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1. Experimental Procedures
1.1 Chemicals

5-hydroxymethylfurfural (HMF, 99%), 2,5-furandicarboxylic acid (FDCA, 98%),
VOSO4 (97%), Nb20s (99.99%), NH3 in methanol (7M), tetrabutylammonium hydrogen
sulfate (TBAHS, 98%), benzyltributylammonium chloride (BTBAC, 98%), and tetrame-
thylammonium hydrogen sulfate (TMAHS, 99%) were supplied by Aladdin Industrial Inc.
Tetrabutylammonium chloride (TBAC, 99%) and 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA, 97%) were collected from Shanghai Macklin Biochemical Technology
Co., Ltd. 2,5-diformylfurane (DFF, 98%) and 5-formylfuran-2-carboxylic acid (FFCA,
98%) were received from Titan Technology Co., Ltd. Cu(NO3)2-3H20 (99%), acetonitrile
(99.8%), methanol (99.7%), nitric acid (65.0%), 1,4-dioxane (99.5%), 1,2-dichloroethane
(99.5%), formic acid (99.5%), acetic acid (99%) and cyclohexane (99.7%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. Ru(NO)(NO3)s; were supplied by
Sigma Aldrich (Shanghai) Trading Co., Ltd. All chemicals were of analytical grade and
used as received without further purification.

1.2 Characterization

In situ infrared spectroscopy measurements were conducted on a Mettler Toledo’s Re-
actIR 701L instrument equipped with a diamond attenuated total reflectance probe (ATR).
The model of the probe is DST series 6.3 mm AgX FiberConduct. The conditions of the
solution during scanning are consistent with the reaction conditions.

Inductively coupled plasma-optical emission spectrometry (ICP-OES) was employed
to determine the vanadium content in the reaction system using an Agilent 5110 analyzer
equipped with a CCD array detector. Sample digestion was carried out in a microwave
oven. Subsequently, the vessel was cooled to room temperature and diluted to 50 mL with
double-distilled water, prior to the ICP-OES analysis. During the test, the pump rate was
100 r-min’!, the nebulizer flow was 0.70 L-min™!, the auxiliary gas was 1.0 Lmin™!, and
the sample flush time was 20 s.

Cyclic voltammogram (CV) was recorded on an CHI1140c electrochemical work-
station. Using glassy carbon (GC) electrode as the working electrode, platinum wire as

the counter electrode, and Ag/AgCl as the reference electrode, CV curves were



determined by three-electrode method. The measurement was conducted in the solution
with a scan rate of 50 mV-s™'. The conditions of the solution during scanning are consistent
with the reaction conditions.

Room temperature electron spin resonance (ESR) spectra were acquired at 9.8 GHz (X-
band) with a Bruker EMX PLUS spectrometer.

X-ray diffraction (XRD) was operated on a Bruker D8 Advance X-ray diffractometer
using the Ni-filtered Cu-Ka radiation source at 40 kV and 40 mA.

XPS spectra were recorded on a X-ray Photoelectron Spectrometer (Thermo Scientific
Ltd.) using a monochromatized Al Ka radiation source. The binding energy was calibrated
by the C 1s peak at 284.8 eV.

1.3 HMF-to-FFCA oxidation and analytical method

Oxidation of HMF was investigated in a 10 mL glass reaction tube with an oxygen
balloon. Typically, 5 mmol HMF, 0.1 mmol VOSOy4, 0.1 mmol Cu(NO3) and 0.1 mmol
TBAHS were dissolved into 2.5 mL CH3CN, and then the reaction was carried out for a
certain period of time at a suitable temperature. During the reaction, oxygen balloon con-
tinuously provides molecular oxygen for the reaction. After the reaction, the products
were diluted with pure water and tested.

