electron beam irradiation. The silica-based HMS-
SH catalysts showed weak characteristic peak appearing at
about 2527 cm-!, which was assigned to the vibration of
the HS group.31-32 Meanwhile, the bands at 2985 cm-! and
2934 cm™ corresponded to the symmetric stretching vi-
brations and asymmetric stretching vibrations of the -CHz
group.?® The disappearance of the S-H stretching band,
while the peaks of catalysts with DMSO moieties, including
HMS-DMSO and HMS-DMSO-SO3H, were significantly en-
hanced at these locations, indicating that the grafting of
sulfolane onto the surface of silica-base was successful.
Despite the fact that the broad area at 1250-1000 cm' may

include many characteristic peaks, the emerging peaks at
1188 cm and 1132 cm! in HMS-DMSO-SOsH were related
to stretching vibration of the S=0 bonds of aromatic sul-
fonic acid.3*-35 These results implied that the grafting of
double bond-containing species onto the silica-based sur-
face via electron beam irradiation was successful. Besides,
the characterization with 13C MAS NMR spectra also sug-
gested dipolar moieties and acid sites were successfully
introduced, as demonstrated in Figure 1b. It was clearly
observed that the chemical shifts of three catalysts varied
with the grafted species. Compared with the starting mate-
rial of HMS-SH, the carbon peaks in HMS-DMSO around
55.8, 51.9, 39.8 and 33.9 ppm were ascribed to sulfolane
species. After treatment of acidification, the emerging
peaks at 149.0, 147.1, 140.4, 126.7 ppm in HMS-DMSO-
SOsH were related to the aromatic sulfonic acid.?¢-37 In
addition, with the increase of the strong electron-withdraw
groups, the resonance-absorption peaks move to lower



field, resulting in larger chemical shifts of HMS-DMSO-
SOsH.

As representative samples, X-ray photoelectron spec-
troscopy (XPS) of HMS-DMSO-SO3H was shown in Figure
1, while the detailed characterization results of other sam-
ples are provided in the ESI (Figures S6-S7). As expected,
all the essential elements were observed (Figure S8), and
the conspicuous signal of C 1s appeared at 284.79 eV was
assigned to the C-C bond (Figure 1d).3® The two peaks
were located at 285.80 and 286.45 eV, which were as-
signed to the C-S and C-O bands, respectively.3® The O 1s
clearly evidenced the presence of three chemical environ-
ments for the oxygen atoms (Figure 1e). The predominant
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Notably, in the O 1s XPS spectra of HMS-DMSO-SOzH, the
existence of S-0 band was evidenced by the peak appear-
ing at 531.80 eV. Indeed, the S-0 bands were also found in
the O 1s XPS spectrum of HMS-DMSO, and the content of
surface elements increased significantly after sulfonation.
Correspondingly, it was clearly showed that in the S 2p
region (Figure 1f), the characteristic peaks at 168.12 eV
and the peaks area ratio were about 2:1, which can be
attributed to the S-O bond.**2 The pattern of the S 2p
region showed peaks located at around 163.47 eV, which is
attributed to the presence of C-S groups on the surface of
HMS-DMSO-SOsH (Tables S2-S3). These results indicated
that the grafting of dipolar moieties and -SOsH groups onto
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the surface was successful.

Figure 1. a) The FT-IR spectra of HMS-SH, HMS-DMSO, and HMS-DMSO-HSO3H; b) solid-state 13C NMR spectra of different dipolar
catalysts; c) fluorescence emission spectra of Nile red adsorbed in three catalysts; XPS spectra of HMS-DMSO0-SOsH, including mag-
nifications of the C 1s (d), O 1s (e), S 2p region (f), the data of HMS-SH and HMS-DMSO are shown in figure S6-S7.

The morphologies of the obtained catalysts were inves-
tigated by emission scanning electron microscopy (FE-
SEM), and the changes of the three catalysts were shown in
Figure 2. With the increase of monomer G1, a large num-
ber of particles are generated on the surface of the smooth
massive solid (Figure 2a), forming unique spatial struc-
tures (Figure 2b). After treatment of sulfonic modification,
the structures were more compact (Figure 2c), which was
consistent with the above description. The energy-
dispersive spectroscopy (EDX) analysis indicated that all
the expected elements were present and uniformly distrib-
uted in the HMS-DMSO-SOsH (Figure 2d-2f) catalyst as
well as HMS-DMSO (Figure S9). Furthermore, the effect of

electron beam energy on the catalyst preparation process
is evaluated by means of the Monte Carlo code FLUKA.
Electron beam energy is one of the most vital parameters
in the process of electron irradiation, which affects the
absorbed dose distribution in catalysts and determines the
quality of the product.3-#* The results show that the EBI
technology is amenable for the role of surface modification
due to its strong penetrating ability and uniform distribu-
tion (Figures S12-S15). In addition, the prepared materi-
als including HMS-SH, HMS-DMSO and HMS-DMSO-SOsH
were also submitted to elemental analysis to confirm the
amount of grafted DMSO or -SOsH fragment on silica-based
composite. Compared with the raw material of HMS-SH,



the sulfur content of HMS-DMSO increased significantly
after treating HMS-SH with 3-sulfolene, indicating the oc-
currence of grafting. By attributing the increase in sulfur
content to the anchoring of monomer G1 onto HMS-SH, the
amount of grafted DMSO moieties was approximately 1.1
The concentration of the grafted -SOsH fragment on the
HMS-DMSO is approximately 0.88 mmol/g (Table S1).

