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The efficient conversion of lignin into high-value chemicals is a significant and challenging process for
sustainable development. In this study, we successfully achieved the direct conversion of lignin model
compounds and realistic lignin into amines using H, and NHz over a Ru/C catalyst. We specifically
investigated diphenyl ether (DPE) as a model molecule due to the high dissociation energy of its C—O bond,
aiming to gain insights into the reaction mechanism. The results revealed that the C-O bond is initially
broken, resulting in the production of benzene and phenol. Subsequently, cyclohexanone is obtained

through the hydrogenation of phenol. Furthermore, cyclohexanone, acting as the key intermediate, reacts
Received 20th July 2023

Accepted 7th September 2023 with NHz to yield amines. Notably, the kinetics of phenol hydrogenation to cyclohexanone is more

favorable than the C-O bond cleavage of DPE. Therefore, the C-O bond rupture in lignin plays a crucial
DOI: 10.1035/d35u00250k role in the depolymerization of lignin and its conversion into amines in this study. This developed strategy

rsc.li/rscsus for lignin conversion to amines opens up new possibilities for the highly efficient utilization of lignin.

Sustainability spotlight

Utilizing lignin, the second most abundant organic carbon renewable resource, to produce high-value chemicals, such as amines, is a promising strategy for
replacing fossil fuels. The conversion of lignin to amines could be realized through an indirect pathway, wherein lignin is first depolymerized via hydrogenolysis
or hydrolysis, and then the resulting oxygen-containing aromatics are further converted to amines. However, the indirect pathway is limited by high energy
consumption, making a direct transformation of lignin to amines necessary. This study demonstrates the feasibility of the direct transformation from lignin
models and realistic lignin into amines, highlighting its significance in achieving UN SDG 12 - Responsible Consumption and Production.

chemicals, which can afford critical chemical commodities and
decrease the emission of CO,.

Introduction

(cc)

The conversion of biomass is a promising strategy for
producing high value-added chemicals to replace fossil
resource processes."” Hence, the efficient utilization of lignin
through the chemical pathway to provide a wide variety of
chemicals is highly demanding.®** Amines are important plat-
form molecules and have been widely applied in the manufac-
ture of dyes, drugs, etc."*'* The synthesis routes for amines start
from fossil fuels as carbon sources, which are obtained through
steam or catalytic cracking, leading to the emission of massive
amounts of CO, (Fig. 1).** Therefore, well-designed reaction
pathways can realize highly efficient conversion of lignin to
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70% of structural units in lignin are linked through aromatic
carbon-oxygen (C-O) bonds and the dominant types of C-O
bonds in lignin include o-O-4, B-O-4, and 4-O-5 linkages
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Fig.1 The processes of the transformation from petroleum and lignin
to amines.
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(Fig. 1).**"” The conversion of lignin to amines can be realized
through the indirect pathway, in which the C-O bonds were
ruptured firstly through hydrogenolysis or hydrolysis and then
the obtained oxygen-containing aromatics were converted to
amines.'>'®** However, the indirect pathway requires high
energy consumption to realize the conversion of lignin to
amines because of the separation process for every step.
Therefore, it is necessary to develop a direct pathway to convert
lignin to amines. It is known that the rupture of the C-O bonds
in lignin and the conversion of oxygen-containing intermedi-
ates are crucial for the direct conversion of lignin to amines
according to the indirect pathway. Hence, the model
compounds of three main C-O bond linkages in lignin,
including 4-O-5 (bond dissociation energy (BDE) =
314 kJ mol™ "), a-O-4 (BDE = 218 kJ mol ') and B-O-4 (BDE =
289 kJ mol ) linkages,?” were used as substrates to investigate
the conversion pathway of lignin to amines (Fig. S17). Pd cata-
lysts exhibit good catalytic activity for the direct transformation
of DPE (4-O-5 linkage model) and benzyl phenyl ether (BPE, o-O-
4 linkage model) to amines via the combination of reductive
cleavage of the C-O bond and the subsequent amination.>**
However, the Pd catalysts require the use of a Lewis acid (LA) as
the co-catalyst. Compared to the -O-4 alcohol models, the -O-4
ketone models, obtained through chemoselective oxidation or
dehydrogenation of B-O-4 alcohol models, exhibit a higher
activity in their reaction with nitrogen-containing compounds,
resulting in the production of amines or amides.**** The
oxidation and dehydrogenation strategy can facilitate the
conversion of -O-4 linkage models into amines; however, these
methods are unable to promote the conversion of «-O-4 and 4-
O-5 linkage models. Therefore, developing a highly efficient
strategy to directly convert these three linkage models to amines
is necessary for realizing the conversion of realistic lignin into
value-added amines.

