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ABSTRACT OF DISSERTATION

TOWARDS CATALYTIC OXIDATIVE DEPOLYMERIZATION OF LIGNIN
Lignin is one of the most abundant and underutilized biopolymers on earth. Primarily
composed on three monolignol units (sinapyl, coniferyl, and p-coumaryl alcohol), lignin is
formed through a radical pathway resulting in an assortment of linkages, of which the β-O-4
linkage is the most prevalent (up to 60% in some hardwood species). In planta, lignin plays
an important role in water transport and in protecting plants from chemical and biological
attack. Traditional attempts to depolymerize lignin have focused on the cleavage of β-O-4
linkages via thermal or reductive routes. However these pathways lead to low-value,
unstable product mixtures. Moreover, typical product yields are low and the highly
corrosive reaction medium results in added expense. More recently, catalytic oxidations
have been studied as a viable means to lignin utilization. The present work will review the
state-of-the-art of lignin oxidations, and focus on stoichiometric and catalytic attempts to
oxidize lignin and lignin model compounds in order achieve selective stepwise
depolymerization of lignin. Specifically, activated dimethyl sulfoxides and LDH catalysts
were evaluated for lignin and/or lignin model compound oxidations leading, in some cases,
to unexpected products.
Keywords: Lignin depolymerization, Heteronuclear Single Quantum Coherence NMR
spectroscopy, Layered Double hydroxides, Catalysis, Oxidation
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Chapter 1. Introduction to lignin and oxidative lignin depolymerization

1

1.1 Introduction to lignin
While the finite nature of petroleum has gained considerable attention due to rising
fuel prices and the issue of domestic energy security, relatively little attention has been
given to the fact that many specialty and commodity chemicals are also derived from
petroleum feeds. Indeed benzene, xylenes, and toluene, also known as BXTs, are commodity
chemicals obtained as byproducts of petroleum refining. Other specialty chemicals such as
synthetic vanilla flavoring (vanillin)1, 2 and phenols are also petroleum derived. Increased
consumption of petroleum due to rising world population and the development and
industrialization of counties such as China and India will inevitably result in an increased
need for the aforementioned chemicals. While ethanol production from sugar fermentation
can take the place of liquid transportation fuels, BXTs and specialty oxygenated aromatic
chemicals will require other biomass conversion processes. Lignin depolymerization
(particularly that by selective oxidation) is considered to be the most economically viable
process for obtaining renewable aromatics such as BXT and specialty oxygenated aromatic
chemicals.3

1.2 Lignin evolution
Evolutionarily, lignin is the consequence of secondary metabolism developed by
early plants to aid in managing the additional stresses of moving from water to land.4 Unlike
their algal ancestors, who were protected by water, early terrestrial plants would have been
vulnerable to UV-B radiation. Indeed, the phenyl propanoid pathway, which is used in
planta to synthesize monolignols, may have originally developed in early land dwelling
plants to provide protection from harmful UV-B radiation. This ability to deaminate and
hydroxylate aromatic rings likely led to a buildup of phenylpropanoids which absorb in the
UV-B range (280-320 nm), thereby protecting early plants from the harmful radiation.5
2

However, this did little to enhance the mechanical rigidity of the early land plants. These
phenylpropanoids were eventually utilized by traecheophytes some tens of millions of
years later to lignify the plant cell wall, which provided a means for water transport as well
as rigidity.4 In planta, lignin acts as a structural glue that aids in water transport in the
xylem cells as well as aiding in the protection of the plant from chemical and biological
attack. The latter role explains the well-known recalcitrance of lignin as well as the
increased concentration of O2 in the atmosphere (due to carbon fixation) during the
Carboniferous period (359-299 million years ago).6 Interestingly, this may have also played
a pivotal role in the development of flying insects.7 Additionally, the inability to naturally
degrade lignified biomass during the Carboniferous period (359-299 million years ago)
would eventually lead to coal.8 It wasn’t until the development of lignin-degrading fungi
around the Permian period (~299-252 million years ago) that the lignin carbon sink began
to decrease.9 These fungi use enzymes and in situ generated hydrogen peroxide or O2 to
degrade lignin into smaller metabolites and CO2. Thus it follows that many workers have
used lignin-degrading enzymes, like those found in white rot fungi, as a template for
oxidative lignin degradation (vide infra).

1.3 Lignin composition and structure

HO

γ

β

HO

O

O

α
1

6
5

HO

2
3
4
OH

OH

p-Coumaryl Alcohol (H) Coniferyl Alcohol (G)

O
OH

Sinapyl Alcohol (S)

Figure 1.1 Three basic monolignols used in lignin biosynthesis.
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Lignin is an aromatic biopolymer made up of phenyl propane units commonly
referred to as monolignols. These units, known as sinapyl (S), coniferyl (G), and p-coumaryl
(H) alcohol, differ by the degree of methoxylation in the 3- and 5-position of the aromatic
ring (Figure 1.1). It should be noted that other monolignols, differing by the functionality on
the aromatic ring and/or the alkyl chain, are also present in some species of plants;
however, the S, G and H units are by far the most prevalent.10 These monolignols are
produced biosynthetically from phenylalanine through multiple controlled enzymatic
steps10, while lignin is the result of radical polymerization of these subunits in the plant’s
secondary cell wall. This radical polymerization pathway results in a process rarely seen in
nature, i.e., the plant appears to have little control over the structural linkages that make up
lignin other than the monolignols used for its production.10 Indeed most other natural
processes are controlled through very specific enzymatic pathways. This lack of control
results in a polymer with a random and amorphous structure that is composed of a series of
linkages, of which the β-O-4 is the most common, representing up to 60% of linkages in
some hardwood species.11 Other linkages are also present in varied proportions depending
on the species of plant. Figure 1.2 from Zakzeski et al.11 shows a series of linkages along
with reported percentages in different plant species.
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Figure 1.2 Common linkages in lignin along with percent abundance in various species. Reprinted with permission from J.
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The species of the plant partially determines the monolignols used in the
lignification process. For example, angiosperms, more commonly known as hardwoods,
tend to have a high content of S-units, which results in a higher degree of uncondensed
linkages like the β-O-4 linkage. Conversely, gymnosperms are almost solely composed of Gunits, which result in more condensed carbon-carbon bonds. Figure 1.3 shows a plausible
representation of the lignin structure.

Figure 1.3 Representative lignin structure as proposed by Zakzeski et al.
Reprinted with permission from J. Zakzeski, P. C. A. Bruijnincx, A. L. Jongerius and
B. M. Weckhuysen, Chemical Reviews, 2010, 110, 3552-3599. Copyright (2010)
American Chemical Society.11

1.4 Lignin extraction and commercial uses
The most common extraction process for lignin by far is the Kraft process,
producing approximately 95% of the world’s lignin.14 This process, named after the German
word for ‘strength’ or ‘force’, utilizes NaOH and Na2S to extract lignin at temperatures
6

between 165-175oC and pHs between 13 and 14.15 This has been reported to break β-O-4
linkages as well as some of the lignin-carbohydrate complexes, which results in a pulp with
low quantities of residual lignin.16 Unfortunately, Kraft delignification competes with
condensation reactions, which result in C-C bonds.15 Thus Kraft lignin, although lower in
molecular weight compared to native lignin, can also be relatively recalcitrant, and further
chemical alterations to produce value-added chemicals could therefore be problematic. The
sulfite process, which exists industrially to a much lesser extent, utilizes a range of sulfite
salts (depending on the desired pH of operation) to produce a lignin salt.17 This lignin
typically has a high degree of sulfonato- groups (SO3) as well as alkali or earth alkali metals
and is referred to as lignosulfonate. Given their polyelectrolyte nature, lignosulfonates,
unlike most other lignins, are water-soluble.
While Kraft and sulfonated lignins are produced commercially, in the biorefinery
concept higher quality lignin may be necessary. Indeed the extreme pHs used in the Kraft
process, along with the alkaline nature and presence of sulfur, will likely render these
lignins difficult to work with because of their condensed nature and the presence of
catalyst-poisoning species. Consequently, other processes for lignin extraction may be more
promising. Organosolv processes utilize organic solvents, such as linear alcohols or organic
acids and water, at increased temperature (ca. 180oC) and are often followed by acid
precipitation of the lignin.18 Organosolv lignins are widely thought to preserve lignin
structure18 and have a broad solubility profile, which render them more amenable to
solution processing. Other extraction processes exist, however due to their limited use they
will not be discussed here.
Much of the early work in lignin utilization was performed by the pulp and paper
industry. Indeed, the pulp and paper industry alone produced more than 50 million tons of
lignin in 2004.14 Of the 50 million tons produced annually, only ca. 2% is used commercially,
7

the remainder being used to generate process heat. However, niche markets have been
found for lignin streams produced by the pulp and paper industry, such as the production of
vanillin. Borregaard produces vanillin commercially from lignosulfonate using a copper
catalyst (Scheme 1.1).17, 19, 20 Dimethyl sulfoxide is also produced as a low value commodity
chemical from Kraft lignin by Gaylord Chemical Company.21 The process reportedly uses
DMS (dimethyl sulfide) generated from the Kraft process, which is then oxidized to DMSO
(Scheme 1.2).17 Other commercial applications of lignin include dispersants and adsorbants.
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1.5 Lignin utilization processes

Figure 1.4 Lignin valorization via depolymerization strategies. Adapted with
permission from B. Joffres, D. Laurenti, N. Charon, A. Daudin, A. Quignard and C.
Geantet, Oil Gas Sci. Technol. – Rev. IFP Energies nouvelles, 2013, 68, 753-763.
Copyright (2013) IFP Energies nouvelles.18
While lignin extraction strategies are highly varied, so are the depolymerization
processes. Figure 1.4, adapted from Joffres et al.,18 demonstrates some of the most common
utilization processes. Pyrolysis generally refers to heating of the substrate to temperatures
between 650K-800K under inert atmosphere without the presence of catalyst. When
catalysts are involved the process may be referred to as catalytic pyrolysis or catalytic
cracking. In the presence of solvent it is referred to as solvolysis, unless the solvent is water,
in which case the process is deemed hydrothermal processing. Hydroconversion is
performed with or without solvent under high-pressure hydrogen atmosphere. This is
typically performed at similar temperatures to solvolysis. Hydroconversion is the more
general term for a number of processes including hydrocracking (catalytic cracking with H2
atmosphere), hydrodeoxygenation, and hydropyrolysis (pyrolysis under H2 atmosphere).
The majority of these processes require high temperatures and/or pressures to chemically
or thermolytically deconstruct lignin, resulting in fuels or chemicals such as phenolic
9

compounds and/or BXTs (benzene, xylenes, toluene). Unfortunately, these processes are
relatively expensive due to the high temperatures and pressures required.

1.5.1 Lignin oxidation
Lignin oxidation has been a subject of great resurgence in the field of lignin
utilization. Indeed, initial efforts to use enzymes and biomimetic catalysts has spawned a
multitude of organometallic and metal-free catalysts (as well as stoichiometric reagents)
which have shown promise for the oxidation of lignin.

1.5.1.1 Oxidative enzymatic lignin degradation
As discussed previously, the evolution of fungi such as white-rot fungi allowed for
the enzymatic degradation of lignin. Indeed, the evolution of white-rot fungi ultimately
slowed the formation of coal and aided in lowering the concentration of O2 in the
atmosphere leading to the end of the carboniferious period. The most widely studied whiterot fungi is the basidiomycete Phanerochaete chrysosporium22 which degrades lignin via the
secretion of enzymes such as lignin peroxidases (LiP) and manganese-dependent
peroxidase (MnP).
1.5.1.1.1 Laccases
Laccases, which contain a multinuclear copper center, primarily degrade phenolic
substrates; however, it has been found that in the presence of the proper mediator nonphenolic substrates may also be oxidized.23 Mechanistically, lignin degradation operates via
a 1-electron abstraction from a phenolic moiety to generate phenolic radicals via the “outer
sphere” mechanism. Unlike MnP and LiP, which are solely found in fungi and degrade lignin,
laccases are also found in many species of plants. Indeed, laccases have been found in plant
cell walls and are proposed to polymerize monolignols into oligomeric substrates (Scheme
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1.3), which are then polymerized into the extended lignin polymer by peroxidases.24
Conversely, lignin degradation or repolymerization may occur with fungal laccases.
Laccases are found in nearly all fungal species and are in general extracellular.25 While
laccases have been used for oxidation, they tend to be unstable upon successive use, which
limit their use industrially. This instability led researchers to immobilize and coat the
enzymes on substrates such as alumina which increased the stability of the enzyme for the
decolorisation of dye-stuff.26
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1.5.1.1.2 Peroxidases
Manganese-dependent peroxidase (MnP) and lignin peroxidase (LiP) are hemecontaining proteins that utilize the metalloporphyrin prosthetic group iron protoporphyrin
11

IX (Fe3+-PPIX) to oxidize lignin.27 During the course of oxidation, the Fe3+-PPIX co-factor
undergoes a 2-electron oxidation with hydrogen peroxide to give the oxo-Fe4+-PPIX π-cation
radical active species. The reactive species then performs two 1-electron oxidations on the
substrate (lignin, radical mediator, or Mn3+) to complete the catalytic cycle.28 Unfortunately,
LiP is prone to over-oxidation, thus limiting its applications industrially.28 While both LiP
and MnP are characterized as PPIX-containing glycosylated heme protiens, their catalytic
cycle is slightly different. Indeed, LiP abstracts single electrons from lignin’s (or lignin
oxidation mediator’s) aromatic rings resulting in radical cations and subsequent cleavage of
the polymer. MnP, on the other hand, operates through the oxidation of chelated Mn(II)
cations to form chelate stabilized Mn(III) ions which diffuse from the enzyme to oxidize
lignin (Figure 1.5).29
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1.5.1.2 Co-factors (Heme) biomimetic catalysts
The activity and isolation of enzymes, such as those from the white-rot fungi
Phanerochaete

chrysosporium,

are

the

biological

inspiration

for

the

use

of

metalloporphyrins for lignin oxidation.30 The bulky nature of the protein protects the ironporphyrin co-factor from coupling (to form the μ-oxo dimer species which is catalytically
inactive) and other oxidative degradation processes. However, metalloporphyrins can be
substituted with phenyl substituents at the meso-sites, which prevent oxidative degradation
of the catalysts. Moreover, solubilizing groups can also be functionalized onto the porphryin
ring, making these biomimetic catalysts highly tunable.31
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Figure 1.6 Oxidation of a lignin β-1 model compound by TPP(Fe)Cl and TBHP.32

Shimada et al.32 described the use of an iron porphyrin catalyst for the oxidation of a
β-1 model compound (Figure 1.6). Like the biological analogue, the catalyst was able to
cleave the Cα-Cβ bond, leading to monomeric products. Other examples of biomimetic
metalloporphyin catalysts include a report by Crestini et al.33 who found that a Mnporphyrin system was more active for the oxidation of non-phenolic 5-5’ linkages with H2O2
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than the analogous Fe system. The main product of this reaction is quinone, which is
proposed to form via a hemiacetal intermediate. Application of a cationic Mn-porphyrin to
the oxidation of Kraft lignin showed a small decrease in the aliphatic and guaiacyl –OH
content. Additionally, Cui et al.27 performed oxidations on a number of model compounds
that mimic the major linkages in lignin (β-O-4, β-1, β-5, 5-5) as well as veratryl alcohol using
a biomimetic water-soluble iron porphyrin, finding that the biomimetic catalyst achieved a
similar product mixture to lignolytic cultures from Phenarochaete chrysosporium. When
applied to Kraft lignin (Indulin AT), degradation was seen, as verified by gel permeation
chromatography (GPC), although the authors were not specific as to the extent.
Metallophthalocyanins have also been used as an alternative to metalloporphyrins
due to their relatively inexpensive synthesis. Indeed, Cui et al.30 utilized Fe and Mn
metallophthalocyanins for the oxidation of veratryl alcohol with a variety of oxidants.
Similar to Crestini’s33 findings, the best results were found with the Mn catalyst when mCPBA was used as a terminal oxidant. Unfortunately, yields were low in all cases, which is
likely due to poor stability of the catalyst in the oxidizing medium.
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1.5.1.3 Schiff base catalysts
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Schiff base catalysts, such as cobalt(salen) (Salen=[N,N’-bis(salicylidene)ethane-1,2diaminato]) complexes, are another class of catalysts that readily perform oxidation on
lignin and lignin model compounds. Upon exposure to molecular oxygen these Co(salen)
catalysts form cobalt-superoxo or peroxo dimer complexes, which are the active species for
oxidation reactions (Figure 1.7).11 Compared to metalloporphryins, Co(salens) are relatively
cheap, more stable, and easier to synthesize while offering similar tunability.11
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Perhaps one of the most auspicious examples of Co(salen) oxidation of lignin model
compounds is a report by Bozell et al.34 who found that Co(salen) and the related Co(N-Me
salpr) and Co(salen-pyridine) complexes were effective catalysts for the formation of
benzoquinones from monomeric lignin phenolic compounds. Interestingly, Bozell et al.
found that 5-coordinate Co(N-Me salpr) and Co(salen-pyridine) complexes were more
effective catalysts for the oxidation of S-type para-substituted phenolic benzylic alcohols
than the related 4-coordinate Co(salen) complex. Conversely, no conversion was seen when
the aldehydic analogue was oxidized using the 5-coordinate catalyst, while the 4-coordinate
catalyst effectively converted syringaldehyde to the corresponding benzoquinone.
Moreover, when a methoxy-substituted 4-coordinate Co(salen) catalyst was used, activity
was slightly inhibited. This suggests the aldehydic substrates undergo coordination prior to
the formation of the active super-oxo-Co(salen) species. This is due to the fact that the
addition of electron-donating groups to the salen ligand are expected to lower the Lewis
acidity of the Co via inductive effects, and therefore cause the aldehydic substrate to bind
more poorly. On the other hand, S-type para-substituted benzylic alcohols likely undergo
proton abstraction from the phenolic O-H by the Co-superoxo species, which is stabilized by
the aromatic ring (Scheme 1.4). Then a second Co-superoxo species or O2 adds to the paraposition of the phenol, which then rearranges to give the benzoquinone, as well as LnCoOOH
or LnCoOH. The cobalt species then either breaks down to regenerate the starting catalyst
(LnCoOOH) or can act as catalyst in its own right (LnCoOH). Interestingly, when G-type
phenols were used very little activity was seen with any catalyst. Indeed, 5-coordinate
catalysts were completely ineffective, while the 4-coordinate catalyst exhibited only slight
activity. The authors suggest that this may be due to the inability of the Co(salen) catalysts
to generate the phenoxy radical required for formation of the quinone. Alternatively, the
authors suggest that the transition state during hydrogen removal is insufficiently polar
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when the second electron donating methoxy group is not present, or that the G-type phenol
does not have significant enough electron donation to lower the bond energy of the
phenolic O-H; however, these suggestions are purely speculative. Conversely, Drago et al.35
found the Co(salen)-like catalyst Co(N-Me-salpr) to be an effective catalyst for the oxidation
of isoeugenol at 60oC under 75 psi of O2 in toluene for ca. 3.5 hours. The products formed
from this reaction were vanillin (50%) and a β-5 dimer product (20%). The difference
between Drago35 and Bozell’s34 findings suggest the reactivity of the catalyst is highly
dependent on the para-substituent. In a recent contribution from Bozell and co-workers36, a
4-coordinate Co(salen) catalyst with a bulky nitrogen base substituent was found to be an
effective catalyst for the oxidation of both S- and G-type model compounds. More
importantly, upon oxidation of a β-O-4 model compound containing both S- and G-type
rings, both S-type and G-type benzoquinones were formed in good and modest yields,
respectively (Table 1.1). Application of this reaction system to a tulip poplar lignin obtained
via organosolv fractionation led to ca. 3.5% isolated small molecule products. However this
is likely due to the low abundance of phenolic moieties present in the lignin isolated via
organosolv fractionation.
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Table 1.1 Oxidation of S- and G-type model compounds with base substituted CoSchiff base catalyst. Reprinted with permission from B. Biannic and J. J. Bozell,
Organic Letters, 2013, 15, 2730-2733.36
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In order to produce a more industrially relevant catalyst, Badamali et al.37

immobilized/entrapped Co(salen) on SBA-15 (mesoporous silica). The Co(salen) complex is
believed to be immobilized via H-bonding with free silanol groups on the surface of the SBA18

15 support. This is substantiated by a blue shift (ca. 25 nm) in the DRUV-vis (diffuse
reflectance ultra-violet-visible) spectrum, corresponding to support interactions in the
charge-transfer region of the spectrum (280-460 nm) with an intense peak at 375 nm.
Apocynol was oxidized with hydrogen peroxide and the Co(salen)/SBA-15 catalyst under
microwave irradiation achieving full conversion to phenolic dimers and quinines in 40
minutes. The catalyst proved to be nearly twice as active as the homogeneous analogue,
converting 88% of the apocynol with 50% selectivity (selectivity of identifiable products) to
acetovanillone in 30 minutes. In a follow up contribution Badamali et al.38 utilized the same
catalyst to oxidize a lignin β-O-4 model, obtaining 2-methoxyphenol as the major product.
Other products from the reaction were not discussed. Optimal catalyst activity was achieved
in 20 minutes with a turnover number (TON) of 67, which is ca. 5.5 times more active than
the corresponding homogeneous catalyst (Table 1.2). Under conventional heating only high
molecular weight products were obtained. Moreover, conversions calculated from the
authors’ reported TON were low (~21%).
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Table 1.2 Co(salen)/SBA-15 oxidation of a lignin model dimer. Reprinted from
Catalysis Communications, 12, S. K. Badamali, R. Luque, J. H. Clark and S. W. Breeden,
Co(salen)/SBA-15 catalysed oxidation of a β-O-4 phenolic dimer under microwave
irradiation, 993-995, Copyright (2011) with permission from Elsevier.38
OH
MeO
HO

OMe

OMe
O

Microwave, Catalyst

HO

CH 3CN, H 2O2

HO

Entry
Reaction duration (min)
TON
Blank
20
1
10
55
2
20
67
3
30
61
4
40
61
5
60
55
Homogeneous Co(salen)
20
12
Conventional heating
60
-a
Microwave reaction conditions: 0.5 mmol of dimer, 1.5 mmol H2O2, 3 mL acetonitrile,
0.1 g catalyst; microwave irradiation, 300 W, 150 oC, 10-60 min. aHigh molecular
weight products were obtained.

Interestingly, when other metal ions are substituted for cobalt, the oxidation
persists, however product mixtures change substantially. Indeed, Haikarainen et al.39
studied the use of transition metal substituted salen complexes for the oxidation of coniferyl
alcohol, as well other benzylic alcohol models. Coniferyl alcohol was studied with bulky and
simple salen complexes substituted with Mn, Co, Fe, and Cu. Mn was found to be the most
active, forming oligomers in 40 minutes (1:1:1, β-O-4:β-5:β-β). Similar results were seen
with Fe(salen) and Cu(salen), however longer reaction times were necessary (2 h, and 3 d
respectively). Co(salen) was used in the same reaction utilizing O2 (as opposed to H2O2
which was used in the previous reactions) as the terminal oxidant forming β-O-4, β-5, and
β-β dimers in a 1:2:3 ratio in just 1 h. When oxidation reactions were performed on two
monomeric benzylic alcohols using the Mn(salen)/H2O2 system, the corresponding carbonyl
products were formed in 70% yield. However, when a β-O-4 model was used, coupling
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corresponding to the 5-5 product was obtained quantitatively. The authors suggest that the
difference in reactivity between the substrates may be due to the steric bulk of the dimer,
which restricts its complexation with the catalyst, therefore preventing hydride elimination
from the benzylic position.

1.5.1.4 Organometallic catalysts (vanadium)
Organometallic vanadium catalysts have also been heavily studied for the oxidation
and cleavage of lignin model compounds. Indeed, Son and Toste40 utilized a vanadium
Schiff base catalyst (Scheme 1.5, top) for the oxidation of a lignin β-O-4 model
compound to form a ketone as well as monomeric products produced through C-O
bond cleavage. Hanson41 also utilized this catalyst, showing that product selectivity
was not dependent on the presence of phenolic moieties in the starting material. This
suggests that catalysis likely occurs via a different reaction pathway than for the
other Schiff base catalysts mentioned previously (vide supra). Toste’s40 proposed
mechanism involves hydrogen abstraction from the benzylic O-H, followed by
elimination of aryloxyl and hydroxyl radicals consecutively to form an enone
(Scheme 1.5, product B). Conversely, when Hanson41 used an 8-quinolinate ligated
vanadium complex, a strong dependence on the presence of phenolic moieties was
observed (Scheme 1.5, bottom). Indeed, while the non-phenolic model underwent
benzylic oxidation as well as water elimination (Scheme 1.5 products F and G,
respectively), the phenolic model produced a benzoquinone product resulting from
C(alkyl)-C(phenyl) bond cleavage.
Hanson and Baker42 also obtained carbon-carbon bond cleavage on several
lignin model compounds utilizing (dipic)VV(O)OiPr as a catalyst at 100oC in air. Good
conversions were obtained (≥ 94%), however, in most cases reaction times were
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quite long (6-7 days). Very recently Xu and co-workers43 performed oxidation on the
simple lignin β-O-4 model dimer 2-phenoxy-1-phenylethanol with vanadyl
acetylacetonate using O2 as the terminal oxidant. Reactivity of the substrate was
found to be heavily dependent on the solvent. When Et3N or DMSO was used as
solvent, the ketone product of benzylic alcohol oxidation was found to be the main
product, although conversions were low (ca. 20%). Acetonitrile and ethyl acetate
yielded mostly Cα-Cβ bond cleavage products along with significantly improved
conversion. Organic acids (acetic acid, propanoic acid, and butyric acid) were found
to be the most active solvents, yielding products derived from Cα-Cβ bond cleavage.
The authors performed

51V

NMR on the reaction systems in the absence of substrate

using the solvents acetic acid, acetonitrile/acetic acid (90/10), and acetonitrile/Et3N
(90/10) to test for the presence of VV species (VIV is NMR inactive due to its
paramagnetism). Interestingly, when acetic acid was present, a signal at ca. -540 ppm
was detected, while in the presence of Et3N the signal was found at -589 ppm. This
suggests that coordinated Et3N likely acts as a stronger electron-donating species,
which more effectively shields the VV. This likely also affects the redox activity of the
catalysts, causing the difference in activity when Et3N is used compared to acetic
acid, although the actual role of acetic acid is yet to be elucidated.
In addition to the homogeneous vanadium catalysts discussed above, Corma
and co-workers44 also developed a Cu-containing layered double hydroxide catalyst,
which used vanadate (VO3-) as the interlayer species. This catalyst was used for the
oxidation of a lignin model β-O-4 dimer with molecular oxygen as the oxidant,
resulting in Cα-Cβ bond cleavage. The main products of the reaction were the
corresponding aldehyde and carboxylic acid. When applied to lignin (organosolv
beech lignin) approximately 70% (calculated from the reported values) was
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converted to small molecular weight oligomers (ca. 300 Da). Unfortunately the
authors found that significant metal leaching occurred during the course of the
reaction and the active species was likely homogeneous in nature.
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Scheme 1.5 (Top) Oxidation of lignin model compound A according to Hanson and
Toste.40, 41 (Bottom) Oxidation of model compound E according to Hanson.41
Reproduced from Ref. 45 with permission of The Royal Society of Chemistry.

Perhaps one of the most active catalysts is methyltrioxo rhenium (MTO), which has
been shown by many groups to oxidize lignin and lignin model compounds effectively.28, 46
Crestini et al.47 studied the oxidation of lignin and lignin model compounds with
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methyltrioxorhenium and hydrogen peroxide. This system was effective at cleaving the
alkyl side chain as well as the aromatic ring in β-O-4 lignin model compounds. While
complete degradation of the model was seen, low mass balances, believed to be due to over
oxidation, were characteristic of the reaction. The main identifiable product of the reaction
was the phenolic fragment derived from the B-ring of the dimer, however the aldehyde
product of Cα-Cβ bond cleavage and vinylic products were also obtained. The authors also
carried out the oxidation of techinical lignins (hydrolytic sugar cane lignin, red spruce Kraft
lingin, and hardwood Irganosolv lignin). The reactivity of the lignins was evaluated by
phosphitylation followed by

31P

NMR spectroscopic analysis. In all cases significant side

chain and aromatic ring oxidation was seen. In a follow-up report, Crestini et al.48
immobiilized MTO on poly(4-vinylpyridine) and polystyrene. The heterogenized catalysts
showed similar conversions to homogeneous MTO and mass balances were moderately
improved. The authors suggest that the improved performance of the catalyst may be due to
the tunability of the catalyst via support effects (nitrogen ligation, reticulation grade,
support oxidation state).