The Nz sorption isotherms were collected and the N iso-
therms corresponded to type-1V isotherm, which was typi-
cal for mesoporous materials (Figures S10). Analysis of
pore-size distribution evaluated shows that pore-sizes
were predominantly distributed at 4.0 nm. The Brunauer-
Emmett-Teller (BET) surface areas of all the obtained
materials were also calculated. The Sger of the dipolar cata-
lysts decreased from 1351 m? g1of HMS-SH to 979 m?2 g!
of HMS-DMSO, mainly contributed by the increase of G1
content. After treatment of sulfonation, the catalysts still
exhibited high surface areas (768 m? g-1) and no significant
change in surface area was observed. The thermal stability
of the obtained catalysts was inspected by
thermogravimetric analysis (TGA) (Figure S11). Although
the organic components in HMS-DMSO or HMS-DMSO-
SOs3H were significantly higher than that in HMS-SH, it was
observed from the TGA curves that all the catalysts were
quite stable below 240 °C. When the temperature was
elevated to around 270 °C, the weight loss was clearly ob-
served in HMS-DMSO-SOsH. The TGA results implied that
the obtained catalysts have an excellent thermostability, it

is feasible to use them in harsh conditions.

Figure 2. FSEM image characterizations of different dipolar
catalysts, a) HMS-SH; b) HMS-DMSO; ¢) HMS-DMSO-SO3H; d-f)
elemental mapping of HMS-DMSO0-SOsH for C (d), O (e) and S
(), the data of HMS-SH and HMS-DMSO are shown in figure S8.

The fluorescence emission spectra were also analyzed,
as shown in Figure 1c. To the best of our knowledge, Nile
red was a sensitive probe, which was considered the best
choice to determine the local polarity of some media in a
variety of heterogeneous systems because the
photophysical properties of Nile red vary with the polarity
of the solvent.*¢-4¢ Upon photo- excitation at 400 nm, the
fluorescence intensity of Nile red adsorbed in HMS-DMSO
and HMS-DMSO-SO3H almost disappeared with the in-
crease content of sulfone group, while the obvious peak at
649 nm was maintained after treatment with HMS-SH (see
ESI for details). Significant decrease or even disappearance

mmol/g. Indeed, HMS-SH exhibits a better ability to graft
monomer G1 due to its high loading of thiol groups (2.21
mmol/g).*5 To facilitate the subsequent introduction of
active sites to maximize the catalytic ability, an excess
amount of aromatic sulfonic acid was used.
in intensity has been attributed to a formation of the twist-
ed intramolecular charge transfer (TICT) state.** The re-
sults demonstrated that the polarity of HMS-DMSO and
HMS-DMSO-SOsH significantly enhanced by decoration of
polar moieties.

To verify the applicability of dipolar catalysts as reaction
medium, lignin model compound®° (1a) and formaldehyde
(2a) were employed as reaction substrates to synthesize
1,3-dioxolane derivative 3a, which is useful intermediates
in the synthesis of pharmaceuticals and fine chemicals.51-53
In the presence of HMS-DMSO-SOsH, various solvents were
screened (Table 1, entries 1-4). EtOH and 2-
methyltetrahydrofuran (2-Me-THF) were not suitable for
this reaction (entries 1 and 2). Although 1a didn’t com-
pletely converted (entry 3), the result indicated that the
dipolar catalyst is promising for achieving a good result. A
moderate yield of 3a was obtained in cyclopentyl methyl
ether (CPME, entry 3). When the reaction was performed
in isopropyl acetate (‘PrOAc), 3a was obtained in 95% of
yield (entry 4). Under the identical conditions, the reac-
tions over p-toluenesulfonic, Amberlyst-15 and HMS-SOsH
gave only moderate yields (entries 5-7). HMS-DMSO has
no acidic site, but contains G1 fragment in the solid surface,
has no catalytic acitivity for the synthesis of 3a (entry 8).
When HMS-DMSO was used along with TsOH, 3a can be
isolated with 56% yield (entry 9). To evaluate the effect of
acid content, the catalysts with different ratios were pre-
pared and the results were described in Table S4. Fur-
thermore, the reference catalyst PSS-DMSO-SO3H?! with
dipolar moieties also exhibits good catalytic performance,
affording the desired product in 62% yield (entry 10).
These results demonstrate that the presence of dipolar
components is indeed effective in enhancing the activity of
the catalyst. The reactions over the analogous dipolar cata-
lysts that were prepared through the conventional chemi-
cal grafting with free radical initiators proceeded sluggish-
ly (entries 11 and 12). These results implied that the use of
EBI is a key for ensuring the dipolar catalyst to have a good
catalytic performance. It should be noted that the catalyst
is also recyclable (Figure S23) and still maintains good
catalytic activity after 5 cycles. Finally, a possible mecha-
nism is illustrated, as depicted in Figure S16- S21.

