7 ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online

View Journal | View Issue

Cleavage of ethers and demethylation of lignin in
acidic concentrated lithium bromide (ACLB)
solutiont

’ '.) Check for updates ‘

Cite this: Green Chem., 2020, 22,
7989

Zheng Li, ©? Eka Sutandar,? Thomas Goihl,? Xiao Zhang @ ° and Xuejun Pan (2 *?

The methoxyl group is the most abundant functional group of lignin and affects the properties, reactivity,
and application of lignin. Efficient demethylation is always of interest in the area of lignin chemistry and
application. This study demonstrated a new method for cleaving ether compounds and demethylating
lignin in acidic concentrated lithium bromide (ACLB) solution under mild conditions. It was found that the
ACLB system could universally cleave ether compounds except for diaryl ethers. The study on lignin
model compounds (creosol, syringol, and 1,2,3-trimethoxybenzene) verified that ACLB could demethylate
them to corresponding phenols. Four real lignin samples produced from various sources by different
methods were also efficiently demethylated by 69-82% in ACLB. The lignin demethylation resulted in
more phenolic hydroxyl groups, which benefits some downstream applications of lignin. This study also
provided new insights into the cleavage of the ether bonds in lignin. In addition to the methyl-aryl ether
bond, ACLB could cleave other ether bonds of lignin in p-O-4, B-5, and p-f structures except for the
4-0-5 bond in the diphenyl structure. The ether bonds were cleaved via the Sy2 substitution except for
the B-O-4 bond, which was primarily cleaved via the benzyl cation and enol ether intermediates, leading
to Hibbert's ketones. Some of the 3-O-4 structures were transformed into benzodioxane (BD) structures,
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Introduction

The valorization of lignin to high-value products has been chal-
lenging due to the complicated structure and unsatisfactory reac-
tivity of lignin, which is built up from the C9 units including
coniferyl alcohol (G) with one methoxyl group, sinapyl alcohol
(S) units with two methoxyl groups, and p-coumaryl alcohol (H)
with no methoxyl substituent."™ The content and structure of
lignin vary among different taxonomic groups, cell types, and
even layers of the plant cell wall and are greatly influenced by
developmental and environmental cues.®* With few exceptions,
angiosperm (hardwood) lignin typically consists of S and G units
with a trace of H units, while gymnosperm (softwood) lignin
contains almost exclusively G units along with a small amount
of § and H units.”® Herbage (grass) lignin usually possesses
more H units than wood lignin.* These units are interlinked
mainly via carbon-carbon (C-C) and ether (C-O-C) bonds,
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which were stable in the ACLB system.

including 5-5 (biphenyl), p-5 (phenylcoumaran), p-f (resinol),
and p-1 (1,2-diarylpropane), and $-O-4 (B-aryl ether) and 4-O-5
(diphenyl ether), respectively.” When lignin is isolated from the
plant cell wall, its structure changes, dependent on the chemi-
cals and reaction conditions involved in the lignin isolation. For
example, milled wood lignin (isolated by finely grinding the
plant cell wall followed by solvent extraction) and enzymatic
lignin (isolated by enzymatic removal of carbohydrates followed
by purification) maintain lignin structures relatively intact, while
the lignins isolated by the chemical processes (such as pulping
and pretreatment) using alkalis, acids, and organic solvents at
high temperature lose most of their f-O-4 bonds and obtain new
condensation structures (C-C linkages).”

Lignin has multiple functional groups including methoxyl,
aromatic hydroxyl, aliphatic hydroxyl, carbonyl, and carboxyl
groups, which affect the properties and reactivity of lignin. The
quantity of the functional groups is determined by the source
and isolation method and condition of the lignin. The methoxyl
group (OMe) is the most abundant function group in lignin,
counting for up to 24% in lignin and 6% in whole wood.
Methoxyl groups are critical to the properties, reactivity, and
application of lignin. For example, since lignin units without
methoxyl groups are easier to couple each other to form interu-
nit C-C bonds,"" the lignin with a high content of methoxyl
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groups, such as hardwood lignin, usually has a low density of
interunit C-C linkages, and such lignin is easier to be depoly-
merized."” Fewer C-C linkages lead to the higher mobility of
lignin molecules and therefore lower glass transition tempera-
ture."® Methoxyl groups help stabilize phenoxyl radicals, which
contributes to the antioxidant capacity of lignin.'**® On the
other hand, demethylation (converting methoxyl to a phenolic
hydroxyl group) can improve lignin reactivity toward cross-
linking, degradation, and other modifications. For example, de-
methylated lignin had a higher reactivity in lignin-based pheno-
lic resins, resulting in a stronger binding strength and a lower
formaldehyde emission.’®° Demethylated lignin showed a
higher adsorption capacity of heavy metals.>" It was reported
that the demethylation favored the opening of the lignin
benzene ring during biological degradation®*! and could
promote the Fenton reaction in lignin biodegradation by rot
fungi.”®> Demethylated lignin was a more reactive precursor for
the production of polyphenols.>® The methyl group cleaved
from lignin could be selectively converted to acetic acid over
RuCl; in the presence of CO and H,0.?” Besides, demethylation
is a key step to produce dimethyl sulfoxide from lignin.***°

The demethylation of lignin, which cleaves the stable ether
bond between the benzene ring and methyl group, usually
requires special reagents (mostly toxic, expensive, and
unstable) and/or harsh conditions (such as high temperature
and strong acidity).>>*' For example, molten pyridine hydro-
chloride is a classic reagent for cleaving the aryl methyl ether
at a temperature as high as 200 °C.*> Concentrated HBr and HI
can selectively demethylate lignin, which have been used for
quantitating the methoxyl group of lignin.****7* Iodic
reagents such as iodocyclohexane and trimethylsilyl iodide are
also effective for the demethylation.?*"*° Besides, BBr; and All,
can demethylate lignin and lignin model compounds at or
below room temperature.*®*

The present work thus aimed at developing a new method for
lignin demethylation under mild conditions using an acidic con-
centrated lithium bromide (ACLB) solution. This system was first
introduced in our previous studies for the fractionation and sac-
charification of raw biomass and quantitation of lignin.****
With low-concentration acid (0.04-0.3 mol L™" or 0.1-1 wt% HCI
or HBr) as a catalyst, the ACLB system was able to effectively
cleave f-aryl ether (B-O-4), and NMR evidence indicated that the
a-0-4 ether bond in phenylcoumaran (f-5) and the a-O-y ether
bond in resinol (f-B) were partially cleaved.**™*° It was confirmed
that the cleavage of the -O-4 ether bond was completed via the
Br~ and H' promoted benzyl cation and enol ether intermedi-
ates, leading to the formation of Hibbert’s ketones, and some of
the benzyl cations transformed to a benzodioxane (BD) struc-
ture.”® However, the mechanisms of BD formation and the clea-
vage of the ether bonds in phenylcoumaran and resinol had not
been clearly and sufficiently addressed.