1.5.1.5 Organic catalysts and stoichiometric reagents
The most comprehensive work in the field is that by Rahimi and Stahl49 who
screened a series of traditional (stoichiometric) oxidants as well as metal and metal-free
catalysts for the selective oxidation of benzylic alcohols in a lignin model dimer (Figure 1.8).
Of the catalytic systems tested, those involving TEMPO and a nitrogen oxide co-catalyst had
the highest activity for the selective oxidation of benzylic alcohols. Of the TEMPO catalytic
systems screened, 4-acetamido-TEMPO/HNO3/HCl/O2 was the most active. TEMPO
oxidations of alcohols are thought to go through the mechanism proposed in Scheme 1.6.
Briefly, the TEMPO pre-catalyst is oxidized to its nitronium cation active species TEMPO+ by
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the NOx species. Subsequently, TEMPO+ oxidizes the alcohol to its corresponding ketone,
which reduces TEMPO+ to TEMPO-H. The TEMPO-H is reoxidized to the TEMPO+ by the O2
regenerated NOx species to complete the catalytic cycle. A series of lignin model compounds
was subsequently screened with this system giving good to excellent conversions of the
alcohols to the corresponding ketones (Figure 1.9). Rahimi and co-workers went on to use
the optimized reaction conditions on Aspen lignin (obtained via the cellulytic enzyme
method). Using heteronuclear single quantum coherence (HSQC) NMR they found that
lignin had similar reactivity to the β-O-4 model compounds that were evaluated (Figure
1.10).
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Figure 1.8 Screening of reagents for the oxidation of a lignin model compound by
Stahl and co-workers.49 Reprinted with permission from A. Rahimi, A. Azarpira, H.
Kim, J. Ralph and S. S. Stahl, Journal of the American Chemical Society, 2013, 135,
6415-6418. Copyright (2013) American Chemical Society.49
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Figure 1.10 HQSC of native and oxidized lignin as described by Stahl and coworkers.49 Reprinted with permission from A. Rahimi, A. Azarpira, H. Kim, J. Ralph
and S. S. Stahl, Journal of the American Chemical Society, 2013, 135, 6415-6418.
Copyright (2013) American Chemical Society.49

1.5.1.6 Stepwise cleavage of oxidized lignin and/or lignin model compounds.
The

oxidation

of lignin

alcohol moieties may

allow

for the

stepwise

depolymerization of lignin. This is a desirable goal since selective stepwise oxidation may
decrease the number of secondary or undesired products seen in single step
depolymerization processes.

As discussed previously, Rahimi and Stahl achieved benzylic oxidation of several
lignin

model

compounds

using

the

4-acetamido-TEMPO/HNO3/HCl/O2

system.

Subsequently, they proposed cleavage of lignin oxidation products via a secondary
oxidation step involving NaOH/H2O2. This effectively cleaved the Cα-Cβ bond, producing the
corresponding acid and phenol.49 In a follow up publication, Rahimi et al. utilized a NaHCOO/HCOOH system to cleave the oxidized lignin yielding ca. 52 wt. % identifiable low
molecular mass products (Scheme 1.7).50 Specific to this approach is the obvious hydrolysis
of an enol-ether. This is of particular note because the enol-ether could also form at the
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benzylic position with equal likely-hood as the gamma position. Theoretically, either would
give a hydrolysable enol-ether under these conditions. However, control tests show that this
is not the case.
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Scheme 1.7 Cleavage of oxidized β-O-4 with HCOOH/HCOONa according to Rahimi et
al.50 Reprinted by permission from Macmillan Publishers Ltd: Nature A. Rahimi, A.
Ulbrich, J. J. Coon and S. S. Stahl, Nature, 2014, 515, 249-252, Copyright (2014).
Other groups have also attempted selective cleavage of lignin and/or lignin model
compounds. Indeed Dawange et al. utilized a Pd/C catalyst for the selective oxidation of the
benzylic alcohol moiety on a lignin β-O-4 model dimer.51 This was then followed by
treatment of the oxidized substrate with K2CO3 in order to dehydrate the γ-alcohol
generating an alkene, which is subsequently reductively cleaved with Pd/C (recovered from
the previous step and re-activated in an H2 bomb) and HCOOH/NH4CHOO. Westwood and
co-workers52 also recently described the use of a DDQ/tBuONO/O2 catalytic system for the
benzylic oxidation of several lignin model dimers, achieving selective benzylic oxidation in
high yields. Subsequent treatment of the benzylically-oxidized substrate with zinc resulted
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in depolymerization of the dimer via cleavage of the Cβ-O bond. A recent contribution from
our group also achieved stepwise depolymerization utilizing Baeyer-Villiger oxidation to
form a hydrolysable ester.53 Novel to this approach is the tolerance towards the primary
ketone, meaning that a less selective alcohol oxidation technique could be used without fear
of loss of depolymerization in the secondary step, as would be the case in the
aforementioned processes.
The findings of Stahl, Westwood, and Dawange suggest that the ‘’gateway’’ to
stepwise lignin depolymerization lies in the benzylic oxidation of lignin alcohol moeities,
which in some species are present in more than 60% of all linkages (i.e., the β-O-4 and β-1
linkages). Therefore, in the work described in this thesis we set out to (i) study such
benzylic oxidation reactions in detail and (ii) develop a suitable heterogeneous catalyst for
this transformation, on the basis that heterogeneous catalysts are better suited for
industrial application.
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Chapter 2. Catalytic oxidation of alcohols to carbonyl compounds over hydrotalcite
and hydrotalcite- supported catalysts
Note – This chapter was published as an article in the following Journal:
Mobley, J. K.; Crocker, M., Catalytic oxidation of alcohols to carbonyl compounds over
hydrotalcite and hydrotalcite- supported catalysts. RSC Adv., 2015, 5, 65780-65797
http://dx.doi.org/10.1039/C5RA11254K
This article appears in this dissertation with permission from the publisher.
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2.1 Introduction
The oxidation of alcohols to ketones and aldehydes is a heavily utilized
transformation in synthetic chemistry.1, 2 A number of catalysts and stoichiometric reagents
are known which oxidize alcohols to their corresponding carbonyl compounds.3
Unfortunately, stoichiometric alcohol oxidation often requires environmentally harmful
and/or toxic reagents such as Cr(VI) species and permanganate salts. Many catalytic
systems involve homogeneous catalysts, which require tedious workups and suffer from
thermal instability. On the other hand, supported noble metals have proven to be highly
effective heterogeneous catalysts for alcohol oxidations.4 Another recent development is the
use of hydrotalcite-like compounds (HTs) − both as catalyst components and as
heterogeneous catalysts in their own right − to achieve alcohol oxidations under
environmentally benign conditions.

Hydrotalcite-like compounds, also known as layered double hydroxides (LDHs), are
lamellar mixed hydroxides with interlayer spaces containing exchangeable anions. While
HTs occur in nature, a far greater range of compositions is known for synthetic materials; in
general, these can be conveniently prepared using simple co-precipitation procedures.5
Other common techniques for their preparation include hydrothermal synthesis,
homogeneous precipitation using the urea hydrolysis method, and anion exchange.6 The
general formula to describe the chemical composition is [M2+1-xM3+x(OH)2]An-x/n∙mH2O, the
most well-known example being the mineral hydrotalcite, which has the formula
[Mg0.75Al0.25(OH)2](CO3)0.125∙0.5H2O.6, 7 Structurally, layered double hydroxides are related to
brucite, Mg(OH)2. Each Mg2+ ion is octahedrally surrounded by six OH- ions (see Figure 2.1)
and the different octahedra share edges to form infinite sheets. The sheets are stacked one
on top of another and are held together by hydrogen bonding and van der Waals forces. If
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Mg2+ ions are partially replaced by cations with higher charge but similar radius (e.g., Al3+,
Fe3+), the brucite-type sheets become positively charged. Charge compensating anions
located in the interlayer region maintain the charge balance. This gallery also contains
water molecules, which occupy the regions between the anions. Hydrotalcites are generally
characterized using a combination of analytical methods,8 including powder X-ray
diffraction, elemental analysis, nitrogen physisorption, thermogravimetric analysis and
electron microscopy, although X-ray photoelectron spectroscopy and X-ray absorption
spectroscopy are also commonly used, particularly for hydrotalcite-supported metal
nanoparticles.

Figure 2.1. Detail of the HT structure. Reprinted from Applied Catalysis A: General,
287, D. G. Cantrell, L. J. Gillie, A. F. Lee and K. Wilson, Structure-reactivity correlations
in MgAl hydrotalcite catalysts for biodiesel synthesis, 183-190, Copyright (2005),
with permission from Elsevier.9
Upon thermal treatment, HTs undergo decomposition to mixed oxides; upon heating
to higher temperatures (>700 °C), spinel structures are obtained. The mixed oxides possess
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a number of properties of interest: increased surface area relative to the initial HT (up to
300 m2/g)10; homogeneous mixing of the different elements; high basicity (higher than the
starting LDH); and the “memory” effect (which refers to the re-construction of the original
LDH structure upon contacting the mixed oxide phase with an aqueous solution of an
appropriate anion).7

This review is intended to provide a detailed overview of existing HT catalysts for
the oxidation of benzylic and aliphatic alcohols, excluding polyols. For an overview of the
oxidation of polyols the reader is referred to the recent reviews by Li11 and Ebitani12. In
order to facilitate comparison of the different catalysts discussed below, specific activities
(mmol product/g catalyst*h) or, when appropriate, turnover frequencies (TOF, h-1) are
used. When specific activity or TOF values were not reported in a given publication, they
were calculated from the data provided.

2.2 HTs as catalysts
2.2.1 Ru containing HTs
Ruthenium is recognized to have excellent catalytic properties in the oxidation of a
variety of organic functional groups, including alcohols. For example, ruthenium-containing
organometallic complexes are well known for their ability to catalyze alcohol oxidations
using O2 as the sole oxidant.13 However, for ease of product work-up, heterogeneous
catalysts are generally preferred to homogeneous catalysts. Recent examples of supported
Ru catalysts have been provided by Liu and coworkers14, 15 who performed the selective
oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-diformylfuran (DFF) using carbonsupported Ru in the presence of O2. Similarly, Takagaki et al.16 reported the use of Ru/HT
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for the aerobic oxidation of HMF to DFF. In comparison with other supported Ru catalysts
such as Ru/C, Ru/Mg(OH)2, and Ru/Al2O3, Ru/HT had the highest activity and selectivity.
While the catalytic properties of hydrotalcites (HTs) have attracted interest for
many years, their use in alcohol oxidations is a relatively recent development.12 The first
such study appeared in 1988 and concerned the photocatalytic oxidation of iso-propanol to
acetone by polyoxometallate intercalated HT (vide infra).17 Roughly a decade later reports
were published concerning the use of isomorphically substituted HTs for the oxidation of
alcohols under non-photocatalytic conditions. In the initial article by Kaneda et al.18, Mg-AlHT was isomorphically substituted with Ru to obtain Ru-HTs with various interlayer anions
for the aerobic oxidation of cinnamyl alcohol, CO32- having the highest activity of all the
anions tested. The same authors indicated that they had also screened HTs isomorphically
substituted with Fe, Ni, Mn, V, and Cr in addition to Ru, Ru substituted HTs having the
highest activity; however, no data were presented for the other catalysts mentioned.
Building on this work, Kaneda and co-workers19 subsequently evaluated a series of
transition metal containing Ru-HTs for the aerobic oxidation of cinnamyl alcohol. Divalent
transition metal ions were substituted for Mg in the HT structure (CO32- being used as the
interlayer anion), Co, Mn, and Fe containing Ru-HTs displaying higher activity than the Mg
containing Ru-HT with specific activities of 9.4, 9.2, 5.0 and 2.3 mmol/g*h, respectively. The
Co and Mn containing Ru-HTs were particularly active, affording cinnamaldehyde in yields
of 94% and 92%, respectively. The authors suggested that the increased activity of the RuCo-Al-HT was due to an increase in the oxidation state of Ru. XPS analysis of Ru-Co-Al-HT
showed a Ru 3d5/2 binding energy similar to that of RuO3, which the authors suggested is
evidence of an interaction between the transition metal and Ru.
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2.2.2 Ni containing HT/HDs
In a seminal study by Choudary and co-workers20, Ni containing HTs were
synthesized and applied in the aerobic oxidation of alcohols. Notably, this was the first
study to suggest activation of O2 by a Ni-HT catalyst. The oxidation of 4-nitrobenzyl alcohol
was studied over a series of Ni-HTs, Ni-Al-HT (2:1) being the most active catalyst. While the
specific activity of Ni-Al-HT is much lower (0.65 mmol/g*h) than the values reported by
Kaneda and co-workers18, 19 for Ru containing HTs, the cost of Ni is significantly lower than
that of Ru. This report inspired a number of other researchers to examine the catalytic
properties of Ni containing HTs in alcohol oxidations. Kawabata et al.21 subsequently
systematically substituted Ni for Mg in a Mg-Al-HT, producing a series of catalysts with
varying Ni/Mg and (Ni+Mg)/Al ratios. Choudary et al.20 had previously reported low activity
for Ni-Al-HT (2:1) in the aerobic oxidation of BA, obtaining a 31% yield after 12 h. Likewise,
Kawabata et al. oxidized BA using Ni-Al-HT (2:1) under near identical conditions, obtaining
similar results. Notably, by varying the Ni content in the HT the conversion was increased to
51.8% with high selectivity to benzaldehyde (97.8% with a 2.5:0.5:1 Mg-Ni-Al-HT). The
authors suggested that the increased activity of this catalyst was due to the high surface
area and the large amount of atomically isolated Ni(II) sites.
Other examples of Ni containing HTs in the literature include HTs composed solely
of transition metals. Choudhary et al.22 examined Ni-Cr and Ni-Fe (in a 3:1 atomic ratio in
both cases) in addition to many other transition metal HTs (vide infra) for the aerobic
oxidation of benzyl alcohol under solvent-free conditions, finding that Ni containing HTs
had high selectivity towards benzaldehyde (≥ 97.6%); by-products consisted of benzyl
benzoate and benzoic acid. In another publication from this group23, the same catalysts
were used in combination with TBHP (tert-butyl hydroperoxide) for benzyl alcohol
oxidation (see Table 2.1). Ni containing HTs were found to afford 100% selectivity to
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benzaldehyde under solvent-free conditions, albeit Ni-HTs displayed the lowest conversions
of the transition metal HTs tested.
In a more recent study by Tang et al.24, Ni-Mn hydrotalcites/mixed hydroxides
(HTs/HDs) were synthesized with varying amounts of Ni and Mn. The catalysts were then
applied in the aerobic oxidation of BA at 100oC and compared with the results of other HTs
reported by Choudary20, Kawabata21, and Choudhary22, as well as Ni(OH)225 and various
other oxide catalysts. Among the catalysts tested, Ni-Mn-HD (2:3) had the highest specific
activity. An 89% conversion of benzyl alcohol was obtained after 1 h, with 99% selectivity
to benzaldehyde. The measured apparent activation energy was 37.2 kJ/mol.

2.2.3 Other transition metal HTs and HDs
As indicated above, transition metal-containing HTs have been widely studied for
alcohol oxidations. Indeed, Choudhary et al.22 reported the use of HTs containing transition
metals other than Ni, finding that Cu and Mn containing HT had the highest activity for
aerobic benzyl alcohol oxidation under solvent-free conditions. Specific activities for Cu-Al,
Zn-Cu-Al, Cu-Cr, and Mn-Cr HTs calculated from the data provided are 11.2, 11.3, 13.8, and
7.2 mmol/g*h, respectively. Mn-Cr-HT afforded the highest selectivity to benzaldehyde
(99.5%), Cu-HTs giving lower selectivities to benzaldehyde in the range 70-84%. In the case
of transition metal HT/HDs catalysts using TBHP as oxidant, it was found that the Cu, Co,
and Mn containing HT/HDs were the most active.23 While Cu-HT using O2 gave the highest
specific activity of those compared, the only Cu catalyst that was used with both oxidants
was Cu-Cr-HT, which showed specific activities of 13.8 mmol/g*h and 8.0 mmol/g*h with O2
and TBHP, respectively. However, in general specific activities were higher when TBHP was
used as the oxidant, although byproduct selectivity shifted from benzyl benzoate with O2 to
benzoic acid with TBHP. Interestingly, toluene is also seen as a byproduct when Cu catalysts
37

are used in combination with O2, the toluene likely being formed via benzyl alcohol
disproportionation.
Recently, Zou et al.26 explored the use of Zn-Co-HT as a catalyst, finding that it
displayed good activity for the catalytic oxidation of alcohols with TBHP. Using 5 eq. of
TBHP at 65oC and acetonitrile as solvent, benzyl alcohol was oxidized to benzaldehyde with
good conversion and selectivity (72% and 90%, respectively). The calculated specific
activity was 14.4 mmol/g*h, which is the highest among the transition metal HTs reported
in this review.
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Table 2.1. Oxidation of benzyl alcohol using transition metal HT/HDs
OH

O
Transition Metal HT
TBHP or O2

Specific Activity
(mmol/g*h)d
Cu–Al-HT
41
70.8
29.0
11.2
Zn–Cu–Al-HT
34.8
83.7
29.1
11.3
Zn–Cr-HT
15
97.3
14.6
5.6
Co–Al-HT
11.8 (56.7)
97.3 (77.4)
11.5 (43.9)
4.4 (9.1)
Ni–Al-HT
7 (15.9)
97.6 (100)
6.8 (15.9)
2.6 (3.3)
Mg–Fe-HT
6.5 (19.4)
94.8 (97.7)
6.2 (19.0)
2.4 (3.9)
Co–Fe-HT
12.5 (52.5)
94.3 (79.2)
11.8 (41.6)
4.6 (8.7)
Ni–Fe-HT
4.6 (17)
98.5 (100)
4.5 (17.0)
1.8 (3.5)
a
Mn–Cr-HT
18.7 (49.8)
99.5 (83.5)
18.6 (41.6)
7.2 (8.7)
Co–Cr-HT
11.7 (59.5)
98.4 (70)
11.5 (41.7)
4.5 (8.7)
Ni–Cr-HT
10.7 (15)
98.2 (100)
10.5 (15.0)
4.1 (3.1)
a
Cu–Cr-HT
50.9 (51.3)
70.1 (74.9)
35.7 (38.4)
13.8 (8.0)
Mg-Al-HT
(20.2)
(99.3)
(20.1)
(4.2)
Mn-Al-HD
(46.7)
(91.3)
(42.6)
(8.9)
Zn-Al-HT/HD
(10.5)
(100)
(10.5)
(2.2)
Mn-Fe-HT
(53.9)
(70.6)
(38.1)
(7.9)
Zn-Cr-HT/HD
(41.9)
(91.5)
(38.3)
(4.4)
22
Reaction conditions : 0.5 g of catalyst (3:1 M(II)/M(III) ratio), 5 hours, 96.6 mmol of
benzyl alcohol, O2 (6 mL/min), 210oC; Parentheses indicates that the reaction
conditions are as described by Choudhary et al.23: 52 mmol benzyl alcohol, 68 mmol
TBHP (1.3 eq.), 94oC. (a) The catalyst was described as a mixed hydroxide (HD) in the
report using O2 as oxidant22 but not in the report using TBHP as the oxidant23. (b)
Selectivity to benzaldehyde. (c) Calculated from conversion and selectivity. (d)
Calculated from the data provided.
Catalyst

Conversion (%)

Selectivity (%)b

Yield (%)c

2.2.4 Solvent effects
Solvent selection is a critical issue for alcohol oxidations catalyzed by transition
metal HTs, the use of polar solvents being particularly challenging. While polar solvents are
not as problematic for precious metal-containing HTs, they are less suited for oxidations
catalyzed by other transition metal HTs. Using Ru-Mg-Al-HT as catalyst, cinnamyl alcohol
was converted to cinnamaldehyde in 95%, 93%, 92% yield in toluene, chlorobenzene, and
benzene, respectively.18 However, when acetonitrile and 1,2-dichloroethane (as well as n39

hexane and cyclohexane) were used, the yields decreased to 70-86%, while the yield in
methanol was only 27%. When using transition metal HTs, a similar yet more pronounced
trend was found. Indeed, Choudary et al.20 found that Ni-Al-HT (2:1) in methanol and
acetonitrile yielded 4-nitrobenzaldehyde from 4-nitrobenzyl alcohol in yields of only 5%
and 29%, respectively. When the same reaction was carried out in non-polar solvents such
as benzene, cyclohexane, hexane, and toluene, yields were 66-98%. Kawabata et al.21 noted
a similar trend for Ni containing HTs. Polar solvents were found to be ineffective, while nonpolar solvents such as toluene gave good yields and selectivity. Polar solvents, which are
strongly adsorbed by the active sites in the catalyst, were suggested to prevent the
adsorption of alcohols, thereby slowing reaction rates. It should be noted that benzyl
alcohol oxidation catalyzed by Zn-Co-HT showed very high activity in acetonitrile; however,
the terminal oxidant was TBHP, which may contribute to the increased activity.26

2.2.5 Mechanistic insights
In the case of alcohol oxidation with TBHP, it is thought that the reaction proceeds
through a two-step redox mechanism in which production of the ketone is accompanied by
reduction of the metal and the production of water. This is followed by re-oxidation of the
metal by TBHP to regenerate the metal active site, t-butyl alcohol being generated as a coproduct (see Equation 2.1). Oxidation of the alcohol to the ketone is thought to be the ratedetermining step.23
M !! + C! H! CH! OH → M !!! ! + C! H! CHO + H! O
M !!! ! + (CH! )! COOH → M !! + (CH! )! COH
Equation 2.1. Oxidation of alcohols using TBHP/HT according to Choudhary et al.23
In the case of HT-catalyzed oxidation of alcohols with O2, formation of a metal
alkoxide via ligand exchange of the metal hydroxide with the alcohol (with the formation of
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water) is postulated to be the initial step. This is generally thought to occur through the
Lewis acidic M(III) cation; for example, the metal alkoxide is thought to form on Al when
present, similar to Oppenauer oxidations.20,

21

Next, the M(II) site activates oxygen,

producing a peroxo species. Finally, the peroxide accepts hydride to produce the ketone and
regenerate the active site (Scheme 2.1). In the case of iso-propanol, it has been shown that
this reaction doesn’t proceed via simple dehydrogenative oxidation of the alcohol. Using O2,
near stoichiometric amounts of water and acetone were produced. However, under inert
conditions neither acetone nor water were obtained.21

Scheme 2.1. Proposed mechanism for the aerobic oxidation of alcohols. Reprinted
from Applied Catalysis A: General, 403, Q. Tang, C. Wu, R. Qiao, Y. Chen and Y. Yang,
Catalytic performances of Mn-Ni mixed hydroxide catalysts in liquid-phase benzyl
alcohol oxidation using molecular oxygen, 136-141, Copyright (2011) with
permission from Elsevier.24
While this mechanism appears plausible, it may not be entirely accurate in its
description of the reaction. In the original report from Choudary et al.20, it was suggested
that carbonate anions play an integral role in the catalytic activity of HTs. This is likely
related to the initial deprotonation stage of the reaction. Indeed, when Choudary and coworkers synthesized Ni-Al HT by means of precipitation with aqueous ammonia, decreased
activity was observed for the oxidation of 4-nitrobenzyl alcohol. A similar result was seen
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when the catalyst was calcined and rehydrated to the HT via the “memory effect.” In both
cases carbonate anions were absent, the catalysts being otherwise the same. Interestingly, a
similar result was obtained by Kaneda and co-workers for Ru-HTs prepared with a variety
of intercalated anions.18 Their results showed that CO32- intercalated HT had the highest
conversions and yields of all the catalyst synthesized. It has been suggested for other
transformations catalyzed by HTs that the active sites on the catalyst are located on the
(110) crystallographic plane.12, 27 The (110) plane corresponds to the edges of the HT
platelets where coordinatively unsaturated metals ions and the interlayer carbonate ions
are exposed. From this it follows that the active sites for alcohol oxidation should likewise
be associated with the (110) plane.

2.2.6 Activity and scope
In terms of the scope of substrates that can be oxidized to the desired aldehyde or
ketone product, Ru-HT has been shown to be an effective catalyst for a wide range of
alcohols (see Table 2.2 below). Both Ru-Mg-Al-HT18 and Ru-Co-Al-HT19 are reported to be
efficient catalysts for benzylic alcohol oxidation, albeit Ru-Co-Al-HT affords much higher
reaction rates. Electron withdrawing groups (EWGs) decrease the reactivity of benzylic
alcohols for both Ru-Mg-Al-HT and Ru-Co-Al-HT catalysts, while electron donating groups
(EDGs) show little effect in the case of Ru-Mg-Al-HT. Primary alcohols are oxidized at a
faster rate than secondary alcohols in both cases. For both catalysts, allylic alcohols show
good to excellent selectivity to the corresponding carbonyl compound. Notably,
heteroaromatic alcohols are efficiently oxidized by Ru-Co-Al-HT, although not by Ru-Mg-AlHT, as are secondary aliphatic alcohols. It is believed the superior oxidizing ability of Ru-CoAl-HT is derived from the substitution of Mg(II) by Co(II), leading to a higher oxidation state
of the active Ru species in the catalyst (vide supra).
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8

7

6

5

4

H3C

Cl

EIZ = 98/2

EIZ = 3/97

CH2OH

CH2OH

CH2OH

CH2OH

CH2OH

CH2OH

CH2OH

2

3

CH2OH

Substrate

1

Entry

Cl

H3C

EIZ = 94/6

EIZ = 5/95

CHO

CHO

CHO

CHO

CHO

CHO

CHO

CHO

Product

1.5 h

50 min

1h

12 h

12 h

20 h

1.5 h

40 min

Time

100

100

100

89

86

99

100

Conversion
(%)
100

95

100

96

71

80

90

100

94 (89)b

Yielda (%)

Table 2.2. Oxidation of alcohols with Ru-Co-Al-HT. Reproduced from Ref. 19 with permission from The Royal Society of
Chemistry
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N

S

OH

CH2OH

CH2OH

OH

CH2OH

OH

N

S

O

CHO

CHO

O

CHO

O

2h

7h

40
min

1.5 h

1h

1h

100

99

100

100

100

100

91

91

100

96
(98)

92

97
(82)
Reaction conditions: substrate (2 mmol), Ru-Co-Al-CO3HT (0.3 g), toluene (5 ml), 60oC, O2
atmosphere. (a) Yields of aldehydes and ketones were determined by GC analysis using
internal standards, based on alcohols. (b) Values in parentheses are isolated yields. In the
case of the product isolation experiments, the reaction scale was three times greater than
that given in the footnote.

14

13

12

11

10

9

Table 2.2 (continued). Oxidation of alcohols with Ru-Co-Al-HT. Reproduced from Ref. 19 with permission from The Royal Society
of Chemistry

The Ni-Al-HT catalyst studied by Choudary and co-workers20 also showed excellent
activity for a wide range of substrates (Table 2.3). Unlike the Ru-HT catalysts mentioned
above, Ni-Al-HT (2:1) oxidized secondary alcohols faster than primary alcohols. For
benzylic alcohols, substitution on the aromatic ring increased reaction rates regardless of
EWG or EDG substituents. Cinnamyl alcohols were oxidized selectively to cinnamaldehydes
in good to excellent yields, although other allylic alcohols gave only moderate yields. Poor
yields were obtained with aliphatic alcohols. Notably, α-ketols were oxidized efficiently to
α-dicarbonyls. Contrary to Choudary’s report, the Ni-Mg-Al-HT (0.5:2.5:1) catalyst
described by Kawabata et al.21 gave similar results to those obtained using Ru-HTs18, 19,
which had faster reaction rates for primary alcohols than secondary alcohols and decreased
rates in the case of para-substitution on the aromatic ring. Primary aliphatic alcohols
showed no reaction and cinnamyl alcohol was oxidized to cinnamaldehyde with
benzaldehyde as a byproduct. The authors blamed the low selectivities obtained at low
conversions on retention of the substrate in the catalyst’s layered structure as evidenced by
a blank test, which saw 10% of the alcohol retained in the layers without evidence of
oxidation.
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Table 2.3. Oxidation of alcohols with molecular oxygen over Ni-Al-HT (2:1). Adapted
with permission from B. M. Choudary, M. L. Kantam, A. Rahman, C. V. Reddy and K. K.
Rao, Angewandte Chemie International Edition, 2001, 40, 763-766. Copyright (2001)
Wiley-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany.20
OH
R'

R''

O

Ni-Al-HT
O2

R'

R''

Entry
Time [h] Yield [%][a]
Rʹ
Rʹʹ
1
C 6H 5
H
12
31
2
m-MeOC6H5
H
2
88
3
o-NO2C6H5
H
6
76
4
p- NO2C6H5
H
6
98
5
o-MeOC6H5
H
1.5
86
6
o-MeC6H5
H
6
72
7
m-ClC6H5
H
15
63
8
m-PhOC6H5
H
10
71
9
p-MeOC6H5
H
10
88
10
o-ClC6H5
H
10
87
11
p-ClC6H5
H
10
73
12
o,p-MeOC6H5
H
12
88
13
C 6H 5
CH3
12
95 (94)[b]
14
p-MeOC6H5
CH3
6
84
15
p-MeC6H5
CH3
2
96
16
p-NO2C6H5
CH3
3
92
17
C 6H 5
C 6H 5
1.5
95
18
C6H5CO
C 6H 5
2.5
93
19
C 6H 5
C6H5(OH)CH
1.5
93
20
C 6H 5
CH2CH3
7
72
21
C4H3OCO
C 4H 3O
3
96
22
C6H4CH=CHCH2
H
6
88
23
o-NO2C6H4CH=CHCH2
H
10
84
24
p-MeOC6H4CH=CHCH2
H
10
96
25
p-BrC6H4CH=CHCH2
H
12
95
Typical reaction conditions: 2 mmol of alcohol, 0.5 g of Ni-Al-HT (2:1) catalyst,
and 10 mL of toluene were heated to 90oC with stirring. Oxygen was bubbled
through the reaction mixture for the specified amount of time.
a. Yields of isolated products.
b. Yield after the 6th cycle.