Table 1. Condition optimization of the reaction lignin
model compound and 2a.
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OH
+ HCHO

Catalyst (15 mg)

bt Al St L O
Solvent, 80 °C, 6 h ©)KO(*\/

1a 2a 3a
Entry? Catalyst Solvent Conv. (%)°®  Select. (%)° Yield (%)®
1 HMS-DMSO-SO3H EtOH 43 63 27
2 HMS-DMSO-SO3H 2-Me-THF 28 36 10
3 HMS-DMSO-SO3H CPME 67 82 55
4 HMS-DMSO-SO3H PrOAc >99 95 95
5 TsOH iPrOAc 66 50 33
6 Amberlyst-15 PrOAc 60 82 49
7 HMS-SO3H iPrOAC 65 74 48
8 HMS-DMSO ProAc 24 0 0
b HMS-DMSO iPrOAC 72 78 56
10 PSS-DMS0O-SO3H IPrOAc 85 73 62
11¢ HMS-DMSO-SO;H iPrOAC 45 51 23
124 HMS-DMSO-SO3H iPrOAC 49 55 27

?Reaction conditions: 1a (0.3 mmol), 2a (30% solution 0.9 mmol), catalyst (15 mg),
solvent (1.0 mL), 80 °C, 6 h; °: addition of TSOH (20 mol%) °: AIBN (azodiisobutyronitrile);
9: TBHP (butyl hydroperoxide); ©: the selectivity and yield of product were determined by
the combination of liquid chromatography and gas chromatography.

Various substituents patterns and diverse functional
groups in the aryl ring were used as viable substrates to
react with 2a (Scheme 2). A series of compounds bearing
electron-donating groups (3b, 3g, 3h) can also be success-
fully converted to the desired products with excellent
yields. Di-substituted electron-rich o-
hydroxyacetophenones (3¢, 3i) can react smoothly with
2a, affording the desired products in good yields. Various
electron-withdraw groups, varying from halogen to cyano
group (3k-3n), were also able to efficiently offer the corre-
sponding products with the yields ranging from 83% to
59%. Lignin model compounds contained
large steric hindrance groups (3d-3e, 3j) was also well-
tolerated in this reaction. Notably, the substituent bearing
phenyl group reacted smoothly in the presence of HMS-
DMSO0-SO03H, and the desired product 3f was obtained in
74%, which has been reported by using HCl as a catalyst in
HOAc at 110 °C for 24 h.>* Interestingly, the heteroaromatic
substrates could also be easily delivered uneventfully into
the target product in moderate to good yields (30-3q).
These results indicated that the dipolar solid acids pre-
pared with the aid of EBI were indeed efficient catalysts for
the transformations of lignin model compounds to 1,3-
dioxolane derivatives.

Scheme 2. The substrate scope of lignin model com-
pounds to 1,3-dioxolane derivatives.

OH
RED + HcHo _HMS-DMSO-SOsH RE °
Z PrOAc, 5-8 h, 80 °C =z o~/

1a-q 2a 3a-3q

R =H, 3a, 95% o

R = 4-Me, 3b, 93% o < 0
o~/

R =2,5-Me, 3¢, 76% o o]

R = 4-Pr, 3d, 84%
R = 4-Bu, 3e, 78% 30, 82%
R = 4-Ph, 3f, 74% o

L 0
R - 4-OH, 39:;,'189 /oo R = 4-F, 3k, 83% ° o)
R =4-OMe, 3h, 94% R =4-Cl, 31, 79% E o~/
R = 3,4-OMe, 3i, 81% ©