Inspired by the observations above from the previous
studies that the ACLB system can cleave the ether bonds in
lignin, we hypothesized that the ACLB system could be devel-
oped into a new method for cleaving regular ether compounds
under milder conditions. In particular, we were interested in
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establishing a new method based on the ACLB system for
lignin demethylation to produce phenolic hydroxyl-rich lignin
for downstream lignin application. In addition, we wanted to
revisit the cleaving mechanisms of the ether bonds of lignin in
the ACLB system. Herein, we first tested the ACLB system for
cleaving different types of ether compounds and demethyl-
ating lignin model compounds with different numbers of
methoxyl groups. We then carefully investigated the demethyl-
ation of a real lignin, ethanol poplar lignin (EPL), in the ACLB
system. Three other real lignin samples including hardwood
kraft lignin (HKL), corn stover lignin (CSL), and ethanol lodge-
pole pine lignin (ELPPL) were also tested to verify the applica-
bility of the ACLB system for lignin demethylation. The mecha-
nisms of the cleavage of the ether bonds in lignin and the for-
mation of BD in the ACLB system were revisited and clarified
based on the new findings from the present study.

Experimental
Materials

All chemicals were used as received. Creosol (98%), syringol
(99%), pyrogallol (99%), and pyridine (99%) were purchased
from Alfa Aesar. 1,2,3-Trimethoxybezene (98%) was purchased
from Frontier Scientific. LiBr (99%), Na,SO, (99%), NaCl (99%)
and deuterated DMSO (99%) were purchased from Sigma-
Aldrich. Tetrahydrofuran (THF, HPLC grade) was purchased
from Fisher Scientific. HBr (48%) was provided by Honeywell.
HCI (37%) was provided by Mecron. Acetic anhydride was pur-
chased from MP Biochemicals. 4-Nitrobenzaldehyde (98%) was
purchased from Ark Pharm. Deuterated chloroform (99.75%,
contained 1 v/v% of TMS) was from Acros Organics. Hardwood
Kraft lignin (HKL) was supplied by Westvaco (New York, NY).
Corn stover lignin (CSL) was extracted using NaOH from the
corn stover residue after furfural production from hemicellulose
followed by enzymatic hydrolysis of cellulose to glucose for
ethanol. The extracted CSL was precipitated with acid, washed
to neutral, and then freeze-dried. The preparation and pro-
perties of ethanol lodgepole pine lignin (ELPPL) and ethanol

poplar lignin (EPL) were described in our previous studies.'**”

Experimental approaches

Cleavage of ether compounds and demethylation of lignin
model compounds in the ACLB system. In a typical reaction,
6.1 g LiBr and 3.9 g water were mixed in a round-bottomed
glass flask with a PTFE stirring bar and a reflux condenser.
The mixture was stirred for 2 min until LiBr was fully dissolved
to give a colorless solution. An ether or lignin model com-
pound (0.1 g) was added to the solution followed by the
addition of 1 mL concentrated HBr (1.48 g, 48%). The final
LiBr concentration was 53%. The mixture was then heated in
an oil bath to the reaction temperature. After the reaction, the
mixture was cooled in ice water and extracted with ethyl
acetate (10 mL for 3 times). About 10 mL brine was added to
the water phase to increase the extraction efficiency. The
organic phases were combined and washed with 10 mL brine

This journal is © The Royal Society of Chemistry 2020
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to remove the remaining HBr in the organic phase, and then
weighed and stored for further analysis.

Demethylation of lignin in the ACLB system. In a typical
reaction, 6.1 g LiBr and 3.9 g water were mixed in a round-bot-
tomed glass flask with a PTFE stirring bar and a reflux conden-
ser. The mixture was stirred for 2 min until LiBr was fully dis-
solved to give a colorless solution. The lignin sample (0.5 g)
was added to the solution followed by the addition of 1 mL
concentrated HBr (1.48 g, 48%). The final LiBr concentration
was 53%. The mixture was then heated in an oil bath to the
reaction temperature. For reactions conducted at high temp-
erature (120 °C), lignin and ACLB were introduced into a
sealed reactor with a PTFE liner and a stirring bar. The reactor
was then heated to the temperature within 30 min in an oil
bath. After the reaction, the mixture was cooled in ice water
and filtered on a glass Biichner funnel. The collected de-
methylated lignin was washed with deionized water until the
filtrate was neutral. The solid was then dried in a lyophilizer
overnight and weighed for calculating mass recovery.

The theoretical mass loss induced by the demethylation of
ArOCHj; to ArOH was calculated using eqn (1).

Mass loss (0/0 ) = (COriginal oMe — CoMe afterdemethylation)><
(31 —17)gmol ™ + 1000 x 100%

where Coriginal ome 15 the OMe content in original lignin (mmol
g¢™") calculated by the integration of the corresponding 'H
NMR signal; Come after demethylation 1S the OMe content in the de-
methylated lignin (mmol ¢~ lignin) that was also calculated
by 'H NMR signals; 31 is the formula weight of the OMe
group; 17 is the formula weight of the OH group.

GC-MS analysis. The demethylation products from model
compounds were analyzed on a Shimadzu GC2010-QP2010S
GC-MS instrument equipped with an Rtx-5MS column (30.0 m
% 250 pm x 0.25 pm). The following temperature program was
used in the analysis: at 40 °C for 2 min, heated to 220 °C at a
rate of 10 °C per min, and then at 220 °C for 2 min. The
carrier gas was He at a flow rate of 1.34 mL min ™", and the
split ratio was 1:20. Mass spectra ranging from m/z = 50-550
were obtained using electron impact ionization (EI). The con-
centration of the products was calculated using the external
standard method in the software of GC-MS. The yield of the
products was calculated using eqn (2).

(Cproduct X Morganic phase ) /Mproduct

Yproduct = x 100%  (2)

Mgubstrate /Msubstrate
where Yproqucr is the yield of the product; cproduc is the GC-MS
detected concentration of the product in the organic phase; m,,.
ganic phase 1S the mass of ethyl acetate solution after the extrac-
tion; Mproduct is the molecular weight of the product; msypstrate 15
the mass of the starting material; Mgypserate 1S the molecular
weight of the starting material. The external method was also
used for the quantitation of anisole, phenetole, diphenyl ether,
and their demethylation/dealkylation products.

