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The activation and cleavage of C—C bonds remains a critical scientific issue in many organic reactions and is
an unmet challenge due to their intrinsic inertness and ubiquity. Meanwhile, it is crucial for the valorization
of lignin into high-value chemicals. Here, we proposed a novel strategy to enhance the C,omatic—C,, bond
cleavage by pre-functionalization with amine sources, in which an active amine intermediate is first formed
through Markovnikov hydroamination to reduce the dissociation energy of the C,romatic—C,, bond which is
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Introduction

With the depletion of fossil fuels as a source of fuels, chemicals,
and energy, the fraction of energy and chemicals provided by
renewable resources such as biomass can be expected to
increase in the foreseeable future.'® As the second most
abundant form of biomass, the valorization of lignin has
attracted more and more attention.*”

Lignin consists of three main parts: methoxy groups,
aromatic nucleus, and side chains.**° The depolymerization of
lignin into small molecular compounds by breaking the C-C
bond and C-O bond is an important strategy to realize lignin
transformation. Substantial progress has been made in C-O
bond cleavage of lignin model compounds and native
lignin."*** However, the catalytic activation of C-C bonds
remains an unmet challenge due to their intrinsic inertness and
ubiquity.'”*® So far, catalytic oxidation of lignin has been one of
the most widely used methods to obtain oxygen-containing
valuable compounds by breaking the interunit C-C linkages
of lignin."?® One strategy to achieve oxidative cleavage of the
C,~Cg bond involves the initial oxidation of C,-OH to C,=O
which reduces the bond dissociation energy followed by C,~Cg

“Beijing National Laboratory for Molecular Science, CAS Key Laboratory of Colloid and
Interface and Thermodynamics, CAS Research/Education Centre for Excellence in
Molecular Sciences, Institute of Chemistry, Chinese Academy of Sciences, Beijing
100190, China. E-mail: liuhz@iccas.ac.cn

*School of Chemistry and Chemical Engineering, University of Chinese Academy of
Sciences, Beijing 100049, China

‘State Key Laboratory of Catalysis (SKLC), Dalian National Laboratory for Clean
Energy (DNL), Dalian, China

t Electronic supplementary information (ESI) available: Tables S1 and S2, and
Fig. S1-S15. See DOI: 10.1039/d1sc05231d

15110 | Chem. Sci., 2021, 12, 15110-15115

p-coumaric acid monomer in the presence of industrially available dimethylamine (DMA).

cleavage to generate acid or aldehyde products.”** Another
strategy for oxidative cleavage of the C,-Cg bond is the initial
selective oxidation of C,~OH to an aldehyde, followed by a retro-
aldol reaction.*** Additionally, Caromatic—C,, bond cleavage can
also be realized via oxidative decarboxylation or Baeyer-Villiger
(BV) oxidation.””*® Although some fine chemicals, such as
aromatic aldehydes and acids, have been produced from lignin
or its platform compounds by oxidation reaction via cleavage of
the C-C bond, the side chains were usually oxidized to CO,,
which thus reduces the atom economy of lignin. In addition,
some relevant studies on C-C bond activation in lignin by using
electrocatalytic methods have been published.”*** Recently, it
was reported that zeolites showed remarkable performance in
the selective elimination of the alkyl group, generating phenol
and propylene as desired products, which achieved the utiliza-
tion of the aromatic nucleus and side chains in lignin.*** So,
there are two important issues to realize the valorization of
lignin: (1) developing effective strategies to achieve the breakage
of C-C bonds; (2) transforming the aromatic nucleus and side
chains in lignin to valuable compounds to improve the atom
economy.