R =4-Br, 3m, 64%
R =4-0OBn, 3j, 90% R =4-CN, 3n, 59%

3q, 90%

The conversion of isomaltulose to
glucosyloxymethylfurfural (GMF) was also evaluated. GMF
is an interesting analog of 5-hydroxymethylfurfural (HMF)
with a glucosyl moiety that has several applications and is
highly sensitive to the dipolar environment.55-57 As shown
in Table 2, the reaction proceeded smoothly in y-
valerolactone (GVL), but hardly proceeded in THF and
CPME (entries 1-3). Gratifyingly, when HMS-DMSO-SOsH
was used as the catalyst, the conversion of isomaltulose
proceed smoothly in ‘PrOAc, providing the desired product
5a in 63% yield (entry 4). Given that 5a can be effectively
separated in a low boiling solvent, the results are accepta-
ble (see the NMR spectra of the product in ESI), despite the
fact that the yields obtained are not as good as those al-
ready reported for the method performed in DMSO. When
TsOH and Amberlyst-15 were used as catalysts, the yield
obtained is inferior to the former catalysts of HMS-DMSO-
SO3H (entries 5 and 6). In addition, HMS-DMSO and HMS-
SOs3H proved to be unsuitable for this reaction (entries 7
and 8). When TsOH was introduced into the reaction sys-
tem of HMS-DMSO, only 17% of the desired product was
obtained (entry 9). Besides, when the grafting rate of
sulfolene was decreased, the yield of the product also de-
creased significantly (entry 12). Furthermore, the desired
product can be obtained in 25%, when the reference cata-
lyst PSS-DMSO-SO3H was used (entry 10). These observa-
tions imply the cooperative effect between the dipolar
moieties and the acid groups are important factors in pro-
moting chemical reactions (the mechanism see Figure S22
for details). The catalyst of HMS-DMSO0-SOsH prepared by
free radical initiators did not display the expected catalytic
performance (entry 11). These results further demonstrate
that the dipolar catalysts modified by EBI techniques are
indeed necessary to enhance the catalytic capacity in the
process of transformation, especially the transformation of
biomass-derived platform molecules.

Table 2. Catalytic reaction in the dehydration of
isomaltulose to GMF.
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OH
4a 5a
Entry? Catalyst Solvent Conv. (%)® Select. (%)°  Yield (%)®
1 HMS-DMSO-SO3H THF 31 48 15
2 HMS-DMSO-SO3H CPME 10 0 0
3 HMS-DMSO-SO3H GVL 80 68 54
4 HMS-DMSO-SOzH ProAc 89 71 63
5 TsOH PrOAc 81 22 18
6 Amberlyst-15 'PrOAc 68 32 22
7 HMS-SO3H iProAc 62 1 7
8 HMS-DMSO iProAc 0 0 0
9° HMS-DMSO ProAc 32 53 17
10  PSS-DMSO-SO4H iProAc 58 43 25
11¢  HMS-DMSO-SO3H PrOAc 8 0 0
12¢  HMS-DMSO-SOzH PrOAc 25 48 12

2Reaction conditions: 4a (50.0 mg, 0.15 mmol), catalyst (based on the amount of sulfonic
acid 2.0 mol%), solvent (3.0 mL), 100 °C, 2 h; : addition of TsOH (20 mol%) ®: AIBN
(azodiisobutyronitrile); 9: the amount of grafted DMSO moieties was approximately 0.6
mmol/g; ©: the selectivity and yield of GMF were determined by the combination of liquid
chromatography and gas chromatography.

In summary, the EBI technology provides an efficient and
general method for dipolarization based on existing cata-
lysts. Compared with traditional chemical methods, it has
the advantages of simple steps, high efficiency, no initiator
and easy engineering production. The use of the dipolar
catalysts, not only enables successfully conversion of the
biomass platform molecules, but also facilitated the separa-
tion of products in low boiling point solvent. Considering
the economy and high efficiency of this method, this work
opens up an avenue for the design, synthesis, and applica-
tion of catalysts.

AUTHOR INFORMATION

Corresponding Author

Yanlong Gu - State Key Laboratory of Advanced Electromag-
netic Engineering and Technology, School of Chemistry and
Chemical Engineering, Huazhong University of Science and
Technology, Wuhan 430074, China; Email: klgyl@hust.edu.cn
Jiang Huang - State Key Laboratory of Advanced Electromag-
netic Engineering and Technology, School of Electrical and
Electronic Engineering, Huazhong University of Science and
Technology, Wuhan 430074, China; Email: jhuang @hust.edu.cn

Authors

Zhiyan Chen - Key laboratory of Material Chemistry for Ener-
gy Conversion and Storage, School of Chemistry and Chemical
Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

Haozhe Li - Key laboratory of Material Chemistry for Energy
Conversion and Storage, School of Chemistry and Chemical
Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

Keyan Sheng - State Key Laboratory of Advanced Electromag-
netic Engineering and Technology, School of Electrical and
Electronic Engineering, Huazhong University of Science and
Technology, Wuhan 430074, China

Xiaohan Dong - Key laboratory of Material Chemistry for
Energy Conversion and Storage, School of Chemistry and Chemi-
cal Engineering, Huazhong University of Science and Technolo-
gy, Wuhan 430074, China

Jushigang Yuan - State Key Laboratory of Advanced Electro-
magnetic Engineering and Technology, School of Electrical and
Electronic Engineering, Huazhong University of Science and
Technology, Wuhan 430074, China

Shuai Hao - Key laboratory of Material Chemistry for Energy
Conversion and Storage, School of Chemistry and Chemical
Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

Minghao Li - Key laboratory of Material Chemistry for Energy
Conversion and Storage, School of Chemistry and Chemical
Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

Rongxian Bai - Key laboratory of Material Chemistry for Ener-
gy Conversion and Storage, School of Chemistry and Chemical
Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