GC analysis. The semi-quantitation of diethyl ether, dibutyl
ether, THF, dioxane, and their dealkylation products was con-
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ducted on a Shimadzu GC2014 GC instrument equipped with
a flame ionization detector and an Rtx-5 column. The follow-
ing temperature program was used in the analysis: at 40 °C for
2 min, heated to 220 °C at a rate of 10 °C per min, and then at
220 °C for 2 min. The carrier gas was N, at a flow rate of
1.0 mL min~", and the split ratio was 1: 20. The concentration
of a product was semi-quantitated by the internal standard
method with hexane as an internal standard based on the fol-
lowing eqn (3):
Cproduct = Sproduct X Chexane (3)
Shexane
where cproduce is the concentration of the product in ethyl
acetate after the extraction; Sproquee iS the signal area detected
by GC; Chexane is the concentration of hexane in ethyl acetate
after the extraction; Shexane iS the signal area of hexane
detected by GC. The conversion and yield of diethyl ether,
dibutyl ether, THF, dioxane, and their dealkylation products
were calculated using the same method.

NMR analysis. The original and demethylated lignin
samples were acetylated before NMR analysis to convert the
ArOH and AIKOH groups to phenolic and alkyl acetates,
respectively. In brief, 0.1 g lignin sample and 1 mL pyridine
were mixed in a glass vial with a PTFE stirring bar. The
mixture was stirred for 10 min, and lignin was fully dissolved
in pyridine, giving a viscous dark liquid. Acetic anhydride
(1 mL) was then added dropwise to the vial. The mixture was
stirred at room temperature in the dark for 72 h. After acetyl-
ation, the black oily mixture was added dropwise to dilute HCI1
(1 mL concentrated HCI in 100 mL water). The solution was
then filtered on a glass Biichner funnel and a yellow to brown
solid was collected. The acetylated lignin sample was then
dried in a lyophilizer overnight and stored for further analysis.

The contents of OMe, ArOH, and AIkOH in lignin were
quantitated using "H NMR with 4-nitrobenzaldehyde as an
internal standard. In brief, about 5-10 mg 4-nitrobenzalde-
hyde and 10-15 mg acetylated lignin were fully dissolved in
0.5 mL CDCl;. "H NMR spectra were recorded on a Bruker AV
111 500 MHz spectrometer (Billerica, MA) with an operating fre-
quency of 500 MHz. The data were processed using
MestReNova desktop NMR data processing software (version
11.0.4). The phase and baseline in all the spectra were cor-
rected automatically before integration. The contents of OMe,
ArOH, and AIKOH were calculated using eqn (4)-(6):"*

F_ome (mmolg™ " of lignin) =

14.10-3.10 ppm « 2 MaNBA 1000
3 Linpaatsaoppm 151 (4)
Mlignin — I 50-1.70 ppm % 2 % MyNBA % 42
3 IyNBAat 8.40 ppm 151
Faron (mmolg ™! of lignin) =
15 50-2.17 ppm y 2 MaNBA 4000
3 Linpaatgaoppm 151 (5)
Miignin — 15 50-1.70 ppm % 2 % MyNBA « 42
3 Is-NBAat8.40 ppm 151
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Fairon(mmolg ~* of lignin) =

I17-1.70 ppm 2 M4-NBA
X A %1000
3 14-NBA at 8.40 ppm 151 (6)
I50-1.70 ppm 2 MaNBA
Mg — X X TANBA 5 4D
lignin 3 Iy-NBA at 8.0 ppm 151

where F is the content of the functional groups; I is the inte-
gration of protons of the functional groups (§ 4.10-3.10 ppm
for MeO, § 2.50-2.17 ppm for the acetyl group corresponding
to ArOH, and ¢ 2.17-1.70 ppm for the acetyl group corres-
ponding to AIkOH, respectively); 3 is the number of protons of
acetyl and methoxyl groups; 2 is the number of protons of the
signal of 4-nitrobenzaldehyde at § 8.44-8.34 ppm; m4.npa is the
weight of 4-nitrobenzaldehyde; 151 is the formula weight of
4-nitrobenzaldehyde; mjignin is the weight of the acetylated
lignin (mg); I,.5-1.7 is the integration of protons of total acetyl
groups corresponding to ArOH and AlkOH (6 2.50-1.70 ppm);
42 is the formula weight of acetyl group minus one (43 — 1).

For the collection of HSQC spectra, about 50 mg unacety-
lated lignin was fully dissolved in 0.5 mL DMSO-Dg. The
samples were analyzed on a Bruker AV III 500 MHz spectro-
meter equipped with a DCH (**C-optimized) cryoprobe
(Billerica, MA). The test was conducted at 25 °C with Bruker’s
standard hsqcetgpsisp 2.2 pulse program (acquisition times
200 ms and 8 ms in 'H and **C dimensions, inter-scan relax-
ation delay 1 s). Data were analyzed using Bruker’s Topspin
4.0.8 software.

GPC analysis. Average molecular weights (M,, and M,,) of the
acetylated lignin samples were estimated by GPC on an
ICS-3000 system (Dionex, Sunnyvale, CA) with three 300 mm x
7.8 mm i.d. Phenogel 5U columns (10 000, 500, and 50 A) and
a 50 mm x 7.8 mm id. Phenogel 5U guard column
(Phenomenex, Torrance, CA). Lignin acetate (about 3 mg) was
dissolved in 5 mL HPLC grade tetrahydrofuran (THF) without
a stabilizer, and about 500 pL the solution was injected into
the GPC system. THF was used as the eluent at a flow rate of
1 mL min~". The column temperature was 30 °C. Polystyrene
standards were used for calibration. Lignin samples and poly-
styrene standards were detected using a variable wavelength
detector (VWD) at 280 and 254 nm, respectively.

SEM-EDS analysis. Field emission scanning electron
microscopy (FESEM, Leo Co., Oberkochen, Germany) coupled
with energy dispersive spectroscopy (EDS) was used to detect
bromine in demethylated lignin in the ACLB. The lignin
sample was coated with 10 nm of gold. The accelerating
voltage was 15.0 kV.

Results and discussion
Cleavage of ether compounds in the ACLB system

Ethers are not commonly reactive toward many reactions,
except for highly strained cyclic ethers (oxirane and oxetane). A
textbook method for cleaving an ether is to heat it with con-
centrated HBr or HI because they are sufficiently acidic to pro-
tonate the ether, while bromide and iodide are good nucleo-
philes for the substitution. Specifically, the protonation of the
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ether oxygen forms an oxonium ion, and then the nucleophile
(Br~ or I") attacks the backside of the electrophilic a-carbon of
the ether via the Sx2 mechanism, leading to the cleavage of
the ether bond.