Herbaceous lignin is an important non-edible biomass
which contains two specific important monomers, namely p-
coumaric acid and ferulic acid (Fig. S11).”® The remarkable high
content of p-coumaric acid was discovered and p-coumaric acid
units could account for 63.61 per 100 aromatic rings in some
herbage.*® Moreover, p-coumaric acid with 99.5% purity could
be tailored from corn GVL-lignin in a recent report.*” The
selective transformation of methoxy groups in lignin has been
reported to produce acetic acid.®® It is attractive and reasonable
to regard side chains in lignin as the ethyl donor to generate
valuable compounds. Phenols are important commodity

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chemicals with a broad range of applications, such as in
producing resin, bisphenol A and pharmaceuticals.***°
Currently, phenol is petrochemically produced in industry by
a cumene process. Utilization of the renewable lignin fraction
as a raw material to produce phenols can liberate us from our
reliance on fossil resources.® Several research studies have been
conducted to obtain phenol or catechol from lignin and its
monomers,'”** while the conversion of side chains in lignin is
not considered during these transformations. For example, it
has been reported that catechol could be prepared from bio-
renewable ferulic acid and its derivatives via Brgnsted acid-
catalyzed defunctionalization while side chains are lost.** N,N-
Dimethylethylamine is an important intermediate mainly used
in the production of pharmaceuticals, pesticides and other
organic chemicals. The production of N,N-dimethylethylamine
from lignin has not been reported.

Herein, we proposed a novel strategy to enhance the
Caromatic—Co, bond cleavage by pre-functionalization with amine
sources. Phenols and N,N-dimethylethylamine compounds
were produced from herbaceous lignin and the p-coumaric acid
monomer in the presence of industrially available DMA
(Scheme 1). First, the p-coumaric acid monomer was decar-
boxylated to 4-vinylphenol, which then reacted with DMA to
form an active amine intermediate via Markovnikov hydro-
amination. The Cgromatic—Csp* bond was transformed into
a Caromatic-Csp* (-N(CH;)) bond and the bond dissociation
energy reduced from 124 kcal mol " to 97 keal mol " during the
process. The active amine intermediate was converted to phenol
and N,N-dimethylethylamine compounds via C,romatic—Csp?
(-N(CH3)) bond cleavage. The yields of phenol and N,N-dime-
thylethylamine could be up to 89.3% and 85.2%, respectively.
This strategy provides a method to achieve the maximum
utilization of the aromatic nucleus and side chains in lignin or
its platform molecules.

Results and discussion

p-Coumaric acid, featuring carbon-carbon double bond groups,
is present in abundance in herbaceous lignin.**** We
commenced our investigation using p-coumaric acid as a model
substrate. Phenol and N,N-dimethylethylamine were produced
in the presence of DMA and their yields were strongly depen-
dent on the dosage of DMA. With the increased addition of
DMA, the yield of 4-ethylphenol decreased while the production
of phenol increased, indicating that a high DMA dosage favors
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Scheme 1 The transformation of lignin monomers into phenols and
N,N-dimethylethylamine.
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the formation of phenol. The conversion and yields of phenol
and N,N-dimethylethylamine were very low when the mole
ratios of DMA and p-coumaric acid were 4 and 8, which sharply
increased to 77.8% and 70.9%, respectively, when the mole ratio
of DMA and p-coumaric acid increased to 20. The yields of
phenol and N,N-dimethylethylamine could reach 89.3% and
85.2%, respectively, when the mole ratio of DMA and p-cou-
maric acid was 40 (Table 1, entries 1-4; Fig. S2-1071). However, p-
coumaric acid was mainly converted to 4-ethylphenol in the
absence of DMA at 473 K for 1 h with only 14.5% conversion
(Table 1, entry 8). It was found that the optimized reaction
temperature was 473 K. The decrease of reaction temperature
from 448 K to 423 K resulted in a sharp decline in conversion
and product yields. Nevertheless, the yields of phenol and N,N-
dimethylethylamine at 473 K and 498 K were nearly the same.
For all the reactions, the yield of N,N-dimethylethylamine is
slightly lower than that of phenol, probably due to its high
volatility.

