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1. Experimental section
1.1. Material and Methods

Most chemicals were purchased from commercial suppliers and used without further purification unless otherwise 
stated. Ru-MACHO-BH, 85 w/w% H3PO4 are commercially available and used without further purification. Beechwood 
sawdust was obtained from a local wood processing company. Peels of potato and banana were sourced from local 
supermarkets in Copenhagen. Grass and wheat straw were among the feedstock that was collected directly from the 
surrounding land. Toilet paper, coffee grounds, pistachio shells, potato flour, bamboo, and rice grains were purchased 
from local supermarkets in the Copenhagen municipality. Used coffee grounds were used as for the reaction. Chitin 
was commercially obtained from Merck. All the lignocellulosic biomass materials were grinded into powders using ball 
milling process and dried in vacuum oven before use. 

H2 gas (H2O ≤ 3 ppm; O2 ≤ 2 ppm) was purchased from Air Liquide. All reactions dealing with air or moisture-sensitive 
compounds were performed using standard Schlenk techniques or in an argon-filled glovebox. GC-FID were recorded 
on an Agilent 19091J-413 HP-5 5% Phenyl methyl siloxane capillary column using 1,4-dioxane as the internal standard. 
The 1H and 13C NMR spectra were recorded on a Bruker Advance III 400 MHz spectrometer. The batches for gas 
analysis, the gas phase was carefully collected in a gas bag and analysed by MicroGC. TGA was fulfilled under N2 
atmosphere (30 mL min-1) using a METTLER TOLEDO thermal analyser in the temperature interval 25-300 °C with a 
constant heating rate of 10 °C min-1.

1.2. General procedure for catalysis

For a typical hydrogenation experiment, in a glove box, biomass (91 mg) and Ru-MACHO-BH (1.8 wt%, 1.6 mg) were 
weighed in a glass vial equipped with a magnetic stir bar and sealed with a Teflon-lined cap. Upon bringing the glass 
vial outside the glove box, 1 mL of solvent (H2O) followed by addition of 85 w/w% aqueous phosphoric acid. 
Subsequently, the vial was placed in a seven-well reactor with a needle placed through the rubber stopper of the vials 
for the gas flow. The high-pressure reactor was sealed tightly and flushed with argon/hydrogen (three times) and finally 
required hydrogen pressure (30 bar) was loaded into the high-pressure reactor and desired temperature of 140 °C was 
also applied. The reactor was cooled to room temperature before the hydrogen was released and the sample was 
prepared for GC analysis. The liquid sample was prepared for GC analysis by adding 100 µl of 1,4-dioxane (internal 
standard) followed by dilution of the mixture with 3.75 mL of dichloromethane (DCM). The yield of GVL in the mixture 
is calculated by using calibration curve. To generate a calibration curve, standard GVL samples of various known 
concentrations along with 1,4-dioxane (100 µl) with total volume made up to 10 mL with DCM and are injected into the 
GC. 
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2. Theoretical yield calculation

For sawdust

Maximum theoretical yield is calculated assuming both hemicellulose and cellulose are completely converted into 
GVL. Also calculated with respect to dry biomass.

For e.g. beech wood sawdust (91 mg, corresponding to 0.26 mmol hemicellulose and 0.28 mmol cellulose.

Molecular weight of GVL=100.1 g mol-1

Max theoretical amount yield  
= 0.091 𝑔[ 0.42

162 𝑔 𝑚𝑜𝑙 ‒ 1
+

0.37

132 𝑔 𝑚𝑜𝑙 ‒ 1]
Max theoretical amount yield = 0.491 * 10-3 mol

Max theoretical weight yield = 0.491 * 10-3 mol * 100.1 g mol-1 = 49.1 mg

∴ Yield based on theoretical yield for 26 wt%: 

0,26 ∗ 91
49.1

× 100% = 48%

Lignocellulosic content wt% M per unit

Hemicellulose 37 132 g mol-1

Cellulose 42 162 g mol-1

Lignin 19 -
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3. Catalytic studies

Table S1. Optimization of the direct conversion of beechwood sawdust to GVL.