To investigate the capability of the ACLB to cleave ethers,
different ether compounds including linear and cyclic ethers
and aliphatic and aromatic ethers were treated. As summar-
ized in Table 1, all the ether compounds except diphenyl ether
could be cleaved in the ACLB. The conversion and product
yield depended on the structure of the ethers and reaction con-
ditions. The cleavage of an ether via the Sy2 substitution by
Br~ yields an alcohol and a bromide. The alcohol can further
react with Br™ to give another bromide, while the bromide
intermediate can be further hydrolyzed into another alcohol.
Both the alcohol and the bromide were detected in the pro-
ducts. The yield of the products listed in Table 1 (entries 1-7)
is the combined yield of the alcohol and the bromide.

Diethyl ether and dibutyl ether were both cleaved to give
ethanol/bromoethane and butanol/bromobutane as products,
respectively (entries 1 and 2 in Table 1). Because of a larger
steric hindrance at the a-carbon for the Sy2 substitution, the
debutylation of dibutyl ether was slower than the deethylation
of diethyl ether.

Cyclic ethers are easier to be cleaved than linear ethers
because of the high strain of the former. For example, tetra-
hydrofuran (THF) was ring-opened to 1,4-butanediol and its
bromides very rapidly even at room temperature (Table 1, entry
3), which was in agreement with the previous observation that
THF was very reactive to undergo polymerization in the pres-
ence of Bronsted or Lewis acid.*®*? Dioxane was much more
stable than THF in ACLB (entry 7 in Table 1) because the six-
membered ring of dioxane is less strained than the five-mem-
bered ring of THF. A similar result was observed in other
acidic systems as well.*>° The cleavage of the first ether bond
of dioxane occurred faster than the second one, and the yield
of the product from the first step (70%) was much higher than
that from the second step (25%). However, the cleavage of
dioxane was easier than diethyl and dibutyl ethers, since the
conversion and product yield of dioxane were higher than
those of the linear ethers under the same conditions, as
shown in Table 1 (entry 7 vs. entries 1 and 2).

When the steric hindrance at the a-carbon is large, the
ether cleavage becomes slower and more difficult. For the Sx2
substitution reactions, the relative rates are in the order of
methyl (CH;™) > primary carbon (RCH,") > secondary carbon
(R,CH™) > tertiary carbon (R;C™). For example, 2-methyl THF
(entry 4 in Table 1) was cleaved in the ACLB at room tempera-
ture, but the relative rate was much lower, compared with THF
(entry 3 in Table 1), because one of the a-carbon (C2) of
2-methyl THF is a secondary carbon. Increasing the severity of
reaction conditions, such as acidity, can promote the reaction.
For example, with increasing HBr concentration from
0.18 wt% to 1.3 wt% and 6 wt%, the conversion of 2-methyl
THF at room temperature increased from 19% to 39% and
75%, and the yield of the products from 3.4% to 18% and
65%, respectively.

This journal is © The Royal Society of Chemistry 2020
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Entry Substrate Conversion (%) Target product Yield (%)
1 ~ O ND“? % 45°
2 SO 15 ANy 30
3? :O: 100 Xy >95
4°¢ ﬁ 19 )X\/\/ 3.4
X
X
6° o 75 X 65
m )\/\/X
7 [Oj 83 x/\/o\/\x 70
o) Xy 25
8 © 47 38
O OH
9 Q 35 17
o~ OH
10/ ©/O\© <5 ND
OH

ND - not determined. Reaction conditions (unless indicated separatelzl)

accurate due to the mass loss of the volatile reactant and products.

: 0.1 g substrate, 10 g 53 wt% LiBr with 6 wt% HBr, 100 °C, and 4 h. “ Not
Room temperature and 1 h. ©0.18 wt% HBr, room temperature, and 2 h.

41.3 wt% HBr, room temperature, and 2 h. ¢ 6 wt% HBr, room temperature, and 2 h./6 wt% HBr, 120 °C, and 4 h.

Alkyl aryl ethers were cleaved as well in the ACLB, generat-
ing a phenol and an alkyl bromide. For example, anisole was
cleaved to phenol and bromomethane under the tested con-
ditions (entry 8 in Table 1). The cleavage of phenetole to
phenol and bromoethane was slower than anisole because of
the larger steric hindrance of the primary a-carbon in the ethyl
side of phenetole (entry 9 in Table 1). The alkyl aryl ether can
only be cleaved from the alkyl side via dealkylation because
the sp> hybridized carbon atom bonded to ether oxygen on the
benzene ring cannot undergo the Sy2 substitution.

Diphenyl ether was stable in ACLB (entry 10 in Table 1) even
at a higher temperature due to its high bond dissociation
energy (314 kJ mol™).>"*> Generally, the cleavage of the diphe-
nyl ether is very hard without the assistance of hydrogenation.
For the same reason (sp> hybridized carbon on benzene ring),
the ether bond in diphenyl ether cannot be cleaved via the
Sx2 mechanism. This result suggests that the ether bond of the
4-0-5 linkage in lignin should be stable in the ACLB system.

Demethylation of lignin model compounds in the ACLB
system

With the results of cleaving the ether compounds above, lignin
model compounds with methoxyl group(s) were studied for the
demethylation in ACLB. 2-Methoxy-4-methylphenol (creosol)
was chosen as a G type lignin model compound. HBr was used

This journal is © The Royal Society of Chemistry 2020

as an acid catalyst, so the ACLB system can be compared with
the concentrated HBr system, which is a classic method for
ether cleavage. The demethylation mechanism is shown in
Scheme 1 (top).

The concentrated HBr system (48 wt%) was first examined
for the demethylation of creosol. The concentrated HBr was
able to demethylate creosol but required a higher temperature
and longer time than the ACLB, as shown in Table 2 (entry 1
vs. entries 6 and 7). Besides, the concentrated HBr had a lower
yield of 4-methylcatechol and more condensation compounds
(black humin-like precipitates), suggesting that ACLB had
better selectivity than the concentrated HBr. Differently, 6%
HBr in water was unable to demethylate creosol because the
acidity and Br~ concentration were too low to effectively proto-
nate and cleave the ether bond, respectively (entry 2 in
Table 2). Similarly, creosol was not demethylated in 61 wt%
LiBr in the absence of acid after 20 h treatment (entry 3 in
Table 2) because protonation of the ether oxygen by H' is a
prerequisite to cleave the ether bond by bromide as a nucleo-
phile via Sx2 substitution.