Herein, the direct conversion of lignin C-O bond model
compounds, including «-O-4, B-O-4, and 4-O-5 linkages, to
amines was realized with H, and NH; over a Ru/C catalyst. The
results of DPE (with the highest BDE compared to the other two
linkages) conversion show that the hydrogenolysis of the C-O
bond occurs first, and then the obtained phenol can be hydro-
genated to cyclohexanone and cyclohexanol; the cyclohexanone
as the important intermediate reacts with NH; for the synthesis
of amines. It is found that the hydrogenolysis of the C-O bond
of DPE is more difficult than the hydrogenation of phenol to
cyclohexanone over Ru/C in kinetics. Furthermore, the orga-
nosolv birch lignin could also be transformed into amine
compounds efficiently with the Ru/C-H,-NH; catalytic system.

Results and discussion

Initially, DPE was employed as the substrate to investigate the
conversion of lignin dimers to primary amines (Table 1). Pd/C
catalyst fails to promote the DPE conversion (Table 1, entry 1),
and Pt/C and Rh/C provide inferior conversion (Table 1, entries
2 and 3). To our delight, Ru/C could convert DPE to cyclohex-
ylamine (CYAM) with high activity and selectivity (99% conver-
sion, 43% selectivity to CYAM, and 22% selectivity to benzene
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(Ben), Table 1, entry 4). Reducing the loading of Ru/C leads to
a slight decrease in DPE conversion but provides higher selec-
tivity to CYAM and Ben (92% conversion, 45% selectivity to
CYAM, and 37% selectivity to Ben, Table 1, entry 5). With the
absence of H,, the DPE could not be converted, indicating that
H, is necessary during the conversion of DPE (Table 1, entry 6).
Finally, Ru/C was chosen as the optimal catalyst for further
investigations. The Ru/C catalyst was subsequently character-
ized, and the results can be found in the ESI (Fig. S27).

The reaction conditions, including the reaction temperature
(Fig. S31) and H, pressure (Fig. S4t), were optimized to further
improve the reactivity. The results suggest that the conversion is
dependent on the reaction temperature. With increasing the
reaction temperature from 140 °C to 200 °C, the DPE conversion
increases from 13% to 92%, and the selectivity has no signifi-
cant change (Fig. S3t1). The H, pressure affects the reaction
conversion and selectivity significantly. The DPE conversion
increases from 4% to 97% when the total pressure increases
from 1.0 MPa (0.8 MPa NH; and 0.2 MPa H,) to 5.0 MPa
(0.8 MPa NH; and 4.2 MPa H,), and the selectivity to CYAM and
Ben decreases obviously with increased pressure, and with
3 MPa total pressure (0.8 MPa NH; and 2.2 MPa H,), the
selectivity to Ben and CYAM increases to 82% (Fig. S47). Based
on the results above, the optimized reaction conditions were
determined to be 25 mg 5 wt% Ru/C, 2.5 mmol lignin models,
3 MPa total pressure (0.8 MPa NH; and 2.2 MPa H,), and 200 °C
for 2 hours.

Under the optimal reaction conditions, the reaction mech-
anism was further investigated. The product distributions of the
DPE transformation as a function of time at 200 °C in the H,—
NH; atmosphere (H, pressure: 2.2 MPa, NH; pressure: 0.8 MPa)
are shown in Fig. 2a. At the beginning of the reaction (reaction
time ¢t = 15 min), Ben and CYAM are the main products; the
selectivity to Ben is 45% and decreases to 36% with the reaction
time being prolonged, indicating Ben further transformed to
cyclohexane (CYAN) with 12% selectivity. The selectivity to
CYAM is 21% at the reaction time ¢ = 15 min and increases to
43% after reaction time ¢ = 60 min, and the selectivity to
cyclohexanol (CYOL) decreases from 14% to 4% with the reac-
tion time being prolonged (Fig. 2a). These results above indi-
cated that the conversion of DPE to CYAM was initiated through
the hydrogenolysis of DPE. The yields of Ben and CYAM
increased with the reaction time being prolonged (Fig. 2b),
indicating that the oxygenated monomers obtained from the
DPE hydrogenolysis will further react with ammonia to afford
CYAM.