Beechwood sawdust

OO

GVL

RuN CO

PPh2H
H

HP
Ph2 BH3

Ru-MACHO-BH

H3PO4, H2O

30 bar H2, 140 °C

Ru-MACHO-BH (1.8 wt%)

Beechwood sawdust content

Entry c(H3PO4)
[M] t [h] GVL yielda

[wt% (mol%)]

Lignocellulosic content wt% 1 7.5 96 15 (28)

Hemicellulose 37 2 9.3 24 22 (41)

Cellulose 42 3 9.3 96 23 (43)

Lignin 19 4 9.3 168 20 (37)

5 10.1 24 25 (46)

6 10.1 38 21 (39)

7 10.1 96 19 (35)

8 10.9 18 21 (39)

9 10.9 24 26 (48)

10 10.9 96 18 (33)

11b 10.9 24 14 (26)

12c 10.9 48 -

Standard reaction conditions:  Beech wood (91 mg, corresponding to 0.26 mmol hemicellulose and 0.28 mmol 
cellulose [34], Ru-MACHO-BH (1.65 mg, 0.0028 mmol), H2O at 140 °C and 30 bar H2, a Determined by GC-FID. 
Yields are calculated with respect to dry biomass. b 1:1 V/V EtOH/H2O (1 mL). c no addition of H2.
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Table S2: Optimization of direct conversion of sawdust and straw to GVL.

OO

GVL

H3PO4, H2O

30 bar H2, 140 °C

Ru-MACHO-BH
RuN CO

PPh2H

H

HP
Ph2 BH3

Ru-MACHO-BH
Straw

Sawdust

Biomass Entry H3PO4 
[M]

Time
 [h]

GVL yielda 
[wt% (mol%)]

Beechwood sawdust

Lignocellulosic content wt% 1b 10.9 48 8 (15)

Hemicellulose 37

Cellulose 42

Lignin 19

Wheat straw

Lignocellulosic content wt% 2 9.3 24 12 (31)

Hemicellulose 25 3 10.9 24 12 (31)

Cellulose 33 4 11.8 96 17 (43)

Lignin 17 5c 10.9 24 11 (28)

6d 10.9 48 3 (8)

Standard reaction conditions:  Beech wood (1g) and wheat straw (91 mg), Ru-MACHO-BH (1.65 mg, 0.0028 mmol), 
H2O (1 mL) at 140 °C and 30 bar H2, a Determined by GC-FID using 1,4-dioxane as the internal standard. Yields are 
calculated with respect to dry biomass. b Beechwood (1g), Ru-MACHO-BH (20 mg), H2O (15 mL).c 1:1 v/v EtOH/H2O 
(1 mL). d Wheat straw (1g), Ru-MACHO-BH (20 mg), H2O (15 mL).
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4. Calibration curve, GC-FID and NMR 
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Figure S1. Calibration curve for GVL using 1,4-dioxane as the internal standard.
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Figure S2. GC-FID of the crude mixture of the reaction of xylose (0.6 M) with Ru-MACHO-BH (0.5 mol%) using 5.7 M 
H3PO4(aq) and under 30 bar H2 at 125 oC in 1:1 v/v EtOH/H2O after 48 hours.

1,4-dioxane GVL
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Figure S3. 1H NMR (dmso-d6, 400 MHz) of the crude reaction of 0.6 mmol xylose (0.6 M) and  Ru-MACHO-BH (0.5 
mol%)  using 5.7 M H3PO4(aq) under 30 bar H2 at 125 oC in 1:1 v/v EtOH/H2O mixture after 48 hours.
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Figure S4. GC-FID of the reaction mixture of the reaction of xylose (0.1 M) and Ru-MACHO-BH (0.5 mol%) using 5.7 
M H3PO4(aq) under 30 bar H2 at 125 oC in 1:1 v/v EtOH/H2O mixture after 48 hours.

GVL1,4-dioxane
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Figure S5. GC-FID of the reaction mixture of glucose (0.1 M) and Ru-MACHO-BH (0.5 mol%) using 5.7 M H3PO4(aq) 
under 30 bar H2 at 125 oC in 1:1 v/v EtOH/H2O mixture after 48 hours.

GVL1,4-dioxane
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Figure S6. GC-FID of the crude reaction mixture of fructose (0.1 M) and Ru-MACHO-BH (0.5 mol%) using  5.7 M 
H3PO4(aq) under 30 bar H2 at 125 oC in 1:1 v/v EtOH/H2O mixture after 48 hours.

