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NMR section

In DEPT135 NMR spectrum, the phase of the signals corresponding to -CH3 and 

-CH is different from the signals corresponding to -CH2. The signal of -CH3 and -CH 

are upward, and the signal of -CH2 is downward, the quaternary carbon atom not 

attached to hydrogen show no signal.

1H−13C HSQC NMR spectrum shows the signals that 13C and 1H correlated points. 

In phase sensitive HSQC NMR, the peaks from -CH or -CH3 are different from -CH2 

in phase, which define as two different colors on the spectrum.

DOSY (Diffusion ordered spectroscopy) experiments were performed with the 

Bruker standard bipolar pulse longitudinal eddy current delay (BPPLED) pulse 

sequence. The relaxation delay time was 2000 ms, and the diffusion time (Δ) was 

100−300 ms according to the properties of samples. The duration of the pulse field 

gradient (δ/2) was adjusted to be in the range of 1000−2000 μs in order to obtain 2−5% 

residual signal with the maximum gradient strength. The delay for gradient recovery 

was 0.2 ms, and the eddy current delay was 5 ms. The gradient strength was 

incremented in 16 steps from 2% to 95% of its maximum value in a linear ramp.

According to the Stokes-Einstein equation: 
𝐷=

𝑘𝑇
6𝜋𝜂𝑟𝑠

in which k is the Boltzmann constant, T is the temperature, η is the viscosity of the 

liquid, and rs is the hydrodynamic radius of the molecule. The obtained diffusion 

coefficient (D) value of a species in solution from DOSY experiment is dependent on 

the molecular weight and size.
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Figure S1. 13C NMR spectrum for glucose in D2O.
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Figure S2. 13C NMR spectrum for fructose in methanol-d4. Conditions: 50 mg fructose 

in 0.5 mL methanol-d4, the supernatant of the dissolved fraction was taken, ns = 1024.

* The signals we labelled are three main tautomeric forms of fructose in methanol-d4 

and which are possible tautomeric forms in our reaction system.
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 Figure S3. 13C NMR spectrum for fructose with CaCl2 and Et3N in methanol-d4. Conditions: 50 mg fructose with equimolar CaCl2 and Et3N in 

0.5 mL methanol-d4, ns = 1024.
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Figure S4. 13C NMR spectra of the reaction mixture where glucose conversion is 

promoted by (a) CaCl2 and Et3N, (b) MgCl2 and Et3N (c) BaCl2 and Et3N. Reaction 

conditions: 100 mg glucose with equimolar metal salts and Et3N as reagents in 1 mL 

methanol at 65 °C for 1.5 h.
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Figure S5. 13C NMR spectra of the reaction mixture where glucose conversion is 

promoted by (a) equimolar ZnCl2 and Et3N, (b) equimolar LiCl and Et3N, (c) 2 

equivalent LiCl and equimolar Et3N. Reaction conditions: 100 mg glucose with metal 

salts and Et3N in 1 mL methanol at 65 °C for 1.5 h.
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Figure S6. 13C NMR spectra of the reaction mixture where glucose conversion is 

promoted by (a) Ca(NO3)2, (b) Ca(OAc)2, (c) CaSO4, (d) Ca(HPO4)2, (e) Ca3(PO4)2, (f) 

Ca(OAc)2+2NaCl and Et3N. Reaction conditions: 100 mg glucose with equimolar 

calcium salts and Et3N as reagents in 1 mL methanol at 65 °C for 1.5 h.
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Table S1. The effect of different metal salts in glucose isomerization

Mental salt Yfru
a (%) Yman

b (%)

CaCl2 39 29

MgCl2 7 -c

BaCl2 9 -

Ca(NO3)2 23 18

Ca(OAc)2 - -

Ca(OAc)2+2NaCl 5 5

CaSO4 - -

Ca(HPO4)2 - -

Ca3(PO4)2 - -

Reaction conditions: 100 mg glucose with equimolar mental salts and Et3N in methanol 
at 65 °C for 1.5 h.
a The yield of fructose.
b The yield of mannose.
c Not detected under the present condition by NMR spectroscopy.
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igure S7. Isomerization of glucose in methanol at (a) 40 °C, (b) 50 °C, (c) 60 °C, (d) 65 

°C. Reaction conditions: 100 mg/mL glucose in methanol with equimolar of CaCl2 and 

Et3N.
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Table S2. Isomerization of Glucose to fructose by various of chemical catalysts and 
reagents

* Hydrolysis is required after the reaction.