Analysis of HMF, DFF, FFCA, and FDCA was made on a Agilent 1260 high-perfor-
mance liquid chromatography (HPLC) system with an Aminex HPX-87H column (7.8 X
300 mm). Acetonitrile and 0.5 wt% H2SO4 with a volume ratio of 20: 80 were used as
mobile phase at a flow rate of 0.9 mL-min™'. The content of HMF, DFF, FFCA and FFCA
in the product solution was directly obtained by the calibration curve of external standard
constructed by pure substance, and the conversion and selectivity were calculated. HMF

conversion, DFF selectivity, FFCA selectivity, FDCA selectivity were defined as follows:
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In a larger-scale reaction, 100 mmol (12.61 g) of HMF were used, with the amounts of
VOSOy4, Cu(NO3)2, TBAHS, and CH3CN scaled accordingly. The mixture was thoroughly
stirred to ensure the reaction temperature remained below the set point. HPLC was used
to quantify the FFCA formed, with experiments replicated in triplicate, yielding a standard
deviation of less than 5%. The reaction mixture was then subjected to rotary evaporation
to remove the solvent. The resulting residue was dissolved in an aqueous sodium bicar-
bonate solution (8.4 g NaHCO3 in 100 mL H>O) and stirred for 10 minutes to convert
FFCA into its sodium salt. The solution was filtered to remove insoluble impurities, and
the filtrate was acidified with dilute hydrochloric acid (1 mol/L, 100 mL), resulting in the
precipitation of FFCA. The pale yellow FFCA powder was eventually recovered by vac-
uum filtration, resulting in a 96% isolation yield.

1.4 Preparation of Ru/Nb20s

In the case of the Ru/Nb2Os (Ru: 1 wt%) catalyst, Nb2Os was initially dispersed into
aqueous Ru(NO)(NO3)s solution with stirring and kept overnight. The mixed solution was
slowly evaporated at 333 K under 0.01 MPa and then dried at 373 K for 1 h under vacuum
conditions. The recovered solid powder was pretreated under 5%H>/Ar flow at 673 K for
2 h, and then passivated under air at room temperature before the catalytic reactions.

1.5 Reductive amination of FFCA

Catalytic tests for the reductive amination of carbonyl com-pounds were operated in a
20 mL Hastelloy-C high pressure Parr reactor. Typically, 20 mg Ru/Nb>Os catalyst, 0.5
mmol FFCA, 4.14 mL CH30H and 0.86 mL 7 M NH3/MeOH solution were loaded into
the reactor, and 3 MPa H; was then introduced. The reactor was set at 363 K under stirring.
Analysis of AMFC was also made on the Agilent 1260 HPLC.

In a larger-scale reaction, 13.45 g of previously isolated FFCA were used, with the
amounts of Ru/Nb2Os and NH3/MeOH scaled accordingly. HPLC was used to quantify
the AMFC formed, with experiments replicated in triplicate, yielding a standard deviation

of less than 5%. After removing the catalyst by filtration, the filtrate was concentrated



using a rotary evaporator to obtain a mixture of AMFC and unreacted FFCA. This mixture
was then treated with dilute hydrochloric acid (1 mol/L, 100 mL) to convert AMFC into
its ammonium salt. The solution was filtered, and the filtrate was subjected to rotary evap-

oration to yield pure AMFC. The overall yield of the two-step process was 92%.



Supplementary data (Table S1-S6, Fig. S1-S8)
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Scheme S1. Up-scaled synthesis of AMFC from HMF.



Table S1. Dissolution of VOSOQ4 at different temperatures with or without TBAHS

Amount of Addi- Temperature Concentration of
Fatry tive (°C) Vanadium (g-L™)
1 / 25 1.053
2 0.1 mmol TBAHS 25 3.592
3 / 60 3.365
4 0.1 mmol TBAHS 60 6.517

Reaction conditions: 0.1 mmol VOSO4, 0.1 mmol TBAHS, 2.5 mL CH3CN, concentration

of vanadium was measured by ICP-OES.