GVL
1,4-dioxane
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Figure S7. 1H NMR (dmso-d6, 400 MHz) of the crude reaction of fructose (0.1 M) and Ru-MACHO-BH (0.5 mol%) 
using  5.7 M H3PO4(aq) under 30 bar H2 at 125 oC in 1:1 v/v EtOH/H2O mixture after 48 hours.

OO a

b,cd,e

f

C
2
H

5
PO

 4

a
b
 a 

dmso

d, e
cf

EtOH
EtOH

C
2
H

5
PO

 4

1,4-dioxane



12

 

                              

Figure S8. GC-FID of the reaction mixture of xylan from corn core (0.6 M) with 5.7 M of H3PO4 and Ru-MACHO-BH 
(0.5 mol%)  under 30 bar H2 and 125 oC in 1:1 v/v EtOH/H2O mixture for 48 hours.

1,4-dioxane
GVL
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Figure S9. 1H NMR (dmso-d6, 400 MHz) of the crude reaction of 0.6 mmol Xylan from corn core (0.6 mmol) with 5.7 
M of H3PO4 and Ru-MACHO-BH (0.5 mol%) under 30 bar H2 and 125 oC in 1:1 v/v EtOH/H2O mixture for 48 hours.
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Figure S10: GC-FID of the reaction mixture of cellulose (0.6) with 7.5 M of H3PO4(aq) and Ru-MACHO-BH (0.5 
mol%)  under 30 bar H2 and 140 oC in water for 96 hours.

1,4-dioxane
GVL
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Figure S11. GC-FID of the reaction mixture of  beechwood sawdust  (91 mg) with 10.9 M of H3PO4(aq) and Ru-
MACHO-BH (1.65 mg)  under 30 bar H2 and 140 °C in water for 24 hours (Table 4 in manuscript).

1,4-dioxane
GVL

DCM
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Figure S12. 1H NMR (D2O, 400 MHz) of the crude reaction of beechwood sawdust (91 mg) with 10.9 M of H3PO4(aq) 
and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 24 hours (Table 4 in manuscript).
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Figure S13. GC-FID of the reaction mixture of wheat straw (91 mg) with 10.9 M of H3PO4(aq) and Ru-MACHO-BH 
(1.65 mg) under 30 bar H2 and 140 °C in water for 48 hours (Table 4 in manuscript).

1,4-dioxane

GVL
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Figure S14. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of wheat straw (91 mg) with 10.9 M of H3PO4(aq) 
and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 48 hours (Table 4 in manuscript).
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Figure S15. GC-FID of the reaction mixture of bamboo stem (91 mg) with 10.9 M of H3PO4(aq) and Ru-MACHO-BH 
(1.65 mg) under 30 bar H2 and 140 °C in water for 48 hours (Table 4 in manuscript).

1,4-dioxane

GVL
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Figure S16. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of bamboo stem (91 mg) with 10.9 M of H3PO4(aq) 
and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 48 hours (Table 4 in manuscript).
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Figure S17. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of bamboo stem (91 mg) with 10.9 M of H3PO4(aq) 
and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 96 hours (Table 4 in manuscript).
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Figure S18. GC-FID of the reaction mixture of paper (91 mg) with 10.9 M of H3PO4(aq) and Ru-MACHO-BH (1.65 
mg) under 30 bar H2 and 140 °C in water for 48 hours (Table 4 in manuscript).

1,4-dioxane

GVL
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Figure S19. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of paper (91 mg) with 10.9 M of H3PO4(aq) and Ru-
MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 48 hours (Table 4 in manuscript).
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Figure S20. GC-FID of the reaction mixture of miscanthus grass (91 mg) with 10.9 M of H3PO4(aq) and Ru-MACHO-
BH (1.65 mg) under 30 bar H2 and 140 °C in water for 48 hours (Table 4 in manuscript).

1,4-dioxane
GVL
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Figure S21. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of miscanthus grass (91 mg) with 10.9 M of 
H3PO4(aq) and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 48 hours (Table 4 in manuscript).
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Figure S22. GC-FID of the reaction mixture of pistachio shells (91 mg) with 10.9 M of H3PO4(aq) and Ru-MACHO-BH 
(1.65 mg) under 30 bar H2 and 140 °C in water after 72 hours (Table 4 in manuscript).