As expected, creosol was effectively demethylated in ACLB.
For example, creosol was completely converted in 53% and
61% LiBr solutions with 6 wt% HBr at 100 °C, yielding >80%
4-methylcatechol (Scheme 1A and entries 6, 7 in Table 2). The
results under other conditions (temperature, acid concen-
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Scheme 1 Demethylation of creosol, 2,6-dimethoxyophenol, and

1,2,3-trimethoxybenzene in the ACLB system.

tration, and acid type) are available in Table S1.f Why low-con-
centration acid (e.g., 6% HBr) can protonate the ether bond is
because the acidity of HBr is enhanced in the concentrated
LiBr solution. When highly oxophilic Li* coordinates tightly
with H,O molecules, the H' is less hydrated and has high
freedom in the solution, which enhances the acidity of the
acid, compared with that in the water at the same acid concen-
tration.>® Meanwhile, without coordination with water, high-
concentration Br~ is naked in the solution and freely available
for the Sx2 substitution to cleave the ether bond.*** These
are the reasons why creosol was rapidly and effectively de-
methylated in the concentrated LiBr solutions at a low acid
concentration.

The results in Table 2 (entries 4-7) indicate that LiBr con-
centration is a crucial factor affecting the demethylation. No
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demethylation occurred at 40% LiBr concentration (entry 4),
apparently due to the insufficient acidity and Br~ concen-
tration in the dilute LiBr solution, while 28% demethylation
was completed at 47% LiBr concentration (entry 5). Increasing
the LiBr concentration to 53% yielded 83% 4-methylcatechol
(entry 6). However, further increasing LiBr concentration to
61% did not show a positive effect on the demethylation (entry
7).

When LiBr was replaced by NaBr or KBr, a much lower de-
methylation rate was observed (entries 8 and 9 in Table 2).
Since the solubility of NaBr and KBr was lower and the mole-
cular weight was higher than that of LiBr, the concentration of
Br~ (the nucleophile for the Sy2 substitution) is lower in NaBr
and KBr solutions than in LiBr solution. Another more impor-
tant reason is that the lower charge density of Na' and K'
because of their larger size makes them have a lower oxophili-
city than Li'. Therefore, the coordination of Na* and K* with
water is weaker than that of Li*. As a result, Br~ has more
chances to enter the coordination positions of Na' and K'
than those of Li*, which reduces the availability of Br™ in the
NaBr and KBr solutions for the Sy2 substitution. For the same
reason, the freedom (activity) of H' is reduced in the NaBr and
KBr solutions, compared to that in LiBr solution. In other
words, NaBr and KBr solutions have a lower acidity and a
lower concentration of free Br~ than LiBr solution at the same
concentration. This is why their performance in the demethyl-
ation of creosol follows the order of LiBr > NaBr > KBr, as
shown in Table 2.

HCI as a catalyst gave a comparable yield of 4-methyl-
catechol in the ACLB with HBr (entry 10 vs. entries 6, 7 in
Table 2), indicating that the ether cleaving capability of the
ACLB is the unique property of the system because of the
enhanced acidity and Br~ concentration, independent of the
proton source (HBr or HCI). However, the LiCl/HCI system was
unable to demethylate creosol (entry 11 in Table 2) due to the
lower solubility of LiCl (lower CI~ concentration) and more
importantly the much lower nucleophilicity of CI~ than Br™ for
the Sy2 substitution.

It is worth mentioning that the demethylation of creosol
was much faster than that of anisole in ACLB because the

Table 2 Demethylation of creosol to 4-methylcatechol in HBr and/or LiBr systems

Entry Reaction system Temperature (°C) Time (h) Creosol conversion (%) 4-Methylcatechol yield (%)
1¢ 48 wt% HBr 120 20 100 68
2? 6 wt% HBr 100 4 <5 0
3¢ 61 wt% LiBr 100 20 33 0
44 40 wt% LiBr/6 wt% HBr 100 4 25 0
54 47 wt% LiBr/6 wt% HBr 100 4 31 28
6° 53 wt% LiBr/6 wt% HBr 100 4 100 83
74 61 wt% LiBr/6 wt% HBr 100 4 100 80
8 48 wt% NaBr/6 wt% HBr 100 4 11 <5
9 40 wt% KBr/6 wt% HBr 100 4 0 0
10 61% LiBr/6 wt% HCI 100 20 99 87
11 46% LiCl/6 wt% HCI 100 4 0 0

0.5 g creosol in 20 mL 48 wt% HBr. 0.1 g creosol in 10 g water with 1 mL 48 wt% HBr. °0.1 g creosol in 6.1 g LiBr and 3.9 g water. Y0.1 g
creosol in 10 g aqueous LiBr solution at different concentrations with 1 mL 48 wt% HBTr.
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hydroxyl group in creosol increases the electron density of the
conjugated system, which eases the protonation of methoxyl
oxygen for the following Sx2 substitution by Br™.

2,6-Dimethoxyphenol (syringol) and 1,2,3-trimethoxyben-
zene as S type lignin model compounds with more methoxyl
groups were also investigated for demethylation in the ACLB
system (Scheme 1B and C). Both model compounds could be
completely demethylated to pyrogallol via the intermediates
with one or two OMe groups. Besides, it was noted that the
hydroxyl-rich intermediates and pyrogallol would condense
and form black precipitates with extended reaction.

Demethylation of ethanol poplar lignin (EPL) in the ACLB
system

After proving that ACLB is capable of cleaving aryl methyl ether
in the three lignin model compounds above, real lignin (EPL)
was tested for demethylation under the same conditions. It was
observed that the lignin was well dispersed in the system, and
the lignin became darker after the reaction. During the reaction,
a thin layer of fine bubbles was observed on the surface of the
reaction mixture, which was proved by GC-MS to be bromo-
methane (b.p. = 3.56 °C) produced from the demethylation. The
contents of methoxyl (OMe), aromatic hydroxyl (ArOH), and
alkyl hydroxyl groups (AlkOH) of the lignin were quantitated by
"H NMR, as described in the Experimental section.'*”® As
shown in Fig. 1 (full data available in Table S2}), OMe in EPL
was efficiently cleaved, resulting in ArOH, which occurred even
at 50 °C. Meanwhile, GPC results revealed that the average
molecular weights M, and M, of the lignin decreased from
1080 to 980 and 2500 to 1450, respectively (Fig. 1D), suggesting
that lignin depolymerization occurred at a mild temperature in
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ACLB, which was attributed to the cleavage of the residual p-O-4
bonds. The PDI value decreased as well, indicating that the
lignin was homogenized in size due to the depolymerization.
Increasing the reaction temperature from 50 °C to 100 °C sub-
stantially enhanced the demethylation efficiency, leading to
72% OMe cleavage (to 2.19 mmol g ') with an 81% selectivity to
ArOH (8.27 mmol g~" in total). However, the increased tempera-
ture resulted in the repolymerization of lignin, such as the con-
densation between aromatic C5 or C6 and benzyl cations
induced by acid (Scheme S17),>® and M,,, M,,, and PDI increased
from 1050, 1450, and 1.38 to 1620, 2840, and 1.76, respectively.
Further elevating temperature to 120 °C brought the cleavage
rate of OMe up to 79%. However, the selectivity to ArOH
dropped to 78%, and the average molecular weights of the
lignin became higher because of promoted repolymerization.
To avoid undesired excessive lignin condensation, 100 °C was
selected as the working temperature.