Catalyst Solvent T (°C) t (min) Yield Selectivity Ref
CrCl3 H2O 120 180 25.4 48.6 1

AlCl3 H2O 120 180 26.3 82.7 1

SnCl4 H2O 120 180 4.7 26 1

ZnCl2 H2O 120 15 0 0 2

LiCl H2O 120 15 7.7 81 2

LiBr H2O 120 15 30.3 58.5 2

CaBr2 H2O 120 15 22.4 23.7 2

Ti-Beta H2O 100 120 11 61 3

Ti-Beta MeOH 100 120 8 22 4

KOH H2O 78 60 11 61 5

morpholine H2O 100 30 17 43 6

piperazine H2O 100 30 28 62 6

ethylenediamine H2O 100 30 25 60 6

triethylamine H2O 100 30 31 54 6

piperidine H2O 100 30 29 51 6

pyrrolidine H2O 100 30 29 59 6

arginine H2O 120 15 31 76 6

CaO/ZrO2 H2O 160 15 21 70 7

NaAlO2 H2O 55 180 41 70 8

ZrC H2O 120 20 34 76 9

Al-hydrochar acetone/H2O 160 20 25 60 10

CeO2/ATP H2O 100 200 36.4 79.1 11

Mg-C3N4 H2O 80 240 32 84 12

aniline H2O 90 120 10.6 67.7 13

acetoxime H2O 90 120 7.6 24.8 13

diacetyldioxime H2O 90 120 10.3 54.6 13

diacetylmonoxime H2O 90 120 24.3 52.0 13

Sn-Beta H2O 120 60 46 70 3

Sn-Al-Beta H2O 120 60 43 65 3

H-USY MeOH/H2O 120 60 55 76 14

Mg–Al
Hydrotalcite MeOH 100 300 51 72 15

Al-MOF EtOH 120 240 52 64 16

amidoximated 
polyacrylonitrile H2O 85 300 48.9 98.6 13

Modified
Zirconium UiO-66 i-PrOH/H2O* 90 - 56 72 17

Sn-SPP(186) EtOH/H2O* 90 1800 65 74 18



S11

0 1 2 3 4 5 6 7 8 9
0

10

20

30

40

50

60

70

80

Y
ie

ld
 (%

)

t / h

 Fructose
 Mannose

(c) 150 mg

0 1 2 3 4 5 6 7 8 9
0

10

20

30

40

50

60

70

80

Y
ie

ld
 (%

)

t / h

 Fructose
 Mannose

(b) 100 mg 

0 1 2 3 4 5 6
0

10

20

30

40

50

60

70

80

 Fructose
 Mannose

(d) 200 mg

Y
ie

ld
 (%

) 

t / h

0 1 2 3 4 5 6
10

20

30

40

50

60

70

Y
ie

ld
 (%

)

t / h

 Fructose
 Mannose

(a) 50 mg

Figure S8. The effect of initial glucose concentration on isomerization. (a) 50 mg/mL, 

(b) 100 mg/mL, (c) 150 mg/mL, (d) 200 mg/mL. Reaction conditions: different 

concentration of glucose in methanol with equimolar CaCl2 and Et3N at 65 °C.
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Table S3. The effect of the ratio between CaCl2 and glucose on isomerization

Reaction conditions: 100 mg/mL glucose with different ratio of CaCl2 and equimolar 

Et3N as reagents in methanol at 65 °C. *Considering its solubility, the initial 

concentration of glucose was set as 100 mg/mL.

Table S4. The effect of the ratio between Et3N and glucose on isomerization

Reaction conditions: 100 mg/mL glucose with different ratio of Et3N and equimolar 

CaCl2 as reagents in methanol at 65 °C.

0.5 CaCl2 1.0 CaCl2 1.5 CaCl2 2.0 CaCl2
t / h

Yfru 
(%)

Yman 
(%)

Yfru 
(%)

Yman 
(%)

Yfru 
(%)

Yman 
(%)

Yfru 
(%)

Yman 
(%)

0.5 18 20 29 27 43 28 52 24

1.0 20 21 36 28 46 29 60 16

1.5 23 22 39 30 50 24 62 16

2.0 24 23 42 29 56 21 62 12

3.0 26 24 45 28 58 15 62 13

0.5 Et3N 1.0 Et3N 1.5 Et3N 2.0 Et3N
t / h

Yfru 
(%)

Yman 
(%)

Yfru 
(%)

Yman 
(%)

Yfru 
(%)

Yman 
(%)

Yfru 
(%)

Yman 
(%)

