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Utilization of Hydrogen Source from Renewable Lignocellulosic 

Biomass for Hydrogenation of Nitroarenes 

Fang-Fang Tan,[a] Kai-Li Tang,[a,b] Ping Zhang,[a,c] Yan-Jun Guo,[a] Mengnan Qu,[b] and Yang Li*[a,d] 

Abstract: Exploring of hydrogen source from renewable biomass, 

such as glucose in alkaline solution, for hydrogenation reactions had 

been studied since 1860s. According to proposed pathway, only small 

part of hydrogen source in glucose was utilized. Herein, an utilization 

of hydrogen source from renewable lignocellulosic biomass, one of 

the most abundant renewable source in nature, for a hydrogenation 

reaction is described. The hydrogenation is demonstrated by 

reduction of nitroarenes to arylamines in up to 95% yields. Mechanism 

studies suggest that the hydrogenation occurs via a hydrogen 

transformation pathway. 

Introduction 

An increased application of renewables is predicted in the coming 

decades.[1] Hydrogenation reactions act as one of important 

fundamental research directions in the manufacture of bulk and 

fine chemicals.[2] Hitherto hydrogen (H2), most of which produced 

by reforming or pyrolysis of the non-renewable fossil resource 

including coal, natural gas, and oil at about 450-1315 °C, is the 

widely used hydrogen source for hydrogenation reactions. (Figure 

1A).[2,3] On the other hand, the combinations of protons with 

hydride reagents or electron donors, and other in-situ generated 

hydrogen sources by hydrogen transformation were also well 

developed (Figure 1B).[2,4-6] Exploring of hydrogen source from 

renewable resource for direct hydrogenation reactions, such as 

glucose in alkaline solution, had been studied since 1860s (Figure 

1C).[7a] In these reactions, more than stoichiometric amounts of 

glucose and base were required.[7] According to proposed 

pathway, only small part of hydrogen source in glucose was 

utilized.[7e,7g] In addition, glucose production always relied on the 

hydrolysis of food-related biomass.[8] Production of glucose from 

non-food biomass has been reported. But low efficiency and 

harsh conditions needs to be overcomed.[9] In addition, the 

hydrogen source indirectly from renewable source for 

hydrogenation reactions, such as bioethanol and glycerol,[10,11] 

were also investigated (Figure 1C). In the case of bioethanol, 

most of it is produced from edible biomass by fermentation, which 

causes a competition with food naturally. Although bioethanol was 

generated from non-edible biomass, its production is still in its 

infancy.[12] Glycerol is generated as a by-product during the 

manufacture of biodiesel from renewable sources.[13] In most 

cases, more than stoichiometric base were required during the 

hydrogenation.[11] Thus, there is a strong incentive to develop 

various alternative renewable hydrogen source for hydrogenation 

organic reactions, such as non-food lignocellulosic biomass, one 

of the most abundant renewable source in nature.[14] 

 

Figure 1. Various [H] sources for hydrogenation reactions. 

Very recently, we developed a streamlined H2 production from 

biomass in up to 95% yields via a one-pot, two-step route in 

aqueous media.[15] During the first step, the hydrogen source from 

the wheat straw was transformed into formic acid (FA) in up to 

quantitive yield, even in near 10-gram scale. The calculation of 

the yield is based on the carbon content of the cellulose and 

hemicellulose in the wheat straw, considering that each carbon 

atom can be transformed to one molecular HCO2H. The  

transformation was applied air/oxygen (3-5 MPa) as oxidant with 

sodium metavanadate (NaVO3, 4 mol%) as catalyst in 1v% 

DMSO and 0.7 wt% H2SO4 aqueous phase at 160 °C. On the 

other hand, industrial production of FA is mainly produced by the 

hydrolysis of methyl formate and the acidolysis of formates with 

sulfuric acid or phosphoric acid in this stage.[16] These 

intermediates of methyl formate and formates are prepared by 

applying carbon monoxide and methanol or alkali hydroxide as 

starting materials under high carbon monoxide pressure.[16a] The 

process consists of complicated multistep with consumption of a 

large amount of energy. More importantly, toxic carbon monoxide 

is normally produced in an unsustainable way from coal or natural 

gas by gasification at very high temperatures (>900 K).[16a] The 

sustainable production of FA from biomass has also been 

developed by hydrolysis or hydrolysis-oxidation of biomass and 

biomass-derived products.[16b] In the case of the hydrolysis, only 

one molecular HCO2H can be obtained from one molecular 

glucose in principle based on FA and levulinic acid as the 

hydrolysis products.[17] For the oxidation of primary biomass of 

glucose or saccharides, up to 85% yields FA or formate was 

obtained.[18] However, large amount of 1-hexanol (100 g of 1-

hexanol/1.80 g glucose) or excessive NaOH with more than 
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stoichiometric H2O2 were required.[18c,18d] And for the hydrolysis-