The amine source is not limited to DMA. Other amines, such
as primary alkylamines, secondary alkylamines, cyclic amines
and aniline, could also afford the transformation of p-coumaric
acid to phenol and N,N-dimethylethylamine (Table S17). The
final products are all phenol and N,N-dimethylethylamine in
the presence of different amines since all amine sources could
react with DMF by transamidation reaction, producing a large
amount of DMA with stronger basicity and nucleophilicity.
Furthermore, the transamidation reaction occurred prior to the
target reaction. Notably, amines with stronger nucleophilic and
basicity favor the production of phenol and N,N-dimethyle-
thylamine, due to the rapid transamidation reaction resulting
in rapid DMA production. In addition, cyclic amines were less
reactive than aliphatic amines. Aniline afforded the lowest
yields of phenol and N,N-dimethylethylamine due to its weakest
nucleophilicity and basicity. In addition, the conversion of p-

Table 1 Variations of reaction temperature and the amount of DMA
for the reaction®

OH .

H
N (
= 0 N,
H0+DMF 2N
no Ar HO HO
2 3 4

1

Yield [%]

DMA : substrate Conv.

Entry T[K] [mol/mol] [%] 2 3 4

1 473 4 26.4 7.3 17.2 3.2

2 473 8 34.5 21.2 11.3 14.7
3 473 20 95.2 77.8 14.9 70.9
4 473 40 >99 89.3 6.2 85.2
5 423 40 171 11.6 2.8 4.7

6 448 40 78.2 71.7 4.5 69.2
7 498 40 >99 83.1 5.7 80.4

473 0 14.5 0.7 12.1 Trace

¢ Reaction conditions: 0.6 mmol substrate, 40 wt% DMA in water (0-2.5
g), 1.5 mL DMF, 1 MPa Ar, 1 h.
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coumaric acid is increased 52.1% in the presence of ammonia,
and the alkylamine product is still N,N-dimethylethylamine
(Table S21). The reason is that the presence of ammonia
enhanced the decomposition of DMF to produce dimethyl-
amine, which further reacted with p-coumaric acid to generate
target products.

To understand the reaction mechanism, control experiments
were studied to identify the key intermediates. The trans-
formation of p-coumaric acid in the presence of water, DMA and
DMF was performed at 448 K and trace amounts of 4-vinyl-
phenol (1c) and 4-(1-(dimethylamino)ethyl)phenol (5) as inter-
mediates were detected during the reaction process (Fig. S117).
Furthermore, the reactivity of other possible reaction interme-
diates was checked (Scheme 2). 4-Propylphenol (1a) was not
reactive since the Cyromatic—Csp* bond with no amine function-
alization could not be directly broken in the reaction system.
The decarboxylation reaction could not occur for the substrate
3-(4-hydroxyphenyl)propanoic acid (1b), indicating that the
presence of a conjugated double bond is crucial to the decar-
boxylation. 4-Vinylphenol (1c) could be transformed into
phenol and N,N-dimethylethylamine with yields of 93.5% and
89.6%, respectively. To confirm the Markovnikov or anti-
Markovnikov hydroamination product as the reactive amine
intermediate, 1d and 1e were used as substrates to perform the
reaction. 4-[2-(dimethylamino)ethyl]phenol (1e) also
nonreactive, while 4-(1-aminoethyl)phenol (1d) could be effi-
ciently transformed into phenol with 83.1% yield. Based on the
experimental results and related knowledge from the literature,
a possible pathway of this reaction was proposed, which is
shown schematically in Fig. 1.