Yves Queneau - [nstitut de Chimie et Biochimie Moléculaires
et Supramoléculaires (ICBMS), Université de Lyon, CNRS,
Université Lyon 1, INSA Lyon, CPE Lyon, UMR 5246, Université
Claude Bernard, Bdtiment Lederer, 1 Rue Victor Grignard,
69622 Villeurbanne, France

Alexander Sidorenko - Institute of Chemistry of New Materi-
als of National Academy of Sciences of Belarus, Skaryna str, 36,
220084 Minsk, Belarus

Funding Sources

National Key Research and Development Project
(2022YFE0124100), Ordos Key Research and Development
Project (2022EEDSK]JZDZX003), the National Natural Sci-
ence Foundation of China (22072049, 21902054 and
21872060) and the HUST Academic Frontier Youth Team
(2019QYTDO06) are the key funding sources for the financial
support. Financial support is also partially from CNRS and
MESRI for financial support and to the China Scholarship
Council for a scholarship to Lianjie Wang who prepared GMF
samples in the Lyon team.

Notes
The authors declare no competing financial interest.

ASSOCIATED CONTENT

The Supporting Information is available free of charge via the
Internet at http://pubs.acs.org.

The synthetic procedures, optimization data, chemical compu-
tations, experimental procedures, and characterization

data (PDF)

ACKNOWLEDGMENT

We gratefully acknowledge the financial support from Nation-
al Key Research and Development Project (2022YFE0124100),
Ordos Key Research and Development Project
(2022EEDSK]JZDZX003), the National Natural Science Foun-
dation of China (22072049, 21902054 and 21872060) and the
HUST Academic Frontier Youth Team (2019QYTDO06) for the
financial support. Financial support from CNRS and MESRI
and the China Scholarship Council for a scholarship to Lianjie
Wang who prepared GMF samples in the Lyon team is also
acknowledged.


mailto:klgyl@hust.edu.cn

REFERENCES

(1) Shen, X.; Zhang, C.; Han, B.; Wang, F., Catalytic self-transfer
hydrogenolysis of lignin with endogenous hydrogen: road to the
carbon-neutral future. Chem. Soc. Rev. 2022, 51, 1608-1628.

(2) Ates, B.; Koytepe, S.; Ulu, A.; Gurses, C.; Thakur, V. K., Chem-
istry, Structures, and Advanced Applications of Nanocomposites
from Biorenewable Resources. Chem. Rev. 2020, 120, 9304-9362.

(3) De, S.; Saha, B.; Luque, R., Hydrodeoxygenation processes:
Advances on catalytic transformations of biomass-derived plat-
form chemicals into hydrocarbon fuels. Bioresour. Technol. 2015,
178,108-118.

(4) Xu, C.; Paone, E.; Rodriguez-Padroén, D.; Luque, R.; Mauriello,
F., Recent catalytic routes for the preparation and the upgrading
of biomass derived furfural and 5-hydroxymethylfurfural. Chem.
Soc. Rev. 2020, 49, 4273-4306.

(5) Gu, Y.; Jérome, F., Bio-based solvents: an emerging genera-
tion of fluids for the design of eco-efficient processes in catalysis
and organic chemistry. Chem. Soc. Rev. 2013, 42,9550-9570.

(6) Shuai, L.; Amiri, M. T.; Questell-Santiago, Y. M.; Héroguel, F.;
Li, Y.; Kim, H.; Meilan, R.; Chapple, C.; Ralph, J.; Luterbacher, J. S,,
Formaldehyde stabilization facilitates lignin monomer production
during biomass depolymerization. Science 2016, 354, 329-333.

(7) Xia, Q.; Chen, Z; Shao, Y.; Gong, X.; Wang, H.; Liu, X.; Parker,
S. F; Han, X;; Yang, S.; Wang, Y., Direct hydrodeoxygenation of raw
woody biomass into liquid alkanes. Nat. Commun. 2016, 7, 11162.

(8) Zhao, H.; Holladay, J. E.; Brown, H.; Zhang, Z. C., Metal chlo-
rides in ionic liquid solvents convert sugars to 5-
hydroxymethylfurfural. Science 2007, 316, 1597-600.

(9) Espro, C.; Paone, E.; Mauriello, F,; Gotti, R; Uliassi, E,;
Bolognesi, M. L.; Rodriguez-Padrén, D.; Luque, R. Sustainable
production of pharmaceutical, nutraceutical and bioactive com-
pounds from biomass and waste. Chem. Soc. Rev. 2021, 50, 11191~
11207.

(10) Corma, A.; Iborra, S.; Velty, A., Chemical Routes for the
Transformation of Biomass into Chemicals. Chem. Rev. 2007, 107,
2411-2502.

(11) Thiyagarajan, S.; Genuino, H. C.; van der Waal, J. C;; de Jong,
E.; Weckhuysen, B. M.; van Haveren, |.; Bruijnincx, P. C. A;; van Es,
D. S., A Facile Solid-Phase Route to Renewable Aromatic Chemicals
from Biobased Furanics. Angew. Chem. Int. Ed. 2016, 55, 1368-
1371.