1,4-dioxane
GVL
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Figure S23. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of pistachio shells (91 mg) with 10.9 M of H3PO4(aq) 
and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 72 hours (Table 4 in manuscript).
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Figure S24. GC-FID of the reaction mixture of banana peel (91 mg) with 10.9 M of H3PO4(aq) and Ru-MACHO-BH 
(1.65 mg) under 30 bar H2 and 140 °C in water after 96 hours (Table 4 in manuscript).

1,4-dioxane GVL
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Figure S25. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of banana peel (91 mg) with 10.9 M of H3PO4(aq) 
and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 96 hours (Table 4 in manuscript).
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Figure S26. GC-FID of the reaction mixture of potato peel (91 mg) with 10.9 M of H3PO4(aq) and Ru-MACHO-BH 
(1.65 mg) under 30 bar H2 and 140 °C in water after 72 hours (Table 4 in manuscript).
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Figure S27. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of potato peel (91 mg) with 10.9 M of H3PO4(aq) and 
Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 72 hours (Table 4 in manuscript).
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Figure S28. GC-FID of the reaction mixture of rice grains (91 mg) with 10.9 M of H3PO4 and Ru-MACHO-BH (1.65 
mg) under 30 bar H2 and 140 °C in water for 72 hours (Table 5 in manuscript).

1,4-dioxane
GVL
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Figure S29. GC-FID of the reaction mixture of potato flour (91 mg) with 10.9 M of H3PO4 and Ru-MACHO-BH (1.65 
mg) under 30 bar H2 and 140 °C in water for 72 hours (Table 5 in manuscript).

GVL1,4-dioxane
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Figure S30. GC-FID of the reaction mixture of chitin (0.6 mmol) with 10.9 M of H3PO4(aq) and 
Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 96 hours (Table 4 in manuscript).
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GVL
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Carbohydrate-rich biomass
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Figure S31. Conversion of carbohydrate-rich biomass to GVL by the Ru-MACHO-BH/ H3PO4(aq)/H2 system. Yields 
are calculated corresponding to the moles of cellulose and hemicellulose.

Figure S32. GC-FID of the crude reaction of mixing all eleven substrates (lignocellulosic biomass along with starchy 
biomass) with 10.9 M of H3PO4(aq) and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 120 hours 
(Fig. 2 in manuscript).
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Figure S33. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of mixing all eleven substrates (lignocellulosic biomass 
along with starchy biomass) with 10.9 M of H3PO4(aq) and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in 
water for 120 hours.
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Figure S34. GC-FID of the crude reaction of mixing all eleven substrates (lignocellulosic, starchy and chitin biomass) 
with 10.9 M of H3PO4(aq) and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in water for 120 hours.
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Figure S35. 1H NMR (DMSO-d6, 400 MHz) of the crude reaction of mixing all twelve substrates (lignocellulosic, 
starchy and chitin biomass) with 10.9 M of H3PO4(aq) and Ru-MACHO-BH (1.65 mg) under 30 bar H2 and 140 °C in 
water for 120 hours.
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Gas phase analysis by MicroGC
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Figure S36. MicroGC report of hydrogenation of beechwood sawdust (Table 4 in the manuscript)
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Figure S37. MicroGC report of the blank reaction using GVL as the substrate with Ru-MACHO-BH and H3PO4(aq) 
under 30 bar H2 at 140 °C in water after 72 hours.
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Figure S38. GC-FID of the reaction mixture of GVL with 10.9 M of H3PO4(aq) and Ru-MACHO-BH under 30 bar H2 
and 140 °C in water after 72 hours hours.
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Figure S39. 31P NMR of the of the crude reaction mixture of sawdust with Ru-MACHO-BH and H3PO4 in H2O and H2 
source after 48 hours.
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b. 1H NMR of the crude reaction mixture using beechwood sawdust as the substrate.

Figure S40. 1H NMR without addition of a deuterated lock solvent of the ruthenium hydride species in the catalyst (a), 
reaction crude of sawdust with Ru-MACHO-BH and H3PO4 in H2O and H2 source at 140 °C after 48 hours (b). No 
hydride peak is detected.
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Moisture determination by TGA analysis
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Figure S41. TGA profile for moisture content analysis based on thermal degradation of lignocellulosic biomass 
feedstock.
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Comparison of reaction conditions and GVL yields to state-of-the-art

Table S3. Comparison table of state-of-the-art and this work for the direct production of GVL from monosaccharides, 
polysaccharides, and raw biomass.