Initially, the substrate, p-coumaric acid (1), was transformed
into 4-vinylphenol (1c) by decarboxylation.** Then, two parallel
routes exist in the following process. One is the hydrogenation
of carbon-carbon double bonds in 4-vinylphenol to produce 4-
ethylphenol as a by-product (3). The other route involves the
Markovnikov hydroamination of 4-vinylphenol to generate 4-[1-
(dimethylamino)ethyl]phenol (5), followed by the scission of
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Scheme 2 Control experiments. Reaction conditions: 0.6 mmol
substrate, 40 wt% DMA in water (2.5 g), 1.5 mL DMF, 473 K, 1 MPa Ar,
1h
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Fig. 1 Proposed reaction mechanism.

a Curomatic—C, bond to form final target compounds with H,O
and/or DMF as the hydrogen donors. During the reaction
process, anti-Markovnikov hydroamination of 4-vinylphenol
didn't occur since no 4-[2-(dimethylamino)ethyl]phenol (1e) was
detected. The bond dissociation energy (BDE) of Caromatic—Co, i
4-~vinylphenol was found to be 124 kecal mol ', which reduced to
97.1 kcal mol™' in 4-1-(dimethylamino)ethyl]phenol (5)
(Fig. S127), suggesting that the Markovnikov C-N formation
promoted the cleavage of the C,romatic—C,, bond.

To further explore the role of DMA except as the reactant
during the reaction, the reactivity of 4-(1-aminoethyl)phenol
(1d) in the presence or absence of DMA was checked. The results
showed that the yield of phenol was only 5.3% and sharply
increased to 85.3% in the presence of DMA (Fig. S137), indi-
cating that DMA promoted the cleavage of carbon-carbon
bonds in the intermediate 1d.

It should be mentioned that CO, and H, were detected in the
gaseous products after reaction (Fig. S14t). To confirm the
hydrogen donor for the scission of the Ciromatic—C, bond,
controlled experiments for the transformation of 4-(1-amino-
ethyl)phenol (1d) were performed in the presence of deuterated
water (D,0) (Fig. S15-177), and C¢H,DOD (m/z = 96) was
detected. However, C4HsOD (m/z = 95) was formed because of
hydrogen-deuterium exchange when phenol was treated under
the reaction conditions in the presence of D,0. These results
reveal that water is the hydrogen donor for the cleavage of the
Caromatic-Co. bond. Moreover, *0=C = 0 (m/z = 46) was
observed in the gaseous product after the reaction with 4-
vinylphenol (1c) as a substrate when H,"®0 was added in the
reaction system (Fig. S18t). During the reaction process, DMF
reacted with H,O to produce DMA, CO, and H,. However, the
yield of the product was very low when DMA is absent from the
starting material because of the vital role of the sufficient
amount of DMA and the basic environment in the reaction
(Table 1, entry 8).

DMF could facilitate the decarboxylation reaction,*” which is
the first step in the conversion of p-coumaric acid into phenol
and N,N-dimethylethylamine. The effect of DMF dosage in water
on the product distribution was investigated (Table S31). In the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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absence of DMF, only 54.3% yield of phenol was obtained and
no N,N-dimethylethylamine was produced. Furthermore, no
CO, was detected in the gaseous products, indicating that
decarboxylation reaction didn't occur in the absence of DMF
(Fig. S19t). The introduction of DMF in water obviously
enhanced the yields of phenol and N,N-dimethylethylamine.
However, the effect of DMF dosage on the product distribution
from 0.5 to 1.5 mL is negligible.