In the case of alcohol oxidation over Zn-Co-HT with TBHP, secondary benzylic
alcohols showed higher reaction rates and selectivities than primary benzylic alcohols.26
The lower selectivities obtained for the latter are unsurprising given the oxidizing power of
TBHP, which can over-oxidize aldehydes to carboxylic acids. Interestingly, for primary
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benzylic alcohols para-substitution of the aromatic ring with the electron-withdrawing
nitro group increased conversions while not affecting selectivity; in contrast, the electrondonating methoxy group decreased conversion while increasing selectivity to 100%.

2.3 Intercalated HTs
It is well established that certain anionic species such as CrO42-, MnO4-, and
polyoxometallates (POMs) can stoichiometrically or catalytically oxidize alcohols. In view of
this, several workers have synthesized HTs intercalated with these species for use in alcohol
oxidations. One of the earliest examples of intercalated HTs for the oxidation of alcohols
was reported by Kwon et al.17, who synthesized a pillared HT via ion exchange of Zn-Al-HT
with decavanadate (V10O286-). The pillared HT was then used for the photocatalytic
oxidation of iso-propanol. Under irradiation and an oxygen atmosphere, 6 moles of acetone
were produced per mole of decavandate in the catalyst. Moreover, under inert atmosphere
only a stoichiometric amount of acetone was produced, suggesting the catalytic nature of
the reaction. The catalyst also showed superior catalytic activity to its homogeneous
counterpart, which yielded only 2 moles of acetone per mole of decavanadate under the
same conditions.

Other researchers have synthesized HTs with intercalated POMs as the charge
balancing anionic species. Indeed, Jana et al.28 synthesized a series of HTs pillared with
transition metal substituted POMs, finding that a Co substituted POM (Cu, Fe, Ni, Cr were
also tested) gave the highest conversion of cyclohexanol with 100% selectivity to
cyclohexanone. Benzyl alcohol was also converted effectively to benzaldehyde in 79%
conversion (98.4% selectivity) at 100oC under O2. Similar to the findings of Kwon et al.17,
when the non-heterogenized POM was used as a catalyst, slightly inferior results were
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obtained. Continuing the reaction after the filtration of the intercalated catalyst did not
result in a significant increase in conversion, indicating that the reaction does not occur
homogeneously. Further, the catalyst was recycled four times with minimal loss of activity,
confirming its stability.

HTs have also been intercalated with inert pillars, with the goal of increasing the
exposed surface available for catalysis. Baskaran et al.29 synthesized a Co-Al-HT intercalated
with silicate, which was followed by calcination at 400-550oC, resulting in spinel and cobalt
silicate phases. Catalytic studies were performed using benzhydrol as a probe molecule and
TBHP as the oxidant. When the intercalated Co-Al-HT catalysts were compared to Co-Al-HT,
the silicate intercalated catalysts displayed superior conversions of benzhydrol to
benzophenone. This was attributed to the exposed Co2+ and Co3+ active species on the
catalyst surface, the presence of Co2+ and Co3+ species being confirmed by XPS. The catalysts
proved to be reusable with or without calcination between each recycle, although
calcination (550oC in air to remove adsorbed organic species from the catalyst) did result in
a significant decline in selectivity (from 99.6% to 70%).

The authors attributed the

catalyst’s activity to a free radical pathway in which surface Co2+ and Co3+ sites react with
TBHP to give alkoxo and peroxo radicals. The peroxo radical then abstracts the benzylic
hydrogen from the alcohol, giving the radical intermediate shown below (Scheme 2.2). This
radical reacts with the tert-butyl alkoxo radical to form the corresponding ketone and tertbutyl alcohol. The presence of a radical pathway was confirmed by use of the radical
scavenger butylated hydroxytoluene (BHT), which decreased the conversion from ca. 86%
to 45 %, while selectivity remained similar. Other alcohols were oxidized using this catalyst
in modest to good conversions; notably, those with EWG in the para-position gave lower
yields, which was presumed to be the result of stabilization of the radical intermediate.
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Scheme 2.2 Mechanism for alcohol oxidation using silicate intercalated Co-Al-HT.
Reproduced from Ref. 29 with permission from The Royal Society of Chemistry
Other anionic species that have been employed for the preparation of intercalated
HT catalysts include MnO4-, which was intercalated into a series of Mg-Al-HTs with varying
Mg:Al ratios30. Using TBHP as oxidant, Choudhary et al. showed that benzyl alcohol
conversions (>99% selectivity to benzaldehyde) trended with the Mg:Al ratio. Indeed, the
highest benzaldehyde yield (50%) was obtained using MnO4- intercalated HT with a Mg:Al
ratio of 10, suggesting that the basicity of the catalyst strongly affected conversion.
Interestingly, when Mg-Al-HT itself was used, benzyl alcohol conversion was lower than in
the uncatalyzed reaction with TBHP. The authors suggested that this is likely due to radical
intermediate termination by the HT. When the catalyst was used under oxidant-free
conditions, benzyl alcohol was oxidized to benzaldehyde with a 7.5% yield, which is near
stoichiometric with the amount of intercalated MnO4-. The authors suggested that the
reaction may operate through a redox mechanism (Equation 2.2). The Mn(VII) species is
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reduced to Mn(V) upon oxidation of the alcohol to the aldehyde, with co-production of
water. The Mn(V) species is re-oxidized to Mn(VII) upon treatment with TBHP. Oxidation of
the alcohol is expected to be the rate-limiting step, which may be facilitated by activation of
the alcohol on basic sites.

!
Mn VII O!
! + C! H! CH! OH → Mn V O! + C! H! CHO + H! O
!
Mn V O!
! + (CH! )! COOH → Mn VII O! + (CH! )! COH

Equation 2.2. Oxidation of benzyl alcohol using MnO4- intercalated HT and TBHP.30
Manayil et al.31 synthesized Co-Al-HTs with both CO32- and NO3- interlayer species.
Upon treatment with chromate solution it was found that the Co-Al-NO3- HT (2:1 Co:Al) had
a higher ion exchange capacity than its CO32- counterpart. Moreover, while the nitrate
containing HT exchanged with chromate in the interlayer region, the carbonate containing
HT displayed surface adsorption of chromate only. As a result, the nitrate exchanged HT
exhibited a lower conversion of benzyl alcohol upon oxidation with TBHP, albeit with
higher selectivity to benzaldehyde than the carbonate exchanged sample. However, the
carbonate exchanged catalyst showed poor recyclability, owing to leaching of the chromate
species into the reaction medium, while the nitrate exchanged species proved to be reusable
through 4 cycles with only moderate decreases in conversion (selectivity remaining
constant).

Other chromium species to be intercalated in HTs include sulphonato-salenchromium(III) complexes. When intercalated into Mg-Al-HTs, Wu et al.32 found them to be
effective catalysts for benzyl alcohol oxidation with H2O2. Interestingly, the catalytic
properties of the intercalated species was highly dependent on the coordination
environment of the Cr(III) species. Indeed, when the electron-withdrawing o-C6H4 group
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was used in the sulphonato-salen ligand, benzyl alcohol oxidation reached its highest
conversion of 65.8% (100% selectivity to benzaldehyde). The authors attributed the
increase in conversion to the extended π-network created by the o-C6H4 group, which
decreased the electron density around the Cr(III) species, facilitating the formation of the
active oxochromium intermediate. In all cases, the heterogenized Cr(SO3-salen) complex
afforded higher benzyl alcohol conversion and selectivity to benzaldehyde than its
homogeneous analogue. The authors suggested that the improved activity of Cr(SO3-salen)HT may be due to the presence of weak base sites on the HT surface, which hydrogen bond
with the H2O2, activating it with respect to oxygen transfer. The suggested mechanism
(Scheme 2.3) involves the formation of Cr(V)oxo species through heterolytic cleavage of
H2O2 by the coordinatively unsaturated Cr(III) site. Hydrogen is then abstracted by the
Cr(V)oxo species from the α-carbon, creating a carbocation intermediate. Subsequently, a
proton is abstracted from the hydroxyl oxygen generating the product. Re-oxidation of the
catalyst by H2O2 completes the catalytic cycle.
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Scheme 2.3. Suggested mechanism for benzyl alcohol oxidation using Cr(SO3-salen)
intercalated HT. Reprinted from Catalysis Today, 131, G. Wu, X. Wang, J. Li, N. Zhao, W.
Wei and Y. Sun, A new route to synthesis of sulphonato-salen-chromium(III)
hydrotalcites: Highly selective catalysts for oxidation of benzaldehyde, 402-407,
Copyright (2008), with permission from Elsevier.32
Kantam et al.33 studied the use of the chelating rac-BINOL ligand attached to the
surface of a Cu-Al-HT for the aerobic oxidation of alcohols. Several Cu-Al-HTs were
synthesized with varying Cu:Al ratios, Cu-Al-HT with a ratio of 2.5:1 showing the highest
activity for the aerobic oxidation of benzyl alcohol with a benzaldehyde yield of 99%. The
catalyst proved to be highly recyclable, with no loss of activity through 5 cycles. Several
other benzyl alcohols with EDGs and EWGs were oxidized to their corresponding aldehydes
in good to excellent yields. Moreover, ortho-substitution of the benzylic alcohol with EDGs
resulted in increased reactivity, which the authors suggested might be due to a chelating
effect on the catalyst. Secondary alcohols and N-heterocyclic alcohols could also be oxidized
to their corresponding carbonyl compounds in good to excellent yields; however, in the case
of cyclopentanol, (pyridin-3-yl)methanol, and 1-(pyridin-3-yl)ethanol, an increase in the
reaction temperature was required to drive the reaction forward. The suggested
mechanism involves the formation of an alkoxide intermediate through interaction of the
52

alcohol with Brønsted basic sites on the catalyst surface. Concomitantly, peroxide is formed
on the Cu sites through oxygen activation, facilitated by the rac-BINOL ligand. The peroxide
species then accepts hydride from the alkoxide intermediate, forming the carbonyl
compound. Notably, K2CO3 is used as a base in this reaction, although its role in the reaction
mechanism is not discussed.
2.4 Transition metal complexes immobilized on HT
In principal, immobilizing homogeneous catalysts on surfaces allows the high
selectivity and activity of homogeneous catalysts to be combined with the most
advantageous aspects of heterogeneous catalysts, such as ease of separation from the
reaction products. With this in mind, several workers have used HTs as a support for the
“heterogenization” of transition metal complexes. Indeed, Uemura and co-workers34-36
published several studies on the aerobic oxidation of alcohols using a Pd(II)-salt
immobilized on HT. The immobilized Pd(II)acetate-pyridine-complex was successfully
synthesized in situ by treatment of HT with Pd(OAc)2 and pyridine in toluene as solvent.
XRD analysis of the catalyst revealed that the Pd(II) complex was retained on the external
surface of the HT particles – as opposed to being intercalated – as evidenced by the
unaltered basal spacing.34 Analysis of the immobilized Pd(II) complex using a variety of
spectroscopic methods proved inconclusive; however, the authors confirmed acetate
coordination to Pd through intentional leaching of the catalyst in excess pyridine.35 On this
basis, a Pd(II)acetate-pyridine-complex was suggested as the immobilized catalyst. The
Pd(II)/HT proved to be active for the oxidation of a variety of alcohols in O235 and air36, the
use of air generally affording decreased reaction rates in comparison with O2. Notably, this
catalyst oxidized allylic alcohols without any isomerization of the alkene, albeit 5
equivalents of pyridine were necessary to enhance reactivity. The authors suggested that
pyridine may aid in preventing complexation of the olefin to Pd(II). Unfortunately, as for
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many immobilized catalysts, leaching is a problem for the Pd(II)/HT. This was evidenced by
continued oxidation of benzyl alcohol after removal of the solid catalyst from the reaction
mixture35, as well as decreased benzaldehyde yields upon recycling the catalyst in the
aerobic oxidation of benzyl alcohol35,

36.

In order to resolve the leaching problem, the

authors synthesized a second catalyst, Pd(II)/HT(m). This catalyst was synthesized
similarly to Pd(II)/HT, however, only half the amount of the Pd(II)-complex was
immobilized on the surface. Indeed, this catalyst showed a decreased amount of leaching
while retaining similar oxidizing ability, albeit with decreased activity.

Alcohol oxidation is thought to occur via the same mechanism postulated for the
homogenous catalyst (Scheme 2.4), in which a metal alkoxide is formed followed by βhydride transfer to the Pd and the fomation of the carbonyl compound. The catalyst is
regenerated through formation of a hydroperoxide from the combination of O2 and a Pdhydride. The hydroperoxide species can then react with another equivalent of alcohol to
complete the catalytic cycle. The authors suggest that as for the homogeneous system, H2O2
may be formed, albeit H2O2 was not observed using a KI-starch test. This is thought to be
due to decomposition of

H2O2 prior to iodine indication. Oxidation of benzyl alcohol

revealed that O2 was consumed in a 1:2 ratio to the produced benzaldehyde, supporting the
aforementioned aerobic oxidation pathway.
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Scheme 2.4. Reaction mechanism for aerobic oxidation of alcohols using Pd(II)-HT.
Reproduced with permission from N. Kakiuchi, T. Nishimura, M. Inoue and S. Uemura,
Bulletin of the Chemical Society of Japan, 2001, 74, 165-172. Copyright (2001) The
Chemical Society of Japan.35
Recently, Sahoo and Parida37 tethered a Pd(II) species to the surface of Zn-Al-HT
using a N-[3-(trimethoxysilyl)-propyl] ethylenediamine (TPED) ligand. The catalyst,
denoted as Pd-TPED/HT (with a Pd loading of 16.63 wt. %), efficiently oxidized benzyl
alcohol in the presence of O2 using water as the solvent. Like other Pd(II)/HTs, Pd-TPED/HT
required the presence of pyridine for reaction completion. The authors suggest that
pyridine serves several functions. Firstly, the pyridine may act as a base, aiding in
deprotonation of the alcohol. Secondly, pyridine may function to prevent irreversible
reduction of Pd(II) to Pd black (Scheme 2.5, [III]) via π-back-bonding from the aromatic
nitrogen. In terms of the scope of substrates that can be oxidized, Pd-TPED/HT was able to
convert a variety of primary benzylic and aliphatic alcohols to the corresponding aldehyde
with excellent selectivity. The reaction mechanism (Scheme 2.5), unlike the one described
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by Uemura and co-workers35, is thought to be a redox mechansim, in which Pd(II) is
reduced to Pd(0) by the alcohol, producing the carbonyl compound and two equivalents of
H+. The reduced Pd then reacts with O2 to form a peroxo species. The peroxo species then
combines with the two protons to form hydrogen peroxide, regenerating the Pd(II) catalyst.

Scheme 2.5. Possible mechanism of alcohol oxidation catalyzed by Pd-TPED-HT.
Reprinted from Applied Catalysis A: General, 460-461, M. Sahoo and K. M. Parida,
Pd(II) loaded diamine functionalized LDH for oxidation of primary alcohol using
water as solvent, 36-45, Copyright (2013), with permission from Elsevier.37
Zn-Al-HT was also employed for the immobilization of a Ce(III)-complex (via
intercalation) by Singha et al.38 (Scheme 2.6). The resulting catalyst showed good activity
for the oxidation of aliphatic and benzylic primary alcohols, as exemplified by the selective
oxidation of benzyl alcohol to benzaldehyde (TOF of 133 h-1). Interestingly, the catalyst
showed high chemoselectivity for the oxidation of primary alcohols over secondary
alcohols, as revealed by competitive intramolecular oxidation experiments. Competitive
intermolecular oxidation experiments also showed higher conversion rates for primary
alcohols than secondary alcohols. Notably, the homogeneous Ce(III)-complex catalyst
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showed decreased activity compared to its heterogenized Ce(III)/HT analogue, which can
be attributed to the possible formation of catalytically inactive μ-oxo dimers in the
homogeneous system.

Scheme 2.6. Ce(III)-complex intercalated HT. Reproduced from Ref. 38 with
permission from The Royal Society of Chemistry.
2.5 Transition metal NPs and oxo clusters supported on HT
Metals loaded on the surface of metal oxide supports are widely used to achieve
catalytic transformations. This includes the use of metal nanoparticles (NPs) supported on
HT for the oxidation of alcohols. Given the success of Pd complexes immobilized on HT,
Chen et al.39 researched the use of Pd nanoparticles supported on the surface of HT for the
aerobic oxidation of benzyl alcohol without the addition of external base. This is particularly
notable, given that the aforementioned Pd-complexes immobilized on HT were heavily
dependent on the addition of pyridine to facilitate oxidation. The authors concluded that the
activity of the catalyst was regulated by surface Brønsted basicity and Pd particle size.
Indeed, the catalyst calcined at 300oC (Pd/HT-C3) displayed both the highest basicity and
activity of those prepared (Table 2.4). To prove the dependence on Pd nanoparticle size,
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two catalysts with similar basicity and different Pd particle sizes were prepared; of these,
the catalyst with smaller Pd nanoparticles had higher activity for the aerobic oxidation of
benzyl alcohol. The increased activity of smaller Pd nanoparticles is believed to be due to an
increase in the amount of coordinatively unsaturated metal sites.

Table 2.4. Solvent-free aerobic oxidation of benzyl alcohol catalyzed by Pd/HT.
Adapted from Catalysis Letters, Pd nanoparticles on layered double hydroxides as
efficient catalysts for solvent-free oxidation of benzyl alcohol using molecular
oxygen: effect of supported basic properties, 143, 2013, 206-218, T. Chen, F. Zhang
and Y. Zhu, © Springer Science+Business Media New York 2012 with permission from
Springer.39
Initial
Intrinsic
conversion
TOF
-1
b
rate (mmol h )
(h-1)c
HT
0
0.73
0
0
Pd/HT-C1a
6.4
0.81
4.1
412.9
Pd/HT-C2a
4.9
1.22
8.6
861.9
Pd/HT-C3a
4.2
1.60
9.6
964.1
Pd/HT-C4a
3.5
1.00
7.8
783.9
a
Pd/HT-C5
2.6
0.66
6.0
603.8
Reaction conditions: catalysts 0.1 g; benzyl alcohol 48.5 mmol; O2
atmosphere; temperature 100oC.
a. C1, C2, C3, C4, and C5 refer to the calcination temperatures 100oC, 200 oC,
300 oC, 400 oC, 500 oC, respectively.
b. Evaluated from the benzyl alcohol conversion at the initial reaction stage
(conversion <20%).
c. Calculated from the initial conversion rate per Pd atom on the catalyst.
Sample

Mean size of
Pd (nm)

Basicity
(mmol CO2 g-1)

In a study by Ebitani et al.40, heterotrimetallic RuMnMn species were synthesized on
the surface of HT. This catalyst was highly effective for the aerobic oxidation of alcohols. Kedge XANES revealed that both Ru and Mn were in the 4+ oxidation state, while EXAFS
showed the near absence of Ru-O-Ru bonding. The initial TOF of the catalyst in benzyl
alcohol oxidation was found to be 140 h-1, while the calculated TOF at near quantitative
conversion was ca. 50 h-1. In both cases the TOF was based on the amount of Ru in the
catalyst. Further analysis revealed that Mn played an integral role in the rate-determining
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β-hydrogen elemination step. Applying Michaelis-Menten kinetics, the value of K2 (βhydrogen elemination step) was found to be nearly twice as high for RuMnMn/HT
compared to Ru/HT. Additionally, competitive oxidation of benzyl alcohol and C6D5CD2OH
resulted in a primary kinetic isotope effect value of 4.2, suggesting that β-hydride
elimination is the rate-determining step. Intramolecular competitive oxidation studies
showed that the catalyst selectively oxidized primary alcohols, yielding 1-[(4’formyl)phenyl]ethanol from 1-[(4’-hydroxymethyl)phenyl]ethanol in 98% yield at 40oC.
Moreover, the catalyst was highly effective for the oxidation of variety of other alcohols,
yielding the corresponding carbonyl compounds with high conversion and selectivity.
Mechanistically, alcohol conversion is expected to proceed via an alkoxide intermediate
formed by the elimination of water on the Ru site, followed by β-hydride elimination to give
the carbonyl compound and a Ru-hydride. Reaction of the Ru-hydride with O2 then forms a
hydroperoxide, which regenerates the Ru-alkoxide upon addition of another equivalent of
alcohol (Scheme 2.7).
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Scheme 2.7. Proposed mechanism for the aerobic oxidation of alcohols using
RuMnMn/HT. Reproduced with permission from K. Ebitani, K. Motokura, T. Mizugaki
and K. Kaneda, Angewandte Chemie International Edition, 2005, 44, 3423-3426.
Copyright (2005) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.40
Nagashima et al.41 synthesized high valent Mn species on the surface of HT (Mn/HTox). EXAFS and XANES measurements on this catalyst showed the presence of Mn-oxo
clusters in which Mn was present in the 6+ oxidation state. Good selectivity was obtained in
the aerobic oxidation of benzyl alcohol and 1-phenyl ethanol, although TOFs were quite low
(1.4 and 1.7 h-1, respectively). The catalyst also proved to be readily recycled, oxidizing BA
through four cycles without loss of activity. Unlike the aforementioned RuMnMn/HT40,
Mn/HT-ox is expected to catalyze oxidations through a radical pathway as evidenced by the

60

inhibition of the reaction upon addition radical scavengers. The proposed mechanism
(Scheme 2.8) involves proton abstraction from the alcohol by the metal-oxo oxygen,
followed by radical hydrogen abstraction from the Cα carbon by a second metal-oxo oxygen,
resulting in a reduced Mn(V) species. Formation of the carbonyl compound and water
results in a reduced Mn(IV)-oxo species, which is reoxidized to the Mn(VI)-di-oxo species by
O2, thereby completing the catalytic cycle.

Scheme 2.8. Oxidation of alcohols with Mn/HT-Ox catalyst. Reproduced from Ref. 41
with permission from The Royal Society of Chemistry
Mitsudome et al.42 explored the use of Cu nanoparticles supported on hydrotalcites
for oxidant-free and acceptor-free dehydrogenation of alcohols. While metallic copper
nanoparticles on other oxidic supports gave good yields of cycloctanone from cycloctanol,
Cu/HT gave near quantitative conversion in only 3 h (TOF of 388 h-1 under solvent-free
conditions). The catalyst was successfully applied to a wide range of substrates, including
alicyclic, aliphatic and benzylic alcohols, as well as heteroatom-substituted alcohols, giving
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the corresponding carbonyl compounds in good to excellent yields. Notably, cyclohexanol, a
notoriously difficult substrate to oxidize, gave 99% conversion with 94% selectivity to
cyclohexanone. Other cyclohexanol derivatives were also successfully dehydrogenated, with
the formation of small amounts of aldol byproduct. Cu/HT proved to be reusable, and
according to a hot filtration experiment, truly heterogeneous in nature.

In another study, Mitsudome et al.43 examined the use of Ag nanoparticles on HT for
the oxidant-free dehydrogenation of alcohols. Ag/HT showed high activity for the oxidation
of 1-phenyl ethanol under Ar atmosphere in p-xylene, reaching TON and TOF values of
22,000 and 1,375 h-1, respectively. The TOF was increased to 2,000 h-1 by removing coproduced H2 with flowing Ar. A hot filtration experiment revealed the active species was not
homogenous and no Ag was leached into the filtrate according to ICP analysis. The catalyst
effectively oxidized a series of other benzylic, alicyclic, and allylic alcohols in good to
excellent yields. Sterically bulky substrates, as well as heteroatom-substituted alcohols,
were also well-tolerated; however, aliphatic alcohols displayed low conversions (albeit with
high selectivity to the desired product). Notably, Ag/HT showed quantitative conversion of
cinnamyl alcohol to the aldehyde without isomerization or hydrogenation, which was seen
with the tested Ru/HT and Pd/HT (Figure 2.2). Moreover, when 1-phenyl ethanol was
oxidized in the presence of styrene, acetophenone was obtained in 99% yield without
formation of ethylbenzene, indicating that hydrogen transfer from Ag-hydride species does
not occur. The authors credited the lack of hydrogenation to the weak adsorption of
molecular hydrogen by Ag.
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Figure 2.2. Oxidation of cinnamyl alcohol using Ag/HT, Ru/HT, and Pd/HT. Reaction
conditions: catalyst [Ag/HT (Ag:45 nmol), Ru/HT (Ru: 5 μmol), Pd/HT (Pd: 5 μmol)],
p-xylene (5 mL), cinnamyl alcohol (1 mmol), 110oC, 18 h, Ar atmosphere. The
conversions were >99 % (Ag/HT), 72% (Ru/HT), and >99% (Pd/HT), respectively. [a]
Determined by GC and GC-MS. Reproduced with permission from T. Mitsudome, Y.
Mikami, H. Funai, T. Mizugaki, K. Jitsukawa and K. Kaneda, Angewandte Chemie
International Edition, 2008, 47, 138-141. Copyright (2008) Wiley-VCH Verlag GmbH
&Co. KGaA, Weinheim.43
2.6 Gold NPs supported on HTs
It wasn’t until the 1970s that gold was reported to be catalytically active.44 Nearly a
decade later, pioneering reports by Haruta45 and Hutchings46, 47 described gold’s activity for
the catalytic oxidation of CO and the vapor phase hydrochlorination of acetylene,
respectively. In the late 1990’s and early 2000’s multiple reports appeared describing the
aerobic oxidation of alcohols using gold catalysts.48 Gold is a very attractive catalyst as it is
very selective with respect to over-oxidation of the alcohol, especially in the case of primary
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alcohols which can form carboxylic acids. Gold can also be used in very low loadings as it
tends to be highly active for these transformations. While gold nanoparticles have proved to
be an excellent catalyst for alcohol oxidations, a major drawback is the need for the addition
of an inorganic base such as NaOH or Na2CO3 to aid formation of the alkoxide species. To
obviate the need for added base, efforts have been made to employ basic support materials
for Au nanoparticles. Examples include reports by Corma and co-workers of Au supported
on nanocrystalline ceria49-51 and more recent reports of Au catalysts incorporating
hydrotalcites. It should be mentioned that in many cases the HTs were synthesized via alkali
co-precipitation, which may mean the active base site is an alkali hydroxide. Nonetheless,
these catalysts seem to be active through multiple cycles and further reaction of the
catalyst-free filtrate gives no additional reaction, consistent with the heterogeneous nature
of the catalysts.

