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Abstract: Lignocellulosic biomass is one of the most abundant 

renewable sources in nature. Herein, we have developed the 

utilization of renewable formic acid from lignocellulosic biomass as a 

hydrogen source and a carbon source for the selective hydrogenation 

and further N-methylation of various quinolines and the derivatives, 

various indoles under mild conditions in high efficiencies. N-

methylation of various anilines is also developed. Mechanistic studies 

indicate that the hydrogenation occurs via a transfer hydrogenation 

pathway. 

Introduction 

Due to the dwindling supply of fossil resources, it is highly 

desirable to explore renewable resources for the sustainable 

development. Formic acid (HCO2H),[1] is widely used in various 

chemical processes, such as hydrogen source for the 

hydrogenation,[2] and as C1 source for the N-methylation.[3] 

Lignocellulosic biomass is one of the most abundant renewable 

sources in nature. Utilization of renewable HCO2H from 

lignocellulosic biomass,[4] would contribute to the sustainable 

hydrogenation and N-methylation.  

 

 

Scheme 1 Utilization of the hydrogen source and carbon source 

from lignocellulosic biomass. 

 

In this regard, we developed hydrolysis-oxidation of the 

lignocellulosic biomass into HCO2H in up to quantitative yield, 

even in near 10-gram scale, by a NaVO3-DMSO-H2SO4 catalytic 

system using air/oxygen as an oxidant.[5] Renewable HCO2H not 

only can produce green hydrogen (H2),[5] but also can be used for 

the hydrogenation directly, such as reduction of nitroarenes to 

arylamines.[6] Moreover, renewable HCO2H disproportionation 

into CH2O trigged by vanadium complexes, contained in the 

lignocellulosic biomass hydrolysis-oxidation aqueous solution  

(HOAS), with iridium catalysis was discovered in the N-

methylation of the quinoline. The gram-scale reaction was also 

demonstrated.[7] 

Herein, we report efficient utilization of renewable HCO2H from 

lignocellulosic biomass, wheat straw, for hydrogenation and 

further N-methylation of various quinolones and the derivatives, 

various indoles under mild conditions (Scheme 1a and 1b). 

Meanwhile, N-methylation of various anilines is also developed 

under mild conditions (Scheme 1c). 

Results and Discussion 

Hydrogenation of quinolines and indoles 

 

Initially, quinoline (1a) was selected as a model substrate for the 

hydrogenation[2c,2f, 2k-n,2s-w] by applying renewable HCO2H (6 equiv, 

contained in the wheat straw HOAS) at 80 °C without extra solvent 

(Table 1). In the wheat straw HOAS, minor components of [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 besides HCO2H as a major component.[5] 

The iridium catalyst containing the ligands of Cp* and 6-(4,5-

dihydro-1H-imidazol-2-yl)pyrimidine-2,4-diol (2a)[8] was tested 

based on its excellent activity during H2 production from the wheat 

straw HOAS (Table 1, entry 1).[5] Tetrahydroquinoline 3a was 

obtained in 40% yield accompanying with N-methyl-

tetrahydroquinoline 4a in 14% yield (Table 1, entry 1). Various 

iridium catalysts containing Cp* with N,N-ligands including 6-(1H-

pyrazol-1-yl)pyrimidine-2,4-diol  (2b),[8] 2,2’,6,6’-tetrahydroxy-

4,4’-bipyrimidine,4,4’-dihydoxy-2,2’-bipyridine (2c),[9] 2,2’-

biimiazolin (2e)[10] and C,N-ligand of 4-(1H-pyrazol-1-yl)benzoic 

acid (2f),[11] dinuclear Cp*Ir bearing 4,4’,6,6’-tetrahydroxy-2,2-

bipyrimidine (2g)[12] as well as IrH2Cl(PNPi-Pr) [PNP= 

HN[CH2CH2(PR2)2]2, R=i-Pr] (2h)[13] were tested further (Table 1, 

entries 2-8). Except of no conversion by using 2h as a catalyst 

(Table 1, entry 8), other iridium catalysts induced the conversions 

with the different yields of 3a and 4a (Table 1, entry 2-7). Notably, 

catalyst 2d[9] resulted higher yields of 3a in 62% (Table 1, entry 

4). No activities were observed for other catalysis systems of 

[IrCl(coe)2]2, [Cp*IrCl2]2, [RuCl2(benzene)]2 with dppe,[14] RuCl3 

with m-TPPTS,[15] and Fe(BF4)2 with (Ph2PCH2CH2)3P[16] (Table 1, 

entries 9-13). Decreasing the amount of renewable HCO2H to 2.5 
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equiv induced 3a in 79% yield (Table 1, entries 16). Further 

decreasing the reaction temperature to 50 °C, the yield of 3a was 

increased to 93% with trace amount of 4a (Table 1, entry 18). 