Table S2. The influence of Cu(NO3)2 on the solubilization effect of TBAHS

Entry Amount of Cu(NO3)> Concentration of Vanadium (g-L™)
1 / 3.592
2 0.5 equiv. 3.608
3 1 equiv. 3.583
4 2 equiv. 3.579

Reaction conditions: 0.1 mmol VOSO4, 0.1 mmol TBAHS, 2.5 mL CH3CN, room tem-

perature, concentration of vanadium was measured by ICP-OES.



Table S3. Oxidation of HMF at different temperatures

Select. (%)

Entry Temperature (°C) Conv. (%)
DFF FFCA FDCA
1 50 100 19 76 5
2 60 100 9 86 5
3 70 100 8 83 9
4 80 100 3 83 14

Reaction conditions: 5 mmol HMF, 0.1 mmol VOSOy4, 0.1 mmol Cu(NOs3)2, 0.1 mmol
TBAHS, 2.5 mL CH3CN, Oz balloon, 24 h.



Table S4. Oxidation of HMF under different pressures

Entry  O2 pressure (bar)  Conv. (%)

Select. (%)

DFF FFCA FDCA

1 1 100
2 3 100
3 5 100
4 10 100
5 20 100

9
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8
7

86
86
84
83
82
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Reaction conditions: 5 mmol HMF, 0.1 mmol VOSOs4, 0.1 mmol Cu(NO3)2, 0.1 mmol

TBAHS, 2.5 mL CH;CN, 60 °C, 24 h.



Table S5. Oxidation of HMF in different mixed solvents

Select. (%)

Entry Solvent Conv. (%)
DFF FFCA FDCA
1 MeCN:Diox=1:1 100 14 84 2
2 MeCN:DCE=1:1 100 9 91 0
3 MeCN:CYH=1:1 100 70 30 0
4 MeCN:HCOOH=1:1 100 20 69 11
5 MeCN:AcOH=1:1 100 49 51 0
6 MeCN:MeOH=1:1 30 68 2 0
7 MeCN:H20=1:1 87 93 7 0
8 MeCN:DCE=2:1 100 3 97 0
9 MeCN:DCE=1:2 100 33 65 0

Reaction conditions: 5 mmol HMF, 0.1 mmol VOSOs4, 0.1 mmol Cu(NO3)2, 0.1 mmol
TBAHS, 2.5 mL solvent, 60 °C, O balloon, 24 h.



Table S6. Comparison of reported FFCA preparation methods

FFCA
Cumr T t p .. .
Entry Catalyst Addition Yield
(mol/L) (°C) (h) (MPa)
(%)
1 VOSO4/Cu(NO3)/TBAHS 2 60 24 0.1 / 97
2! CuO-CeO2 0.2 110 3 0.9 / 90
32 MgO-CeO2 0.14 130 9 0.9 / 90
43 AuNP-sPSB 0.06 110 16 0.1 Cs2CO3 74
5 NasHsFeMosO24 02 100 8 0.1 K2COs 75
6° MnsFe; 0.05 140 3 3 Na;COs3 36
76 (NH4)3HsCoMo0sO24 0.02 130 6 0.1 / 60
CH3COONa,

8’ CotA-TJ102 0.05 55 12 0.1 98

TEMPO




Table S7. Effect of temperature on the yield of AMFC over Ru/Nb20s

Entry Temperature (°C) AMEFC yield (%)
1 60 0
2 90 97
3 120 76

Reaction conditions: 0.02 g catalyst, 0.5 mmol FFCA, 5 mL MeOH, 6 mmol NH3, 3 MPa

Hz, 4 h.



Table S8. Effect of substrate/ammonia ratio on the yield of AMFC over Ru/Nb20s

Entry Amount of NH3 (mmol) AMEFC yield (%)

1 2 61
2 4 77
3 6 97
4 8 96

Reaction conditions: 0.02 g catalyst, 0.5 mmol FFCA, 5 mL MeOH, 3 MPa H, 90 °C, 4 h.