oxidation of complex biomass of cellulose, the FA yields always 

were obtained below 70%.[18,19] Other promising catalyst systems 

for the extremely demanding raw biomass hydrolysis–oxidation, 

such as HPA-5 (H8PV5Mo7O40) in the presence of p-TSA (para-

toluenesulfonic acid) and 1-hexanol,[18c,18e,19f] HPA-5 promoted 

with HCl,[18b] and VOSO4 in the presence of EtOH,[19b] were 

investigated for the FA production.[15] Our developed 1 v% DMSO 

promoted NaVO3/H2SO4 hydrolysis–oxidation catalysis system 

displayed the best FA yield.[15] As FA is a stable and non-toxic H2 

storage material, and conveniently releases H2 on demand.[20] 

Based on these considerations, we envisioned that the feasibility 

of the utilization of hydrogen source from lignocellulosic biomass 

for hydrogenation reactions (Figure 1D). Although cellulose 

material was applied in the reduction of metal ions to nanometals, 

the function of cellulose was proposed as electron donors.[21] To 

the best of our knowledge, utilization of renewable lignocellulosic 

biomass as a hydrogen source for hydrogenation reactions has 

not been reported.  

Arylamines are the key intermediates of nitrogen-containing 

biologically active compounds, agrochemicals, dyes, polymers, 

etc.[22,23] Hydrogenation of nitroarenes is one of the most classic 

methods for preparation of arylamines by utilization of H2
[23,24] and 

other hydrogen sources as mentioned above.[2,4-7,10-11] Herein, we 

report an utilization of hydrogen source from renewable 

lignocellulosic biomass, one of the most abundant renewable 

source in nature, for a hydrogenation reaction. The hydrogenation 

is demonstrated by reduction of nitroarenes to corresponding 

arylamines (Scheme 1). Specifically, the lignocellulosic biomass 

hydrolysis-oxidation aqueous solution (HOAS) contained FA as a 

major component was employed for the hydrogenation. Thus, the 

complex purification procedure of FA from the HOAS mainly 

caused by the azeotrope of FA with water [16] would be avoided. 

Notably, applying FA instead of the lingocellulosic HOAS resulted 

in obviously decreased yield.  

 

Scheme 1. Hydrogenation of nitroarenes by [H] source from lignocellulosic 

biomass.  

Results and Discussion 

Initially, the wheat straw HOAS was applied as hydrogen source 

for the reduction of 4-methylnitrobenzene (1a) to 4-methylaniline 

(2a) at 120 °C under 10 bar argon atmosphere. Besides of the 

major component of FA in the wheat straw HOAS, [V] (4 mol%), 

DMSO (7 mol%), DMSO2 (8 mol%), 1,4- dioxane (13 mol%), 

HOAc (7 mol%), MeOH (2 mol%) and Na2SO4 (12 mol%) were 

also contained.[15] Meanwhile, some residues from degradation of 

lignin in wheat straw were also introduced to the reaction 

accompanying with the addition of the HOAS. DMF was added as 

an extra solvent to increase the intersolubility of the nitroarenes 

and FA in the wheat straw HOAS. To avoid the volatilization of FA 

at 120 °C, compressed argon was charged. The iridium catalyst 

Table 1. Optimization of the reaction conditions. 

 

 
[a] Reaction conditions: 1a (0.5 mmol), [Ir/Ru/Pd] (2 mol%), DMF (0.5 mL),  the 

wheat straw HOAS [contained 4.5 equiv of FA, 3.95 mL, based on the 95% yield 

of FA, [V] (4 mol%), DMSO (7 mol%), DMSO2 (8 mol%), 1,4-dioxane (13 mol%), 

HOAc (7 mol%), MeOH (2 mol%) and Na2SO4 (12 mol%)] with the pH value of 

2.25,[15] 120 C, 24 h, Ar (10 bar). [b] Yields were determined by 1H NMR using 

Cl2CHCHCl2 as an internal standard. [c] [IrCl(coe)2]2 (0.5 mol%). [d] [IrCl(coe)2]2 

(0.1 mol%). [e] 100 C. [f] 5 bar Ar. [g] 1 atm Ar. [h] 18 h. [i] 15 h. [j] no wheat 

straw HOAS. 
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containing the ligands of Cp* and 2,4-dihydoxypyrimidine 

connected with an imidazolin moiety (3a)[25] was selected as the 

catalyst as its excellent performance during the hydrogen 

production from the wheat straw HOAS[15] (Table 1, entry 1). 