Moreover, the reaction time can be shortened in 5 h with 3a in 

92% yield (Table 1, entry 19). The lower temperature with higher 

reaction efficiency may attribute to decrease the decomposition of 

HCO2H to H2 and CO2 to increase the possibility of transfer 

hydrogenation pathway. And more equiv of renewable HCO2H 

with lower reaction efficiency should attribute to the further N-

methylation.[7] To demonstrate the potential application of the 

hydrogenation of quinoline, the gram-scale reaction was 

conducted by using quinoline 1a as a substrate. With 0.25 mol% 

2d, 0.8 g of 3a was obtained in 81% yield by using 1.0 g wheat 

straw for production of renewable HCO2H (Table 1, entry 20). 

 

Table 1. Optimization of the reaction conditions for the 

hydrogenation. 

 
[a] Reaction conditions: quinoline 1a (0.5 mmol, 64.5 mg), 

renewable HCO2H contained in the wheat straw HOAS, catalyst. 

[b] Yields were determined by 1H NMR using Cl2CHCHCl2 as an 

internal standard. [c] Isolated yield. [d] Quinoline 1a (7.74 mmol, 

1.0 g), renewable HCO2H produced by 1.0 g wheat straw. 

 

Under the optimized reaction conditions, the substrate scope 

was investigated (Scheme 2). Generally, both electron-donating 

groups and electron-withdrawing groups were well tolerated. 

Similar to the quinoline, 2-methylquinoline, 3-methylquinoline, 6-

methylquinoline displayed good reaction efficiencies (3b, 3c, 3e). 

4-Methylquinoline induced lower reaction efficiency with 3d in 

62% yield. Changing the substituents, from methyl to hydroxyl, 

methoxy, on 6-position of the quinoline resulted in good to 

excellent yields (3f, 3g). 6-Fluoro, 6-chloro, 6-bromo groups 

induced high efficiencies (3i−3k) and 6-ester group induced 3h in 

59%. 6-Nitroquinoline afforded 3l in 47% yield, which may be 

caused by the low solubility of 6-nitroquinoline in the reaction 

system. 7-Methyl, 8-methyl, 8-fluoro and 8-chloro groups induced 

excellent efficiencies (3m−3p). Moreover, quinolines bearing two 

substituents, 6-methoxyl with 2-methyl groups, 6-bromo with 2-

methyl groups, and 7-chloro with 2-methyl groups also induced 

high efficiencies (3q−3s). The method was also applied to the 

hydrogenation of the quinoxaline and 2-methylquinoxaline to give 

excellent yields (3t, 3u). 2,3-dimethylquinoxaline gave 3v in 62% 

yield. 2,7-dimethylpyrido[2,3-g]-quinoline was tested for the 

hydrogenation, but only one N-heterocyclic ring was 

hydrogenated to afford 3w in 52% yield. Interestingly, two N-

heterocyclic rings of 1,10-phenanthroline and 2,9-dimethyl-1,10-

phenanthroline were hydrogenated to afford 3x and 3y in 72% 

and 70% yield, respectively.  

 
Scheme 2. The substrate scope of hydrogenation quinolines, 

indoles and the derivatives. 

[a] Reaction conditions: substrate 1 (0.5 mmol), 2.5 equiv of 

renewable HCO2H contained in the wheat straw HOAS, 2d (0.5 

mol%), isolated yields are reported. [b] 5.0 equiv of renewable 

HCO2H, 60 °C, 10 h. [c] 5.0 equiv of renewable HCO2H, 60 °C, 15 

h. 
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Next, hydrogenation of various indoles was tested (Scheme 2, 

3z−3k). Under the optimal reaction conditions, the indole afforded 

3z in 49% yield. N-methyl indole afforded 3A in 88% yield. N-

methyl-indoles bearing methyl groups on the 2-, 3-, 4-, 5-, 6- and 

7-positions, as well as 5-methyoxy, 5-fluoro, 5-chloro, 5-bromo 

groups resulted in high efficiencies (3B−3K). 