Table S9. Comparison of reported AMFC preparation methods

Csubstrate Ammonia AMFC
Entry Substrate Catalyst ‘
(mol/L) source Yield (%)
[o] (o]
1 | \o/ on Ru/Nb2Os 0.2 NH; 96
(o]
28 <\_/7ANH2 Cs2COs / / 62
[o] (o]
39 0 TAs 0.01 % 44-89
H \ / OH )
o o Immobilized NH,
410 ° 0.01 77
H \ OH CvTA ®—<
[o] (o]
s ° E.coli_TAF cells 0.15 HCOONH4 81




Table S10. Reductive Amination of furan aldehyde with ammonia.

(o) (o)

R A Ru/Nb,0O; R
WA L ) g™
Entry Substrate Yield (%)
o
I m° 69
o
2 \ / Ny 63
o

Reaction conditions: 0.02 g catalyst, 0.5 mmol substrate, 5 mL MeOH, 6 mmol NHj3, 3

MPa Hz, 90 °C, 4 h.



Table S11. Reductive Amination of FFCA with primary amines.

0 0
o (0]
Ru/Nb,O
Ho)m() + Repm, 295 | Ho \ / H_,.R
Entry R-NH> Yield (%)

2 @—NHz 89

Reaction conditions: 0.02 g catalyst, 0.5 mmol FFCA, 5 mL MeOH, 6 mmol R-NH>, 3
MPa Hj, 90 °C, 4 h.



Figure S1. The color of the system changes after adding different amounts of TBAHS.
Reaction conditions: 0.1 mmol VOSOy, 2.5 mL CH3CN, stir for 30 minutes. 1, without
addition; 2, 0.02 mmol TBAHS; 3, 0.03 mmol TBAHS; 4, 0.05 mmol TBAHS; 5. 0.1 mmol
TBAHS; 6, 0.2 mmol TBAHS.
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Figure S2. The conductivity test.
Add an equal amount of TBAHS to the supersaturated VOSOs solution and acetonitrile
and then measure the conductivity of the solution. The discernible rise in conductivity in
the supersaturated solution, relative to the blank solution, suggests the solubilization of

TBAHS.
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Figure S3. Relationship of peak area and reaction time.
Reaction conditions: Smmol DFF, 0.1 mmol VOSOg4, 0.1 mmol Cu(NO3)2, 2.5 mL CH3CN,
60 °C, O7 balloon.
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Figure S4. Relationship of peak area and reaction time.
Reaction conditions: Smmol DFF, 0.1 mmol VOSOg4, 0.1 mmol Cu(NO3)2, 2.5 mL CH3CN,

room temperature, O balloon.
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Figure SS. Cyclic voltammetry test.
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Figure S6. The dependence of HMF conversion or FFCA selectivity on solvent.

Reaction conditions: 5 mmol HMF, 0.1 mmol VOSO4, 0.1 mmol Cu(NO3)2, 2.5 mL
CH3;CN, 60 °C, O balloon, 24 h.
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Figure S7. (a) Relationship of In(Co/Ct) and reaction time of DFF oxidation to FFCA.
(b) Arrhenius plot for the oxidation of DFF. (¢) Relationship of In(Co/Ct) and reaction
time of HMF oxidation to DFF. (d) Arrhenius plot for the oxidation of HMF.
Reaction conditions: 5 mmol HMF or DFF, 0.1 mmol VOSO4, 0.1 mmol Cu(NO3)a, 0.1
mmol TBAHS, 2.5 mL CH3CN, O balloon.
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Figure S8. (a) Isolated FFCA product. (b) 'H NMR spectrum of the isolated FFCA

product.
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Fig. S9 Effect of hydrogen pressure on the yield of AMFC over Ru/Nb20s
Reaction conditions: 0.02 g catalyst, 0.5 mmol FFCA, 5 mL MeOH, 8 mmol NH3, specified

pressure Hz, 90 °C, 4 h.
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