(12) Gao, F.; Bai, R; Ferlin, F.; Vaccaro, L,; Li, M.; Gu, Y., Re-
placement strategies for non-green dipolar aprotic solvents. Green
Chem. 2020, 22, 6240-6257.

(13) Zhang, X.; Wilson, K.; Lee, A. F., Heterogeneously Catalyzed
Hydrothermal Processing of C5-C6 Sugars. Chem. Rev. 2016, 116,
12328-12368.

(14) Mellmer, M. A;; Sener, C.; Gallo, ]J. M. R.; Luterbacher, J. S,;
Alonso, D. M.; Dumesic, J. A.,, Solvent Effects in Acid-Catalyzed
Biomass Conversion Reactions. Angew. Chem. Int. Ed. 2014, 53,
11872-11875.

(15) Nikolakis, V.; Mushrif, S. H.; Herbert, B.; Booksh, K. S.; Vla-
chos, D. G., Fructose-Water-Dimethylsulfoxide Interactions by
Vibrational Spectroscopy and Molecular Dynamics Simulations. J.
Phys. Chem. B2012,116,11274-11283.

(16) Mellmer, M. A.; Sanpitakseree, C.; Demir, B.; Ma, K.; Elliott,
W. A,; Bai, P,; Johnson, R. L.; Walker, T. W.; Shanks, B. H.; Rioux, R.
M.; Neurock, M.; Dumesic, J. A., Effects of chloride ions in acid-
catalyzed biomass dehydration reactions in polar aprotic solvents.
Nat. Commun. 2019, 10, 1132.

(17) Bui, L.; Luo, H.; Gunther, W. R.; Roman-Leshkov, Y., Domino
Reaction Catalyzed by Zeolites with Brgnsted and Lewis Acid Sites
for the Production of y-Valerolactone from Furfural. Angew. Chem.
Int. Ed. 2013, 52, 8022-8025.

(18) Markovi¢, D.; Vogel, P., Polysulfones: Catalysts for Alkene
Isomerization. Angew. Chem. Int. Ed. 2004, 43, 2928-2930.

(19) Schwartz, T. J.; Johnson, R. L,; Cardenas, J.; Okerlund, A.; Da
Silva, N. A,; Schmidt-Rohr, K.; Dumesic, ]. A, Engineering Catalyst
Microenvironments for Metal-Catalyzed Hydrogenation of Biolog-

ically Derived Platform Chemicals. Angew. Chem. Int. Ed. 2014, 53,
12718-12722.

(20) Alamillo, R; Crisci, A. ].; Gallo, ]. M. R; Scott, S. L.; Dumesic,
J. A, A Tailored Microenvironment for Catalytic Biomass Conver-
sion in Inorganic-Organic Nanoreactors. Angew. Chem. Int. Ed.
2013, 52,10349-10351.

(21) Sun, Q.; Wang, S.; Aguila, B.; Meng, X;; Ma, S.; Xiao, F.-S,,
Creating solvation environments in heterogeneous catalysts for
efficient biomass conversion. Nat. Commun. 2018, 9, 3236.

(22) Sun, Q; Tang, Y. Aguila, B; Wang, S, Xiao, F.-S;
Thallapally, P. K.; Al-Enizi, A. M.; Nafady, A.; Ma, S., Reaction Envi-
ronment Modification in Covalent Organic Frameworks for Cata-
lytic Performance Enhancement. Angew. Chem. Int. Ed. 2019, 58,
8670-8675.

(23) Gao, F.; Bai, R; Li, M.; Gu, Y., Dipolar HCP materials as al-
ternatives to DMF solvent for azide-based synthesis. Green Chem.
2021, 23, 7499-7505.

(24) Hiibner, S.; de Vries, J. G.; Farina, V., Why Does Industry
Not Use Immobilized Transition Metal Complexes as Catalysts?
Adv. Synth. Catal. 2016, 358, 3-25.

(25) Arun, N.; Sharma, R. V.; Dalai, A. K., Green diesel synthesis
by hydrodeoxygenation of bio-based feedstocks: Strategies for
catalyst design and development. Renew. Sust. Energ. Rev. 2015,
48, 240-255.

(26) Kim, J.; Lee, W. J.; Park, H. W,, The state of the art in the
electron beam manufacturing processes. Int. J. Precis. Eng. Manuf.
2016,17,1575-1585.

(27) Zhang, M.; Chen, ].; Zhang, S.; Zhou, X,; He, L.; Sheridan, M.
V.; Yuan, M.; Zhang, M,; Chen, L.; Dai, X;; Ma, F.; Wang, J.; Hy, J.; Wu,
G.; Kong, X;; Zhou, R; Albrecht-Schmitt, T. E.; Chai, Z; Wang, S,
Electron Beam Irradiation as a General Approach for the Rapid
Synthesis of Covalent Organic Frameworks under Ambient Condi-
tions. . Am. Chem. Soc. 2020, 142,9169-9174.