 

N-Methylation of quinolines, indoles, anilines and the 

derivatives 

We discovered that renewable HCO2H disproportionation into 

CH2O trigged by vanadium complexes with iridium catalysis in the 

N-methylation of quinoline 1a under mild conditions. Under 

optimized conditions, 30 equiv of renewable HCO2H contained in 

wheat straw HOAS with 1 mol% of 2d, 4a was obtained in 91% 

yield in 20 h.[7] Gram-scale N-methylation of 1a afforded 4a in 91% 

yield.[7] The substrate scope was investigated (Scheme 3). 

Various substituents on different positions of quinoline were 

studied. Methyl, methoxy, fluoro, bromo, chloro were well 

tolerated with the products of 4b, 4d−4i in 74−92% yields. The 

pyridyl was kept untouched with 4c in 90% yield. Relatively lower 

yields of 4h and 4i are caused by poor solubility of the starting 

materials. 7-Methyl resulted in 4j in 57% yield with some 

unconverted starting material. Moreover, the substrates 

containing two substituents of methyl with bromo or chloro 

displayed excellent efficiencies (4l in 90%, 4m in 91%). 4k was 

obtained in 52% yield with the hydrogenation product 3q in 24% 

yield. Notably, various methyl substituted quinoxalines showed 

high activities for double N-methylations (4n−4p, 81−93%). 

 

Scheme 3. The substrate scope of N-methylation of quinolines 

and quinoxalines. 

[a] Reaction conditions: substrate 1 (0.25 mmol), 30 equiv of 

renewable HCO2H contained in the wheat straw HOAS, 2d (1.0 

mol%), isolated yields are reported. [b] 60 °C. [c] 3q was obtained 

in 24% yield. 

 

Next, the N-methylation of the indole (5a) was conducted by 

this catalytic system to give some unidentified compounds 

(Scheme 4). When extra dichloromethane (DCM) was added as 

a solvent and the reaction temperature was decreased to 40 °C, 

1-methylindoline (6a) was obtained in 81% yield. The influence of 

various substituents on different positions of indoles was detected. 

Methyl groups on 2-, 4-, 5- and 6-positions of the indoles resulted 

in 69−85% yields (6b, 6c, 6e, 6j). Fluoro, chloro and bromo 

groups on 4-, 5- and 6-positions of the indoles induced 64−73% 

yields (6d, 6g−6i, 6k−6l). The ester group was also well tolerated 

(6f). The electronic density of the substituents on the 5-position 

may directly affect the reactivity. Herein the electronic 

withdrawing groups displayed decreased reaction efficiencies to 

some extent (6f−6i) in comparison with the methyl group (6e). 

 

Scheme 4. The substrate scope of N-methylation of indoles. 

[a] Reaction conditions: substrate 5 (0.25 mmol), 30 equiv of 

renewable HCO2H, 2d (1.0 mol%), DCM (2.5 mL), isolated yields 

are reported. [b] Without DCM. [c] 50 °C, without DCM. [d] DCM 

(0.5 mL). 

 

Furthermore, N-methylation of anilines were investigated 

(Scheme 5). By using the N-methyl aniline (7a) as the substrate, 

8a was obtained in excellent efficiency. Thus various N-methyl 

anilines were studied. Methyl as an example of electronic 

donating groups and chloro as an example of electronic donating 

groups on orth- and meta-positions of anilines resulted in 8b−8e 

in 85−91% yields. Methyl, methoxy, ester, bromo on para-position 

also resulted in excellent efficiencies (8f−8h, 8j, 90−93%). Chloro 

induced a decreased efficiency with 8i in 71% yield. Notably, 

methylation of the corresponding anilines (7) also resulted in 

8a−8j in excellent yields (86−92%) with near double amount of 

renewable HCO2H. 

 

Scheme 5. The substrate scope of N-methylation of anilines. 

[a] Reaction conditions: substrate 7 (0.25 mmol), 30 equiv of 

renewable HCO2H contained in the wheat straw HOAS, 2d (1.0 

mol%), 50 °C, 20 h, isolated yields are reported. [b] Substrate 7' 

(0.25 mmol), 56 equiv of renewable HCO2H contained in the 

wheat straw HOAS, 2d (1.0 mol%), 50 °C, 25 h, isolated yields 

are reported in parentheses. [c] 40 h. [d] 30 h. [e] 25 h. 

 

Mechanism studies 

 

To give more insights into the reaction mechanism, a series of 

experiments were conducted. First, quinoline 1a, the possible 

hydrogenation intermediate 9 or 10 was used as a starting 

material in the presence of 2.5 equiv of HCO2H, respectively 

(Scheme 6, Eqs. 1, 2, 3). Hydrogenation product 3a was obtained 

in 90%, 92% or 30% yield in 5 h (Scheme 6, Eqs 1, 2, 3). 