The yield of CYOL increases first and then starts to decrease
with the highest value at the reaction time of 30 min, meaning
the CYOL was further transformed to CYAM (Fig. 2c). The
phenol (PhOH) reaches 1.25% yield at reaction time ¢ = 30 min,
then decreases to 0.8% with prolonged reaction time, indicating
PhOH also has been further converted (Fig. 2¢). In addition, the
cyclohexyl phenyl ether (CPE) synthesized through the hydro-
genation of DPE is also detected with 5% selectivity. It is
possible that the Ben and CYOL may be derived through the
hydrogenolysis of the CPE intermediate but not directly derived
from the DPE hydrogenolysis. However, it hardly reacts for the

RSC Sustainability, 2023, 1, 2066-2071 | 2067
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Table 1 Conversion of DPE under different conditions®
NH OH OH )
Catalyst, H, 0. AN
C/ O NH3, n-Hex * * + O + + Cr \O + T 1\
cyclohexanamine cyclohexanol phenol cyclohexane ficycl phenyl ether
CYAM cYoL PhOH CYAN DA DE CPE )
Sel.? (%)

Entry Catalyst Conv.? (%) CYAM CYOL PhOH CYAN Ben DA DE CPE
1 5 wt% Pd/C N.R. — — — — — — — —
2 5 wt% Pt/C 2.5 0 18.2 0 29.8 4.1 0 12.8 35.1
3 5 wt% Rh/C 10.9 27.5 1.1 10.1 5.1 34.6 0.6 2.3 18.7
4 5 wt% Ru/C 99 43.0 5.4 0 25.1 22.2 0.6 0.5 3.2
5¢ 5 wt% Ru/C 92 44.6 4.8 0 10.5 37.0 0.4 0.1 2.6
67 5 wt% Ru/C NR — — — — — — — —

hours. ©

o0
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+
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cyclohexanamine cyclohexanol
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\\/

Cyclohexyl phenyl ether

“ Reactlon conditions: 50 mg catalyst, n-hexane (5 mL), DPE (425 mg, 2.5 mmol), NH; (0 8 MPa), H, (2.2 MPa), temperature (200 °C), reaction time: 3
The conversion and selectivity were determined by GC. © 25 mg 5 wt% Ru/C. ¢ Ar (30 bar at RT) was used to replace H,. The entries labeled
with “—” indicate that the concentrations were below the detection limits of the method.
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Fig. 2 DPE transformation product distributions and DPE conversion as a function of reaction time over Ru/C. (a) For DPE conversion and

Ben and CYAM,; (c) for DPE conversion and product distributions of CYAN,

cyclohexanol (CYOL), PhOH, dicyclohexylamine (DA), and CPE. Reaction conditions: DPE (4-O-5) (5.1 g, 0.030 mol), 5 wt% Ru/C (0.300 g, 7.42 x
10> mol of Ru), n-hexane (60 mL), 200 °C, 0.8 MPa NHs, 2.2 MPa H,, stirring at 600 rpm.

conversion of CPE under H, and NH; over Ru/C catalyst
(Scheme S1%). It is well known that CYAN and CYOL can be
produced through the hydrogenation of Ben and phenol
(PhOH) respectively.*>** These results suggest that the hydro-
genolysis of DPE is the main reaction under H, and NH; over
Ru/C, which is more difficult than the transformation of
oxygenated intermediates to amines, and the CYOL shows
a crucial role in the production of CYAM.

According to the results of kinetics, it is evident that CYOL
plays a role as an intermediate in the formation of CYAM. It is
known that PhOH and Ben are the products of DPE hydro-
genolysis. CYOL and cyclohexanone (CYON) can be generated
through the hydrogenation of PhOH. Consequently, it is possible
that CYAM is formed through the reaction of NH; with PhOH,
CYOL, or CYON, respectively. Therefore, control experiments