(28) Chen, ]J.; Zhang, M.; Shuy, J.; Yuan, M,; Yan, W,; Bai, P.; He, L;
Shen, N.; Gong, S.; Zhang, D.; Li, ].; Hu, J.; Li, R; Wu, G.; Chai, Z.; Yu,
J; Wang, S, Electron Beam Irradiation-Induced Formation of
Defect-Rich Zeolites under Ambient Condition within Minutes.
Angew. Chem. Int. Ed. 2021, 60, 14858-14863.

(29) Xie, K; Dong, Z.; Zhai, M.; Shi, W.; Zhao, L., Radiation-
induced surface modification of silanized silica with n-alkyl-
imidazolium ionic liquids and their applications for the removal of
Re04~ as an analogue for TcO4~. Appl. Surf. Sci. 2021, 551, 149406.

(30) Sheng, K.; Dong, X.; Chen, Z,; Zhou, Z; Gu, Y.; Huang, J., In-
creasing the surface hydrophobicity of silicone rubber by electron
beam irradiation in the presence of a glycerol layer. Appl. Surf. Sci.
2022, 591,153097.

(31) Sun, Q.; Aguila, B,; Perman, J.; Earl, L. D.; Abney, C. W,;
Cheng, Y.; Wei, H.; Nguyen, N.; Wojtas, L.; Ma, S., Postsynthetically
Modified Covalent Organic Frameworks for Efficient and Effective
Mercury Removal. J. Am. Chem. Soc. 2017, 139, 2786-2793.

(32) Rostamizadeh, S.; Estiri, H.; Azad, M., Au anchored to (a-
Fe203)-MCM-41-HS as a novel magnetic nanocatalyst for water-
medium and solvent-free alkyne hydration. Catal. Commun. 2014,
57,29-35.

(33) Li, B; Zhang, Y.; Ma, D; Shi, Z.; Ma, S., Mercury nano-trap
for effective and efficient removal of mercury(Il) from aqueous
solution. Nat. Commun. 2014, 5, 5537.

(34) Chen, J; Li, K; Chen, L, Liu, R; Huang, X.; Ye, D., Conver-
sion of fructose into 5-hydroxymethylfurfural catalyzed by recy-
clable sulfonic acid-functionalized metal-organic frameworks.
Green Chem. 2014, 16, 2490-2499.

(35) Phang, W. ]; Jo, H.; Lee, W. R; Song, ]. H.; Yoo, K.; Kim, B;
Hong, C. S., Superprotonic Conductivity of a Ui0-66 Framework
Functionalized with Sulfonic Acid Groups by Facile Postsynthetic
Oxidation. Angew. Chem. Int. Ed. 2015, 54, 5142-5146.

(36) Zhan, S.; Tao, X,; Cai, L.; Liu, X.; Liu, T., The carbon material
functionalized with NH2* and SOsH groups catalyzed esterification
with high activity and selectivity. Green Chem. 2014, 16, 4649-
4653.



(37) Yang, Q. Kapoor, M. P, Inagaki, S. Sulfuric Acid-
Functionalized Mesoporous Benzene-Silica with a Molecular-
Scale Periodicity in the Walls. J. Am. Chem. Soc. 2002, 124, 9694-
9695.

(38) Lang, X,; Jia, W,; Wang, Y.; Zhu, Z., Novel fluorination of
polystyrene sulfonic acid resin by CF3SOsH for high stability and
strong acidity. Catal. Commun. 2015, 70, 58-61.

(39) Kang, D. W,; Lim, K. S.; Lee, K. ].; Lee, ]. H.; Lee, W. R; Song,
J. H; Yeom, K. H; Kim, J. Y.; Hong, C. S, Cost-Effective, High-
Performance Porous-Organic-Polymer Conductors Functionalized
with Sulfonic Acid Groups by Direct Postsynthetic Substitution.
Angew. Chem. Int. Ed. 2016, 55, 16123-16126.

(40) Gonzalez, M. D.; Salagre, P.; Taboada, E.; Llorca, ].; Cesteros,
Y., Microwave-assisted synthesis of sulfonic acid-functionalized
microporous materials for the catalytic etherification of glycerol
with isobutene. Green Chem. 2013, 15, 2230-2239.

(41) Liu, F.; Kong, W.; Qi, C.; Zhu, L.; Xiao, F.-S., Design and Syn-
thesis of Mesoporous Polymer-Based Solid Acid Catalysts with
Excellent Hydrophobicity and Extraordinary Catalytic Activity.
ACS Catal. 2012, 2, 565-572.

(42) Fu, J; Ji, X; Chen, J.; Chen, L.; Fan, X,; Mu, D.; Wang, C,, Lith-
ium Nitrate Regulated Sulfone Electrolytes for Lithium Metal
Batteries. Angew. Chem. Int. Ed. 2020, 59, 22194-22201.