A way to redeem the low OMe cleavage at 100 °C is to
extend the reaction time. As shown in Fig. 1B, prolonging reac-
tion time from 4 h to 8 h and 24 h increased the cleavage rate
of OMe from 72% to 86% and 93%, respectively. However, the
increased demethylation did not proportionally turn out as
more ArOH but led to reduced ArOH, which was probably
attributed to the formation of the benzodioxane (BD) structure,
as reported previously.’® As further discussed in Scheme 2,
one ArOH at C3 or C5 is consumed to form the BD structure.
The average molecular weights did not change much,
suggesting that the repolymerization was not significantly
affected by reaction time, although it was very sensitive to reac-
tion temperature (Fig. 1D and E). It was also noted that lignin
mass recovery was 79 wt%, which was lower than the reported
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Fig. 1 Demethylation of EPL. (A), (B), and (C) show the quantity of OMe, ArOH, and AlkOH in original and demethylated EPL at different tempera-
tures and reaction times, and in different LiBr concentrations; (D), (E), and (F) show the average molecular weights and polydispersity index (PDI) of
original and demethylated EPL at different temperatures, reaction times, and in different LiBr concentrations. Reaction conditions: 0.5 g EPL, 53 wt%
LiBr, 6 wt% HBr, 100 °C, and 4 h. All lignin samples were acetylated for NMR and GPC analysis. All reactions were conducted in duplicate except the

30%, 40%, 47%, and 61% LiBr tests (single).
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mass recovery of 83-94 wt% when lignin was treated under
mild conditions (low acid concentration) in ACLB.”> The
additional mass loss was attributed to the demethylation since
the elimination of CH, via the demethylation could lead to an
8.0 wt% mass loss (calculated from OMe content in EPL).

Since the concentration of LiBr played an important
role in the conversion of creosol, it is plausible that the de-
methylation of lignin is also greatly impacted by LiBr concen-
tration. Therefore, different LiBr concentrations from 30%
to 61% were applied for EPL demethylation (Fig. 1C and F).
The cleavage degree of OMe and ArOH yield increased when
LiBr concentration was increased from 30% to 61%. The
average molecular weight also became higher with
increased LiBr concentration, suggesting that the acidity of
ACLB was likewise enhanced, which promoted the repolymer-
ization of EPL.
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To compare the lignin demethylation performance in the
ACLB and the traditional HBr system, EPL was also treated in
concentrated HBr at 100 °C (Fig. 1C and F). The results indicated
that concentrated HBr was able to demethylate EPL as well, and
the average molecular weights were nearly identical to those of
ACLB treated EPL. The cleavage rate of OMe was 84%, but the
selectivity to ArOH was only 22%, much lower than that in the
ACLB system, which was probably related to the enhanced lignin
condensation in the concentrated HBr. As observed above,
creosol and 4-methylcatechol underwent severe condensation in
concentrated HBr and generated humin-like precipitates.

To investigate the structural changes to EPL during the de-
methylation in ACLB, the original and demethylated EPL
samples were analyzed by HSQC, as shown in Fig. 2 (aliphatic
region), Fig. S31 (aromatic region), and Fig. S471 (lower LiBr con-
centrations). The original EPL contained abundant OMe groups,

B ‘ i
8
- X3
0 Sécod
0 ' e
8
Grey: Unkown
T T T T T T
55 50 45 4.0 35 3.0 F2[ppm)

Fig. 2 Aliphatic regions of the HSQC spectra of original and demethylated EPL in DMSO-ds. (A) Original EPL; (B) demethylated EPL. Reaction con-

ditions: 0.5 g lignin, 53 wt% LiBr, 6% HBr, 100 °C, and 4 h.
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B-aryl ether A (H/G and S units), phenylcumaran B (B-5), resinol
C (B-B), and characteristic p-hydroxybenzoate (also see the aro-
matic region in Fig. S3Gt). After the demethylation in ACLB,
residual OMe groups were still visible, while the characteristic
signals of A, B, and C subunits were no longer visible (probably
chemically shifted) in the aliphatic region due to the cleavage of
the ether bonds in these structures (Fig. 2). The signal of the
characteristic p-hydroxybenzoate unit, however, did not change
after the demethylation (Fig. S3H7). Benzodioxane (BD) was also
observed in the ACLB-treated EPL with 53% LiBr (Fig. 2B), as
previously observed when wood was treated in a concentrated
LiBr solution.’® BD-o and BD-f were assigned at 6C/SH 76.0/
4.81 ppm and 78.4/4.05 ppm, respectively.”” The BD structure
was observed in the EPL treated with 40% and 47% LiBr solu-
tions as well, but not that with 30% LiBr (Fig. S4t), suggesting
that the demethylation of OMe is the precondition of BD for-
mation because 30% LiBr cannot efficiently demethylate lignin.
The formation of the BD structure during the acid-catalyzed
lignin depolymerization in the ACLB was reported in our pre-
vious study, but the formation mechanism of BD was not clearly
addressed.® Based on the evidence and observation from both
the previous*® and the present studies, the BD formation mecha-
nism is elucidated in Scheme 2. The OMe on the benzene ring
involved in a B-O-4 linkage is demethylated into ArOH, and
meanwhile, the a-carbon of another lignin unit in the same p-O-
4 linkage is cationized by H" and/or Br .*® The ArOH then
attacks the electropositive a-carbon to form the dioxane ring in
BD.*®*%% The ArOH can directly attack the a-cation to form the
dioxane ring (Path 1). Alternatively, the a-cation is transformed
first to enol ether and then to the quinone intermediate, which
couples with the ArOH to form the BD (Path 2).