Regarding 30% yield of 3a should be caused by the instability of 

compound 10 (Scheme 6, Eq. 3). Accompanying with HCO2H, 
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other minor components including Na2SO4, HOAc, MeOH, 1,4-

dioxane, DMSO, DMSO2, CH2O were also included in the wheat 

straw HOAS.[5] These components were used as additives for 

hydrogenation of 1a with HCO2H, which did not cause distinct 

influence on the reaction yields (Table S2). These results suggest 

that HCO2H contained in the wheat straw HOAS as the major 

active component for the hydrogenation via 9 and 10. 

In addition, quinoline 1a can not be hydrogenated under the 

atmosphere of H2 and CO2, which eques to the atmosphere of 

produced H2 and CO2 from 2.5 equiv of HCO2H, or the higher H2 

pressure (30 bar H2) under similar conditions (Scheme 6, Eqs. 4, 

5). In comparison these results with the result of 3a in 97% under 

optimized conditions, it indicates that the hydrogenation of 

quinoline occur via a transfer hydrogenation pathway.  

 

Scheme 6. Control experiments. 

[a] Reaction conditions: 1a, 9, 10 (0.5 mmol), 2d (0.5 mol%), 50 °C, 

20 h, aqueous solution. [b] H2 (28 mL) and CO2 (28 mL) was 

added into the reactor with less than 2 bar. The calculation of the 

volumes of H2 and CO2 is based on the amount of the produced 

H2 and CO2 from 2.5 equiv of HCO2H. Yields were determined by 
1H NMR by using Cl2CHCHCl2 as an internal standard. 

 

Quinoline 1a was selected as a model substrate for the 

standard mercury (Hg) poisoning experiments.[17] First, mercury 

was added before the reaction, 3a was obtained in a comparable 

yield of 88%. Second, mercury was added after 1 h of the reaction 

to afford 3a in a comparable yield of 86%. Third, mercury was 

added after 1 h of the reaction, 3a was obtained in the yield of 

43%, 60%, 86% after 2 h, 3 h, 5 h, in comparison with the yield of 

45%, 64%, 87% after 2 h, 3 h, 5 h without mercury, respectively. 

The standard mercury poisoning experiments were also carried 

out for the N-methylation of quinoline 1a,[7] indole 5a and aniline 

7a. 4a, 6a, 8a, were obtained in the yield of 87%, 76%, 92%, in 

comparison with the yield of 91%, 81%, 91% under standard 

conditions, respectively. These results indicate homogeneous 

catalytic pathway for the hydrogenation and the N-methylation. 

 

Scheme 7. The proposed mechanism. 

 

Based on these results, we propose a plausible reaction 

pathway of the hydrogenation as shown in Scheme 7. The iridium 

catalyst precursor 2d releases H3O+ to afford the [Cp*LIr]+ 

complex (L=the anion of 4,4'-dihydroxy-2,2'-bipyridine), which is 

followed by coordination with formate (HCO2
–) and 

decarboxylation to generate the [Ir]−H complex of [Cp*LIrH]. The 

[Cp*LIrH] complex was observed by ESI-MS as 517.1462 

([M+H]+) under optimized conditions.[9] 1a is hydrogenated to 3a 

via 9 and 10 by the [Ir]−H complex.[9] Next, 3a is further N-

methylated to afford 4a.[7]  

Conclusion 

We have developed the utilization of renewable HCO2H produced 

from lignocellulosic biomass for the selective hydrogenation 

various quinolines and the derivatives, various indoles, and the 

further N-methylation of various quinolines and the derivatives, 

various indoles under mild conditions in high efficiencies. N-

methylation of various anilines is also developed. It enriches the 

conversion and utilization of lignocellulosic biomass and would 

inspire utilization of renewable HCO2H for various transformations. 
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Utilization of renewable formic acid from lignocellulosic biomass for the selective hydrogenation and/or N-methylation 

Lignocellulosic biomass is one of the most abundant renewable sources in nature. Herein, we have developed the utilization of 

renewable formic acid from lignocellulosic biomass as a hydrogen source and a carbon source for the selective hydrogenation and 

further N-methylation of various quinolines and the derivatives, various indoles under mild conditions in high efficiencies. N-methylation 

of various anilines is also developed. Mechanistic studies indicate that the hydrogenation occurs via a transfer hydrogenation pathway. 
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