2.6.1 Au/HT catalysts
The first example of Au supported on Mg-Al HT appears to be a 2009 report by
Kaneda and coworkers52 following a number of reports of gold-catalyzed oxidations with
molecular oxygen. Expanding on their prior work concerning Au/HT-catalyzed oxidation of
diols to lactones without added base53, Kaneda and colleagues examined the oxidation of a
wide range of alcohols. Substrates such as benzyl, secondary aliphatic, alicyclic, and olefinic
alcohols showed good to excellent conversions to the ketone/aldehyde. On the other hand,
heteroaromatic alcohols showed lower activity, likely due to strong coordination to active
sites in the catalyst, while primary aliphatic alcohols were not oxidized.
In the following years several other research groups described the use of Au/Mg-AlHT for the oxidation of alcohols. Notably there are two separate protocols for this
transformation, based on oxidation using molecular O252, 54-56 and oxidant-free/acceptor64

free dehydrogenation57, 58. Both Wang et al.54 and Mitsudome et al.52 demonstrated that
Au/HT, in combination with O2, could oxidize a wide range of alcohols with good activity
and selectivity to the carbonyl compound. In a later article56 Wang and colleagues described
the oxidation of primary benzylic alcohols, finding them to be less reactive than secondary
benzylic alcohols. Notably, benzoic acid and benzyl benzoate were obtained as byproducts
in the oxidation of benzyl alcohol. While not explicitly discussed, benzoic acid may be
generated from autoxidation of benzaldehyde59, while benzyl benzoate is likely formed from
the oxidation of the hemiacetal intermediate generated by the combination of benzyl
alcohol and benzaldehyde49, 60, or from simple esterification. By performing the reaction at
room temperature, selectivity to benzaldehyde was increased to 99%. Other work has been
recently reported concerning the use of Au supported on hydrotalcites for the aerobic
oxidation of bio-derived molecules such as 5-hydroxymethylfurfural (HMF) to 2,5furandicarboxylic acid (FDCA). While this is beyond the scope of this review, it should be
mentioned that gold supported on hydrotalcite has been shown to be an effective catalyst
for the aerobic oxidation of HMF to FDCA in water, without the need for dissolved base.61

In the case of the oxidant-free/acceptor-free dehydrogenation route, which was
described by Fang et al.57,

58,

comparatively higher conversion and selectivity to

benzaldehyde were obtained than for the system employing O2. Indeed, this approach
achieved quantitative conversion of benzyl alcohol to benzaldehyde in 9 h57 as opposed to
the 83% yield in 20 h obtained when using O2 as oxidant.56 While this improved catalytic
activity may be due to the higher temperature and higher catalyst loading used, it should be
mentioned that the amount of Au on the catalyst was significantly lower.
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2.6.2 Mechanistic insights: aerobic oxidation versus dehydrogenative oxidation
Mechanistically, aerobic oxidation must go through a different oxidation pathway
than anaerobic oxidation. While the aforementioned reports of aerobic oxidation do not
discuss the use of an inert atmosphere to check for aerobic versus anaerobic oxidation,
Wang et al.56 performed the temperature programed surface reaction (TPSR) of adsorbed
iso-propanol, finding that the dehydrogenative ability of Au/HT was better than that of HT;
Au/TiO2 and Au/SiO2 displayed no dehydrogenation activity. An XPS study of the same
Au/HT, Au/TiO2 and Au/SiO2 catalysts showed that the Au 4f7/2 binding energy was lower
for Au/HT (83.2 eV) than for Au/TiO2 and Au/SiO2 (83.5 eV and 84 eV, respectively),
indicating a stronger interaction of the Au and the HT support and increased negative
charge on the Au nanoparticles.56 This negative charge aids the activation of molecular
oxygen via electron donation to the LUMO of O2 (π*) and facilitates oxidation (Scheme 2.9).
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Scheme 2.9. Plausible mechanism for the aerobic oxidation of alcohols after
Nishimura et al.62
Several studies have been performed with the goal of elucidating the reaction
pathway of alcohol oxidation over Au/HT with O2. In a study by Nishimura et al.62 using AuPd nanoclusters (NC) on HT, it was found that the rate of reaction was slowed by addition of
radical scavengers (TEMPO and BHT). Similarly, when TEMPO was used as a radical
scavenger with Au/NiAl-HT, a slight effect was seen.27 Based on Lineweaver-Burk plots and
the application of Michaelis-Menton kinetics with and without TEMPO, Nishimura et al.62
found that Km and K2 were decreased in the presence of TEMPO while Km/Vmax was
relatively unaffected. This suggests that TEMPO slowed the reaction rate via uncompetitive
inhibition, combining with an intermediate species. While it is not possible for TEMPO to
combine with the alcohol, TEMPO could combine with a peroxo or superoxo species,
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thereby slowing the reaction. The authors suggest that the formation of the radical-like
peroxo/superoxo species is likely due to electron donation from the highly electron rich Au
5d states. In other words, while the alcohol does not oxidize through a radical intermediate,
the active oxygen species has radical-like character, which is affected by TEMPO.

A dehydrogenative mechanism (Scheme 2.10) has been suggested by Fang et al.58 in
which the alcohol is activated by the Brønsted basic Mg-OH site forming a metal alkoxide
and water. β-hydride elimination then occurs on the gold surface to form the carbonyl. Next,
the AlOH Brønsted acid site transfers the water back to Mg, which reacts with the Au-H
moiety to regenerate the Au active site upon loss of H2. It is expected that the β-hydride
elimination is the rate-determining step and that this is facilitated by coordinatively
unsaturated Au on the surface. Fang et al. also suggested that the main difference between
anaerobic dehydrogenation and aerobic dehydrogenation of alcohols is the fact that the Au
species is regenerated by O2, producing water, while in oxidant-free dehydrogenation H2 is
produced. The production of H2 as a byproduct of the reaction is particularly attractive as it
has inherent industrial value in petroleum hydrotreating, H2 fuel cells, and numerous other
applications.
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Scheme 2.10. Dehydrogenative oxidation of alcohols using Au/HT. Reproduced with
permission from W. Fang, J. Chen, Q. Zhang, W. Deng and Y. Wang, Chemistry – A
European Journal, 2011, 17, 1247-1256. Copyright (2011) Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.58
2.6.3 Effect of particle size and Au loading for Au/HT
Whereas the activity of a heterogeneous catalyst is often directly correlated to the
amount of metal loaded on its surface, in the case of alcohol oxidation by Au nanoparticles,
and Au/HT in particular, this appears not to be the case. Indeed, many workers have found
that optimum catalyst activity is obtained at very low Au loadings. Given the high cost of
gold, the ability to use it in small amounts makes these catalysts particularly attractive. The
increased activity obtained with smaller amounts of gold is presumably related to increased
amounts of coordinatively unsaturated sites resulting from higher Au dispersions and
smaller nanoparticles. In many cases authors have found that larger gold nanoparticles (>5
nm) are significantly less active for alcohol oxidation, while ultra-small nanoparticles
appear to be highly active at very low Au loadings. The higher activity of small Au NPs
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supported on HT is in good agreement with results obtained for unsupported gold
nanoparticles.63
Gold particle size effects were studied in detail by Fang et al.57, 58 An examination of
benzyl alcohol conversion as a function of Au loading on HT showed that conversion
increased up to 94% as the gold loading was increased to 0.06 wt.%, after which conversion
decreased as the gold loading was increased to 0.26 wt.%. This was followed by another
gradual increase in conversion as the gold loading was raised to 12 wt.% (Figure 2.3). The
authors explained these observations in terms of the Au particle size distribution. Indeed,
TEM measurements revealed the average Au particle size of the 0.26 wt.% catalyst was 13.6
nm, while the 12 wt.% catalyst contained a bimodal particle distribution with smaller
particles below 4 nm to which they attributed the increased activity for benzyl alcohol
oxidation. The reason for the difference in particle size was unexplained; however, upon
further investigation Fang et al. found that gold particle size had a direct correlation with
turnover

frequency

(TOF,

moles

substrate

converted/moles

of

Au*h)

in

the

dehydrogenative oxidation of benzyl alcohol (Figure 2.4). Nanoparticles of various sizes
were synthesized through variations in Au precursor concentration in the aqueous Au
media and catalyst aging time. As shown below, even though the Au loading was more or
less the same in the synthesized catalysts, TOF (h-1) increased linearly as particle size
decreased from 12 nm to 3 nm. As particle size decreased from 3 nm to 2 nm a rapid
increase in conversion was seen, the TOF reaching ca. 800 h-1. This is in direct contrast to a
report by Haider et al.64 who found that gold nanoparticles of medium size (ca. 9 nm) had
the highest activity in the oxidation of 1-phenyl ethanol catalyzed by Au/Cu-Mg-Al-oxide. Li
et al.65 reported similar results to Fang et al., finding that lower Au loadings on Mg-Al-HT
afforded higher catalytic activity. Their findings, like those of Fang et al., are likely due to the
very small Au particles obtained at the lower loadings.
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Figure 2.3. Dependence of benzyl alcohol conversion on Au loadings for Au/HT
catalysts prepared by the DP method. Reaction conditions: catalyst, 0.20 g; T = 120 oC;
benzyl alcohol, 1.0 mmol; p-xylene, 5.0 cm3; Ar, 3 cm3 min-1; time, 6 h. Reproduced
from Ref. 57 with permission from The Royal Society of Chemistry.
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Figure 2.4. Dependence of TOF on the mean Au particle size for the Au/HT-catalyzed
oxidant-free dehydrogenation of benzyl alcohol. Reaction conditions: catalyst 0.100.20 g; benzyl alcohol 1-2 mmol; solvent (p-xylene) 5 mL; Ar flow rate 3 mL min-1;
T=393 K. Reproduced with permission from W. Fang, J. Chen, Q. Zhang, W. Deng and Y.
Wang, Chemistry – A European Journal, 2011, 17, 1247-1256. Copyright (2011)
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.58

Given the inherent dependence of catalyst activity on particle size, Li et al.65
investigated the use of glutathione capped gold colloids for the preparation of Au/HT (AuNC/HT). The use of the glutathione capping agent allows for the synthesis of ultra-small
nanoparticles with a mean diameter of 1.5 +/- 0.6 nm. High TOF values were obtained for
the aerobic oxidation of 1-phenyl ethanol using the Au-NC/HT catalyst (Table 2.5). Indeed,
at low conversion (7.6% conversion with 99% selectivity to acetophenone) under solventfree conditions, TOFs were as high as 38,000 h-1, indicative of the high intrinsic activity of
the catalyst.

Even at high conversion (74.8% conversion with 99% selectivity to

acetophenone) in toluene, a TOF of ca. 5,000 h-1 was obtained.
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Mi et al.66 described the synthesis and catalytic properties of Au/HT coated on the
surface of superparamagnetic magnetite (Fe3O4) particles. This approach renders recovery
of the core-shell type catalyst easy from the reaction mixture using an external magnet.
When applied to the oxidation of 1-phenyl ethanol in air at 80oC for 3 h (using toluene as
solvent), a TOF of 66 h-1 was obtained, similar to the value reported by Mitsudome et al.52
for Au/HT (74 h-1) in toluene at 40oC. However unlike the latter catalyst, which had a mean
Au particle size of 2.7 nm, the mean Au particle size in the catalyst prepared by Mi et al. was
7 nm. The authors suggest that this catalyst is very active considering the particle size, and
could be optimized to give higher TOF with smaller Au particles. The authors also reported
the synthesis of transition metal HTs (Ni-Al-HT and Cu-Ni-Al-HT) coated on Fe3O4 particles.
Given the work by others discussed below, this may make for an interesting area of study
for novel magnetite core-shell catalysts. Interestingly, the particles seem to have vertically
oriented Mg-Al-HT platelets. This finding may mean increased activity for core-shell
catalysts of the non-gold type as the pronounced (110) plane is typically thought to be the
active site for catalysis by transition metal hydrotalcites (vide supra).
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1-PE

Au-NC/HT

0.23

0.23
1.5 +/- 0.6

1.5 +/- 0.6

Au NP
mean size
(nm)
2.7
1-5

Toluene

None

None
None

Solvent

O2

O2

Air
O2

Oxidant

80

160

160

---

Temp.
(oC)

1

0.5

24
0.5

Time
(h)

74.8

7.6

94c
--

Conversion
(%)

99

99

99
--

Selectivity
(%)a

4,987

38,000

8,300
21,040

TOF
(h-1)

65

65

52
56

Reference

Au/HT1-PE
0.5
7
Toluene
Air
80
3
99d
-66
66
Fe3O4
Au/HT
BA
0.59
3.1
Toluene
O2
100
0.5
29d
-390
67
Au/HT
BA
0.4
2.1
p-xylene
None
120
6
>99
>99
-58
(a) Selectivity to the corresponding ketone or aldehyde. (b) Reaction temperature not reported. (c) Calculated from the reported yield
and selectivity. (d) % Yield (conversion not reported).

1-PE

Au
Substrate loading
(wt%)
1-PE
0.89
1-PE
1.8

Au-NC/HT

Au/HTb
Au/HTd

Catalyst

Table 2.5. Comparison of Au/Mg-Al-HTs in the oxidation of 1-phenyl ethanol and benzyl alcohol

2.6.4 Support effects
In light of the success of Au/HT in a variety of oxidation reactions, many authors
have explored the properties of the support as a tunable feature for improved catalyst
activity. Indeed, as discussed above, many transition metal containing HTs have been found
to be active in the absence of Au18-24, 26; thus, the addition of gold may impart higher activity.
This was first explored by Liu et al.67 who synthesized a series of HTs via transition metal
doping of Mg-Al-HTs. Their results, shown in the table below (Table 2.6), suggest that the
addition of transition metals resulted in higher catalyst activity for the oxidation of benzyl
alcohol to benzaldehyde. In all cases catalyst activity and product yield were higher than for
non-HT catalysts, namely, Au/TiO2, Au/CeO2, Au/Ga3Al3O4 and Au/Cr2O3. The highest
activity was seen in the case of Cr, corresponding to a TOF of 930 h-1. Co-precipitation was
also used to prepare a Au/Mg-Cr-HT catalyst, this method affording a highly active catalyst
(TOF of 1880 h-1) despite its low Au loading and surface area. Using TPSR of adsorbed isopropanol, the authors found that Au/Mg-Cr-HT exhibited the highest dehydrogenation
activity. This suggests that Mg-Cr-HT functions as a solid base for the cleavage of O-H bonds,
while Cr may also serve to facilitate C-H bond cleavage, thereby hastening the ratedetermining step.
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Table 2.6. Oxidation of benzyl alcohol to benzaldehyde using Au supported on
transition containing HTs. Adapted from Ref. 67 with permission from The Royal
Society of Chemistry
Catalyst

SBET/m2g-1

dAu/nm

Au
Basicitya
Yieldb
TOF/h-1
loading
(pH)
(%)
(wt.%)
Au/HT
27
3.1
0.59
8.0
29
390
Au/Cr-HT
79
3.9
0.49
8.3
58
930
Au/Mn-HT
90
2.8
0.75
8.4
47
490
Au/Fe-HT
48
3.0
0.70
8.3
55
610
Au/Co-HT
83
3.8
0.75
8.1
50
520
Au/Ni-HT
82
3.2
0.64
8.2
51
630
Au/Cu-HT
74
2.7
0.91
7.5
45
400
Au/Zn-HT
77
3.3
0.85
7.8
46
430
Au/TiO2
50
2.2
0.98
5.8
8(20)c
60(160)c
Au/CeO2
73
3.5
1.49
6.6
10
50
Au/Ga3Al3O9
225
3.3
0.94
6.5
26
220
Au/Cr2O3
3
4.3
0.90
6.9
6(27)c
50(230)c
Au/Mg-Cr-HT
42
2.8
0.32
8.7
76
1880
a. Suspension of 10 mg catalyst sample in 3 mL distilled H2O.
b. Yield of benzaldehyde determined by GC-FID. Reaction conditions: 50 mg catalyst, 1
mmol BA, 0.5 mmol n-dodecane, 10 mL toluene, 373 K, 20 mL min-1 O2, t = 0.5 h.
c. Data in parentheses were obtained by adding 1 mmol K2CO3.
Other groups have looked into the use of Ni containing HTs as a support for Au.60, 65
Wang et al.27 described the use of Au/Ni-Al-HT, finding that the optimal Ni/Al ratio was 2:1
(Au/Ni-Al-HT-2, see Table 2.7). They attributed the increased activity of Au/Ni-Al-HT-2
(compared to other Ni-Al-HTs) to the synergistic effect of the Au NPs and the support
provided by the uniform charge density of the Ni-Al-HT-2 layers. Using the Au/Ni-Al-HT-2, a
high TOF of 1101 h-1 was obtained in the aerobic oxidation of 1-phenyl ethanol in toluene.
Notably, this catalyst displayed better activity than Au/Al2O3 in the same reaction, with or
without the addition of base. Similarly, Zhao et al.68 used Au loaded into a Ni-Al-oxide
support (Au/NiAlO) derived from Ni-Al-HT. The Au/NiAlO catalyst showed an initial TOF of
830 h-1 for the oxidation of benzyl alcohol, the optimal Ni/Al ratio being 2.5:1. When a 2:1
Ni/Al ratio was used, the TOF dropped to 560 h1. XPS data suggest the enhanced activity of
Au/NiAlO-2.5 over Au/Al2O3 and Au/NiO is due to the lower Au f7/2 binding energy (83.3,
76

83.4, and 83.7 eV, respectively, vs. 84 eV for bulk gold), consistent with electron donation
from the support and the creation of negatively charged Au NPs which facilitate O2
activation.
Table 2.7. Aerobic oxidation of 1-phenyl ethanol using Au/HT. Adapted with
permission from J. Wang, X. Lang, B. Zhaorigetu, M. Jia, J. Wang, X. Guo and J. Zhao,
ChemCatChem, 2014, 6, 1737-1747. Copyright (2014) Wiley-VCH Verlag GmbH & Co.
KGaA Weinheim.27
Entry
Catalyst
Conv.[a] [%]
Sel.[a] [%]
TOF[b] [h-1]
1
83
>99
80
Au/Ni−Al-1
2
>99
>99
96
Au/Ni−Al-2
3
91
>99
91
Au/Ni−Al-3
4
76
>99
76
Au/Ni−Al-4
[c]
5
95
>99
1101
Au/Ni−Al-2
6[d]
<1
>99
--Au/Ni−Al-2
7
22
>99
22
Au/Mg−Al-2
8[e]
62
>99
59
Au/Mg−Al-2
[f]
9
97
99
93
Au/Ni−Al-2
Reaction conditions: 1-phenyl ethanol (1 mmol), toluene as a solvent (20 mL), catalyst
(50 mg, Au 1 wt.%), mole ratio of alcohol/Au = 400, O2 bubbled at 15 mL min-1, T = 80oC,
reaction time 4 h.
[a] Determined by GC and GC-MS.
[b] TOF values were calculated with respect to the total loading of Au after 4 h reaction.
[c] T = 100oC, reaction time 20 min.
[d] Absence of O2, N2 bubbled 5 min, then sealed.
[e] Ni-Al-2 (50 mg).
[f] 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 2 equiv. with respect to Au) was
added.
Miao et al.60 supported gold on a Ni-Al-HT/graphene composite (denoted as Au/NiAl-HT-RGO), finding that the HT composite enhanced catalyst activity. In the solvent-free
oxidation of benzyl alcohol the TOF (calculated by dividing the provided TON by the
reaction time) was increased from 1202 h-1 for Au/Ni-Al-HT to 1789 h-1 for Au/Ni-Al-HTRGO. The reduced graphene oxide (RGO) in the catalyst was suggested to be responsible for
enhancing the dispersion of the Au NPs as a result of their interaction with RGO’s defect and
oxygenic functional sites, while the Ni-Al-HT prevented RGO agglomeration as well as
providing base sites for alcohol activation.
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Li et al.65 also studied the use of transition metal HTs as supports for Au
nanoclusters (Au-NC), finding that gold supported on Ni-Al-HT and Co-Al-HT showed higher
activity in the aerobic oxidation of 1-PE than Au/Mg-Al-HT (Table 2.8). Indeed, when the
Au-NC/Ni-Al-HT and Au-NC/Co-Al-HT catalysts were used under solvent-free conditions,
TOFs were among the highest reported in the literature. TPSR of iso-propanol adsorbed on
the catalysts showed enhanced dehydrogenation activity for the Au/Ni and Au/Co
containing HT. Additionally, Au/Mg-HT prepared by deposition of glutathione-capped Au
NPs showed enhanced activity over the analogous catalyst prepared by DP (depositionprecipitation). Unlike Liu et al.67, who saw no correlation between activity and
electronegativity, Li et al. found that activity trended with electronegativity, meaning
Au/HT with more electronegative metals in the support showed higher activity
(Ni>Co>Mg). The different results in the two studies may be explained by differences in the
synthetic techniques applied, the catalysts employed by Liu et al. being synthesized by
means of “memory impregnation”, while those studied by Li et al. were synthesized by coprecipitation. According to XPS and CO adsorption/FTIR studies, Au-NCs were more
negatively charged in the Ni and Co containing catalysts than in the parent Au/HT.65 These
negatively charged Au clusters are suggested to aid in the activation of O2 by generation of a
superoxo-like species through electron transfer from the negatively charged Au core to the
LUMO of the O2 (π*).
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Table 2.8. Aerobic oxidation of 1-PE using Au-NC catalysts. Adapted with permission
from Ref. 65 from The Royal Society of Chemistry.
Entry

Catalyst

Au
DAub/nm Conv.[%] Sel. TOFd/h-1
a
loading
[%]c
[wt.%]
1
Au-NC/Mg3Al-HT
0.83
2.5 + 0.7
48.2
99
3213
2
Au-NC/Mg3Al-HT
0.59
2.0 + 0.7
60.6
99
4040
3
Au-NC/Mg3Al-HT
0.23
1.5 + 0.6
74.8
99
4987
4
Au-NC/Mg3Al-HT
0.11
1.5 + 0.6
73.4
99
4893
5
Au-NC/Ni3Al-HT
0.22
1.5 + 0.5
85.3
99
5687
6
Au-NC/Co3Al-HT
0.20
1.5 + 0.6
78.0
99
5200
7
Au/Mg3Al-HT(DP)
0.26
5.0 + 2.5
36.6
99
2040
8
Au-NC/Mg3Al-HTe
0.23
1.5 + 0.6
7.6
99
38000
9
Au-NC/Ni3Al-HTe
0.22
1.5 + 0.5
9.3
99
46500
e
10
Au-NC/Co3Al-HT
0.20
1.5 + 0.6
8.4
99
42000
Reaction Conditions: 1-Phenyl ethanol (10 mmol), catalyst (Au: 0.015 mol%),
toluene (10 mL), O2 bubbling (20 mL min-1), 80oC, 1 h.
a. Measured by ICP.
b. Obtained from High Resolution Transition Electron Microscopy (HRTEM).
c. Selectivity to acetophenone.
d. Moles of alcohol converted per mole of Au per hour.
e. 1-Phenyl ethanol (100 mmol), catalyst (Au: 4.0 x 1.0-4 mol%), O2 (20 mL min-1),
160oC, 30 min
2.6.5 Novel alloys
While supported Au NP/NCs are highly active for alcohol oxidations, many
researchers have looked to enhance the activity of these catalysts by alloying Au with Pd.62,
69, 70

Inspired by the findings of Prati71 and Hutchings72 in the selective oxidation of D-

sorbitol and alcohols, respectively, Shi et al.69 performed aerobic alcohol oxidations over HT
supported bimetallic catalysts in water. Catalysts with varying amounts of Au and Pd were
prepared, in addition to monometallic Au/HT and Pd/HT catalysts, HT loaded with 1 wt.%
Au and 1 wt.% Pd having the highest activity.

Both Au/HT and Pd/HT showed

comparatively low activity in the oxidation of 1-phenyl ethanol, affording the ketone in
10.5% and 18% yield, respectively, after 10 minutes, while a physical mixture of the two
gave a 14% yield (i.e., the average of the yields obtained with the monometallic catalysts).
79

However, Au1Pd1/HT produced the ketone in 35% yield under the same conditions with a
TOF of 140.7 h-1, suggestive of a strong electronic interaction between the two metals.
Notably, the support alone exhibited no conversion in 1-phenyl ethanol oxidation. XPS
analysis of the catalysts revealed a partial positive charge on the Pd, while the Au was
partially negative. XRD data suggested that alloying between the Pd and Au did not occur,
the Au diffraction lines in Au-Pd/HT being similar to those in Au/HT.
In another study concerning supported Au-Pd nanoclusters, Nishimura et al.62
correlated the activity of poly(N-vinyl-2-pyrrolidone) capped Au-Pd nanoparticles
supported on HT (Au-Pd-PVP/HT) catalysts to the negative charge density on Au. In the
aerobic oxidation of 1-phenyl ethanol, the Au-Pd catalysts displayed higher activity
compared with their monometallic counterparts. The importance of negative charge
accumulation on Au was also highlighted by Tsunoyama et al., who noted that PVP aids in
charge transfer to the gold core in PVP stabilized Au-NPs, resulting in negatively charged
and catalytically active Au clusters for aerobic oxidation.73 In the case of Au-Pd-NPs, XPS
measurements showed that with increasing Pd content, the Au 4f binding energy decreased
(relative to pure gold foil, 4f5/2 and 4f7/2 binding energies were 88 and 84 eV, respectively)
indicative of charge transfer from the Pd to the Au62, as also noted by Shi et al.69 However,
unlike the latter report, Nishimura et al.62 were able to confirm the presence of a Au-Pd
alloy using Au L3 XANES, STEM-HDAAF, and UV/Vis spectroscopy. From Au L3-edge XANES
spectra, the authors measured the white-line (WL) feature related to the 2p electronic
transition to the unoccupied 5d states. Gold has no holes in the 5d state ([Xe]6s14f145d10),
however, due to s-p-d hybridization bulk gold displays a white line feature at 11.295 keV
due to 5d to s-p states. Notably, AuxPdy-PVP/HT samples had lower white line features at
11.295 KeV, indicative of higher 5d electron density. The area of the WL feature was plotted
as a function of acetophenone yield, from which it emerged that 5d electron density
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strongly correlated to catalyst activity. Thus Au0.6Pd0.4-PVP/HT had the highest 5d electron
density and the best conversion.
Assuming Michaelis-Menten kinetics, Km and K2 values were calculated to be much
higher for the Au0.6Pd0.4-PVP/HT nanocluster catalyst than for Au/HT, suggesting that the
rate-limiting step of β-hydride elimination is facilitated by the Au-Pd catalyst. It is also
worth noting that Au-Pd-PVP/HT gave the highest reported TOF of the catalysts included in
this review for the solvent-free oxidation of 1-PE at 423 K, corresponding to a value of
69,100 h-1 (119,260 h-1 when calculated on the basis of Au).

2.6.6 Solvent effects and scope of substrates
While Au/HTs exhibit high activity and selectivity for the oxidation of a variety of
alcohols, their catalytic properties are to some degree dependent on the solvent employed.
Indeed, while solvents mainly affect the kinetics of the reaction, non-polar (and therefore
non-coordinating) solvents tending to give faster rates52, in the case of water product
selectivity is also affected. The effect of water is most pronounced in the oxidation of
primary alcohols, which tend to undergo further oxidation to carboxylic acids in aqueous
solution.56, 69 This was also seen in the case of benzyl alcohols aerobically oxidized in water
over polymer stabilized Au nanoclusters.74 When water was used as the solvent for the
oxidation of benzyl alcohol and 1-phenyl ethanol, BA afforded a higher conversion but was
less selective to the desired ketone. The authors attributed the better activity of BA to a
higher degree of solvation of BA than 1-PE in water.56 Indeed, the poor solubility of some
alcohols in water can be problematic, although alcohol solubility can be increased in
oxidation reactions via the addition of surfactants.75
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In terms of the scope of substrates, it appears that Au/HT has very few limitations.
In general, heteroatom-substituted alcohols give low reaction rates as do primary aliphatic
alcohols, which in the former case is likely due to the multiple sites available for
coordination to the catalyst. On the other hand, benzyl alcohol generally exhibits good
reactivity over Au/HT, with excellent selectivity to benzylaldehyde. This is particularly
notable, given that the oxidation of benzyl alcohol is notoriously slow over unpromoted
transition metal HTs. Alicyclic, aliphatic, and alkenic alcohols can be oxidized with varying
degrees of success, although most catalysts are able to oxidize all three classes of alcohol to
some extent. In the case of alkenic alcohols, while high reaction rates are obtained,
selectivity to the desired oxidation product is only moderate, possibly due to transfer
hydrogenation, resulting in the saturated ketone, hydrogenolysis and decarbonylation
products.