0.5 16 13 29 27 40 32 45 26

1.0 18 14 36 28 42 26 54 22

1.5 21 15 39 30 53 18 59 13

2.0 23 18 42 29 60 14 65 9

3.0 25 18 45 28 61 11 61 4
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Table S5. The effect of solvent in glucose isomerization with CaCl2 and Et3N as 

reagents

Solvent
Temperature/°

C
Cglc

a (%) Yfru
b (%)

water 65 25 18

ethanol 65 81 42

ethylene glycol 65 *c -d

γ-butyrolactone 65 * -

γ-butyrolactone 85 8 5

γ-butyrolactone 135 43 19

Reaction conditions: 100 mg glucose with equimolar CaCl2 and Et3N as reagents.
a The conversion of glucose.
b The yield of fructose.
c Unable to determine the exact value of conversion.
d Not detected under the present condition by NMR technology.
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Figure S9. 1H-13C HSQC NMR spectrum of sugar fractions obtained from the 

isomerization of glucose promoted by Et3N and CaCl2 in methanol-d4.

Figure S10. 2H NMR spectrum of reaction mixture obtained from the isomerization of 

glucose promoted by Et3N and CaCl2 in methanol-d4.
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Figure S11. The DEPT135 stacked NMR spectra with different molar ratios of Et3N to 

glucose- CaCl2 in methanol-d4.

Conditions: 50 mg/mL glucose and equimolar CaCl2 with different molar ratios of Et3N 

in methanol-d4, 25 °C.



S17

Figure S12. The DEPT135 stacked NMR spectra with different molar ratios of CaCl2 

to glucose-Et3N in methanol-d4.

Conditions: 50 mg/mL glucose and equimolar Et3N with different molar ratios of CaCl2 

in methanol-d4, 25 °C.
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Figure S13. Photograph of the reaction mixtures. (a) The mixture that just finished 

reacting; (b) The mixture that cooled for a while.

Reaction conditions: 5 g glucose with equimolar Et3N and two equivalent CaCl2 as 

reagents at 65 °C in methanol for 1 h.
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Figure S15. Photograph of the dried product dissolved in water. (a) the solution before 

bubbling CO2; (b) the solution after bubbling CO2.
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Figure S16. (a) Photograph, (b) 1H NMR spectrum, (c) 13C NMR spectrum of the 

purified fructose with 45% isolated yield.
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Figure S17. (a) 1H NMR spectrum of sugar fractions obtained from the (a) fructose, (b) 

fructose with equimolar CaCl2, (c) fructose with equimolar Et3N, (d) fructose with 

equimolar CaCl2 and Et3N. Conditions: 5 mg fructose in 0.5 mL methanol-d4 at 25 °C.
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Figure S18. (a) 1H-1H COSY NMR, (b) 1H-13C HSQC NMR spectra of sugar fractions 

obtained from fructose mixed with Et3N and CaCl2 in methanol-d4.
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fructose in methanol-d4. (a) fructose: CaCl2 : Et3N = 1:0:1, (b) fructose: CaCl2 : Et3N = 

1:0.1:1, (c) fructose: CaCl2 : Et3N = 1:0.25:1, (d) fructose: CaCl2 : Et3N = 1:0.5:1, (e) 

fructose: CaCl2 : Et3N = 1: 1:1, (f) fructose: CaCl2 : Et3N = 1:1.5:1, (g) fructose: CaCl2 

: Et3N = 1:2:1. Conditions: 12.5 mg/mL fructose in methanol-d4, 25 °C.
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Figure S20. The 13C stacked NMR spectra with different molar ratios of CaCl2 to 

fructose in methanol-d4. (a) fructose: Et3N: CaCl2=1:1:0, (b) fructose: Et3N: 

CaCl2=1:1:0.1, (c) fructose: Et3N: CaCl2=1:1:0.25, (d) fructose: Et3N: CaCl2=1:1:0.5, 

(e) fructose: Et3N: CaCl2=1:1:1, (f) fructose: Et3N: CaCl2=1:1:1.5, (g) fructose: Et3N: 

CaCl2=1:1:2. Conditions: 12.5 mg/mL fructose in methanol-d4, 25 °C.
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Figure S21. The 13C stacked NMR spectra with different molar ratios of Et3N to fructose 

in methanol-d4. (a) fructose: CaCl2: Et3N = 1:1:0, (b) fructose: CaCl2: Et3N = 1:1:0.1, 

(c) fructose: CaCl2: Et3N = 1:1:0.25, (d) fructose: CaCl2: Et3N = 1:1:0.5, (e) fructose: 

CaCl2: Et3N = 1:1:1, (f) fructose: CaCl2: Et3N = 1:1:1.5, (g) fructose: CaCl2: Et3N = 

1:1:2. Conditions: 12.5 mg/mL fructose in methanol-d4, 25 °C.
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1:1:2. Conditions: 12.5 mg/mL fructose in methanol-d4, 25 °C.
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