Catalysis type Catalyst Acid H-donor Conditions Substrate GVL yield
Manuscript
reference

Heterogeneous Ru/ZrO2 Al2(SO4)3 iPrOH 180 °C
800 W microwave
60 min

Poplar
Corncob
Bamboo

12.2 wt%
8.9 wt%
10.6 wt%

8bRaw biomass

Homogeneous 1.8 wt%
Ru-MACHO-BH

10.9 M H3PO4 30 bar H2 140 °C
H2O
24-120 h

Beechwood sawdust
Wheat straw
Bamboo
Paper
Grass
Pistachio shells
Used coffee grounds
Banana peel
Potato peel
Rice grains
Potato flour
Chitin
All combined

26 wt%
18 wt%
20 wt%
22 wt%
12 wt%
12 wt%
11 wt%
10 wt%
10 wt%
16 wt%
20 wt%
13 wt%
15 wt%

This work

Ru/C TFA 94 bar H2 180 °C
H2O
8 h 

Cellulose 29% 8a

Ru/TiO2 H3PW12O40 40 bar H2 150 °C
water–GBL
6 h

Cellulose
Starch

40.5%
48%

8c

Ru-Cu/zeolite Y 30 bar H2 250 °C
Methanol
5 h

Cellulose 49.8% 8d

Heterogeneous

Chitosan-Ru/ZSM-5 formic acid 170 °C
PPh3
EtOH/H2O
30 h 

Hemicellulose 30% 9a

0.5 mol% Ru-MACHO-BH 7.5 M H3PO4 30 bar H2 140 °C
H2O
48 h

Cellulose 50%

Polysaccharides

Homogeneous

0.5 mol% Ru-MACHO-BH 7.5 M H3PO4 30 bar H2 125 °C
1:1 EtOH/H2O
48 h

Corn core hemicellulose
Beechwood hemicellulose

57%
75%

This work

Ru/C TFA 94 bar H2 180 °C
H2O
8 h 

Fructose 62% 8a

Ru/TiO2 H3PW12O40 40 bar H2 130-150 °C
water–GBL
6 h

Fructose
Glucose

68%
55%

8c

Chitosan-supported 
ruthenium catalyst with 
ZSM

HCOOH 170 °C
30 h

Xylose 37% 9a

Heterogeneous

Zr-Al-beta zeolite iPrOH 190 °C
48 h

Xylose 35% 9c

Cat/substrate 1:270 mol/mol 
RuCl3, TPPTS

TFA 94 bar H2 180 °C
H2
NaI
8 h

Glucose 23% 8a

Monosaccharides

Homogeneous

0.5 mol% Ru-MACHO-BH 5.7 M H3PO4 30 bar H2 125 °C
1:1 EtOH/H2O
48 h

Glucose
Fructose
Xylose

31%
34%
73%

This work
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Table S4. Solvent optimization for various biomass substrates.

Substrate H3PO4 (M) Solvent GVL Yield a

Xylose 3.8 DMSO -

Xylose 3.8 IPA 43

Xylose 3.8 MeOH 38

Xylose 3.8 MeOH/H2O 40

Xylose 3.8 EtOH 44

Xylose 3.8 EtOH/H2O (1:1) 45

Xylose 3.8 EtOH/H2O (7:3) 45

Xylose 3.8 EtOH/H2O (3:7) 27

Glucose 3.8 MeOH 6

Glucose 3.8 MeOH/H2O (1:1) 17

Glucose 3.8 EtOH 8

Glucose 3.8 EtOH/H2O (1:1) 21

Fructose 3.8 MeOH 20

Fructose 5.7 MeOH/H2O (1:1) 28

Fructoseb 3.8 EtOH 17

Fructose 3.8 EtOH/H2O (1:1) 25

Hemicellulose (corn core) 3.8 MeOH 43

Hemicellulose (corn core) 3.8 EtOH 52

Hemicellulose (corn core) 5.7 EtOH/H2O (1:1) 56

Hemicellulose (corn core) 7.5 H2O 8

Cellulose (0.6) 5.7 EtOH/H2O (1:1) 5

Cellulose (0.6) 5.7 H2O 19

Standard reaction conditions:  Substrate (0.6 M), Ru-MACHO-BH (0.5 mol%), Solvent (1 mL), at 125 °C and 30 bar 
H2, a Determined by GC-FID using 1,4-dioxane as the internal standard, b 96 hours. 