2.7 Outlook
HT materials have proven to be useful catalysts for the oxidation of alcohols under
mild conditions using either oxygen or TBHP as the terminal oxidant. Moreover,
dehydrogenative oxidation of alcohols under anaerobic conditions over HT supported
Group IX metals has recently been demonstrated. The utility of these catalysts stems from
their ease of preparation, low cost, and ability to be tuned via modification of the HT
composition. Although significant progress has been made in the last two decades,
improvements to these catalysts are still needed. While the oxidation of benzylic alcohols
generally proceeds with good rates, selective oxidation of alicyclic and aliphatic alcohols can
be problematic. In this respect, improvements in synthetic techniques leading to increased
exposure of interlayer anions such as CO32- or POMs may aid oxidation activity.
Improvements in catalyst activity may also be realized by tuning the basicity of the catalyst
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through synthetic approaches. Indeed, increased basicity may be achieved in HT-derived
mixed metal oxides through doping of the HTs with rare-earth metals76, or the application
of sonication during HT synthesis10. While gold is a highly active area of research, the use of
other transition metal HTs may also prove beneficial, especially in the cases of Cu and Ag,
which have received little attention to date. Finally, it should be noted that gold based
catalysts appear to be of particular interest not only due to their high activity and
selectivity, but also their tolerance to a wide range of solvents, including water. This renders
them particularly well suited for the oxidation of polar molecules, such as those derived
from biomass.
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Chapter 3. Oxidation of lignin and lignin β-O-4 model compounds via activated
dimethyl sulfoxide
Disclaimer: The work provided in this chapter is the result of collaboration with
Soledad Yao of the Chemistry Department at the University of Kentucky. Soledad Yao
was responsible for lignin model compound synthesis and oxidation described in
sections 3.2.2 through 3.2.4
Note – This chapter was published as an article in the following journal:
Mobley, J. K.; Yao, S. G.; Crocker, M.; Meier, M., Oxidation of lignin and lignin β-O-4 model
compounds via activated dimethyl sulfoxide. RSC Adv., 2015, 5, 105136-105148
http://dx.doi.org/10.1039/C5RA33240K
This article appears in this dissertation with permission from the publisher.
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3.1. Introduction
Given the finite nature of crude petroleum reserves, attention is shifting
towards the utilization of renewable resources for the production of fuels and
chemicals. One such resource is lignin, which could play a key role in supplying these
commodities.1-3 Lignin is the second most abundant biopolymer on earth4 and
currently has limited commercial use, serving mainly as a low-grade fuel5, 6. A
significant amount of research has been directed at lignin conversion and
valorization via pathways involving alkaline oxidation, hydrotreating, and pyrolysis.7
While these processes convert lignin to value-added products, they are made
impractical by the necessity of high temperatures and pressures, expensive and/or
caustic reagents and catalysts, as well as low conversions. In this respect, new
methods are needed which convert or modify lignin to valuable products.
Lignin contains an assortment of well-defined linkages, arranged randomly, of
which certain linkages can be targeted for selective cleavage. Due to the abundance
of the β-O-4 linkage (ca. 50 % of linkages in hardwood and softwood lignin3), and the
potential reactivity of its characteristic benzylic alcohol moiety, it is commonly
selected as the focal point for depolymerization. Indeed, many groups have recently
enjoyed success in the application of selective oxidation protocols for the cleavage of
lignin model compounds by specifically targeting this functionality. Rahimi and Stahl,
who screened a series of traditional stoichiometric oxidants as well as organic
catalysts for lignin oxidation, have pioneered much of this work. They found that
acetamido-TEMPO and oxygen efficiently convert benzylic alcohol groups to
ketones.8 Likewise, Dawange and Samec have recently succeeded in the selective
dehydrogenation of benzylic alcohols in lignin model dimers using Pd/C.9 Using
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glucose as a metal stabilizer, they were able to obtain a 60-93% yield of the benzylic
ketone in a lignin model dimer.9
Other groups have focused on the use of DDQ for the selective oxidation of
benzylic alcohols in the β-O-4 linkage. Westwood and co-workers utilized a
DDQ/tBuONO/O2 system to oxidize benzylic alcohols followed by reductive cleavage
of the newly generated acyloin moiety with zinc to cleave the β-O-4 linkage.10 Recent
work in our group has also focused on the use of homogeneous catalysts such as
DDQ, TEMPO, and an iron-porphyrin complex for benzylic oxidation. This step was
followed by Baeyer-Villiger oxidation of the benzylic ketone utilizing a formic
acid/hydrogen peroxide system to achieve conversion to an ester.11 In this manner,
we were able to achieve complete cleavage of a substituted lignin model dimer.
Also noteworthy is the use of homogeneous organometallic and metal
catalysts for lignin oxidations. Hanson and Baker achieved oxidation of lignin model
compounds using (dipic)VV(O)OiPr catalyst at 100oC in air.12 Likewise, Son and Toste
were able to obtain monomeric ketones via a redox neutral C-O bond cleavage of β-O4 models through a 1-electron reaction using an organometallic vanadium catalyst.
The reaction is initiated by hydrogen abstraction, followed by an elimination of the
aryloxy radical and subsequent hydroxyl elimination to form an enone. Unique to
this approach is the tunability of the catalyst selectivity via variation of the tridentate
Schiff base ligand bite angle.13 In a follow up to Toste’s work13, Hanson14 utilized the
same vanadium catalyst with an analogous phenolic model compound. When Toste’s
catalyst was used with the phenolic model, similar results were seen as with the nonphenolic analogue (Scheme 3.1, top). However, with Hanson’s catalyst the nonphenolic model exhibited benzylic oxidation while the phenolic model underwent
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C(alkyl)-C(phenyl) bond cleavage (Scheme 3.1, bottom), which suggests that phenols
may play a vital role in the understanding of lignin chemistry.14 Similarly, Biannic and
Bozell found that Co-Schiff base catalysts were able to cleave phenolic model dimers
in good yields under oxidative conditions. When applied to lignin, small products
were obtained although yields were low due to the low phenolic content of
organosolv lignin.15 Recently, Corma and co-workers reported the oxidative cleavage
of lignin using copper and vanadium containing hydrotalcite catalysts with O2 as the
terminal oxidant.16 Their catalyst was able to depolymerize lignin to small molecular
weight oligomers (ca. 300 Da), however, the catalyst suffered from significant metal
leaching. Ma et al. also reported that a vanadium catalyst coupled with acetic acid
was able to cleave carbon-carbon bonds in lignin phenethyl ether linkages.17
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Scheme 3.1 (Top) Oxidation of lignin model compound A according to Hanson and
Toste. 13, 14 (Bottom) Oxidation of model compound E according to Hanson.14
The purpose of the current work is two-fold. First, we introduce an alternative
pathway for the oxidation of lignin and lignin model compounds based on the use of
activated DMSO. Second, we emphasize the limitations of certain compounds as
models for the β-O-4 linkage in lignin, given differences in the reactivity of phenolic
and non-phenolic models. With regard to the first point, it should be noted that the
Swern reaction has been applied to lignin model compounds by Rahimi and Stahl,8
although they saw only minor success in selective benzylic oxidation, obtaining ca.
20% conversion at the benzylic position and even less at the gamma alcohol. It is
important to note that the model compounds used did not contain unprotected
phenolic moieties, which we believe play a significant role in reactivity under
oxidative conditions.
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Addressing the second point, we would like to draw attention to the
formation of enol ethers which is made possible through the phenolic groups that are
highly prevalent in native18 and industrial lignins19. We propose that quinone
methide chemistry occurs as a result of unprotected phenolic groups, which has been
well detailed for lignin isolation procedures such as alkaline pulping.19 Indeed, we
have found that when phenolic models were subjected to Swern conditions, enolethers were formed rather than the expected aliphatic ketones. In theory these enolethers can be cleaved to produce small aromatic products from lignin via simple acid
catalysed hydrolysis20; similar enol-ether hydrolysis of model compounds has
recently been demonstrated by Stahl and Rahimi.21

3.2 Experimental
3.2.1 General considerations
Kraft (Indulin AT) lignin was obtained from MeadWestvaco. Solvents were dried over
freshly activated 3 Å molecular sieves (20% mass/volume) for 48 h according to a
procedure by Williams22 or procured from Sigma Aldrich and used without further
purification.
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3.2.2 Preparation of the lignin model dimers
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Figure 3.1: Lignin model dimer compounds 1-6

Model dimers 1-5 (Figure 3.1) were prepared using the procedures recently
reported by our group11, while 6 was prepared according to Scheme 3.2. The
procedure for the synthesis of 6 is the same as that for 5, except that a different
phenol was used, producing ketone 10, which was then reduced to produce 6.
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Scheme 3.2 Preparation of 6.
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OCH 3

3.2.2.1 Preparation of 8.
NaH (60% dispersion in mineral oil, 1.12 g, 28.12 mmol), 7 (4.95 g, 15.62 mmol)11
and 4-methoxyphenol (3.96 g, 31.24 mmol) were placed in 3 individual one-neck
round bottom flasks. The flasks were purged with N2 for 15 min after which 9.8 mL
THF and 3.5 mL DMF were added to each flask. The solution of NaH in THF/DMF was
cooled to 0° C and the solution of 4-methoxyphenol was added. The mixture was
stirred at room temperature for 1 h and then cooled to 0° C again. The solution of 7
was added, and the resulting mixture was stirred at room temperature for 8 h. The
mixture was then poured onto ice-water (100 mL) and the resulting aqueous layer
was extracted with EtOAc (3x50 mL). The EtOAc extract was washed with water (100
mL), dried with MgSO4, and concentrated under vacuum. The residue was subjected
to column chromatography on silica gel (EtOAc:hexane 3:7) to yield 8 (1.0 g, 2.8
mmol, 18%). 1H NMR (400 MHz, CDCl3): δ 7.76 (dd, J=8.4, 2.27, 1H), δ 7.63 (d, J=1.9,
1H), δ 6.94 (d, J=8.5, 1H), δ 6.93 – 6.87 (m, 2H), δ 6.83 – 6.75 (m, 2H), δ 5.62 (s, 1H), δ
4.28 (q, J+7.3, 2H), δ 3.92 (s, 3H), δ 3.74 (s, 3H), δ 1.24 (t, J=7, 3H).

13C

NMR (100

MHz, CDCl3): δ 189.98, 167.1, 155.03, 151.43, 151.03, 146.64, 126.67, 125.43,
116.77, 114.76, 114.13, 111.21, 82.17, 62.27, 56.1, 55.6, 14.0. GC-MS m/z (relative
intensity): 360 (M+, 10), 288(1), 259 (1), 207 (1), 163(1), 151(100), 135(4), 123(10),
109(4), 92(3), 77(3), 65(2), 52(1).

3.2.2.2 Preparation of lignin model dimer 6 (Scheme 3.2).11
A solution of 8 (1.0 g, 2.78 mmol) in THF (33 mL) and H2O (3.3 mL) was stirred at
room temperature. Sodium borohydride (1.06 g, 27.8 mmol) was added over 3 h and
the solution was further stirred for 24 h at room temperature. The reaction mixture
was treated with a saturated solution of ammonium chloride, after which the volatile
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materials were removed under vacuum. The residue was diluted with water (100
mL) and extracted with dichloromethane (3 × 50 mL). After evaporation of the
solvent, the residue was subjected to column chromatography on silica gel
(EtOAc:hexane 1:1) to produce 6 (0.683 g, 2.13 mmol, 77%). 1H NMR (400 MHz,
CDCl3, mixture of diastereomers): δ 7.0 - 6.76 (m, 7H), δ 4.99 - 4.92 (m, 1H), δ 4.25 –
4.18 (m, 1H), δ 3.87, 3.86 (s, 3H), δ 3.77, 3.75 (s, 3H), δ 3.96 - 3.48 (m, 2H).

13C

NMR

(100 MHz, CDCl3, mixture of diastereomers): δ 154.7, 154.6, 152.1, 151.7, 146.7,
146.6, 145.5, 145.2, 132.5, 131.8, 119.9, 119.3, 118.3, 118.1, 114.8, 114.7, 114.4, 114.4,
109.5, 109.0, 84.4, 83.5, 73.8, 73.8, 61.4, 61.0, 55.9, 55.7. GC-MS m/z (relative intensity):
302 (M+ -18, 0.4), 272(100), 255

(0.8), 243(2.8), 211 (1.3), 183(1.7), 149(1.3),

133(1.5), 124(1.6), 109(1.5), 89(1.0), 77(1.4), 63(0.6), 51(0.6). HRMS (ESI) m/z
[M+Na]+ calcd for C17H20O6Na 343.1152, found 343.1152.

3.2.3 Swern oxidation of lignin model dimers
3.2.3.1 Oxidation of 1.
A solution of DMSO (717 μL, 10 mmol) in CH2Cl2 (0.25 mL) was added dropwise,
under N2, to a cold (-78°C) solution of (COCl)2 (438 μL, 5 mmol) in CH2Cl2 (0.25 mL)
and the resulting solution was stirred at -78°C for 15 min. A solution of 1 (256 mg, 1
mmol) in CH2Cl2 (0.75 mL) was added dropwise and the resulting mixture was
stirred at -40°C for 30 min. Et3N (2.09 mL, 15 mmol) was then added dropwise, the
resulting mixture was stirred at -78°C for 30 min, and was then allowed to warm to
room temperature. After adding CH2Cl2 (15 mL), the resulting organic phase was
washed with HCl (1M, 5 mL), then with water (10 mL), and was then concentrated
under vacuum. The product was isolated by silica gel column chromatography (23%
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EtOAc/hexanes) to produce 1’ (246 mg, 0.97 mmol, 97%), which gave 1H and

13C

spectra that are consistent with those in the literature.11 1H NMR (400 MHz, CDCl3) δ
8.13-8.09 (m, 1H), δ 8.02-7.98 (m, 1H), δ 7.63-7.57 (m, 1H), δ 7.51-7.45 (m, 2H), δ
7.20-7.14 (m, 1H), δ 6.82-6.62 (m, 3H), δ 5.25 (s, 2H), δ 2.54 (t, J=7.53 Hz, 2H), δ 1.661.56 (m, 2H), δ 0.92 (t, J=7.3 Hz, 3H).

13C

NMR (100 MHz, CDCl3) δ 194.94, 157.99,

144.59, 134.62, 133.89, 130.20, 129.26, 128.83, 128.19, 121.98, 115.29, 112.6,
111.68, 70.80, 38.02, 24.37, 13.82. GC-MS m/z (relative intensity): 254(M+,40),
236(2.5), 207(7), 178(2), 165(1), 149(1), 119(3), 105(100), 91(14), 77(23), 65(4),
51(4).
3.2.3.2 Oxidation of 2.
A solution of DMSO (108 μL, 1.5 mmol) in CH2Cl2 (0.25 mL) was added dropwise,
under N2, to a cold (-78°C) solution of (COCl)2 (66 μL , 0.75 mmol) in CH2Cl2 (0.25 mL)
and the resulting solution was stirred at -78°C for 15 min. A solution of 2 (54 mg,
0.15 mmol) in CH2Cl2 (0.75 mL) was added dropwise and the resulting mixture was
stirred at -40°C for 30 min. Et3N (312 μL, 2.25 mmol) was then added dropwise, the
resulting mixture was stirred at -78°C for 30 min, and was then allowed to warm to
room temperature. After adding CH2Cl2 (15 mL), the resulting organic phase was
washed with HCl (1M, 5 mL), then with water (10 mL), and was then concentrated
under vacuum. The product was isolated by silica gel column chromatography (23%
EtOAc/hexanes) to produce 2’ (46.72 mg, 0.13 mmol, 87%), which gave 1H and

13C

spectra that are consistent with those in the literature.11 1H NMR (400 MHz, CDCl3) δ
7.79 (dd, J=8.56, 2.08 Hz, 1H), δ 7.61 (d, J=2.11 Hz, 1H), δ 6.88 (d, J=8.64 Hz, 1H), δ
6.33-6.25 Hz (m, 3H), δ 5.40 (q, J=6.67 Hz, 1H), δ 3.94 (s, 3H), δ 3.90 (s, 3H), δ 3.71 (s,
3H), δ 2.46 (t, J=7.67 Hz, 2H), δ 1.69 (d, J=7.07 Hz, 3H), δ 1.61-1.50 (m, 2H), δ 0.88 (t,
J=7.39 Hz, 3H).

13C

NMR (100 MHz, CDCl3) δ 197.62, 160.62, 158.48, 153.69, 149.08,
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145.25, 127.18, 123.5, 111.09, 110.10, 107.52, 107.25, 98.73, 76.59, 56.05, 55.92,
55.17, 38.24, 24.16, 19.06, 13.76. GC-MS m/z (relative intensity): 358(M+, 17),
340(52), 325(3), 311(10), 295(1), 280(6), 265(4), 249(1.5), 237(1), 225(1), 207(1),
193(12), 178(1), 165(60), 151(5), 137(4), 121(4), 105(2), 91(5), 77(6), 65(1), 51(1).

3.2.3.3 Oxidation of 3.
A solution of DMSO (90 μL, 1.24 mmol) in CH2Cl2 (0.25 mL) was added dropwise,
under N2, to a cold (-78°C) solution of (COCl)2 (55 μL , 0.62 mmol) in CH2Cl2 (0.25 mL)
and the resulting solution was stirred at -78°C for 15 min. A solution of 3 (43 mg,
0.124 mmol) in CH2Cl2 (0.75 mL) was then added dropwise and the resulting mixture
was stirred at -40°C for 30 min. Et3N (262 μL, 1.87 mmol) was then added dropwise,
the resulting mixture was stirred at -78°C for 30 min, then allowed to warm to room
temperature. After adding CH2Cl2 (15 mL), the resulting organic phase was washed
with HCl (1M, 5 mL), then with water (10 mL), and was then concentrated under
vacuum. The product was isolated by silica gel column chromatography (33%
EtOAc/hexanes) to produce 3’ (21.2 mg, 0.064 mmol, 52%), which gave 1H and

13C

spectra that are consistent with those in the literature.11 1H NMR (400 MHz, CDCl3) δ
7.19 (d, J=1.94 Hz, 1H), δ 6.92 (dd, J=8.48, 2.05 Hz, 1H), δ 6.79 (d, J=8.24 Hz, 1H), δ
6.46-6.39 Hz (m, 3H), δ 5.55 (s, 1H), δ 3.76 (s, 3H), δ 3.72 (s, 3H), δ 2.51 (t, J=7.47 Hz,
2H), δ 1.65-1.55 (m, 2H), δ 0.92 (t, J=7.40 Hz, 3H).

13C

NMR (100 MHz, CDCl3) δ

160.76, 156.4, 147.15, 145.41, 127.70, 125.99, 122.29, 121.72, 114.98, 114.02,
111.59, 110.43, 108.22, 98.67, 55.19, 50.69, 38.1, 24.31, 19.63, 13.76. GC-MS m/z
(relative intensity): 328(M+, 100), 313(2), 299(2), 285(26), 270(2), 253(5), 242(5),
225(4), 211(12), 193(1), 179(2), 162(59), 147(26), 131(9), 119(7), 103(17), 91(20),
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77(10), 65(8), 51(3). HRMS (ESI) m/z [M+H]+ calcd for C20H25O4 329.1747, found
329.1748.

3.2.3.4 Oxidation of 4.
A solution of DMSO (108 μL, 1.5 mmol) in CH2Cl2 (0.25 mL) was added dropwise,
under N2, to a cold (-78°C) solution of (COCl)2 (66 μL, 0.75 mmol) in CH2Cl2 (0.25 mL)
and the resulting solution was stirred at -78°C for 15 min. A solution of 4 (56.4 mg,
0.15 mmol) in CH2Cl2 (0.75 mL) was then added dropwise and the resulting mixture
was stirred at -40°C for 30 min. Et3N (312 μL, 2.25 mmol) was then added dropwise,
the resulting mixture was stirred at -78°C for 30 min, then allowed to warm to room
temperature. After adding CH2Cl2 (15 mL), the resulting organic phase was washed
with HCl (1M, 5 mL), then with water (10 mL), and was then concentrated under
vacuum. The product was isolated by silica gel column chromatography (23%
EtOAc/hexanes) to produce 4’ (49.1 mg, 0.132 mmol, 88%), which gave 1H and

13C

spectra that are consistent with those in the literature.11 1H NMR (400 MHz, CDCl3) δ
9.12 (s, 1H), 7.82 (dd, J=8.50, 2.1 Hz, 1H), δ 7.56 (d, J=2.3 Hz, 1H), δ 6.79 (d, J=8.7 Hz,
1H), δ 6.56-6.52 Hz (m, 2H), δ 6.32-6.30 Hz (m, 1H), δ 3.90 (s, 3H), δ 3.88 (s, 3H), δ
3.70 (s, 3H), δ 2.43 (t, J=7.6 Hz, 2H), δ 1.56-1.46 (m, 2H), δ 0.82 (t, J=7.4 Hz, 3H).

13C

NMR (100 MHz, CDCl3) δ 190.7, 180.7, 160.2, 154.7, 154.6, 148.97, 144.97, 127.15,
125.0, 111.2, 110.3, 109.5, 108.98, 100.6, 97.5, 56.1, 55.9, 55.2, 38.0, 24.0, 13.5. GCMS m/z (relative intensity): 372(M+, 100), 342(3), 329(42), 311(9), 297(9), 281(5),
269(10), 253(3), 240(2), 224(2), 207(14), 197(3), 186(5), 165(10), 148(3), 133(2),
121(4), 77(2).
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3.2.3.5 Oxidation of 5.

A solution of DMSO (108 μL, 1.5 mmol) in CH2Cl2 (0.25 mL) was added dropwise,
under N2, to a cold (-78°C) solution of (COCl)2 (66 μL, 0.75 mmol) in CH2Cl2 (0.25 mL)
and the resulting solution was stirred at -78°C for 15 min. A solution of 5 (54.3 mg,
0.15 mmol) in CH2Cl2 (0.75 mL) was then added dropwise and the resulting mixture
was stirred at -40°C for 30 min. Et3N (312 μL, 2.25 mmol) was then added dropwise,
the resulting mixture was stirred at -78°C for 30 min, then allowed to warm to room
temperature. After adding CH2Cl2 (15 mL), the resulting organic phase was washed
with HCl (1M, 5 mL), then with water (10 mL), and was then concentrated under
vacuum. The product was isolated by silica gel column chromatography (25%
EtOAc/hexanes) to produce 5’ (41.6 mg, 0.12 mmol, 81%), which gave 1H and

13C

spectra that are consistent with those in the literature.11 1H NMR (400 MHz, CDCl3) δ
9.46 (s, 1H), 7.37 (dd, J=6.1, 2.06 Hz, 1H), δ 7.22-7.19 Hz (m, 1H), δ 6.99 Hz (s, 1H), δ
6.42-6.35 Hz (m, 4H), δ 6.22 (s, 1H), δ 3.76 (s, 3H), δ 3.74 (s, 3H), δ 2.485 (t, J=7.69
Hz, 2H), δ 1.64-1.52 (m, 2H), δ 0.90 (t, J=7.36 Hz, 3H).

13C

NMR (100 MHz, CDCl3) δ

187.59, 160.78, 156.74, 146.98, 146.39, 145.58, 127.01, 126.18, 124.33, 123.89,
114.69, 111.04, 108.41, 107.62, 98.84, 55.94, 55.27, 38.17, 24.22, 13.76. GC-MS m/z
(relative intensity): 342(78), 314(6), 299(11), 281(10), 267(6), 253(7), 239(8),
207(44), 191(6), 177(46), 167(100), 148(12), 138(24), 125(13), 105(14), 91(18),
77(15), 65(8), 51(8). HRMS (ESI) m/z [M+H]+ calcd for C20H23O5 343.1540, found
343.1541.
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3.2.3.6 Oxidation of 6.

A solution of DMSO (224 μL, 3.12 mmol) in CH2Cl2 (0.8 mL) was added dropwise, under N2,
to a cold (-78°C) solution of (COCl)2 (135 μL, 1.56 mmol) in CH2Cl2 (0.8 mL) and the
resulting solution was stirred at -78°C for 15 min. A solution of 6 (100 mg, 0.31 mmol) in
CH2Cl2 (1 mL) was then added dropwise and the resulting mixture was stirred at -40°C for
30 min. Et3N (649 μL, 4.69 mmol) was then added dropwise, the resulting mixture was
stirred at -78°C for 30 min, then allowed to warm to room temperature. After adding CH2Cl2
(30 mL), the resulting organic phase was washed with HCl (1M, 10 mL), then with water (20
mL), and was then concentrated under vacuum. The product was isolated by silica gel
column chromatography (25% EtOAc/hexanes) to produce 6’ (15.1 mg, 0.05 mmol, 16 %).
1H

NMR (400 MHz, CDCl3) δ 9.44 (s, 1H), 7.42 (dd, J=3.2, 2.0 Hz, 1H), δ 7.22 Hz (d, J=2.2, 1H),

δ 6.98-6.78 Hz (m, 5H), δ 3.77 (s, 3H), δ 3.75 (s, 3H).

13C

NMR (100 MHz, CDCl3) δ 187.7,

155.1, 149.7, 147.7, 146.6, 146.3, 126.9, 124, 116.24, 116.19, 114.8, 112.2, 110.9, 55.9, 55.6.
GC-MS m/z (relative intensity): 300(95), 281(33), 243(39), 207(100), 191(18), 177(20),
149(13), 133(24), 124(28), 109(22), 92(11), 77(21), 65(15), 51(10).

3.2.4 Oxidation of 6 with SO3-pyridine complex.
A solution of 6 (109 mg, 0.34 mmol) in DMSO (0.38 mL) and DCM (0.19 mL) was cooled in
ice. N,N-Diisopropylethylamine (0.18 mL, 1 mmol) and a suspension of SO3-pyridine
complex (166 mg, 1 mmol) in DMSO (0.19mL) were added and the resulting mixture was
stirred for 30 minutes at 0°C. The mixture was diluted with EtOAc (20 mL), was washed
successively with 1M HCl (20 mL), saturated NaHCO3 (20 mL), and saturated NaCl (20 mL),
was dried over MgSO4 and then concentrated in vacuum. The product was isolated by silica
gel column chromatography (25% EtOAc/hexanes) to produce 6’ (11.6 mg, 0.04 mmol, 11
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%). 1H NMR (400 MHz, CDCl3) δ 9.44 (s, 1H), 7.48 (d, J=1.94 Hz, 1H), δ 7.24 Hz (d, J=1.84 Hz,
1H), δ 6.98-6.787 Hz (m, 6H), δ 3.78 (s, 3H), δ 3.75 (s, 3H).

13C

NMR (100 MHz, CDCl3) δ

187.8, 155.1, 149.7, 148.24, 147.5, 146.5, 126.1, 124.8, 116.2, 114.8, 114.6, 112.2, 55.8,
55.64. GC-MS m/z (relative intensity): 300(100), 281(5), 272(10), 255(7), 243(72),
211(18), 197(4), 185(6), 177(24), 164(14), 149(9), 133(20), 124(18), 109(18), 89(14),
77(18), 65(10), 51(9). HRMS (ESI) m/z [M+H]+ calcd for C17H17O5 301.1071, found
301.1070.

3.2.5 Swern oxidation of Kraft lignin
Kraft lignin was dried in a vacuum oven at 50°C over for 72 h before use. All
glassware was purged with nitrogen for 15 minutes before use. Flask 1 was charged
with lignin (2.005 g, 5.557 mmol with an assumed dimer molecular weight of 360
g/mol) and dry DMSO (20 mL). Flask 2 was charged with oxalyl chloride (2.4 mL, 10
eq.) and dry DCM (88 mL). Flask 3 was charged with DMSO (4 mL, 10 eq.) and dry
(DCM 88 mL). The contents of flask 2 were then cooled to -72°C. The contents of
flask 3 were then added to flask 2 slowly and the contents of flask 2 were maintained
at -72°C for 15 minutes. The contents of flask 1 (containing lignin) were then slowly
added to flask 2. The solution was then allowed to slowly warm to -40°C and stirred
for 30 minutes. The reaction mixture was then cooled to -72°C and 12 mL (15 eq) of
Et3N was added. The mixture was then allowed to warm to room temperature and
hexanes were added to bring the solvent level up to 1 L, resulting in precipitation of
the lignin. The solution was then filtered with a Whatman Sharkskin filter and
transferred to a Buchner funnel equipped with a PTFE membrane (Gelman Scientific,
0.2 μm 47 mm). The filter cake was washed with water (500 mL) and diethyl ether
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(100 mL) and was then dried in a vacuum oven overnight at 50°C. 1.788 g of lignin
was collected.

3.2.6 Parikh-Doering oxidation of Kraft lignin
Kraft lignin was dried in a vacuum oven at 39°C overnight before use. All glassware
was flushed with N2 for 15 minutes before use. To a round bottom flask was added
1.002 g (2.783 mmol) of lignin and 15 mL of a 2:1 mixture of dry DMSO:DCM. The
resulting solution was chilled in an ice bath. Separately, SO3-pyridine complex (1.327
g, 3 eq.) was dissolved in dry DMSO (1.6 mL) for 15 minutes in order to form the
active intermediate. The SO3-pyridine complex solution and DIPEA (Hunig’s base,
1.45 mL, 3 eq.) was added to the Kraft lignin solution and the mixture was allowed to
stir for 30 minutes at 0°C. HCl (100 mL, 1 M) was then added to the reaction mixture,
precipitating the lignin. The round bottom flask was decanted into a NalgeneTM
centrifuge bottle and the rinsed with DI water to remove residual lignin. The bottle
was centrifuged and the supernatant was vacuum filtered with Whatman Sharkskin
filter paper. Solids were washed with DCM and hexanes and dried in a vacuum oven
overnight at 50°C. 0.658 g of lignin was collected.

