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Highly Selective Oxidation and Depolymerization of a,g-Diol
Protected Lignin
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Abstract: Lignin oxidation offers a potential sustainable
pathway to oxygenated aromatic molecules. However, current
methods that use real lignin tend to have low selectivity and
a yield that is limited by lignin degradation during its
extraction. We developed stoichiometric and catalytic oxidation methods using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as oxidant/catalyst to selectively deprotect the
acetal and oxidize the a-OH into a ketone. The oxidized lignin
was then depolymerized using a formic acid/sodium formate
system to produce aromatic monomers with a 36 mol % (in the
case of stoichiometric oxidation) and 31 mol % (in the case of
catalytic oxidation) yield (based on the original Klason lignin).
The selectivity to a single product reached 80 % (syringyl
propane dione, and 10–13 % to guaiacyl propane dione). These
high yields of monomers and unprecedented selectivity are
attributed to the preservation of the lignin structure by the
acetal.

L

ignin is a heterogeneous aromatic biopolymer that is
present in most plant tissue. It is predominately formed
through radical coupling between coniferyl, sinapyl, and phydroxyphenyl alcohol, which results in different interunit
linkages formed by C C and C O bonds.[1] The b-aryl ether
unit (also known as the b-O-4 linkage) that features a benzylic
secondary hydroxyl at Ca position and a primary hydroxyl at
Cg position is the most abundant interunit linkage, and
a relatively delicate portion of the lignin polymer.[2] Most
delignification and lignin depolymerization processes in the
pulp and paper industry and biorefineries are based on the
cleavage of these b-O-4 bonds.[3]
Recently, several groups have explored a two-step lignin
depolymerization strategy pioneered by Stahl and co-workers[4] based on the selective oxidation of the a-OH into
a ketone, which reduces the bond dissociation enthalpy of the
associated b-aryl ether bond.[5] This lower energy facilitates
the cleavage of the b-O-4 bonds in downstream processes.
Several studies have reported successful methods that selectively oxidize the a-OH on b-O-4 dimeric model compounds
and real lignin using different oxidation systems, including
O2/4-amino-2,2,6,6-tetramethylpiperidinyloxy
(4-AcNH-
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TEMPO)/HCl/HNO3,[4] O2/2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)/tBuONO,[6] O2/DDQ/N-hydroxyphthalimide (NHIP)/NaNO2,[7] and [4-AcNH-TEMPO]BF4.[8] Various reactions were investigated to cleave the Ca Cb bond
and Cb O4’ ether bond of the oxidized lignin or lignin models
to produce aromatic monomers, including those using NaOH/
H2O2,[4] Zn/NH4Cl,[6] NiMo sulfide/H2,[7] HCOOH/
NaOOCH,[9] and [Ir(ppy)2(dtbbpy)]PF6/visible light.[8] However, all of these methods led to either low yields of
monomers (i.e. < 6.0 wt %)[6] or poor product selectivity
(limited to 26 % for a single product)[10] when they were
applied to extracted lignin. One of the most important factors
limiting the yield was that the lignin extraction conditions
either extracted a small amount of the original lignin, or
caused irreversible condensation of the b-O-4 interunits to
form interunit C C linkages, which then cannot be broken
selectively and limit attainable yields.[11] As we demonstrate
here, selectivity was likely also limited by modification of the
lignin structure during extraction.
Recently, we reported a lignin extraction method using
formaldehyde as a a,g-diol-protecting reagent to preserve the
b-O-4 interunit linkage and produce aromatic monomers at
near-theoretical yield (based on ether cleavage) in the
subsequent hydrogenolysis.[12] In further work, we demonstrated that careful choice of the protecting group and
hydrogenolysis catalyst could lead to high product selectivity.[13] Considering the high lignin extraction yield and our
ability to preserve the lignin structure, this acetal-protected
lignin represented an ideal lignin source for the two-step
oxidation and depolymerization required to produce oxygenated aromatic monomers. The challenge in using this
substrate was to develop an oxidation method that was
adapted to the modified chemical structure of protected lignin
compared to unprotected lignin. In this work, we developed
a method to both selectively deprotect the acetal and oxidize
the a-OH of the acetal-protected lignin in a single step
(Figure 1). The resulting oxidized lignin could then be
depolymerized using HCOOH/NaOOCH to produce phenyl
propane diones with high yield and selectivity.
To develop the initial deprotection and oxidation step, we
explored previously reported methods, including stoichiometric oxidation using DDQ in dichloromethane (DCM); and
catalytic oxidation systems, such as O2/TEMPO/HCl/HNO3,
O2/DDQ/tBuONO, and O2/DDQ/NHIP/NaNO2 using propylidene acetal-protected veratrylglycerol-b-guaiacyl ether
(VG) as a model compound (Table 1). None of these methods
led to high yield (ranging from 18–33 mol %) of oxidized VG
(VGox, 2 a, Table 1). Presumably, the oxidation of acetalprotected VG occurs in two distinct stages: first, the acetal is
deprotected, and second, the a-OH is oxidized. Interestingly,
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