BD was detected in the EPL treated in the ACLB at a high
HBr concentration (6 wt% or about 1.3 mol L™"), while the pre-
vious observation of BD was in the lignins treated at a low acid
concentration in the previous study (10-40 mmol L™' HCI),*®
indicating that the ether bonds in the BD structure were stable
and could survive under the severe conditions tested, although
dioxane was easily cleaved under the same conditions (entry 7
in Table 1). This can be attributed to the following reasons: (a)
the ether bonds in BD are not cleavable from the aryl side, as
discussed above; and (b) the Ca and Cp of the alkyl side of the
ether bonds in BD are both secondary carbons, which have
higher steric hindrance, in particular, the Ca bonded to a
benzene ring, to the Sy2 substitution for cleaving the ether
bonds, compared to the primary carbons in dioxane. By this
means, BD can be treated as a “sealed” p-O-4 structure.
Apparently, the formation of BD consumed some of the ArOH
generated by the demethylation, which explained why ArOH
did not increase proportionally with the demethylation degree,
as discussed above. Hibbert’s ketone (HK) was not detected in
the ACLB-treated EPL as in the previous studies,*>*>*® possibly
due to the higher acid concentration used in the present study,
which promoted the aldol condensation of the ketone.*®%°

Although EPL was very well dispersed in the ACLB system,
the reaction was still heterogeneous (lignin retained undis-
solved), so the OMe groups inside lignin particles might be

This journal is © The Royal Society of Chemistry 2020
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less accessible than those exposed on the surface. To dissolve
EPL for a homogeneous reaction, acetic acid, ethanol, and
acetone were tested as co-solvents for in the demethylation of
EPL (Table S37). All three co-solvents were miscible with the
ACLB to give clear solutions at room temperature, and EPL was
soluble in the three co-solvent-ACLB systems. It was found that
acetic acid and acetone did not significantly affect the de-
methylation performance, suggesting that lignin could be de-
methylated efficiently in the ACLB even without dissolving the
lignin. However, the lowest ArOH was detected when ethanol
was used as a co-solvent (Table S37). This is probably due to
the etherification between ethanol and ArOH formed from the
demethylation, which was supported by the detection of
ethoxy groups in the treated lignin by the HSQC spectrum
(Fig. S1Dt) at 6C/6H 64.6/3.44 ppm and 66.3/3.44 ppm. As dis-
cussed above, the ethyl-O-aryl bond was more difficult to be
cleaved than the methyl-O-aryl bond due to the steric hin-
drance (Table 1). The re-etherification was probably a reason
why both ArOH and AIkOH decreased when the reaction was
extended to 24 h in Fig. 1B. Besides, the introduction of
ethanol led to much lower average molecular weights of de-
methylated EPL probably because ethanol prevented the HK
moieties generated from the cleavage of the p-O-4 bond from
condensation. HSQC spectrum revealed that HK moieties (6C/
SH 45.0/3.61 ppm and 67.6/4.17 ppm in Fig. S1D}) were only
visible in the demethylated EPL in the ethanol-ACLB. HK was
stabilized by ethanol probably via the acetalization of HK or
the etherification of the enol form of HK. The signal of O-CH,
was observed in HSQC spectra, which suggested the existence
of ethyl ether units (Fig. S1D¥). The signals of HK were also
exclusively observed in the aromatic region (Fig. S2D¥) of the
demethylated EPL in the ethanol-ACLB.

Demethylation of other lignins in the ACLB system

To evaluate the compatibility of the ACLB system, three other
lignin samples (HKL, CSL, and ELPPL) were treated under the
chosen conditions mentioned above for EPL. All three lignin
samples were dispersed well in the system and gave homo-
geneous suspensions. "H NMR results confirmed that the OMe
content in three original lignins followed the order of HKL >
ELPPL > CSL since hardwood lignin has more S units, while soft-
wood and corn stover lignin contains more G and/or H units
(Fig. S3). As summarized in Fig. 3, after the treatment in the
ACLB, the OMe groups in the lignin samples were effectively
cleaved, and the ArOH groups increased correspondingly
(Fig. 2A). Similar to EPL, M,,, and M,, of HKL, CSL, and ELPPL
all increased after demethylation as a result of repolymerization,
which was inevitable in the strongly acidic ACLB system.
Different from EPL whose DPI decreased from 2.31 to 1.76, the
PDI of HKL, CSL, and ELPPL increased from 1.35, 1.72, and 2.73
to 1.73, 2.25, and 3.00, respectively, after the demethylation.

To gain insights into the structural changes to HKL, CSL,
and ELPPL during the demethylation, their HSQC spectra were
recorded, as shown in Fig. 4 (aliphatic region) and Fig. S37
(aromatic region). Almost all the ether bonds in A, B, and C
structures were cleaved (signals became invisible). Like EPL,
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Fig. 3 Demethylation of HKL, CSL, and ELPPL in ACLB. (A) OMe, ArOH,
and AIKOH in the lignins quantitated by *H NMR. (B) M,,, M,,, and PDI of
the lignins estimated by GPC. Reaction conditions: 0.5 g lignin, 53 wt%
LiBr, 6% HBr, 100 °C, and 4 h. All values are the average of triplicated
tests (see Table S47 for details).

the demethylation of HKL also led to the formation of BD
structure (Fig. 4B) as HKL is hardwood lignin with more S
units (Fig. S3Bf). However, BD was not detected in the de-
methylated CSL and ELPPL. As shown in Scheme 2, the for-
mation of BD requires the presence of the ArOH generated
from demethylation and the rotation of the benzene ring for
the ArOH to attack the o-carbon of another lignin unit.
Hardwood lignin has more S units, which have more OMe and
fewer interunit C-C linkages and thereby better mobility for
the rotation to facilitate the formation of BD formation, than
softwood and grass lignin. This is why BD was detected in the
demethylated HKL but not CSL and ELPPL. HK (5C/6H at
about 44.5 /3.67 ppm and 67.1/4.19 ppm) was not detected
either in the demethylated HKL, CSL, and ELPPL, which
further confirmed the instability of HK under the demethyl-
ation conditions used in this study.

It is worth mentioning that the chemical shifts of S and G
units greatly changed after the demethylation (Fig. S3), prob-
ably due to the cleavage of the ether bonds in the A, B, and C
structures. Notably, the signals of G2 in all four lignins were
completely invisible probably due to the demethylation of
ortho-methoxyl groups (Fig. S31). Meanwhile, the characteristic
signals of ferulate also shifted away, likely due to the removal
of the unit during the demethylation (Fig. S3Dt).