3.2.7 HSQC NMR measurements
All samples contained 100 mg of lignin and 1 mg chromium (III) acetylacetonate
(relaxation agent) in 1 mL of d6-DMSO. In some cases the sample required sonication
or mild heat (ca. 50°C) to improve dissolution.
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1H13C-gradient

heteronuclear single quantum coherence spectra (gHSQC) were

collected at 600 MHz (and 150 MHz 13C) on a Unity-Inova NMR spectrometer
(Varian-Agilent, Palo Alto CA) equipped with a triple-resonance H(CN) 5 mm probe,
at 59 °C. The
program

13C-1H

‘gHSQC’

correlation experiment was collected using an Agilent pulse
which

implements

a

gradient-selected

phase-sensitive

heteronuclear single quantum coherence spectrum. Proton and carbon pulses were
delivered with B1 field strengths of 39 KHz and 20 KHz, respectively. Spectra were
collected with spectral widths of 8400 Hz (1H) and 32 kHz (13C) using an acquisition
time of 80 ms (F2, 672 complex points for 1H) and 12.4 ms (F1, 400 increments for
the

13C

dimension). 160 scans were taken per increment using a delay of 1.3 times

the longest measured proton T1. Data were weighted with a 90°-shifted sine bell (1H),
or a matched Gaussian function (13C) prior to Fourier transformation to generate a 4k
x 1k spectrum. In all cases, the DMSO solvent peak was used an internal reference (δc
39.5 ppm , δH 2.5 ppm) and spectra are displayed in absolute value mode. HSQC
assignments were determined using the Biological Magnetic Resonance Data Bank.23

3.2.8 ATR-FTIR measurements
ATR-FTIR spectra were obtained using a Nicolet 6700 FT-IR instrument using a scan
range of 4000-600 cm-1 and a resolution of 4 cm-1. In all cases 16 scans were taken.
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3.3 Results and discussion
3.3.1 Swern oxidation of lignin model dimers
OH

O
O

O

Swern Oxidation
97%

1

1'

Scheme 3.3 Swern oxidation of model compound 1.
Given recent successes in the selective oxidation of lignin model compounds,
in this work we employed lignin model dimers of increasing complexity. Among the
common laboratory techniques for alcohol oxidations, Swern oxidation is an obvious
choice due to the mild conditions employed and high selectivity towards the carbonyl
product, without over oxidation to the corresponding carboxylic acid. Oxidations
utilizing activated DMSO come in many varieties, however; perhaps the most
common is that which employs oxalyl chloride at -78°C to activate DMSO, producing
dimethyl(chloro)sulfonium chloride.24 The simplest lignin model compound, model
1, was chosen as a starting point due its lack of aromatic ring functionality other than
a propyl chain, the latter being used to test the selectivity of benzylic oxidation (i.e.,
benzylic alcohol versus benzylic methylene group). Swern oxidation of model 1
proceeded smoothly, affording a 97% isolated yield of the product 1’ (Scheme 3.3),
evidenced by a

13C

NMR chemical shift for the carbonyl group at 195 ppm (see

Supplementary Information Figure S5 in Appendix 1), as well as a characteristic 1H
NMR singlet at 5.25 ppm deriving from the two hydrogens located on the β carbon
adjacent to the newly formed ketone (see Supplementary Information Figure S6 in
Appendix 1). This was further confirmed by means of GC-MS (parent ion of 254 m/z).
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Swern Oxidation
87%

CH 3O

2

CH 3O

2'

CH 3O

CH 3O

mixture of diastereomers

Scheme 3.4 Swern oxidation of model compound 2.
Compared to 1, compound 2 contains methoxy groups in the 3- and 4positions of the aromatic ring adjacent to the benzylic alcohol moiety as well as in the
3-position of the phenoxyl ring. Also significant is the addition of a gamma carbon,
which is characteristic of phenyl propane monolignols. With this compound, Swern
oxidation afforded an 87% isolated yield of the product 2’ (Scheme 3.4). This was
confirmed via observation of the disappearance of signals at 4.61 and 4.96 ppm (two
diastereomers) for the βC-H proton in the starting material and the appearance of a
quartet at 5.4 ppm (see Supplementary Information Figure S8 in Appendix 1). The
identity of the product was also confirmed by its 13C NMR spectrum, which displayed
a ketone peak at ca. 198 ppm (see Supplementary Information Figure S7 in Appendix
1).
OH
O

CH3O

CH3O

OH

4'

O

CH3O

O

H

CH3O

Swern Oxidation
88%

OH

CH3O

4
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O

CH3O

O
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Scheme 3.5 Swern oxidation of model compound 4.
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In the case of compound 4, a similar result to compounds 1 and 2 was
obtained. There are two alcohol groups present in 4, which provide multiple sites for
Swern oxidation. The doubly oxidized product (4’, Scheme 3.5), obtained in 88%
isolated yield, was the predominant compound formed, as shown by the
disappearance of the multiplet peaks at 4.97 ppm, 4.37-4.15 ppm, and 3.94-3.92 ppm
corresponding to the α, β, and γ protons, respectively, in the starting material (see
Supplementary Information Figure S12 in Appendix 1). Moreover, there was clear
evidence of a mixture of tautomers of the α-ketone group as shown by the

13C

NMR

shifts at 180.7 ppm, 97.5 ppm, and 190.7 ppm representing the α, β, and γ carbons
(see Supplementary Information Figure S11 in Appendix 1), and by the aldehyde H
peak at 9.12 ppm in the product (see Supplementary Information Figure S12 in
Appendix 1).
H

OH
O

CH 3O

Swern Oxidation

HO

52%
3

O

CH 3O
HO
3'

CH 3O

CH 3O

Scheme 3.6 Swern oxidation of compound 3.
Lignin is known to contain phenolic functionalities25; thus, in order to better
describe lignin reactivity under Swern conditions, phenolic dimer models 3 and 5
were synthesized. Compound 3 differs from compound 2 only by replacement of
compound 2’s methoxy group in the 4-position of the alcohol adjacent ring with an
alcohol moiety. This compound is of particular interest as a lignin model due to the
propensity of phenolic compounds to undergo radical coupling during 1-electron
processes.26 Notably, compound 3 did not yield the expected ketone product; rather,
compound 3 underwent elimination forming the enol ether product (3’) in 52% yield
(Scheme 3.6). This was evidenced by the absence of a βC-H in the 1H NMR spectrum
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(see Supplementary Information Figure S10 in Appendix 1). Also of note is the
absence of a ketone resonance in the carbon spectrum of 3’ (see Supplementary
Information Figure S9 in Appendix 1). High-resolution mass spectrometry (ESI)
confirmed a molecular formula (C20H25O4) that is consistent with the (M+H)+ ion of
3’.
While the conversion of 3 to 3’ was not the expected result of Swern
oxidation, it is not an undesirable one. Enol ethers are notorious for acid catalysed
hydrolysis20, thereby providing a means of cleaving appropriately functionalized β-O4 linkages in lignin. In fact, Beckham et al. have reported the formation and cleavage
of enol ether intermediates from lignin model compounds under acidic conditions.27
H

OH
CH 3O
HO

O
OH
CH 3O

Swern Oxidation
81%

CH 3O
HO

O
H

5
mixture of diastereomers

5'

O
CH 3O

Scheme 3.7 Swern oxidation of compound 5.

In order to determine whether the formation of the elimination product was a
consequence of the phenolic alcohol moiety or some other factor, Swern oxidation
was carried out on compound 5. Compound 5 is identical to compound 3 with the
exception of the alcohol functionality on the γ carbon. Hence, like compound 4 there
are two sites at which oxidation can occur. Interestingly, the product of the reaction
(5’), obtained in 81% isolated yield, derives from both elimination of the benzylic
alcohol group and oxidation of the primary alcohol (Scheme 3.7). Again, signals
corresponding to βC-H protons are not present in the 1H NMR spectrum of the Swern
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product, while an aldehyde proton is prominent at 9.5 ppm (see Supplementary
Information Figure S14 in Appendix 1).
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Scheme 3.8 Plausible mechanism for enol ether formation.

Given the results from Swern oxidation of models 3 and 5, we propose that
enol ethers are formed from a quinone methide intermediate (φ, Scheme 3.8).
Evidently, deprotonation of the phenolic –OH in the initially formed sulfur ylide
species is faster than deprotonation of the sulfur ylide group itself, making the
quinone methide intermediate kinetically preferred. Elimination of DMSO, followed
by proton abstraction at the βC-H position by additional base, restores aromaticity and
produces the phenoxide, which is then re-protonated. This pathway is consistent
with the one suggested by Dimmel and Gellerstedt19 in which a quinone methide
intermediate, produced by base addition in alkaline pulping, undergoes a proton
abstraction from the βC-H, resulting in formation of a vinyl ether. The involvement of a
quinone methide intermediate φ is further supported by the formation of the
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elimination product between the α and β carbons in model 5, which could easily
eliminate between the β and γ position otherwise.

3.3.2 Swern oxidation of Kraft lignin
Given the encouraging results obtained with the model compounds, Swern
oxidation was next applied to an industrial lignin. Indulin AT lignin is a type of
softwood Kraft lignin that is produced on an industrial scale and should be
representative of technical lignins produced from a biorefinery. Using Heteronuclear
Single Quantum Coherence NMR (HSQC) spectroscopy, the β-O-4 linkage in Indulin
AT lignin was monitored for changes arising from the application of Swern oxidation
conditions, in addition to the β-5 and β-β linkages. As shown in Figure 3.2, αC-H
groups corresponding to benzylic alcohols present on the β-O-4 linkage are absent
after Swern oxidation. Likewise, signals for the γC-H group associated with alcohol
groups in the β-O-4 and β-5 linkages were also absent in the product’s HSQC
spectrum. Moreover, phosphitylation followed by

31P

NMR analysis of the Swern

oxidized lignin revealed a near absence of aliphatic hydroxyl groups (see Supporting
Information), consistent with oxidation at the α and γ positions. As expected, α, β,
and γ C-H groups corresponding to β-β linkages were still present in the Kraft lignin
after Swern oxidation (Figure 3.2). Interestingly, the solubility of the lignin in DMSO
decreased post-Swern oxidation (i.e., while Kraft lignin was highly soluble in DMSO,
Swern oxidized lignin demonstrated decreased solubility). This is presumably due to
the loss of alcohol groups upon oxidation, thereby decreasing the hydrogen bond
donor ability of the lignin macromolecule. Upon further investigation of the HSQC
spectrum, the cross-peak corresponding to the βC-H bond (δC/δH = 84.2/5.55) in the
oxidized β-O-4 linkage was not located, which may indicate enol ether formation
106

(vide infra). Similarly, γC-H bonds corresponding to aldehydes were also absent. Also of
note were new peaks that appeared post-Swern oxidation in the upfield region of the
spectrum. Most notable were those at δC/δH 38/3.6 ppm and 13/1.8 which are assigned to
methyl and methylene groups in methylthiomethyl moeities (vide infra).

Figure 3.2 HSQC spectra of Kraft lignin, Swern oxidized Kraft lignin, and ParikhDoering oxidized Kraft lignin28
In order to probe the chemical shifts of the βC-H bonds in the β-O-4 linkage in
Swern oxidized lignin, Swern oxidation was performed on phenolic β-O-4 model
compound 6. Model 6 was chosen due to the phenolic alcohol moiety and the single
methoxy group on the A ring, as well as its γ alcohol substitution; all of these features
are found in softwood G lignins. Additionally, unlike our other models, which contain
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an aliphatic propyl chain, 6 does not, which allows determination of the source of the
new upfield HSQC signals. Significantly, we found that this model also failed to
exhibit a βC-H cross-peak (δC/δH = 84.2/5.55, as identified by model 1028 in ref. 23)
corresponding to the Swern oxidized product (Figure 3.3). However, we were able to
find faint peaks corresponding to an aldehyde γC-H group (Figure 3.3 inset). The faint
nature of this signal is not unexpected given that aldehydes are located near the edge
of the spectral window where intensity is diminished due to off-resonance effects29.
Given that aldehyde groups are very faint in the pure sample, we propose that in the
authentic lignin sample they may be equally difficult to resolve and thus not
observable in the HSQC spectra.

Figure 3.3 HSQC spectra of compound 6, Swern oxidation of compound 6, and ParikhDoering oxidation of compound 6.
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Since the βC-H group is absent in the oxidized products of model compounds 3,
4, 5, and 6 we decided to look elsewhere for evidence of oxidation or elimination.
Two reaction pathways exist (Scheme 3.9): either the alcohol in the α position of the
β-O-4 linkage eliminates, forming an enol ether, or a 1,3-diketone is formed which
exists in equilibrium with its enol ether tautomer. In either case, monitoring the αC-H
signal should allow us to determine whether the enol ether of the tautomeric 1,3diketone or the enol ether of the elimination product is produced. In the case of the
elimination product an αC-H cross-peak should be observed at δC/δH 137/7.26 ppm
(as for related compound 3034 in ref. 23) while the 1,3-diketone tautomer will be
absent of an αC-H cross-peak. Indeed, analysis of the aromatic region of Swern
oxidized model compound 6 showed a cross peak at δC/δH 137/7.26 ppm
corresponding to the αC-H of the elimination product (Figure 3.4).
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Figure 3.4 HSQC NMR spectra showing the aromatic region of the products obtained
from Swern and Parikh-Doering oxidation of model 6.
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Scheme 3.9 Possible reaction pathways leading to C-H bond cleavage on the β carbon.
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.Notably, HSQC analysis of the Swern oxidized product of model 6 revealed
similar upfield cross-peaks to those seen in Kraft lignin (Figures 3.3 and 3.2,
respectively).

These

cross-peaks

are

consistent

with

the

presence

of

methylthiomethyl groups resulting from [2,3]-sigmatropic rearrangements of the
sulfur ylide attached to a phenol.30 Indeed, there are numerous reports in the
literature in which phenols form methylthiomethyl groups under Swern-like
conditions.31-33 This highlights the importance of choosing models which are
appropriate with respect to the chemistry of lignin, given that models that are free of
phenolic moieties are unable to form methylthiomethyl groups and thus would yield
a different product distribution to phenolic models. Indeed, other common
byproducts of Swern-like conditions involving oxalyl chloride and phenols include
oxalates34, 35, mixed O-S thioacetals36, and α-chlorination24, although we were unable
to identify these products in the above reactions.
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Figure 3.5 HSQC NMR spectra showing the aromatic region of Swern and ParikhDoering oxidized Kraft lignin

Given the appearance of methylthiomethyl groups, together with the presence
of other unidentified cross peaks in the HSQC spectrum of Swern oxidized lignin, the
use of activated DMSO under milder conditions was next examined. Parikh-Doering
(PD) oxidations are a natural choice to probe the issues associated with the use of
oxalyl chloride in Swern oxidations since they form the same sulfur ylide
intermediate generated during Swern oxidation; however, PD oxidations are
performed at room temperature, the sulfur ylide being formed via the less labile
pyridine-SO3 complex (zwitterionic dimethylsulfonium sulfate intermediate). NMR
spectroscopic analysis (Figure 3.3) of PD oxidized model 6 revealed the absence of
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methylthiomethyl groups in the upfield cross peak region of the HSQC spectrum, as
well as the absence of the unidentified peaks resulting from Swern oxidation. Similar
to the Swern oxidation of model 6, PD oxidation led to the loss of all signals
corresponding to α, β and γ C-H bonds. Moreover, the enol ether αCH cross peak
resulting from the elimination product was observed at δC/δH 137/7.25 ppm. In view
of this encouraging result, PD oxidation was also performed on lignin. The resulting
PD oxidized lignin displayed increased solubility in DMSO relative to Swern oxidized
lignin and, as for model 6, was absent of additional signals of uncertain origin in the
upfield region of the HSQC spectrum (Figure 3.2). Indeed, the only additional peaks
found in the upfield region corresponded to residual Hünig’s base (ammonium salt).
However, in both the Swern and PD oxidized lignin, enol ether αCH peaks were not
observed (Figure 3.5). We believe that this may be due to the relatively low
abundance of β-O-4 linkages in Kraft lignin. However, it is possible that the 1,3diketone tautomeric product is the predominant product under these conditions,
resulting in loss of both the α and β C-H cross-peaks.
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Figure 3.6 ATR-FTIR analysis of (Kraft) lignin and lignin subjected to oxidation under
Swern and Parikh-Doering conditions

Finally, it should be noted that efforts to confirm the formation of carbonyl
species proved inconclusive.

13C

NMR spectra of Swern and Parikh-Doering oxidized

lignin displayed a complete lack of carbonyl signals at 185-210 ppm. Given the low
sensitivity of the

13C

nucleus and the low relative abundance of singular carbonyl

functionalities in oxidized lignin, it is unlikely that C=O chemical shifts would be
easily observed. FT-IR spectra of Swern oxidized lignin displayed a small decrease in
signal intensity around 3330 cm-1, consistent with the loss of OH groups (Figure 3.6).
Changes were also observed in the carbonyl stretching region, the appearance of
signals at ca. 1690 cm-1 for both oxidized lignin samples being suggestive of carbonyl
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formation. However, conjugated enol ethers also give rise to a band in this region, as
evidenced by the observation of a band at 1685 cm-1 in the FT-IR spectrum of the
Swern oxidation product obtained from lignin model compound 5 (see Fig. S23 in
Supplementary Data) which was confirmed to be an enol ether via multiple analytical
techniques. Other enol ethers also share a C-H alkene stretch in this region.37-39
Consequently, while it is clear that alcohol oxidation occurs at the α and γ positions
in lignin under Swern and Parikh-Doering conditions, the relative importance of enol
ether formation versus 1,3-diketone formation (or its tautomer) cannot be readily
established. However, results obtained for model compounds 4 and 5 suggest that
both products are accessible, the reaction pathway depending on whether a phenolic
group is present at the 4-position of the A ring or not. This further demonstrates that
lignin is more complex than our current models and that proper demonstration of
lignin reactivity will rely on more complex and heterogeneously linked model
polymers.
3.4 Conclusions
The stoichiometric Swern oxidation reaction was applied to a series of compounds
modelling the β-O-4 linkage in lignin. Phenolic β-O-4 lignin models produced enol
ethers rather than ketone products, as evidenced by multiple analytical techniques.
We propose that enol ethers are formed from a quinone methide intermediate
formed via deprotonation of the phenolic –OH in the initially formed sulfur ylide
species. When applied to Kraft lignin, alcohol oxidation was observed at both the α
and γ positions in lignin under both Swern and Parikh-Doering conditions, although
analytical data were unable to shed light on the relative importance of enol ether
versus 1,3-diketone formation (or its tautomer). Given the abundance of phenolic
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moieties in technical lignins and the susceptibility of enol ethers to cleavage via acidcatalyzed hydrolysis, enol ether formation in lignin may provide a means of cleaving
at least a portion of the β-O-4 linkages present. These results also emphasize the
importance of working with realistic lignin model compounds in order to understand
and develop lignin chemistry.
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Chapter 4. Oxidation of simple lignin model monomers with layered double
hydroxide and mixed hydroxycarbonate catalysts.
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4.1 Introduction
Lignin is one of the most abundant biopolymers on earth and potentially the largest
source of renewable aromatic chemicals.1 While delignification of woody biomass has been
carried out for more than a century by the pulp and paper industry,2 relatively little
progress has been made towards lignin deconstruction for the production of value-added
chemicals. With the renewed focus on biofuels and the biorefinery concept, interest has
been growing in the depolymerization of lignin for its valorization.1 The majority of this
work has focused on deconstruction lignin via reductive or thermal pathways, oxidative
deconstruction having until recently received relatively little attention. Oxidative
deconstruction of the lignin polymer is highly desirable due to the potential for producing
valuable oxygenated aromatics, which are used by the pharmaceutical, perfume, and flavor
industries. Indeed, several research groups have identified potential catalysts for oxidative
lignin deconstruction. Some of the most heavily studied are organometallic vanadium3-5 and
cobalt salen complexes6, 7 along with biomimetic porphyrin complexes.8-10 Common to all of
the aforementioned studies is the desire for single step oxidative deconstruction of the
lignin or lignin model compound, usually through C-O or C-C bond cleavage.
While single step or one-pot deconstruction of the polymer is ideal, stepwise
oxidative deconstruction may hold greater promise due to the potential for selective bond
cleavage which would generate fewer products. To this end, several groups have designed
stepwise oxidative processes for lignin deconstruction. Westwood and co-workers
identified a process by which benzylic alcohol moieties in model β-O-4 compounds were
selectively oxidized to the corresponding ketones using DDQ/tBuONO/O2 followed by
reductive cleavage with Zn.11 When this process was applied to Organosolv lignin, the
authors were able to isolate small phenolic products in 6% yield. Stahl and co-workers
screened a series of stoichiometric and catalytic reagents, finding that 4-acetamido-TEMPO
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is an effective catalyst for the selective oxidation of the benzylic alcohol moieties found in
lignin.12 In a follow-up contribution, Stahl and co-workers reported that treatment of the 4acetamido-TEMPO oxidized lignin with HCOOH/HCOONa is an effective process for
selective cleavage of the β-O-4 linkage in lignin, yielding up to 60% low molecular weight
aromatics.13 Additionally, our group has recently shown benzylic oxidation followed by
Baeyer-Villiger oxidation using HCOOH/H2O2 to be an effective route for deconstruction of a
lignin β-O-4 model compound (Scheme 4.1).14
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Scheme 4.1: Proposed stepwise oxidative cleavage of β-O-4 linkage in lignin
While these systems have proven effective, they all suffer from the use of
homogeneous catalysts and/or stoichiometric reagents and therefore from inherent
difficulties in catalyst separation and reuse or, in the case of stoichiometric oxidants, costly
reagents. Heterogeneous layered double hydroxide (LDH) catalysts (also known as
hydrotalcites-like compounds, Chapter 2) constitute a potential solution to this problem.
LDHs are an interesting choice for oxidation reactions given their tunability and relatively
high surface area. Indeed, the LDH structure can accommodate most 2+ and 3+ metal ions
with ionic radii similar to Mg2+ (i.e., most 1st row transition metals), while retaining
mesoporosity and specific surface areas of around ~100 m2g-1. For these reasons, many
workers have studied transition metal substituted LDHs for the oxidation of benzylic and
aliphatic alcohols to their corresponding ketones and aldehydes.15-21 We were particularly
interested by a report by Choudary et al. who found Ni-Al-LDHs to be effective catalysts for
the oxidation of benzylic alcohols using O2 as the terminal oxidant.15 Unfortunately these
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catalysts proved ineffective when used in common polar solvents, which would be
necessary for these reactions to be carried out on lignin.21
Recently, other types of LDH catalysts have been reported for the deconstruction of
lignin and lignin model compounds. Sturgeon et al. reported Ni supported on Mg-Al-LDH to
be an effective catalyst for lignin and lignin model compound deconstruction under inert
atmosphere,22 albeit these reactions require high temperatures (270 oC). Additionally,
Corma and coworkers achieved significant lignin depolymerization using a copper and
vanadium containing layered double hydroxide catalyst in pyridine with O2 as the terminal
oxidant.23 However, it was found that this catalyst suffered from significant leaching and
that the active species may be homogenous metal ions. Nevertheless, we were encouraged
by the foregoing examples of benzylic oxidation and lignin deconstruction, and therefore set
out to synthesize and evaluate a series of transition metal LDHs for aerobic benzylic
oxidation of simple lignin model compounds in polar solvents.

4.2 Experimental
4.2.1 Catalyst preparation
Catalysts were prepared by co-precipitation. Details of the syntheses can be found in
the supporting information. All catalysts were stored under atmospheric conditions. Unless
otherwise specified, catalysts were used without further pretreatment.

4.2.2 Catalyst characterization
Surface area, average pore diameter, and pore volume were determined using a
Micromeritics Tristar 3000 porosity system using the Brunauer–Emmett–Teller (BET)
method by N2 adsorption at -196 oC. Samples were outgassed under vacuum for at least 6
hours at 160 oC prior to measurement. Powder X-ray diffraction measurements were
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performed on a PANalytical X’Pert system using Cu Kα radiation (λ = 1.5406 Å) and a step
size of 0.02°. Elemental analysis was performed on a Varian 720-ES inductively coupled
plasma-optical emission spectrometer. Thermal gravimetric analysis (TGA) was performed
on a TA Instruments Discovery Series thermogravimetric analyzer. In a typical analysis the
sample was heated to 800 oC under a flow of N2 at heating rate of 10 oC/min. Scanning
electron microscopy (SEM) was performed on a Hitachi S-2700 instrument equipped with a
PGT EDS analyzer with a thin window detector and a LaB6 electron gun. FTIR was
performed on a Nicolet 6700 FTIR equipped with a smart iTR diamond ATR. In all cases 32
scans were taken with a resolution of 4 cm-1. Pulsed CO2 chemisorption and NH3-TPD were
performed on a Micromeritics AutoChem II analyzer using 200 mg of sample. In each case
the sample was first outgassed at 120 oC under argon for 1 h. For pulsed CO2 chemisorption
measurements the sample was then cooled to room temperature and pulsed with CO2
(100%, 30 sccm) until saturated as indicated by a thermal conductivity detector (TCD). CO2
was assumed to titrate base sites on a 1:1 basis. In the case of NH3-TPD, the pre-treated
sample was cooled to room temperature and then saturated with NH3 (1% in helium) for 1
h (50 sccm). Next the sample was purged with He for 1 h (120 sccm). The sample was then
heated to 750 oC at 10 oC/min. Effluent gas was analyzed using a mass spectrometer
(Pfeiffer Thermostar GSD301), the signal at m/e = 15 being used to monitor NH3.

4.2.3 General procedure for alcohol oxidation
In a typical reaction, the lignin model compound (2 mmol), solvent (10 mL), and
catalyst (0.5 g) were added to a 3-neck flask equipped with an oxygen bubbler, a reflux
condenser, and a glass stopper. The reaction mixture was stirred at 150 oC for 24 h, after
which it was cooled to room temperature and typically dichloromethane (ca. 10 mL) was
added. The reaction mixture was then filtered through a Whatman 1 filter paper. The
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catalyst was washed with dichloromethane or tetrahydrofuran and the washings added to
the filtrate. When model compound 3 was used, 1,4-dimethoxybenzene (0.25 g, 1.8 mmol)
was added to the reaction mixture prior to reaction as an internal standard. After the
reaction, tetrahydrofuran was used as the solvent additive and for catalyst washing.
Conversion, selectivity, and yield were determined using GC (for details see supporting
information).

4.3 Results and discussion
4.3.1 Catalyst characterization
Layered double hydroxides are generally expected to form under basic conditions as
long as the metal cations have an ionic radius similar to Mg2+ and the trivalent metal ratio
(χ) is between 0.2 and 0.4 as noted in Equation 4.1.24 In this study all catalysts were
synthesized with the theoretical χ value within the aforementioned limits with the
exception of Cu-Mn-HC (where HC stands for hydroxycarbonate), which had a theoretical χ
value of 0.18. Table 4.1 summarizes the catalysts prepared, their compositions and physical
properties. Elemental analysis of the catalysts revealed that all the catalysts returned a
similar molar metal ratio to that of the metal precursors with the exception of those
catalysts which contained both Cu and Mg (Cu-Mg-Mn-HC-1 and Cu-Mg-Mn-HC-2). These
catalysts contained less than the expected amount of Mg, although the ratios of Cu to Mn in
the precipitated catalysts were similar to those of the precursors, suggesting that the Mg
may not have precipitated entirely at the pH used (7-8). This is not unexpected given that
Mg(OH)2 has a reported precipitation pH of 9.5-11 and Mg-Al-Cl LDHs are known to have a
pH of formation of 8-10.5.24
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𝑀 !!
≤ 0.4
𝑀 !! + 𝑀 !!
Equation 4.1: Trivalent metal ratio (χ) calculation
0.2 ≤

XRD analysis of the catalysts (Figure 4.1) revealed that those catalysts prepared at
pH <8 did not possess an LDH structure with the exception of Ni-Cu-Cr-LDH. In such cases
these materials are best referred to as amorphous hydroxycarbonates (HCs). Cavani25 notes
that in order to synthesize copper containing LDHs, copper must be present with another
bivalent metal in a Cu2+/M(II) ratio of less than or equal to 1. This empirical rule is
attributed to the tendency of Cu2+ compounds to undergo Jahn-Teller effects causing
elongation of the octahedral coordinate sphere. Therefore, Cu2+ ions must be separated
from each other such that the octahedral coordination sphere is undistorted as would be
the case in brucite-like structures. While the Cu containing catalysts prepared in this work
had low crystallinity, in some cases a degree of long-range order was apparent. The
Cu/M(II) rule was followed for Cu-Mg-Mn-HC-1, Cu-Mg-Mn-HC-2, Cu-Ni-Mn-HC, and Cu-NiCr-LDH. While Cu-Ni-Cr-LDH and Cu-Ni-Mn-HC showed complete and partial LDH structure,
respectively, the Cu-Mg-Mn-HC-1 and Cu-Mg-Mn-HC-2 catalysts were absent of LDH
structure. This is likely due to the incomplete precipitation of Mg which led to the resulting
Cu/M(II) ratios of 2.43 and 2.72, respectively. Similarly, Cu-Mn-HC and Cu-Mn-Cr-HC, which
did not follow the Cu/M(II) rule, did not show LDH structure. Indeed, in addition to the faint
LDH structure seen in some of the HC catalysts, several other mineral structures were
elucidated by XRD, the most commonly seen XRD patterns present in the HC catalysts being
those of rhodochrosite (MnCO3) and malachite (CuCO3). Rhodochrosite was present in the
Ni-Cu-Mn-HC, Cu-Mg-Mn-HC-1, Cu-Mg-Mn-HC-2 and Cu-Mn-HC, while malachite was
detected in the Cu-Mn-HC and the Cu-Mn-Cr. In addition, manganese (III) oxide was seen in
the Cu-Mg-Mn-HC-1 and Cu-Mg-Mn-HC-2 catalysts. On the other hand, the LDH catalysts
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displayed only LDH structure according to XRD data, the exception being Mg-Cr-LDH which
also exhibited diffraction lines due to chromium (III) oxide.