However, only 32% yield of 2a was obtained. Other iridium 

catalysts were investigated further. Iridium catalysts containing 

Cp* and various N,N-ligands, such as 2,4-dihydoxypyrimidine 

connected with a pyrazole moiety in 3b,[25] 2,2-biimiazolin in 3c[15] 

and 3d[26], 2,2,6,6-tetrahydroxy-4,4-bipyrimidine in 3e[27] and 

4,4-dihydoxy-2,2-bipyridine in 3f[27] were investigated. Similar 

with the performance of catalyst 3a, no more than 33% yields of 

2a were obtained (Table 1, entries 2-6). Then the iridium catalyst 

bearing with Cp* and C,N- ligand of 4-(1H-pyrazol-1-yl)benzoic 

acid in 3g[28], the iridium catalysts bearing with the pincer ligand 

{PNP = HN[CH2CH2(PR2)2], R = i-Pr} in 3h[29] and N-heterocyclic 

carbene ligand in 3i[30] resulted even lower yields (Table 1, entries 

7-9). To our delight, commercially available [IrCl(cod)]2 and 

[IrCl(coe)2]2 resulted in 73% and 92% yields, respectively (Table 

1, entries 10-11). When the loading of [IrCl(coe)2]2 was decreased 

to 0.5 mol%, 92% yield was still remained (Table 1, entry 12). 

DMF obviously promoted the transformation in comparison with 

only 55% yield of 2a in the absence of it (Table 1, entry 14). Other 

water soluble solvents were investigated (Table 1, entries 15-18). 

1,4-Dioxane and methanol increased the reaction efficiency to 

some extent (Table 1, entries 16 and 18). THF and acetonitrile 

obviously decreased the reaction yields (Table 1, entries 15 and 

17). When the reaction was conducted at 100 °C, the reaction 

yield decreased to 62% (Table 1, entry 19). The argon pressure 

could be reduced to 5 bar and the reaction time could be 

shortened to 18 h without influence on the reaction efficiency 

(Table 1, entries 20-23). RuHCl(PPh3)3 was selected as an 

example of ruthenium catalyst to afford 2a in 27% yield (Table 1, 

Table 2. Investigation of various lignocellulosic biomass HOAS.[a] 

 
[a] Reaction conditions: 1a (0.5 mmol), [IrCl(coe)2]2 (0.5 mol%), DMF (0.50 mL), 

various biomass HOAS contained 4.5 equiv of FA with the pH value of 2.25, 120 

C, 24 h, Ar (5 bar). [b] 1H NMR yield was reported using Cl2CHCHCl2 as an 

internal standard. [c] Wheat straw HOAS contained 4.0 equiv of FA. [d] Wheat 

straw HOAS contained 3.5 equiv of FA. [e] Wheat straw HOAS contained 4.0 

equiv of FA with the pH value of 0.93, which was not treated with NaOH (10 M, 

0.46 mL) to neutralize the existed catalytic H2SO4 in hydrolysis-oxidation step.[15] 

entry 24). The benchmark of heterogeneous catalyst Pd/C in the 

decomposition of FA[31] resulted in 30% yield of 2a (Table 1, entry 

25). Without catalyst and the wheat straw HOAS, no product was 

detected (Table 1, entries 26 and 27). 

Next, various lignocellulosic biomass HOAS were investigated 

(Table 2). Besides of wheat straw HOAS, the HOAS of bamboo 

sawdust, waste cardboard and newspaper displayed the excellent 

reaction efficiency (Table 2, entries 6-8, 90-91%). The HOAS of 

corn straw, rice straw, reed, and bagasse resulted in 76-81% 

yields (Table 2, entries 2-5). Furthermore, the amounts of wheat 

straw HOAS was investigated. It was found that wheat straw 

contained 4.0 equiv of FA was enough to give the excellent 

reaction efficiency (Table 2, entry 9). Notably, without treatment 

of the HOAS with NaOH for neutralization of the existed catalytic 

H2SO4 in hydrolysis-oxidation of biomass,[15] 85% yield of 2a was 

obtained (Table 2, entry 11). 