The reactivity of other lignin derivatives with carbon-carbon
double bonds and phenolic hydroxyl/methoxy groups was also
checked under the optimal reaction conditions (Table 2).
Interestingly, 4-methoxystyrene (1f) could also be transformed
into phenol and N,N-dimethylethylamine with a satisfactory
yield, indicating that the methoxy groups could be hydrolyzed to
phenolic hydroxyl groups in this reaction system. Anethole (1g)
can be converted to phenol and N,N-dimethylpropylamine with
86.9% and 83.1% yields, respectively. 3-(4-Methoxyphenyl)
acrylic acid (1h) afforded 89.2% and 85.2% yields of phenol and
N,N-dimethylpropylamine in 4 h. The effect of reaction time on
the transformation of 3-(4-methoxyphenyl)acrylic acid was
conducted to further confirm the reaction route (Fig. S207t). It
was shown that 4-methoxystyrene (1f) and 4-vinylphenol (1c) are
key reaction intermediates, which further confirmed that
decarboxylation is the first step in the cascade reaction. In
addition, the position of the methoxy group in the aromatic
rings had a significant effect on the reactivity of the substrate.
>99% conversion of 3-(2-methoxyphenyl)acrylic acid (1i) could
be obtained and the yield of phenol and N,N-dimethylethyl-
amine could reach 95.4% and 90.6%, respectively. Unfortu-
nately, no phenol or N,N-dimethylethylamine was detected for
the transformation of 3-(3-methoxyphenyl)acrylic acid (1j). A
possible reason may be that the methoxy group in the m-posi-
tion didn't activate the Caromatic atom in the Cyromatic—Csp> bond.
Moreover, 4-vinylphenyl acetate (1k) could also be converted
into targeted compounds with high yields, meaning that ace-
toxy functional groups could be hydrolyzed to phenolic hydroxyl
groups. Considering that p-coumaric acid mainly exists in
native lignin in its ester forms, we checked the reactivity of
methyl 3-(4-hydroxyphenyl)acrylate (11), which could be trans-
formed into phenol and N,N-dimethylethylamine with yields of
86.1% and 87.8%, respectively. 2-Methoxy-4-vinylphenol (1m)
afforded catechol with yields of only 66.4%, while the yield of
alkylamine could reach 82%. The instability of catechol in DMA
aqueous solution resulted in lower yield of catechol. Addition-
ally, ferulic acid (1n), an important structural unit in herba-
ceous lignin, could be converted to catechol with 58.8% yield
and N,N-dimethylethylamine with 79.2% yield.

Inspired by the results obtained from the experiments with
lignin derivatives, we applied the methodology to the conver-
sion of bamboo lignin containing a substantial number of p-
coumaric acid and ferulic acid units. The structure of bamboo
lignin was determined from 2D HSQC NMR spectra (Fig. S207).
Interestingly, 4 wt% phenols and 3.6 wt% N,N-dimethylethyl-
amine were obtained. Furthermore, the disappearance of the p-
coumaric acid, ferulic acid and methoxy group peaks in the 2D
HSQC NMR spectra after reaction confirmed the successful
transformation of bamboo lignin. For real lignin, the yields of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The transformation of different lignin derivatives®

"°]© 4 H
+ or
N PN

D/\/ H,0+DMF /©
2 6 4 7
[o]
o o~ g
i ? ?
1f: 91.7% 2 1g: 86.9% 2 1h: 89.2% 2
93.4% 4 83.1% 7 85.2% 4

Conv.: >99% Conv.: >99% Conv.: >99%
|
[o)

o~ 0 « Q 0 O/\
o~ o A
1i: 95.4% 2 1j: 0% 2 1k: 89.4% 2
90.6% 4 0% 4 87.1% 4
Conv.: >99% Conv.: >99% Conv.: >99%
[0] | | 0]
HO HO HO
1l: 87.8% 2 1m: 66.4% 6° 1n: 58.8% 6°
86.1% 4 82.0% 4 79.2% 4

Conv.: >99% Conv.: >99% Conv.: >99%

“ Reaction conditions: 0.6 mmol substrate 40 wt% DMA in water (2.5 g),
1.5 mL DMF, 473 K, 1 MPa Ar, 4 h. ? Reaction conditions: 0.6 mmol
substrate, 40 wt% DMA in water (1.5 g), 1 g water, 1.5 mL DMF, 473
K, 1 MPa Ar, 4 h.

target products are not too high, which was ascribed to the
natural recalcitrance and complexities of lignin. In the catalytic
system, two specific important monomers, namely p-coumaric
acid and ferulic acid, were first tailored through the quick
hydrolysis of the ester bonds. Then, the two monomers were
transformed into target chemicals. However, the rest of the
lignin fraction may be re-polymerized.