Figure 4.1: XRD analysis of HC (top) and LDH (bottom) catalysts.
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While most Cu containing catalysts did not possess the layered double hydroxide
structure, they nevertheless exhibited high surface area and porosity. BET surface areas of
the catalysts varied between 76 and 179 m2g-1 with pore diameters between 2.8 and 14.1
nm (Table 4.1). Additional information concerning the textural properties of the catalysts
was provided by SEM (see Figures A2.1-A2.3 in the supporting information for
representative micrographs). While LDH catalysts such as Ni-Al-LDH-1 and Ni-Cr-LDH
displayed a distinct layered structure, the HC catalyst Cu-Mg-Mn-HC-2 was fibrous in
nature, which is believed to contribute to its high surface area.
Acidity and basicity measurements were also performed on select catalysts (Table
4.1). Notably, of the catalysts analyzed, the Ni-Al LDHs had the highest number of base sites,
adsorbing 157.4 μmole CO2 g-1 of catalyst and 79.2 μmole CO2 g-1 for Ni-Al-LDH-2 and Ni-AlLDH-1, respectively. According to NH3-TPD experiments, Ni-Cr-LDH and Cu-Mg-Mn-HC-1
possessed the highest number of acid sites of the samples analyzed. While both Mg-Al-LDH1 and Mg-Cr-LDH had relatively few acid sites, they contained a higher relative proportion
of strong acid sites (NH3 desorbed >450oC, see Figures A2.7 and A2.10). Interestingly, while
both Ni-Al-LDH-1 and Ni-Al-LDH had a similar number of total acid sites, Ni-Al-LDH-2 had a
much higher proportion of medium (NH3 desorbed at 250-450oC) and strong acid sites
(Figures A2.4 and A2.5). Indeed, strong and medium acid sites were virtually absent in NiAl-LDH-1
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χ

0.32
0.27
0.35
0.27
0.32
0.34
0.18
0.36
0.27

Target
Formula
(Actual)
Mg0.75Al0.25
(Mg0.68Al0.32)
Mg0.80Al0.20
(Mg0.73Al0.27)
Ni0.67Al0.33
(Ni0.65Al0.35)
Ni0.75Al0.25
(Ni0.73Al0.27)
Ni0.67Cr0.33
(Ni0.68Cr0.32)
Mg0.67Cr0.33
(Mg0.66Cr0.34)
Cu0.80Mn0.20
(Cu0.82Mn0.18)
Cu0.36Mg0.37Mn0.27
(Cu0.46Mg0.19Mn0.36)
Cu0.40Mg0.41Mn0.19
(Cu0.54Mg0.20Mn0.27)

Catalyst

Mg-Al-LDH-1

Mg-Al-LDH-2

Ni-Al-LDH-1

Ni-Al-LDH-2

Ni-Cr-LDH

Mg-Cr-LDH

Cu-Mn-HC

Cu-Mg-Mn-HC-1

Cu-Mg-Mn-HC-2

2.07 (1.99)

1.35 (1.28)

4.04 (4.53)

---

---

---

---

---

---

Cu/Mn
ratio
theoretical
(Actual)

139.3

145.4

55.9

62.4

76.6

127.8

136.6

36.4

100.5

BET SA
(m2g-1)

0.453

0.518

0.207

0.224

0.055

0.286

0.249

0.211

0.429

Pore
Volume
(cm3g-1)

13.0

14.1

14.8

14.4

2.9

9.0

7.3

23.2

17.1

Pore
Diameter
(nm)

---

8.8

2.53

34.9

51.8

157.4

79.2

---

71.6

Basicity
(μmol
CO2 ads.
/g cat.)

Table 4.1. Elemental analysis and N2 physisorption data for the LDH and HC catalysts.

---

502.3

195.0

191.2

383.1

271.1

281.4

---

136.0

Acidity
(μmol
ΝΗ3
ads./g
cat.)
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0.30
0.21
0.33

Cu0.69Mn0.13Cr0.18
(Cu0.70Mn0.12Cr0.17)
Ni0.40Cu0.39Mn0.21
(Ni0.41Cu0.39Mn0.21)
Ni0.34Cu0.32Cr0.34
(Ni0.35Cu0.33Cr0.33)

Cu-Mn-Cr-HC

Ni- Cu-Mn-HC

Ni-Cu-Cr-LDH

---

1.81 (1.86)

5.37 (5.68)

103.2

179.3

123.6

0.251

0.266

0.411

9.5

5.7

13.3

---

---

---

Table 4.1 (continued). Elemental analysis and N2 physisorption data for the LDH and HC catalysts.

---

---

---

FT-IR analysis (Figure 4.2) revealed that all of the catalysts displayed bands which
are characteristic of LDH-like structures. Specifically, bands corresponding to the bending
mode of water (interlayer water in LDHs) and carbonate asymmetric stretching were
observed at ca. 1633 cm-1 and ca. 1345 cm-1, respectively.26 A similar band at ~1635 cm-1
has been reported for Ni-Al-LDHs27-30 and Ni-Cr-LDH31. Mg-Cr-LDH, Ni-Cu-Mn-HC, Cu-MnCr-HC, Cu-Mg-Mn-HC-1, Cu-Mg-Mn-HC-2 and Cu-Mn-HC also displayed a band at ca. 1485
cm-1 with a co-existing band at ca. 1380 cm-1 which can be ascribed to ν3 antisymmetric
stretching of monodentate nitrate.32 This suggests that the HC catalysts such as Cu-Mg-MnHC-1 and Cu-Mg-Mn-HC-2 contained a mixture of anionic species. Indeed, it has been
reported by other researchers that LDHs formed from metal nitrate solutions retain a small
amount of nitrate in the LDH structure.33 Due to the fact that NO3- and CO32- have D3h
symmetry in their respective free forms, which is distorted due to interactions with other
species in the LDH, the bands corresponding to the species largely overlap and thus we
suggest that those catalysts displaying CO32- antisymmetric ν3 stretching likely also contain
NO3-. Similar overlap between CO32- and NO3- is seen in the weak ν1 band at ca. 1050 cm-1.
This band, attributed to symmetric stretching, is only active when the D3h symmetry is
distorted by loss of freedom experienced by the anion due to interactions with the
hydroxide surface. Further confirmation of the presence of NO3- species can be seen from
the splitting of the ν2 band, which is observed at 820 cm-1 and 840 cm-1.
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Figure 4.2. FT-IR analysis of the LDH (top) and HC (bottom) catalysts.
The thermal decomposition behavior of the catalysts was studied using
thermogravimetric analysis (TGA, see Figures A2.11-A2.22 in the supplementary
information). Typically, LDHs undergo two major weight loss events which are typically
broad or multifaceted. The first weight loss event normally occurs around 100-300 oC and is
typically attributed to the loss of interstitial water as well as partial loss of brucite-like OH
groups, while the second loss is typically observed between 300-450 oC and is attributed to
the complete loss of brucite-like hydroxyls and carbonate species.25, 34 In general all of the
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catalysts in this study displayed LDH-like weight loss events, the exceptions to this being
Cu-Mg-Mn-HC-1, Cu-Mg-Mn-HC-2, and Cu-Mn-Cr-HC. Due to the lack of LDH structure these
catalysts displayed radically different TG behavior, weight loss typically occurring in a
complex series of events.

4.3.2 Catalytic oxidation of simple lignin model compounds.
4.3.2.1 Solvent screening
Inspired by the work of Choudary et al.15, we endeavored to find a solvent system
that would be suitable for lignin oxidation. While Choudary found toluene to be an effective
solvent for the oxidation of a multitude of benzylic and allylic alcohols, when 4-nitrobenzyl
alcohol was oxidized in methanol and acetonitrile only 5% and 30% of the substrate was
converted to the aldehyde, respectively. Likewise, other researchers have noted decreased
activity for alcohol oxidation in polar solvents using LDH catalysts.16, 35 Given the polar
nature of lignin, it is necessary to find a polar solvent which can dissolve lignin and also act
as an effective solvent for oxidations using LDH catalysts. Therefore, utilizing Ni-Al-LDH-1,
which has a similar composition to the Ni-Al-LDH used by Choudary et al., a series of polar
solvents were screened for the oxidation of 1-phenyl ethanol (1). As can be seen in Table
4.2, only limited conversions of 1 were obtained in most polar solvents. While
acetophenone (1’) was obtained in a near quantitative yield in the solvents toluene and
α,α,α-trifluorotoluene,

reaction

in

1,4-dioxane

yielded

only

8%

acetophenone.

Unfortunately, α,α,α-trifluorotoluene is unable to dissolve Organosolv lignin. In an attempt
to amalgamate the polar ether properties of dioxane with the electron-rich properties of
toluene, phenyl ether was trialed, resulting in good conversion of 1 to 1’ (49%). Separate
experiments confirmed that Organosolv lignin is somewhat soluble in phenyl ether.
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Table 4.2. Conversion of 1-phenyl ethanol (1) to acetophenone (1’) in selected
solvents.
OH

O

Ni-Al-LDH-1
O2
1'

1

Catalyst

Ni-Al-LDH-1

Solvent
Time (h) Temperature (oC)
Phenyl Ether
6
90
Phenyl Ether
24
150
α,α,α-trifluorotoluenea
6
reflux
Toluene
6
85
Dimethyl sulfoxide
6
120
Chloroform
6
60
Hexachloroacetone
6
85
1,4 Dioxane
6
85
Benzonitrile
24
90
1,2-Dichlorobenzene
6
85
o
(a) Calcined at 175 C for 3 h.

1’ Yield (%)
49
66
98
99
4
1
<1%
8
1
<1%

4.3.2.2 Oxidation of 1 with LDH and HC catalysts.
Having identified a suitable solvent for alcohol oxidation, catalysts containing metals
that are traditionally used in oxidation (copper, manganese, and chromium) were
synthesized (section 4.3.1) and screened for the oxidation of 1 to 1’. As shown in Table 4.3,
Ni-Cr-LDH, Ni-Al-LDH-1 (thermally pretreated at 175oC for 3 hours), Ni-Al-LDH-2, Cu-MnCr-HC, and Cu-Mg-Mn-HC-1, Cu-Mg-Mn-HC-2 gave the highest yields of 1’ (>90%). Notably,
Mg-Al-LDH-1 and Mg-Al-LDH-2 showed relatively little conversion of 1, indicating that
activity is not the result of basicity alone. Also noteworthy is the observation that Cu-Mn-HC
was much less active than the Cu-Mg-Mn-HC catalysts, which could be due to the need for
basic sites in the reaction. Interestingly, when the Cu-Mg-Mn-HC-1 catalyst was used under
inert conditions, 1 was still converted to 1’, albeit at a significantly decreased rate (Figure
4.3). This may be due to the Cu-Mg-Mn-HC-1 catalyst acting as a dehydrogenation catalyst
or as a stoichiometric reagent.
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Table 4.3. Conversion of 1-phenyl ethanol (1) to acetophenone (1’) in phenyl ether
with various LDH and HC catalysts
Catalyst

Conversion
(%)a
8
12
23
66
91±3
91
92±5
80
84
97
74

Selectivity (%)

Conversion of 1-Phenyl Ethanol (%)

Mg-Al-LDH-1
>99
Mg-Al-LDH-2
>99
Mg-Cr-LDH
>99
Ni-Al-LDH-1
>99
Ni-Al-LDH-1b, c
>99
Ni-Al-LDH-2
>99
Ni-Cr-LDHc
>99
Ni-Cu-Cr-LDH
>99
Ni-Cu-Mn-HC
>99
Cu-Mn-Cr-HC
>99
Cu-Mn-HC
>99
Cu-Mg-Mn-HC>99
95
1
Cu-Mg-Mn-HC>99
94
2
(a) 24 h reaction time, 10 mL of phenyl ether as
solvent. (b) Calcined at 175 °C/3 h, reaction time
23 h.
(c) Average of 3 reactions + st. dev.
100
90
80
70
60
50
40
30
20
10
0
0

50

100

150

200

250

300

350

400

Time (minutes)

Figure 4.3. Conversion of 1-phenyl ethanol (2 mmol) to acetophenone with Cu-MgMn-HC-1 catalyst (0.5 g) at 150 oC in phenyl ether (10 mL) under O2 (blue) and N2
(red).
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4.3.2.3 Catalyst loading study
In order to elucidate the optimal amount of catalyst needed in the reaction, a
catalyst loading study was performed using Ni-Cr-LDH. The amount of catalyst was
incrementally increased while keeping the amount of starting material constant at 2 mmol.
As can be seen from Table 4.4, when using Ni-Cr-LDH, 0.5 g of catalyst for every 2 mmol of
starting material proved to be optimal. While this is a large amount of catalyst, it is not
uncommon in the literature.35,

36, 15, 16

The need for a large amount of catalyst relative to

starting material suggests that the active site corresponds to a defect site present in low
concentration.

Table 4.4. Catalyst loading study using Ni-Cr-LDH in the conversion of 1 to 1’ in phenyl
ether (conditions as for Table 4.3).
Catalyst Loading (g)

Conversion

0.05
0.1
0.25
0.5

18
37
69
92±5

Selectivity
to 1’
>99
>99
>99
>99

4.3.2.4 Leaching study
In order to determine whether catalysis was the result of leached metal in the
solution, a filtration experiment was performed in which the Ni-Cr-LDH catalyst was hot
filtered from the reaction mixture after 1 h. A sample was taken, after which the filtrate was
transferred to a fresh flask and allowed to react for an additional 23 h. Analysis of the
reaction mixture indicated a 39% conversion at 1 h with no additional conversion postfiltration, suggesting that catalysis occurred on the catalyst surface and not via free metal
species in solution. Elemental analysis of the reaction mixture at 24 h post-filtration
revealed that a negligible amount of metal leached into solution (<1 ppm Cr and 3 ppm Ni).
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4.3.2.5 Oxidation of compounds 2 and 3 with LDH and HC catalysts.
In order to determine the efficacy these catalysts with electron-rich substrates, the
model compound 1-(4-methoxyphenyl)ethanol, 2, was used as a substrate. As well as being
an electron donor, the methoxy group serves to represent the ether linkage present in the βO-4 motif. Catalysts which returned a yield of 80% or better in the conversion of 1 to 1’
were screened for the oxidation of 2. Ni-Al-LDH-1 was also used in the reaction for
comparison purposes.15 Interestingly, oxidation of 2 with the aforementioned catalysts
afforded two products, the expected ketone (2’) as well as the water elimination product
(2’’). As can be seen from Table 4.5, those catalysts containing nickel yielded higher
amounts of the dehydration product 2’’. This was most prominent for Ni-Al-LDH-2. On the
other hand, catalysts containing copper tended to be more selective towards the ketone
product 2’. It is speculated that the dehydration of 2 was due to higher basicity seen in the
Ni containing catalysts (Table 4.1). Mechanistically this may occur via an E2 type
mechanism in which the metal alkoxide is formed on the catalyst surface, followed by
proton abstraction from the methyl carbon and subsequent elimination of the metal oxide
to form the alkene. While production of 2’’ was unexpected, the analogous structure in the
β-O-4 linkage would result in the formation of enol ethers, which in theory are easily
cleaved under acidic conditions.37
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Table 4.5. Conversion of 2 over LDHs and HCs in phenyl ether with O2.
OH

O

LDH or HD
150 oC, O2

O

O

2

Catalyst
None (BLANK)
Ni-Al-LDH-1
Ni-Al-LDH-1a
Ni-Al-LDH-2b
Ni-Cr-LDHc
Ni-Cu-Cr-LDH
Ni-Cu-Mn-HC
Cu-Mg-Mn-HC-1
Cu-Mg-Mn-HC-2
Cu-Mn-Cr-HC

O
2'

2''

Conversion (%)

Ketone Yield (%) Alkene Yield (%)
2’
2’’
3
1
1
92
74
18
83
75
8
99±0
71±8
27±7
99
96
3
90
88
2
97
91
7
92
92
5
98
97
<1
100
99
1
(a) Calcined at 175 oC for 3 h.
(b) Average of 3 reactions ± st. dev.
(c) Average of 2 reactions.

In order to further increase lignin-like functionality in the substrate, the phenolic
model compound 3 was chosen. As shown in Table 4.6, the use of Ni-containing catalysts for
the oxidation of 3 favored the formation of the dehydration product 3’’, similar to the
results obtained for compound 2. Unfortunately, poor mass balances were obtained for the
oxidation of compound 3 due to suspected polymer formation. Interestingly, a small amount
of aldehyde is also formed in the oxidation of 3. This was most prevalent when the Ni-Cu-CrLDH was used as a catalyst. A plausible explanation for the formation of the aldehyde may
be similar to that seen in vanillin production during wet oxidation of lignin as proposed by
Tarabanko et al. 38, 39 (Figure 4.4). Briefly, the alkene species undergoes electron abstraction
by O2 to form a phenoxy radical which rearranges to a quinone methide radical. A
hydroperoxide species is then generated on the β carbon followed by nucleophilic attack of
OH- on the α carbon to form the benzylic alcohol. Cu(I) from the catalyst then decomposes
the hydroperoxide to an oxyradical, which is followed by C-C bond homolysis and
subsequent generation of the aldehyde by a Cu(II) species on the catalyst.
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Figure 4.4. Possible mechanism for the formation of aldehyde, adapted from
Tarabanko et al.38, 39

Table 4.6. Conversion of 3 over LDHs and HCs in phenyl ether with O2
OH

150 oC, O2

HO

O

LDH or HD

HO

O

O

3

3'

Catalyst
None (Blank)
Ni-Al-LDH-1a
Ni-Al-LDH-2
Ni-Cr-LDH
Ni-Cu-Cr-LDH
Ni-Cu-Mn-HC
Cu-Mg-Mn-HC-1
Cu-Mg-Mn-HC-2
Cu-Mn-Cr-HC

O

HO

HO
O

O

3''

3'''

Conversion Ketone Yield
Alkene Yield
(%)
(%)
(%)
27
8
18
99
3
9
99
1
4
58
8
29
98
9
5
100
8
7
99
1
5
100
2
<1
100
2
1
o
(a) Calcined at 175 C for 3 h.

Aldehyde Yield
(%)
1
5
1
2
7
4
1
<1
1

4.3.2.6 Effect of thermal pretreatment on LDH and HC catalysts.
Calcination of LDHs is known to increase their basicity due to the formation of the
corresponding amorphous mixed metal oxide.25 However, Choudary et al. reported that
after calcination at 450 oC under air, Ni-Al-LDH showed decreased activity compared to that
of the uncalcined analogue. With this in mind, we wondered if thermal treatment at lower
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temperatures, resulting in loss of coordinated water from otherwise coordinatively
unsaturated metal sites, would enhance the activity of the catalyst. To test this idea,
scouting experiments were performed on Cu-Mg-Mn-HC-1 and Ni-Al-LDH-1. When Cu-MgMn-HC-1 was thermally pretreated at 175 oC for 3 hours the yield of 1’ increased from to
98% (from 90%) in 0.5 h. Similarly, pretreatment of Ni-Al-LDH-1 at the same temperature
resulted in an increase of the yield of 1’ to 93% from 66%, from which it is concluded that
mild thermal pre-treatment can be beneficial for catalyst activity.

4.3.2.7 Catalyst reusability study.
Catalyst reusability was studied using Cu-Mg-Mn-HC-1 and Ni-Cr-LDH in the
oxidation of 1 (Table 4.7). Prior to use, the Cu-Mg-Mn-HC-1 catalyst was thermally
pretreated at 175 oC for 3 h and then placed directly into the hot reaction mixture. The NiCr-LDH was not thermally pretreated prior to use. After the reaction both catalysts were
filtered and washed with THF and hexanes and dried in a vacuum oven prior to re-use. In
the case of Cu-Mg-Mn-HC-1, the conversion of 1 decreased steadily upon successive use. In
order to determine the cause of this deactivation for Cu-Mg-Mn-HC-1, the filtrate from each
reaction was analyzed via ICP-OES, which showed that the reaction mixture contained an
insignificant amount of leached metal (<1ppm of Cu, Mn and Mg). Similarly, re-usability
tests for Ni-Cr-LDH demonstrated a significant decrease in activity upon successive use. The
X-ray diffractogram of the spent Ni-Cr-LDH (Figure A2.23) displayed similar peaks to the
fresh catalyst with the exception of a new highly crystalline peak similar to chromium (III)
oxide, while N2 physisorption analysis revealed a significant decrease in surface area (27.8
m2g-1) believed to be the result of phase segregation in the LDH, in addition to likely pore
blocking by adsorbed organics.
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Table 4.7. Catalyst reusability study in the oxidation of 1.
Run #
1
2
3
4b
1
2
3
4b

Catalyst
Solvent
Temperature (oC) Time (h)
Cu-Mg-Mn-HC-1a Phenyl Ether
150
2
a
Cu-Mg-Mn-HC-1 Phenyl Ether
150
2
Cu-Mg-Mn-HC-1a Phenyl Ether
150
2
Cu-Mg-Mn-HC-1a Phenyl Ether
150
2
Ni-Cr-LDH
Phenyl Ether
150
24
Ni-Cr-LDH
Phenyl Ether
150
24
Ni-Cr-LDH
Phenyl Ether
150
24
Ni-Cr-LDH
Phenyl Ether
150
24
(a) Catalyst thermally pretreated at 175oC for 3 hours.
(b) Post-washing with Na2CO3 Solution.

Yield
98
86
58
99
78
35
15
28

Other researchers have reported that full activity in benzyl alcohol oxidation is
regained upon washing LDH catalysts with aqueous sodium carbonate.19, 36 Indeed, after
washing Cu-Mg-Mn-HC-1 with 10% sodium carbonate, full catalyst activity was restored. It
should be noted that upon washing the catalyst with sodium carbonate a green solution was
obtained; however, elemental analysis of the solution revealed that the amount of metal
leached into solution was less than 1 ppm and that the composition of the catalyst after
washing was similar to that of the starting catalyst. Moreover, analysis of the reaction
filtrate from the Na2CO3-regenerated catalyst showed a negligible amount of sodium (3
ppm), indicating that leached sodium is not responsible for the improved activity. When NiCr-LDH was used as a catalyst significant deactivation was seen up successive use. XRD
analysis of the spent catalyst revealed the formation of Cr2O3 (indicative of phase
segregation in the LDH), which may be the cause of deactivation. When the catalyst was
washed with Na2CO3 a small amount of activity was regained, however the catalyst did not
return to its original effectiveness.
Other workers have reported that carbonate may play an integral role in alcohol
oxidation as evidenced by the reduced catalyst activity when carbonate anions are absent or
substituted by another anion in the LDH.15, 35 In order to ascertain whether carbonate acts
as a stoichiometric base, the amount of CO32- present in each LDH was calculated based on
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the idealized LDH formula [M2+1-χM3+χ(OH)2]χ+(An-)χ/n, where χ is the trivalent metal ratio, A
is the anionic species, and n is the charge of the anionic species. The water content was
purposefully ignored as this can vary between LDHs.24 As can be seen in Table 4.8, CO32-is
present in a substoichiometric amount compared to the substrate (1); hence, carbonate
does not act as a stoichiometric base in these oxidation reactions.

Table 4.8. Formulae of LDH catalysts and molar ratio of carbonate to substrate (1)
LDH

Formula

Mg-Al-LDH-1
Mg-Al-LDH-2
Ni-Al-LDH-1
Ni-Al-LDH-2
Ni-Cr-LDH
Mg-Cr-LDH
Ni-Cu-Cr-LDH

[Mg0.68Al0.32(OH)2]0.32+(CO32-)0.16
[Mg0.73Al0.27(OH)2]0.27+(CO32-)0.135
[Ni0.65Al0.35(OH)2]0.35+(CO32-)0.175
[Ni0.73Al0.27(OH)2]0.27+(CO32-)0.135
[Ni0.68Cr0.32(OH)2]0.32+(CO32-)0.160
[Mg0.66Cr0.34(OH)2]0.34+(CO32-)0.170
[Ni0.35 Cu0.33Cr0.33(OH)2]0.33+(CO32-)0.163

mmol CO32-/mmol
substrate (1)
0.58
0.50
0.47
0.37
0.43
0.55
0.40

Given that catalyst activity is regained after washing with sodium carbonate, it
follows that catalysis likely occurs on the catalyst edge sites (110 plane) in LDHs or an
equivalent site in HCs where interlamellar carbonate anions are exposed to the reactants.
Figure 4.5 shows a possible mechanism which is a modified version of that proposed by
Tang et al.

19,

in which the alcohol is first deprotonated by carbonate to form an alkoxide,

which coordinates to an unsaturated metal site. Hydroperoxide oxidation of the metal
alkoxide with concomitant shift of hydride from the alkoxide to the hydroperoxide results in
net alcohol oxidation and the generation of a new metal hydroxide group. Proton
abstraction from the bicarbonate by the hydroxide forms water and regenerates the
coordinatively unsaturated metal site.
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Figure 4.5. Possible mechanism for LDH-catalyzed aerobic alcohol oxidation.
4.4 Conclusion
LDH and HC materials containing a variety of first row transition metal ions were found to
be active catalysts for the oxidation of benzylic alcohols with lignin-like functionality in
phenyl ether as solvent. To the best of our knowledge this is the first time a polar reaction
solvent capable of dissolving Organosolv lignin has been shown to give near quantitative
conversion of benzylic alcohols over heterogeneous oxidation catalysts. The reactions were
performed under relatively mild conditions with O2 as the terminal oxidant. For both CuMg-Mn-HC-1 and Ni-Al-LDH-1 the application of a mild thermal pretreatment increased
catalyst activity in the oxidation of 1-phenyl ethanol. Upon repeated use catalyst activity
declined, although washing the spent catalyst with aqueous Na2CO3 was found to
completely restore activity; this suggests that carbonate species play an essential role in the
oxidation reaction. In the oxidation of 1-(4-methoxyphenyl)ethanol and 1-(4-hydroxy, 3methoxyphenyl)ethanol Ni-containing LDH catalysts were found to show significant activity
for alcohol dehydration which is attributed to their high basicity relative to the other
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catalysts tested. Future work will determine the utility of these LDHs and HCs as catalysts
for the aerobic oxidation of lignin model dimers, as well as native and industrial lignins.

141

Chapter 5. Oxidation of lignin β-O-4 model dimers with layered double hydroxide and
mixed hydroxycarbonate catalysts.
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5.1 Introduction
While the oxidation of simple benzylic alcohols using LDH/O2 as a reaction system
have been explored to a moderate extent in the literature, relatively little work has been
done on more complex and/or lignin-like molecules.1 One of the largest molecules explored
for selective alcohol oxidation with LDHs is diphenyl carbinol. Indeed, several workers have
shown LDHs to be effective catalysts for the oxidation of diphenyl carbinol to benzophenone
using O2 as the terminal oxidant.2-4 In the case of lignin-like molecules, LDHs appear to be
tolerant of olefinic moieties in allylic alcohols similar to monolignols, oxidizing cinnamyl
alcohol to cinnamyl aldehyde in good to excellent yields using O2 as the terminal oxidant.3-5
While the oxidation of small benzylic alcohols to ketones may play a vital role in developing
a selective stepwise oxidation process for lignin depolymerization, they provide limited
understanding as to the effects on the lignin polymer.

LDHs have recently been the subject of several recent studies exploring the
thermolytic and oxidative depolymerization of lignin β-O-4 model compounds. Beckham
and co-workers6 studied thermolytic depolymerization of 2-phenoxy-1-phenethanol (PE) in
the presence of Ni/LDH, finding that acetophenone and phenol were produced. In a followup contribution, Beckham and coworkers7 reported that the supported metal played little
role in the conversion of PE; rather, the authors suggested that nitrate ions, along with
basicity derived from OH- or CO32-, play a vital role in the depolymerization of lignin models.
Interestingly, the authors reported that the presence of benzylic OH groups is necessary for
successful depolymerization of lignin models. Indeed, without benzylic alcohols lignin
model compounds showed relatively little conversion to identifiable products. While in the
former case the authors reported relatively high yields, their reaction system involves
relatively high temperatures (275 oC). When applied to lignin, a 5-9% conversion to small
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molecular weight monomers was obtained, as well as a significant reduction in the
molecular weight of the lignin.

In another recent study, Corma et al.8 explored the use of Cu-LDH intercalated with
vanadate for the oxidation of lignin and lignin model β-O-4 dimers. Their approach proved
to be quite effective, producing mostly the benzoic acid and benzaldehyde derivatives of
their models. When applied to Organosolv and Kraft lignin, a significant reduction in
molecular weight was observed (from 1400 Da to <300 Da in Organosolv lignin).
Unfortunately their catalyst suffered significant leaching of the vanadate species, such that
the catalyst actually operated homogeneously.

The above reports, along with results reported in the previous chapter concerning
the oxidation of small model compounds, prompted exploration of the previously
synthesized catalysts for the oxidation of lignin model dimers, as well as a Kraft lignin.