Insights into the cleavage of the ether bonds of lignin in the
ACLB system

There are different types of ether bonds in lignin, including
p-0-4, 4-O-5, a-O-4 in phenylcoumaran, a-O-y in resinol, and
methyl-O-aryl involving methoxyl groups. The results from the
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present and previous studies**™*° clearly indicate that the
ether bonds of lignin except for 4-O-5 can be cleaved in the
ACLB system. However, the cleavage mechanisms and the reac-
tion conditions required are dependent on the ether bonds.

The 4-O-5 ether bond. The 4-O-5 ether bond should be
stable in the ACLB system because the diphenyl ether cannot
be cleaved via the Sx2 mechanism, as discussed above (entry
10 in Table 1). In fact, the bond dissociation energy of the 4-O-
5 ether bond is 314 kJ mol™", much higher than those of a-0-4
(a-O side) and B-O-4 (B-O side) bonds (218 kJ mol™" and 289 kJ
mol ™, respectively).>*

The methyl-O-aryl ether bond. It was successfully demon-
strated in the present study that the methyl-O-aryl ether can be
cleaved in the ACLB system, which leads to a new phenolic
hydroxyl group and the elimination of bromomethane.

The «-O-4 ether bond in phenylcoumaran and the o-O-y
ether bond in resinol. The NMR studies of the lignins treated
in the ACLB in the present and the previous studies**
revealed that these two types of ether bonds in lignin can be
cleaved in the ACLB, even under mild conditions (10-40 mmol
L™" HCI as a catalyst).*® The results of THF and 2-methyl THF
above (entries 3-6 in Table 1) indicated that the ether bond in
the five-membered ring is vulnerable to be cleaved. The «-O-4
ether bond in phenylcoumaran can be only cleaved from the Ca
side, not from the aryl side. The a-O-y ether bond in resinol can
be cleaved from both Ca and Cy sides, while the Cy (primary
carbon) side should be easier than the Ca (secondary carbon)
side. Overall, the a-O-y ether bond in resinol should easier to be
cleaved than the a-O-4 ether bond in phenylcoumaran.

Based on the reaction mechanism discussed above, the
cleavage of these ether bonds would introduce bromine into
lignin side chains. Also, some aliphatic hydroxyl groups in
lignin could be substituted by bromide in this system. Indeed,
a trace amount of bromine was detected in the ACLB-treated
lignin. First, the demethylated lignin was analyzed by
SEM-EDS, and the La signal of Br at 1.481 keV was observed
(Fig. S57). This is direct evidence of Br existence in the lignin.
A negligible amount of Br was also detected in the lignin
treated in the LiBr system under milder conditions in a pre-
vious study.*’ Second, when the demethylated lignin was oxi-
dized by H,0, with H,SO, as a catalyst, bromo- and dibromo-
acetic acids were detected in the oxidation products by GC-MS
(Fig. S6t), which were probably from the oxidation of the
lignin sidechains. This provided additional evidence of the
existence of Br in the treated lignin.

The f-aryl ether ($-0-4) bond. It was verified in the previous
study”® that the p-O-4 bond is cleaved via the intermediates of
benzyl cations and enol ether, leading to the HK structure.
Meanwhile, some of the B-O-4 bonds, in particular, those in
hardwood lignin (S-type lignin), are transformed into the BD
structure, as discussed earlier. The evidence from this study
indicated that BD could survive in the ACLB system, although it
is possible to be cleaved at the Ca and Cp sides of the dioxane
ring, as discussed above. It should also be noted that the bond
dissociation energy of f-O-4 ether bonds (289 kJ mol™", p-O
side) is higher than that of a-O-4 ether bonds (218 kJ mol*, o-O

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Aliphatic region of the HSQC spectra of original and demethylated lignin samples in DMSO-de. (A) Original HKL; (B) demethylated HKL;
(C) original CSL; (D) demethylated CSL; (E) original ELPPL; (F) demethylated ELPPL. Reaction conditions: 0.5 g lignin, 6.1 g LiBr (53 wt% in ACLB),

3.9 g water, 1 mL HBr, 100 °C, and 4 h.

side), indicating that the cleavage of p-O-4 ether bonds should
be more difficult than that of a-0-4 ether bonds.”*

Can the B-O-4 bond be cleaved via the Sy2 mechanism?
Chemically, it is not impossible but not favorable because the
steric hindrance at Cp (secondary carbon in the middle of the
lignin side chain) is very high for the Sy2 substitution. If p-O-4
was primarily cleaved via the Sy2 mechanism, BD and HK
would not have been produced, which is certainly not the case
and contradicts the results from this and the previous studies.
Besides, the p-O-4 cleavage via the Sy2 mechanism would have
introduced a significant amount of bromine to the Cp position
because p-O-4 is the most abundant ether bonds in lignin, but
this was not observed.

This journal is © The Royal Society of Chemistry 2020

Conclusions

This work demonstrated the ether cleavage and lignin de-
methylation in acidic concentrated lithium bromide (ACLB)
solution. The results revealed that the ACLB could universally
cleave (dealkylate) ether compounds except for diaryl ethers.
The system was also capable of demethylating lignin model
compounds with methoxyl groups (methyl aryl ethers), leading
to corresponding phenols. The cleavage of the ether bonds
was completed via the mechanism of ether oxygen protonation
followed by the Sy2 substitution with bromide.

The ACLB was also effective at demethylating real lignin
and converting the methoxyl groups into phenolic hydroxyl

Green Chem., 2020, 22, 7989-8001 | 7999
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groups. Under the conditions investigated, 69-82% of meth-
oxyl groups in four lignins from different sources were de-
methylated. In addition to demethylation, the ACLB was able
to cleave other ether bonds of lignin in p-O-4, -5, and B-f
structures except for the 4-O-5 bond in the diphenyl structure.
The ether bonds were cleaved via the Sy2 mechanism except
for the B-O-4 bond, which was primarily cleaved via the benzyl
cation and enol ether intermediates, leading to Hibbert’s
ketones. Some of the p-O-4 structures in hardwood lignin
(S-type) were transformed into benzodioxane (BD) structures,
which were stable in the ACLB system.

Compared with existing lignin demethylation methods,
such as the concentrated HBr method, the ACLB method devel-
oped in this study required milder conditions (lower tempera-
ture and acid concentration), which would reduce the acid-
induced lignin condensation. Besides, ACLB had a better
selectivity in converting methoxyl to phenolic hydroxyl groups.
A less condensed structure and more phenolic hydroxyl groups
would certainly benefit the downstream applications of the de-
methylated lignin, such as heavy metal adsorbents, antioxi-
dants, lignin-based resin adhesive, and feedstock for dicar-
boxylic acid production from lignin via oxidation.
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