2068 | RSC Sustainability, 2023, 1, 2066-2071

were conducted to identify the key intermediates during the
conversion of DPE to CYAM by calculating the apparent turnover
frequencies (ATOFs) and the apparent energy barrier (E,)
(Fig. S5T). The PhOH can be hydrogenated to CYON and CYOL
under H,, which displays high activity with an ATOF of 3.13 s %,
and the E, is 48.2 k] mol " (Table 2, entry 1), indicating that the
PhOH can be easily hydrogenated to CYON and CYOL under the
reaction conditions. When NH; was introduced into the reaction
system of PhOH hydrogenation, the main product changed from
CYON to CYAM, the reaction rate decreased with an ATOF of 0.65
s, and the E, is 184.1 k] mol " (Table 2, entry 2). In the absence
of H,, the reaction between PhOH and NHj3; is hardly converted
(Table 2, entry 3), suggesting that the CYON and CYOL are the
possible intermediates for the conversion of PhOH with NH; to
amines. The main product for the reaction of CYOL with NHj is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Control experiments of oxygenated intermediates®’
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Sel.? (%)
NH, o) OH
Entry Substrates Conv.” (%) @ é @ ATOF° (s71) E, (k] mol™)
OH
14¢ * Hy 23 — 74 26 3.13 48.2
OH
2 @ + Hy + NH; 12 85 — 15 0.65 184.1
OH
3 @ + NH; NR — — — — —
(o]
4%f é + Hy + NH; 10 97 — 3 2.27 89.2
OH
5 © + Hy + NH; 6 99 — — 0.32 200.5
OH
6 © + Hy + NHy NR . . . . .

“ Reaction conditions: 10 mg 5 wt% Ru/C catalyst, n-hexane (10 mL), oxygenated 1ntermed1ate (20 mmol), NH; (0.8 MPa), H, (2.2 MPa), temperature

(200 °C), reaction time: 25 min.

b The conversion and selecthlty were determined by GC. ¢ The apparent turnover frequency values (ATOFs) were

calculated on the basis of the Ru content when the conversion is not more than 25%. ¢ 5 mg 5 wt% Ru/C was loaded. ¢ Reaction time: 20 min.

the method, and “NR” indicates no reaction.

the CYAM with a selectivity of 99%; this reaction shows an ATOF
of 0.32 s, and the E, is 200.5 k] mol " (Table 2, entry 5). In
contrast, the main product for the reaction of CYON with NHj; is
also CYAM with a selectivity of 97% (Table 2, entry 4), the ATOF is
2.27 s~*, which is 7 times that of the reaction for CYOL with NHj,
and the E, is 89.2 k] mol !, which is less than one half that of the
reaction for CYOL with NH;. These results indicate that the
PhOH is first hydrogenated to CYON, and then CYON as the
main component reacts with NH; to synthesize the amines.
Based on the results above, the reaction pathway for conversion
of DPE with NHj; to amines is proposed as follows (Scheme 1): (1)
the Ben and PhOH are generated from DPE hydrogenolysis; (2)
the PhOH can be hydrogenated to CYON and CYOL; (3)
compared with CYOL, CYON as the main component reacts with

r NH, H

[ ) _hydrogenation_ [/\i )\ - N

DS minor
NHy NHy

= drogenolysle. 4 major minor

( major TOF =2.27is TOF = 0.23/s

hydrogenolysis

I—=

no reaction

(_ _hydrogenation _
minor

Scheme 1 The proposed reaction pathway of DPE (the model for 4-
O-5 bond linkage in lignin) transformation with Ru/C as the catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The entries labeled with “—” indicate that the concentrations were below the detection limits of

NH; for the production of CYAM; (4) the partial Ben can be
hydrogenated to CYAN.

The conversion of other lignin model molecules to amines
was also investigated, and the reaction results are shown in
Table 3. These reactions show high activity as well. For DPE (4-
0O-5), CYAM is generated in 85% yield, and Ben is obtained in
69% yield (Table 3, entry 1). The conversion of BPE (a-O-4
linkage model molecule) affords a 75% yield of CYAM and an
85% yield of toluene (Table 3, entry 2). For PPE (B-O-4 linkage
model molecule), 55% CYAM and 69% ethylbenzene are ob-
tained (Table 3, entry 3). The conversion of 2-phenoxy-1-
phenylethan-1-ol (B-O-4 linkage model molecule, Table 3,
entry 4) provides CYAM with 56% yield. The conversion of 2-
phenoxy-1-phenylethan-1-one (B-O-4 linkage model molecule,
Table 3, entry 5) shows a more complex distribution of prod-
ucts. Besides the yield of CYAM being 33%, the other amines are
also obtained through the reductive amination of carbonyl
compounds. These results indicate that the Ru/C-H,-NH;
system is active for the cleavage and amination of lignin's 4-O-5,
a-0-4, and B-O-4 linkages. Finally, the stability of Ru/C was
tested for the conversion of DPE to amines (Fig. S67). The Ru/C
catalyst shows good stability without obvious deactivation after
being used 5 times.