(43) Apiwattanakul, P.; Rimjaem, S., Electron beam dynamic
study and Monte Carlo simulation of accelerator-based irradiation
system for natural rubber vulcanization. Nucl. Instrum. Methods B
2020, 466, 69-75.

(44) Chen, J; Zhang, M.; Zhang, S.; Cao, K.; Mao, X.; Zhang, M,;
He, L.; Dong, X,; Shu, J.; Dong, H.; Zhai, F.; Shen, R.; Yuan, M.; Zhao,
X.; Wu, G.; Chai, Z; Wang, S., Metal-Organic Framework@Metal
Oxide Heterostructures Induced by Electron-Beam Radiation.
Angew. Chem. Int. Ed. 2022, e202212532.

(45) Lai, B; Huang, Z. Jia, Z,; Bai, R;; Gu, Y., Silica-supported
metal acetylacetonate catalysts with a robust and flexible linker
constructed by using 2-butoxy-3,4-dihydropyrans as dual anchor-
ing reagents and ligand donors. Catal. Sci. Technol. 2016, 6, 1810-
1820.

(46) Yang, Z; Cao, J.; He, Y,; Yang, J. H.; Kim, T.; Peng, X.; Kim, ]J.
S., Macro-/micro-environment-sensitive chemosensing and bio-
logical imaging. Chem. Soc. Rev. 2014, 43, 4563-4601.

(47) Yang, Z,; He, Y.; Lee, J. H.; Chae, W.-S;; Ren, W. X,; Lee, J. H;
Kang, C.; Kim, ]. S., A Nile Red/BODIPY-based bimodal probe sensi-

1. Preparation of dipole catalysts

I

¥

Table of Contents

tive to changes in the micropolarity and microviscosity of the
endoplasmic reticulum. Chem. Commun. 2014, 50, 11672-11675.

(48) Swain, J.; Mishra, A. K., Nile red fluorescence for quantita-
tive monitoring of micropolarity and microviscosity of pluronic
F127 in aqueous media. Photochem. Photobiol. Sci. 2016, 15,
1400-1407.

(49) Jee, A.-Y.; Park, S.; Kwon, H.; Lee, M., Excited state dynam-
ics of Nile Red in polymers. Chem. Phys. Lett. 2009, 477,112-115.

(50) Chen, Z,; Huang, W.; Yi, L.; Dong, X.; Sheng, K,; Li, M.; Bai, R;
Sidorenko, A. Y., Huang, J; Gu, Y., Synthesis of indoles and
carbazoles from a lignin model compound a-
hydroxyacetophenone. Green Chem. 2022, 24, 2919-2926.

(51) Tarr, J. C; Johnson, J. S., Lanthanum Tricyanide-Catalyzed
Acyl Silane-Ketone Benzoin Additions and Kinetic Resolution of
Resultant a-Silyloxyketones. J. Org. Chem. 2010, 75, 3317-3325.

(52) Lei, W.-L,; Yang, B.; Zhang, Q.-B.; Yuan, P.-F.; Wu, L.-Z,; Liu,
Q., Visible-light-enabled aerobic synthesis of benzoin bis-ethers
from alkynes and alcohols. Green Chem. 2018, 20, 5479-5483.

(53) Yoshikawa, N.; Kumagai, N.; Matsunaga, S.; Moll, G;
Ohshima, T.; Suzuki, T.; Shibasaki, M., Direct Catalytic Asymmetric
Aldol Reaction: Synthesis of Either syn- or anti-a,f3-Dihydroxy
Ketones. J. Am. Chem. Soc. 2001, 123, 2466-2467.

(54) Vainer, A. Y.; Askerov, D. B.; Isaev, Y. V.; Popkova, V. Y,;
Lakhonina, T. I.; Tishchenko, A. I, ChemInform Abstract: Study of
Products of the Condensation of Benzoin with Formaldehyde in an
Acetic Acid Medium. Chemischer Informationsdienst 1979, 10 (14).
DOI: 10.1002/chin.197914204.

(55) Tan, J.-N,; Ahmar, M,; Queneau, Y.,
Glucosyloxymethylfurfural (GMF): a creative renewable scaffold
towards bioinspired architectures. Pure Appl. Chem. 2015, 87,
827-839.

(56) Lichtenthaler, F. W.,; Brust, A; Cuny, E. Sugar-derived
building blocks. Part 26. Hydrophilic pyrroles, pyridazines and
diazepinones from -fructose and isomaltulose. Green Chem. 2001,
3,201-209.

(57) Ontiveros, ]. F.; Wang, L.; Chatel, K; Yue, X.; Tan, J.-N.; Ali-
Rachedi, F.; Ahmar, M.; Verrier, C.; Fusina, A,; Nardello-Rataj, V,;
Queneauy, Y., Design and Properties of a Novel Family of Nonionic
Biobased Furanic Hydroxyester and Amide Surfactants. ACS Sus-
tainable Chem. Eng. 2021, 9, 16977-16988.



https://doi.org/10.1002/chin.197914204