Table 3. Substrate scope.[a] 

 
[a] Reaction conditions: 1 (0.5 mmol), [IrCl(coe)2]2 (0.5 mol%), DMF (0.50 mL), 

wheat straw HOAS contained 4.0 equiv of FA with the pH value of 2.25, 120 C, 

Ar (5 bar), 24 h, isolate yields were reported; [b] 18 h; [c] 12 h. [d] (6-

nitrobenzo[d][1,3]dioxol-5-yl)methanol 2A′was obtained in 30% yield. 

With the optimized reaction conditions in hand, the substrate 

scope was investigated (Table 3). First, the nitroarenes bearing 
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with various electron-donating groups and electron-withdrawing 

groups on the para-position of the phenyl rings were studied 

(Table 3, 2a-k). Methyl-, methoxy-, sulphonamide-, methyl ester-, 

bromo-, chloro-, fluoro-substituted nitroarenes and nitrobenzene 

lead to excellent reaction efficiencies (2a-b, 2e-f, 2i-k, 2d, 80- 

95%). Free hydroxyl and cyano resulted in high yields (2c, 75%, 

2g, 81%). Notably, active iodo was well tolerated (2h, 65%). 

Second, methoxy, methyl ester and chloro were selected as 

examples of electron-donating groups and electron-withdrawing 

groups on ortho- and meta-positions. Similar high reaction 

efficiencies were observed (2l-p, 78-93%). The nitroarene 

bearing with two electron-donating groups of methyl and aminyl 

afforded 2q in 81% yield. Nitroarenes bearing with one electron- 

donating group and one electron-withdrawing group gave the 

corresponding arylamines in 74-91% yields (2r-u). The 

nitroarenes bearing with bromo and trifluoromethyloxy or 

trifluoromethyl afforded 2v and 2w in 86% and 80% yields, 

respectively. The influence of di-substituted electron-withdrawing 

groups was also investigated. Fluoro with chloro, chloro with 

bromo, and two cyanos resulted in the corresponding aryl amines 

in 73-79% yields (2x-z). 6-Nitrobenzo[d][1,3]dioxole-5-

carbaldehyde was selected as an example of tri-substituted 

substrate. The desired product 2A was obtained in 33% yield. The 

by-product (6-nitrobenzo[d][1,3]dioxol-5-yl)methanol 2A′ was 

obtained in 30% yield, in which the aldehyde group was reduced 

instead of the nitro group. 9H-Fluoren-2-amine was obtained in 

excellent yield (2B, 93%). The nitro-substituted indole, quinolone 

and isoquinolines resulted in 67-82% yields (2C-E). Substituted 

nitropyridines with methoxyl, bromo, chloro and di-chloro resulted 

in high reaction efficiency (2F-I, 79-95%).  

To demonstrate the potential application, gram-scale 

hydrogenation of 1a by applying wheat straw HOAS produced 

from 1.6 g of wheat straw afforded 2a in 82% isolated yield 

(Scheme 2). Notably, the catalyst loading of [IrCl(coe)2]2 could be 

decreased to 0.2 mol%. 

 

Scheme 2. Gram-scale hydrogenation of 1a. [a] Applying with wheat straw 

HOAS contained the unneutralized catalytic H2SO4 in hydrolysis-oxidation step. 

To gain insight into the reduction of nitroarenes, a series of 

experiments were conducted. As the major active component for 

the hydrogenation in the wheat straw was considered as FA, thus 

FA was used instead to undergo the hydrogenation. However, the 

obvious decreased reaction efficiency was observed as only 65% 

yield in comparison with 92% yield under the optimized conditions 

(Table 4, entry 1). Thus, this phenomenon was detected by 

hydrogenation of 1a with FA in the presence of other each 

component contained in wheat straw HOAS, respectively. The 

presence of Na2SO4, 1,4-dioxane, DMSO, HOAc, MeOH and 

DMSO2 did not cause distinct influence on the reaction yields 

(Table 4, entries 2-7). The same reaction efficiency with the 

standard reaction was observed by the combination of FA and 

NaVO3 (Table 4, entry 8). Thus, the higher reaction efficiency of 

the wheat straw HOAS than FA should attribute to the presence 

of NaVO3. Although the increased pH value of the reaction media 

with NaVO3 was detected, the high reaction efficiency should not 

be caused by it as 92% and 85% yields of 2a with pH value of 

2.25 and 0.93 were obtained, respectively (Table 2, entries 9 and 

11). Furthermore, it was found that V(V) was reduced to V(IV) 

after the hydrogenation reaction (Figure S1). 