Conclusions

In summary, we have proposed a novel strategy to cleave
Caromatic—Co, bonds, which involves pre-functionalization of the
C,, with amine and then cleavage of C,omatic—C, bonds. This
new strategy has been successfully applied in the selective
transformation of lignin platform chemicals, and both aromatic
rings and side-chains are transformed into valuable chemicals
with high yields. Further research demonstrated that the reac-
tion pathway involves the initial decarboxylation of p-coumaric
acid into 4-vinylphenol, followed by Markovnikov hydro-
amination of 4-vinylphenol with DMA to give the active amine
intermediate, and the final scission of the C,omatic—C., bond in
the amine intermediate. We believe that the new method to
cleave Cg,romatic—C, bonds has wide application in exploring
efficient organic reactions, and the strategy of simultaneously
transforming aromatic rings and side-chain moieties in lignin
platform molecules into corresponding valuable chemicals with

Chem. Sci., 2021, 12, 15110-1515 | 15113
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high yields has promising potential for application in valori-
zation of lignin.

Experimental section
Preparation of bamboo lignin

The bamboo lignin was prepared as follows.** Bamboo was mil-
led for 1 h at 450 rpm in a planetary ball mill (Fritsch GMBH,
Idar-Oberstein, Germany). The ball-milled wood (5.0 g) was then
suspended in acetate buffer (0.05 mol L', 100 mL, pH 4.8), with
the loading of 100 FPU cellulase (Celluclast 1.5 L) and 100 FPU B-
glucosidase (Novozyme 188). The reaction mixture was incubated
at 50 °C in a rotary shaker (150 rpm) for 48 h. After enzymatic
hydrolysis, the residue was collected by centrifugation and
washed with acidified water (pH 2) followed by freeze-drying. The
residues were then treated with 0.05 M HCI in acidic dioxane-
water (85 : 15, v/v) at 86 °C under a nitrogen atmosphere for 2 h.
The resulting mixture was filtered and the filtrate containing
lignin was collected. The solid residue was washed with fresh
dioxane-water (85 : 15, v/v) until the filtrate became clear. The
filtrate and washings were combined and then neutralized with
solid sodium bicarbonate. The neutralized solution was
concentrated and finally precipitated in a large quantity of acid-
ified water (10 volumes, pH 2). The precipitated lignin was
collected by centrifugation and freeze-dried under high vacuum.
To remove the carbohydrate remaining in the lignin, the lignin
was dissolved in 90% acetic acid (20 mL), and then the lignin
solution was dropped into 10 volumes of acidic water (pH 2)
producing a lignin precipitate. The precipitated lignin was
washed with acidified water several times and then freeze-dried.

Catalytic performance

Typically, the reaction of p-coumaric acid with dimethylamine
(DMA) was conducted in a 10 mL Teflon-lined stainless-steel
autoclave. p-Coumaric acid (0.1 g, 0.6 mmol), DMF (1.5 mL)
and 40 wt% DMA aqueous solution (2.5 g) were transferred into
the autoclave. The reactor was charged to 1 MPa Ar pressure. The
reaction was then performed at 473 K under magnetic stirring for
1 h. After reaction, the autoclave was quenched in an ice-water
bath to room temperature. The liquid solution was analyzed
qualitatively by GC-MS (Agilent, 5977A) and Nuclear Magnetic
Resonance (NMR) and quantitatively with a GC equipped with
a flame ionization detector (FID, Agilent, 4890D) using 1,4-
dioxane as the internal standard. Conversion of p-coumaric acid
and yield of products were calculated by using the equations

p-Coumaric acid conversion = (moles of reacted p-coumaric acid)/
(moles of starting p-coumaric acid) x 100%

Phenol yield = (moles of phenol)/(moles of starting p-coumaric
acid) x 100%

N,N-Dimethylethylamine yield = (moles of N,N-
dimethylethylamine)/(moles of starting p-coumaric acid) x 100%

1514 | Chem. Sci,, 2021, 12, 15110-15115
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