After the test of lignin models, the production of amines
from the conversion of realistic lignin was investigated (Fig. 3).
Firstly, the birch sawdust was treated through methanolysis,

RSC Sustainability, 2023, 1, 2066-2071 | 2069
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Table 3 Reaction of lignin model compounds with ammonia catalyzed by Ru/C*

Entry Substrate Reaction time (h) Conv.” (%) Main products and yields”
2O NH,
. Do : ollle
(4-0-5 linkage) 23% 69% 85%
I
2 @f’l\o 11 95 ©/ @
85% 75%

(0-O-4 linkage)

o)
; oo 86

(B-0O-4 linkage)

\O
4 \© 6 91

(B-O-4 linkage)

(o)
(e}
5 \© 6 99

(B-O-4 linkage)

NH;

g

69% 55%

OH NH,

I O

41% 56%

o O ot oMo oo

24% 33% 23% 17% 22%

“ Reaction conditions: 25 mg catalyst, n-hexane (5 mL), substrate (2.5 mmol), 0.8 MPa NH;, 2.2 MPa H,, 200 °C. ? The conversion and yield were

determined by GC.

(
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Fig. 3 The conversion of realistic organosolv lignin to amines.

leading to a 9.0% yield of the organosolv lignin (detailed
information can be found in the ESI}). Subsequently, direct
conversion of organosolv birch lignin with Ru/C-H,-NH; was
conducted. The 2D **C-"H HSQC NMR results were employed to
investigate the depolymerization of organosolv lignin.
Compared with the HSQC spectra of organosolv lignin before
reaction (Fig. S7b, S8a, and S9aft), the significant depolymer-
ization of organosolv lignin (Fig. S8bt) and the cleavage of
dominant C-O-C bonds in lignin (Fig. S9bt) are observed,
indicating the conversion of organosolv lignin with the Ru/C-
H,-NH; catalytic system. For confirming the formation of the
amines, the hydrogenolysis of organosolv lignin was investi-
gated under H, over the Ru/C catalyst (Ru/C-H, catalytic
system), and the hydrogenolysis result displays the depoly-
merization of organosolv lignin (Fig. S7c, S8c, and S9ct) while
the obtained products are very different under these two reac-
tion systems with or without NHj3, suggesting the formation of
amines with NH; for depolymerization of organosolv lignin.

2070 | RSC Sustainability, 2023, 1, 2066-2071
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Compared with the HSQC spectrum result for cyclohexylamine
(Fig. S7dt), the cyclohexylamine derivatives are found to have
been produced with the Ru/C-H,-NH; system (Fig. S7at). The
results of gas chromatography-mass spectrometry (GC-MS)
analysis indicate that the detected monomers after depoly-
merization for the Ru/C-H, system are mainly alcohol and
phenolic monomers (Fig. S10-S161), and a 7.6% yield of
aliphatic primary amines is obtained after the depolymerization
of organosolv lignin with the Ru/C-H,-NH; system (Fig. S10
and S17-S227).

Conclusions

In summary, an efficient strategy of heterogeneous catalytic
one-pot conversion of lignin ether model compounds to
primary amines was developed successfully. The investigation
of DPE as a model molecule shows that the C-O bond of DPE is
ruptured firstly and then the produced PhOH is hydrogenated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to CYON and CYOL; CYON plays a key role in the production of
amines under H, and NH; over Ru/C. The lignin model
compounds including a-O-4, B-O-4, and 4-O-5 linkages can be
converted with this highly efficient catalytic system. This
suggests that the depolymerization of organosolv lignin
undergoes the rupture of C-O bonds as the important step for
depolymerization of lignin and then the obtained oxygen-
containing intermediates can be hydrogenated and then react
with NH; for the synthesis of the amines. In addition, the direct
conversion of the organosolv lignin to amines was realized with
H, and NH; over the Ru/C catalyst, and a 7.6% yield of amines
was obtained. This work develops the reaction system and
reveals the reaction mechanism for the formation of amines,
which are conducive to designing the highly efficient catalytic
system for the depolymerization of organosolv lignin.
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