Table 4. Control experiment.  

 
[a] Reaction conditions: 1a (0.5 mmol), FA (4 equiv), H2O (3.51 mL), DMF (0.50 

mL), 120 C, Ar (5 bar), 24 h, additives: Na2SO4 (12 mol%, 8.5 mg), 1,4-dioxane 

(13 mol%, 5.5 μL), DMSO (7 mol%, 2.5 μL), HOAc (7 mol%, 2.0 μL), MeOH (2 

mol%, 0.4 μL), DMSO2 (8 mol%, 3.8 mg), NaVO3 (4 mol%, 2.4 mg).[15] [b] 

Determined by 1H NMR using Cl2CHCHCl2 as an internal standard. 

On the other hand, the decomposition of FA contained in the 

wheat straw HOAS under hydrogenation conditions was detected. 

In the absence of 1a, 3.8 equiv of FA was remained in 12 h with 

less than 1% H2 production. The lost FA should be caused by its 

volatilization at 120 C. Meanwhile, 0.8 equiv of FA remained 

under the standard reaction conditions (Figure 2a). These results 

indicate that the hydrogenation of nitroarenes occurs via a 

hydrogen transformation pathway. At the same time, the 

transformation of 1a to 2a was monitored (Figure 2b). Besides the 

starting material 1a and the desired product 2a, intermediate 4a, 

a condensation product of 2a with FA, was generated. It was 

observed that the amount of 4a was increased during the initial 5 

h and decreased after that. This tendency should be attributed to 

an equilibrium among 2a, FA and 4a. 

   

Figure 2. (a) The remaining FA-time profile with 1a and without of 1a. For the 

details, see Table S3 and S4. (b) Monitoring of the standard reaction. For the 

details, see Table S5. 

In addition, reduction of nitrosobenzene (5d), N-

phenylhydroxylamine (6d), 1,2-diphenyldiazene (7d) or 1,2-

diphenylhydrazine (8d) under optimized conditions afforded 2d in 
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moderate yields, respectively (Scheme 3, eqs. 1-4). These 

experiments indicate that they are possible intermediates.  

 

Scheme 3. Hydrogenation of possible intermediates. 

Based on these experiments, a possible reaction pathway is 

proposed as shown in Figure 3. Nitroarene (1) is hydrogenated to 

nitrosoarene (5) by the iridium hydride complex and proton with 

release of one molecular water.[6d,23] Then a sequent 

hydrogenation of 5 leads to hydroxylamine (6), which undergoes 

a followed hydrogenation with release of the second water to 

afford the desired arylamine (2, Path A). An equilibrium is existed 

between 2 and the condensation intermediate 4. The reaction 

pathway via the condensation of 5 and 6 could not be ruled out 

(Path B). The condensation product 9 undergoes three times 

hydrogenation to afford 2 via 7 and 8 in sequence. 

 

Figure 3. Proposed reaction pathways. 

Conclusions 

In summary, we have developed an utilization of hydrogen 

source from renewable lignocellulosic biomass for a 

hydrogenation reaction, which is application to reduction of 

nitroarenes to arylamines. Catalyzed by commercially available 

iridium catalyst [IrCl(coe)2]2 with no more than 0.5 mol% catalyst 

loading, various arylamines up to 95% yields were obtained. 

Mechanism studies suggest that the hydrogenation occurs via a 

hydrogen transformation pathway. It would inspire utilization of 

lignocellulosic biomass as a hydrogen source to various 

hydrogenation reactions for the manufacture of bulk and fine 

chemicals. 
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Utilization of Hydrogen Source from 

Renewable Lignocellulosic Biomass 

for Hydrogenation of Nitroarenes 

 

 

Wheat straw for hydrogenation: An utilization of hydrogen source from renewable lingocellulosic biomass for a hydrogenation reaction is demonstrated. 
Hydrogenation of nitroarenes by wheat straw hydrolysis-oxidation aqueous solution (HOAS) afforded arylamines in up to 95% yields. Mechanism studies 
suggest that the hydrogenation occurs via a hydrogen transformation pathway. 

 

 

 

10.1002/cctc.201900087

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemCatChem

This article is protected by copyright. All rights reserved.