5.2 Experimental
5.2.1 Lignin model compound synthesis
Lignin model compounds 1-3 were synthesized according to a modified literature
procedure for similar lignin model compounds.9 Guaiacol (16.85 g, 135.8 mmol) was added
to a solution of potassium carbonate (19.44 g, 140.7 mmol) in acetone (100 mL). The
reaction mixture was allowed to stir in an ice bath for 15 minutes before the addition of 2bromo-4’-methoxy-acetophenone (25.32 g, 110.5 mmol). The contents were then heated to
reflux and stirred overnight. The reaction mixture was then allowed to cool and filtered
over a pad of celite. The filtrate was concentrated in vacuo and diluted with ethyl acetate
(100 mL). The organic layer was washed with 1M NaOH to remove any residual phenol and
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concentrated to obtain 2’ (87%). Compounds 1’ and 3’ were synthesized by a similar
procedure to 2’.

Compounds 1-3 were synthesized via reduction of the corresponding ketones with
sodium borohydride. The generalized procedure was as follows: 2’ (15.01 g, 55.2 mmol)
was added to a solution of THF (370 mL) and methanol (200 mL). The solution was then
placed in an ice bath and allowed to cool. Sodium borohydride (1.08 g, 28.5 mmol) was then
slowly added to the reaction flask, and the reaction mixture was allowed to warm to room
temperature and stirred overnight. The residual NaBH4 was quenched with water (200 mL)
and the reaction mixture was reduced in volume to ca. 350 mL in vacuo. The reaction
mixture was then extracted with DCM (3 X 50 mL). The combined contents of the DCM
extraction were dried with MgSO4 and concentrated in vacuo to obtain 2 (100%).

5.2.2 General procedure for the oxidation of lignin model compounds
In a typical reaction, the lignin model compound (2 mmol), solvent (15 mL), and
catalyst (0.5 g) were added to a 50 mL Hastelloy® Parr reactor with mechanical stirring
(600 rpm). The reactor was sealed and purged 3 times with the desired atmosphere at the
specified pressure. The reactor was then charged to the specified pressure with the desired
gas and heated to the specified temperature (allowing for autogenously generated
pressure) for the specified amount of time. Upon completion the reaction mixture was
filtered through Whatman 1 filter paper and washed with THF or DCM. When water was
used as a solvent, ca. 10 mL of THF was added the reaction mixture before filtering. The
filtrant was then washed with THF. NaCl was then added to the filtrate until supersaturation
was reached. The THF layer was then removed and the aqueous fraction was extracted with
ethyl acetate (3 X 5 mL).
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Bench top reactions were performed using the same conditions reported in Chapter
4.

5.2.3 Oxidation of lignin
Indulin AT Lignin (1 g), phenyl ether (15 mL), and Ni-Cr-LDH (0.5 g) were added to
a 50 mL Hastelloy® Parr reactor with mechanical stirring (600 rpm). The reactor was
sealed and purged 3 times with 150 psi of O2 after which it was charged with 150 psi with
O2 and heated at 150 oC (allowing for autogenously generated pressure) for 24 h. The
product mixture was transferred to an Erlenmeyer flask and ca. 200 mL of hexanes were
added to the reaction mixture to precipitate the lignin. The reaction mixture was then
filtered with Whatman 1 filter paper and washed with hexanes. The filtrate was evaporated
using a rotary evaporator and analyzed via GC-MS for small products. The filter cake was
removed from the filter and the lignin was dissolved in ca. 20 mL of DMSO. The solution was
then filtered with Whatman 1 filter paper to remove the catalysts and insoluble lignin. The
filter cake was washed with DMSO until a near colorless filtrate was observed. Precipitation
of the DMSO soluble lignin was attempted with IPA, however, a precipitate could not be
obtained. All fractions from the reaction were then analyzed using GC-MS.

5.2.4 GC-MS analysis
GC-MS analysis was performed on an Agilent 7890A GC-MS equipped with a 5975C
inert MSD with triple-axis detector. In all cases a DB-1701 column (60 m X 0.250 mm X 0.25
μm) was used. The inlet temperature was set to 300 oC and the oven held at 45 oC for 3
minutes, after which it was ramped to 280 oC at 4oC*min-1 and held for 10 minutes. Products
were identified by comparison to authentic samples and yields were determined using
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dodecane as an internal standard with response factors generated from an external
calibration curve. When authentic samples were unavailable identification was determined
via an internal library as well as the NIST database. Unavailable standards were assumed to
have the same response factor as the starting material. Because the starting material is
partially dehydrated on the inlet resulting in the enol ether product, a correction was made
in order to compensate for loss of starting material as well as the production enol ether. Any
negative values obtained from enol ether production were assumed to be zero. Yields,
unless described elsewhere, are defined as (moles of product)/(moles of starting
material)*100%.

5.3 Results and discussion
Initial experiments were performed similarly to those discussed in the previous
chapter, i.e., at 150 °C and at atmospheric pressure, using DPE as solvent and O2 as the
oxidant (introduced into the reaction mixture by means of sparging). However, the dimer
ketone products 1’ and 3’ were obtained in a very low yield (Table 5.1). Unsurprisingly, the
enol ether product 1’’ was obtained in a 17.3% yield (total ion chromatogram, uncorrected
for inlet dehydration) when Ni-Cr-LDH was used as the catalyst in toluene (Table 5.1, entry
1). When compound 3 was oxidized in phenyl ether using the same catalyst, higher
conversions were observed. Unfortunately conversion to 3’ was still low (4.1%), while small
amounts of compounds 6, 7, 10 and 13 were observed, suggesting decomposition of the
starting material.

147

OH

OH

O

OH

O

O

O

O

O

O

O

R3

R3

O

O
R1

R1

R2

1' R1 = H, R 2 = OMe, R 3 = H
2' R1 = OMe, R 2 = H, R 3 = OMe
3' R1 = OMe , R 2 = OMe, R 3 = H

OH

OH

5

O

O
O

13

12
O

O

m/z = 288

HO

14

O

O

O

11

HO

9

O

O

10

O

8
O

OH
O

OH
O

7

6

O

O

O

O

O

4

R2

1'' R1 = H, R 2 = OMe, R 3 = H
2'' R1 = OMe, R 2 = H, R 3 = OMe
3'' R1 = OMe , R 2 = OMe, R 3 = H

O
O

O

3

2

1

15

16

Scheme 5.1 Structure of lignin model compounds and reaction products
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Entry

Catalyst

Starting
Material

Time

Solvent

Temp.
(oC)

Conv.
(%)

Dimer
Enol
6
7
10
13
Ketone
Ether
(%)
(%)
(%)
(%)
(%)
(%)
b
c
1
Ni-Cr-LDH
1
24
Toluene reflux
19.4
1.6
17.3c
2
Ni-Cr-LDH
3
24
DPE
150
63.5
4.1
11.2
0.9
0.3
1.5
0.9
(a) Reaction conditions: starting material (2 mmol), catalyst (0.5 g), solvent (10 mL), O2 (bubbled). (b) All yields were determined by GCMS total ion chromatograms. (c) No correction was made for inlet dehydrations, therefore, conversion % and 1’’ yield may be lower than
reported

Table 5.1 Oxidation of lignin β-O-4 model dimers under O2 at atmospheric pressure.a

The limited amount of ketone obtained prompted us to explore more forcing
reaction conditions using model compounds 2 and 3. Phenyl ether was initially used as a
screening solvent due to the successes seen with this solvent in the previous study (Chapter
4). A recent contribution by Stahl and co-workers regarding safe operating levels of O2 in
organic solvents prompted us to explore the reactions under a lowered concentration of
O2.10 Therefore 8% O2 was used at a pressure of 450 psi in order to provide nearly two
stoichiometric equivalents of O2 (1.77 eq., assuming ideal gas behavior in the vessel’s
headspace at 25 oC). As control, the reaction was also carried out under inert gas. As can be
seen in Table 5.2, thermolytic degradation under inert atmosphere was significant at 150 oC,
reaching ca. 92% conversion of compound 2 (Table 5.2, entry 3). The major product was the
enol ether derived from water elimination, which was obtained in a 64.4% yield.
Interestingly, when the atmosphere was changed to 8% O2 relatively less conversion was
seen (Table 5.2, entries 4 and 5). The reason for the difference in the reactivity of 2 under
the two conditions remains to be elucidated.

In the interest of determining whether benzylic oxidation would occur to produce
ketone 2’, catalysts were selected which performed well in the previous study (Ni-Cr-LDH,
Ni-Al-LDH-1, and Cu-Mg-Mn-HC-1). These catalysts were screened using the 8% O2
atmosphere at 150 oC. While all the catalysts tested produced 2’ in a comparable yield to the
uncatalyzed reaction, the Cu-Mg-Mn-HC-1 and Ni-Al-LDH-1 catalysts returned a slightly
higher yield of 4-methoxybenzaldehyde (6) and 4-methoxybenzoic acid methyl ester (9).
Unfortunately, when the Cu-Mg-Mn-HC-1 and Ni-Al-LDH-1 catalyst were used a substantial
amount of the starting material was converted to unknown products and/or products
which were not amenable to analysis by GC-MS (Table 5.2, entries 6 and 7). Since the
reaction mixture became slightly more colored and in some cases small amounts of char
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were observed, it is speculated that as for 4-hydroxy-3-methoxy-α-methylbenzyl alcohol in
Chapter 4, polymerization and/or over oxidation may occur, leading to insoluble or high
molecular weight material.

Model compound 2 was also oxidized under pure oxygen (Table 5.2, entry 9-11) at
low temperatures (80 and 100 oC). These experiments gave moderate conversions of
compound 2, however when the Ni-Cr-LDH was used (Table 5.2, entry 11), 2’’, which had
previous not been observed in reactions involving pure oxygen, was produced in a 0.7%
yield at 100 oC.
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Entry

Catalyst

Temp. Pressure
Conv.
2'
2''
6
8
9
10
12
16
Atmosphere
(oC)
(psi)
(%)
(%) (%) (%)
(%)
(%)
(%)
(%)
(%)
1
None
100
450
Ar
12.1
0.5
7.4
0.2
2.1
1.8
2
None
125
450
Ar
59.9
0.3 52.6
0.7
4.6
1.1
3
None
150
450
Ar
91.6
0.2 64.4
0.5
9.6
16.5
4
None
125
450
8% O2/N2
14.2
1.5
8.6
0.4
2.1
0.3
b
5
None
150
450
8% O2/N2
13.4
2.1
6.0
0.6
2.6
1.6
6c
Cu-Mg-Mn-HC-1
150
450
8% O2/N2
67.3
0.5 15.2
2.9
0.8
0.3
1.3
7
Ni-Al-LDH-1
150
450
8% O2/N2
45.3
1.9 17.7
1.5
3.3
0.9
1.3
1.8
8
Ni-Cr -LDH
150
450
8% O2/N2
15.8
2.3 10.0
0.6
1.9
0.9
d
9
None
80
145
O2
18.9
0.4
0.6
1.3
10
None
100
145
O2
32.3
0.9
1.8
11
Ni-Cr-LDH
100
145
O2
39.9
1.6
0.7
0.4
0.1
(a) Typical reaction conditions: lignin model compound 2 (2 mmol), catalyst (0.5 g, if specified), phenyl ether (15 mL), 16 h. (b) 2.66 mmol
of starting material was used. (c) 16 mL of phenyl ether was used. (d) 2.81 mmol of starting material was used.

Table 5.2 Screening reactions using 2 conducted in phenyl ether.a

The

low

yield

of

quantifiable

products

along

with

the

suspected

polymerization/overoxidation observed with phenyl ether prompted us to explore water as
a solvent. While water has yet to be proven as a viable solvent for the oxidation of benzylic
alcohols using LDHs, benzylic oxidation was not the predominant product from the
oxidation of compound 2 in phenyl ether. Thus a similar screening to that shown in Table
5.2 was performed in water. Water is an ideal choice of solvent for the biorefinery concept
because it is likely that upon processing the lignin stream will be partially aqueous.
Moreover, the use of water as solvent limits the hazards associated with the use of oxygen
as the stoichiometric oxidant. Initial screening was performed at temperatures similar to
those described by Beckham et al.6, 7. The use of a higher temperature (270 oC) required
higher initial pressure in order to maintain the water in the liquid phase. Thus 510 psi was
chosen as an initial pressure for the reaction. The use of air and O2 (100%) as oxidants was
also examined, in addition to O2 (8% in nitrogen).

Initial experiments employed 8% O2 as the oxidant without catalyst. This condition
produced modest yields of the monomeric phenolic products 5 and 8 as well as the nonphenolic compound 4 (9.7%, 14.2%, and 3.2%, respectively). The use of Ni-Cr-LDH mildly
improved the yield of 8 and 14, however all other products were obtained in decreased
yields compared to the uncatalyzed reaction. When air was used as the terminal oxidant
(without catalyst), 5 was produced in a 13.4% yield. The highest yield of 5, 10 and 14 were
observed with Ni-Cr-LDH under air. The use of Cu-Mg-Mn-HC-1 decreased the yield of
quantifiable products (Table 5.3, entry 4), while the use of Ni-containing catalysts improved
the production of 6, 8, 10, 14, and 15 (Table 5.3, entries 5-6). The improved yield of
phenols in the presence of Ni-containing catalysts (especially Ni-Cr-LDH) is unsurprising as
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they displayed a lower aptitude to polymerize the phenolic lignin model compounds
discussed in the previous chapter. Moreover, it is likely that the Cu-containing Cu-Mg-MnHC-1 enhances polymerization of phenols as seen in the previous chapter.

While complete conversion of the lignin model compound 2 continued to be
observed when air was used as an oxidant, the maximum yield of quantifiable products was
only 28% (Table 5.3, entry 6), which is comparable to the yield of quantifiable products
observed in the uncatalyzed reaction in 8% O2 (Table 5.3, entry 1). Thus we decided to use a
lower temperature with pure O2 as oxidant. The reaction with Ni-Cr-LDH led to only an
81.9% conversion at 150 oC and 150 psi of O2. While the overall yield of quantifiable
products was low, 2’’ and 6 were observed in a 4.5 and 3% yield, respectively. 2’’ is a
particularly useful product as the enol ether may be selectively cleaved via acid catalyzed
hydrolysis to produce monomeric products.11 Increased temperature and pressure
produced higher conversions, however, the yield of quantifiable products decreased (Table
5.3, entries 8 and 9).
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Ent.

Catalyst

Temp.
P
Conv. 2'
2'' 16
4
5
6
8
9
10
14
15
Atm.
(oC)
(psi)
%
%
%
%
%
%
%
%
%
%
%
%
1
None
270
510 8% O2/N2
100
3.2 9.7 1.0 14.2
0.7 0.9 1.1
2
Ni-Cr-LDH
270
510 8% O2/N2
100
0.7 2.4 0.7 15.1
1.8 0.5
3
None
270
510
Air
100
2.1 13.4 0.2
0.6
4
Cu-Mg-Mn-HC-1
270
510
Air
100
3.8 5.8
0.3 1.4
5
Ni-Al-LDH-1
270
510
Air
100
1.5 8.5 0.9
1.5
1.1 1.7 1.9
6
Ni-Cr-LDH
270
510
Air
100
0.6 15.2 0.9
5.9
1.9 2.7 1.0
7
Ni-Cr-LDH
150
150
O2
81.9 0.6 4.5 0.3
3.0
0.2
0.4
8
Ni-Cr-LDH
150
300
O2
100
1.9
0.2
0.3
9
Ni-Cr-LDH
200
300
O2
100
0.7
1.0
0.2
0.9
(a) Typical reaction conditions: lignin model compound 2 (2 mmol), catalyst (0.5 g, if specified), water (15 mL), 16 h. (b) lignin model
compound 2 (1.7 mmol), catalyst (0.46 g). (c) water (18.6 mL).

Table 5.3 Oxidation of lignin model compound 2 in water.a

The low yields of GC-MS identifiable products in water and phenyl ether (when less
that 100% O2 was used) prompted us to explore the use of 100% O2 (with phenyl ether as
solvent) in these reactions. An initial test reaction of 1-phenyl ethanol (1-PE) at 150 oC for
24 hours under 150 psi of O2 with Ni-Cr-LDH returned a 94.5% yield of acetophenone,
similar to the results seen in the previous chapter (Table 5.4, entry 1). The blank reaction
(no catalyst) at 150 oC showed complete conversion of compound 3 with 10.8% and 8.9%
yields of compounds 5 and 6, respectively. Like the previous reactions a lower than
stoichiometric yield of identifiable products was obtained, likely due to polymerization as
evidenced by the darkened color of the solution. While no benzylic oxidation product (3’)
was seen, the large amount of oxidized products resulting from the cleavage of the β-O-4
linkage prompted us to continue with these conditions, screening the catalysts presented in
the previous chapter. A limited amount of dimer ketone 3’ was produced in most cases, the
highest yields being obtained with the Ni-containing catalysts (Ni-Cr-LDH and Ni-Cu-CrLDH).

Similar to the production of 3’, 3’’ was also produced in the presence of catalysts
(Table 5.4). The highest yields of 3’’ were observed in the presence of Ni-containing
catalysts, which is consistent with the results seen in the previous chapter. It is believed
that the increased yield of the enol ether product 3’’ is due to the presence of base sites on
the catalysts.12 Indeed, the Ni containing catalysts, which had the highest number of base
sites of catalysts tested in the previous chapter, returned the highest activity for the
dehydration of 4-methoxyphenyl methyl carbinol. While Ni-Cr-LDH produced only a 3.2%
yield of 3’’ at 150 oC and 150 psi of O2 (Table 5.4, entry 3), when the pressure was lowered
to 100 psi, a 18.6% yield of 3’’ was observed. Moreover, increased pressure and decreased
reaction time (300 psi and 4.5 h) yielded the highest quantity of 3’’ among Ni-Cr-LDH
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catalyzed reactions (22.1 %). However, under standard reaction conditions (150 psi O2 and
24 h), the highest yield of enol ether product 3’’ (18.2%) was observed when Ni-Cu-Cr-LDH
was used as the catalyst.

While Ni-Cr-LDH at 150 oC and 150 psi of O2 yielded a lower amount of compound
3’’ than other Ni catalysts, compounds 6 and 7 were produced in the second highest yield of
all the conditions tested (Ni-Al-LDH-2 produced a larger amount of 6 and 7). Compound 6
may be the consequence of radical formation on the benzylic oxygen via a hydrogen
abstraction by diradical O2 (Scheme 5.1). Indeed Mitchell et al.13 reported C-C bond cleavage
on lignin model dimers using a benzoquinone/O2/hν system. Alternatively, 6 may be
formed via oxidative C=C or C-C bond cleavage. Indeed, Tokunaga et al.14, 15 reported C=C
bond cleavage of aryl enol ethers in the presence of catalysts at 40 oC under 1 atm of O2. The
reaction proceeded smoothly in the presence of CuCl2, achieving 86% conversion of 1methoxy-2-phenylpropene to acetophenone in 1 hour at 40 oC, while in the absence of
catalyst no reaction was seen.14 In contrast, under Ar atmosphere the enol ether hydrolysis
product was formed quantitatively.15 While the enol ether hydrolysis product is not seen in
our reaction, this may be due to C-C bond cleavage of the enol ether. Tokunaga et al.14
reported that a significant amount of C-C bond cleavage (34%) occurred in the absence of
catalyst at 70 oC in O2 (1 atm). Significantly, H2O was required as an additive in order to
achieve C=C bond cleavage. However, water should be present in our reaction mixture due
to the presence of structural water in the LDH catalyst or, in the case of uncatalyzed
reactions, the dehydration of starting material as seen in Table 5.2 entries 2 and 3.
Notably, the formation of compound 6 may also undergo autooxidation under these
reaction conditions to form the benzoic acid intermediate in Scheme 5.2. While no 4methoxybenzoic acid was seen in the reaction mixture, this may be due to esterification
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reactions catalyzed by the LDH and HC catalysts to form compounds 9, 12, and 13. A small
amount of ester products were seen in the absence of catalysts, which may be due to a
catalytic amount of H+ derived from the benzoic acid intermediate. The formation of
methanol necessary for the production 9 is likely an outcome of hydrolytic demethylation
reactions observed in the formation compounds 5 and 7, the subsequent reactions of 5 and
7 with 4-methoxy benzoic acid resulting in the formation of 12 and 13, respectively. Indeed,
Crocker and coworkers16 reported hydrolytic demethylation of guaiacol (8) in a model biooil at 350 oC. The lack of formation of compounds 9, 12, and the guaiacyl analogue of 13
from compound 2 under inert atmosphere further support this reaction pathway (Table 5.2,
entries 1-3).
Compound 16 displays an apparent parent ion of m/z =288. Initially this was
thought to be the product of Baeyer-Villiger oxidation (BVO) on compounds 2’ and 3’,
respectively due to mass spec fragmentation resulting in a strong peak with an m/z of 151
consistent with 4-methoxybenzoate. However, analysis of the authentic sample of the
Baeyer-Villiger oxidation of compound 3’ displayed a significant difference in retention time
upon GC-MS analysis. Moreover, a significant amount of 16 (16.5%) is observed under inert
atmosphere in the absence of catalyst (Table 5.2, entry 3), thus eliminating the possibility of
BVO. While the identity 16 remains to be elucidated, 16 was obtained in a 1.9%, 4.9% and
2.2% yield in the presence of Ni-Al-LDH-2, Ni-Cu-Mn-HC, and Ni-Cr-LDH.
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Scheme 5.2 Plausible mechanism for the production of compounds 9, 12, and 13.
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SM

Ni-Cr-LDH
1-PE
None
3
Ni-Cr-LDH
3
Ni-Cr-LDH
3
Ni-Cr-LDH
3
Ni-Al-LDH-1c
3
Ni-Al-LDH-2
3
Cu-Mg-Mn-HC-1
3
Cu-Mg-Mn-HC-2
3
Ni-Cu-Mn-HC
3
Cu-Mn-Cr-HC
3
Ni-Cu-Cr-LDH
3

Cat.
24
24
24
4.5
24.2
24
24
24
4
8
24
24

150
150
150
300
100
150
150
150
150
150
150
150

94.5b
100.0
100.0
70.2
74.7
100.0
100.0
100.0
95.0
97.8
100.0
91.8

T (h) P (psi) Conversion

3''
%

5
%

6
%

0.1 10.8 8.9
0.2 3.2
4.2 13.7
4.1 22.1
0.5
5.4 18.6
0.9
18.3
3.9
16.5
0.8
2.1
0.3 6.8
6.3
0.0 6.4
0.0
7.6
2.7
1.4
0.6 18.2 1.4
3.3

3'
%

9
%

10
%

12
%

13
%

16
%

0.6

0.4
0.0

7.2

5.5
7.3
5.4
1.9
2.0
7.4
2.5

0.7
1.3
0.9 0.4
0.9
0.3
0.0 0.7
1.1
0.3 0.2

0.2
1.8
0.5
0.9
1.1
0.5
0.7

0.8

4.9

1.9
0.6

1.2 1.5
0.5 0.1
5.6 1.6 0.9 0.1 0.2 2.2

7
%

(a) Typical reaction conditions: lignin model compound (2 mmol), catalyst (0.5 g, if specified), phenyl ether (15 mL), specified pressure of
O2, 150 oC. (b) yield of acetophenone. (c) Catalyst thermally pretreated at 175 oC for 3 hours prior to addition to reaction mixture.

1
2
3
4
5
6
7
8
9
10
11
12

Entry

Table 5.4 Catalyst screening for the oxidation of lignin model compounds.a

Given the high conversions seen with the model compounds along with the modest
amount of identifiable products seen in the catalyzed reactions above, Kraft lignin was
tested as a substrate. Ni-Cr-LDH was chosen as a catalyst since it gave the highest amount of
identifiable depolymerized products. When Kraft lignin was oxidized in the presence of NiCr-LDH (150 °C, 150 psi O2, DPE as solvent) a 1.1 wt% yield of vanillin was observed along
with a ca. 0.7 wt. % yield of phenol. In the absence of catalyst, no vanillin was observed,
however a 0.6 wt. % yield of phenol was obtained. While the amount of product appears
low, typical vanillin yields via catalytic oxidation of lignin with O2 are ~1% with a maximum
yield of 15%.17 Moreover, these accounts utilize homogeneous reaction systems and, in
some cases, strongly alkaline conditions to achieve high yields. The use of homogenous
catalysts is particularly undesirable given the difficulty separating lignin from catalyst.
While the results are less than optimal, the lignin did not display a high degree of solubility
in the reaction solvent. Moreover, the previously DMSO soluble lignin displayed decreased
solubility upon workup. Therefore, it is believed that the use of different, perhaps lower
boiling point solvents, along with improved work-up conditions may increase the yield of
lignin-derived products.

5.4 Conclusions
Oxidation of lignin β-O-4 model dimers afforded high conversions at temperatures
greater than or equal to 150 oC. While the ketone formed from selective oxidation of the
benzylic alcohol was not the main product, a significant degree of depolymerization was
observed. The oxidation products were consistent with radical hydrogen abstraction from
the benzylic alcohol followed by Cα-Cβ bond homolysis. The use of catalysts in the reaction
appears to direct the proposed benzoic acid intermediate towards the formation of ester
products. When Kraft lignin was oxidized using Ni-Cr-LDH, vanillin was produced in a 1.1
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wt.% yield. Future work will focus on the use of other solvents more suitable for lignin
dissolution, more active oxidation catalysts (e.g., Au supported on LDHs), and more complex
(and hence more realistic) lignin models.
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Chapter 6. Concluding remarks
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The oxidative depolymerization of lignin for the production of low molecular weight
aromatics remains a challenge. The current work has shown that stepwise stoichiometric
oxidative depolymerization may be achieved in part via the use of activated dimethyl
sulfoxide intermediates. However, more work will need to be done to improve lignin
dissolution and recovery. Notably, the use of lignins possessing higher amounts of benzylic
alcohols moieties than Kraft lignin should improve conversion, given that Kraft lignin is
believed to possess comparatively small amounts of these important functional groups.
Importantly, lignin model compounds with phenolic functionality have been shown to
dehydrate under Swern-like conditions, leading to an enol ether that in principal can be
hydrolyzed. DMSO oxidation products of non-phenolic models may be cleaved via processes
such as Baeyer-Villiger (BV) oxidation followed by ester hydrolysis. Thus, a certain degree
of tunability exists when phenolic hydroxyl groups are present. Indeed, protection of the
phenol (via methylation or benzylation) followed by activated DMSO and BV oxidation
could be utilized to produce benzoic acids. Unprotected phenols can be oxidized by DMSO
followed by acid hydrolysis to product secondary ketones. In either case, low molecular
weight lignin components could potentially be produced under optimized conditions. The
difference in reactivity of the protected vs. the unprotected phenols highlights the need for
more realistic lignin model compounds. This is especially relevant since lignin is thought to
be a highly phenolic molecule. In regard to the use of actual lignin, lignin extraction should
be conducive to the downstream processing of the lignin. For example, organosolv
processing, which largely alkoxylates lignin’s alcohols groups, does not provide a substrate
for reactivity in selective stepwise oxidation. Likewise, the Kraft process largely breaks
down the targeted β-O-4 linkage resulting in reduced weight but more recalcitrant lignin.
Thus less degraded native lignin will be necessary for selective stepwise oxidation to be
industrially relevant.
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Layered double hydroxide (LDH) and hydroxycarbonate (HC) catalysts have also
been evaluated for the oxidation of the benzylic alcohol moiety on secondary benzylic
alcohols with lignin-like functionality in the moderately polar solvent phenyl ether.
Literature accounts of LDH oxidations on benzylic alcohols with molecular oxygen are
largely absent of polar solvents, which inhibit their use with lignin. A variety of LDH and HC
catalysts proved to be effective for this reaction; notably, Cu-Mg-Mn-HC-1 was found to be
reusable upon washing with sodium carbonate. Product selectivity also proved to be
tunable, with the slightly more basic Ni-catalyst producing a higher degree of dehydrated
product. However, phenolic models suffered from significant polymerization, and therefore
the aforementioned protection may be necessary if selective cleavage of inter-unit linkages
is to be realized.
In the case of lignin model dimer compounds, a high degree of conversion was
achieved at 150 °C even in the absence of LDH or HC catalyst. However, the use of LDH and
HC

catalysts

shifted

product

selectivity

to

produce

higher

amounts

of

4-

methoxybenzaldehyde and ester products. While the yield of GC-MS quantifiable products
was low in all cases, analyzable products followed similar trends for dehydration as those
seen in the monomer oxidations. Indeed, in general Ni-containing catalysts displayed a
higher degree of dehydration than the Cu-containing catalysts. As mentioned previously, the
dehydrated product is highly desirable since it may be cleaved using simple acid catalyzed
hydrolysis. Moreover, catalyzed reactions afforded a higher quantity of esterified products,
suggesting that the catalyst may act as a catalyst for esterification and limit the degree of
polymer and/or char formation seen in the uncatalyzed reaction. When the Ni-Cr-LDH was
applied at 150 oC and 150 psi of O2 to lignin depolymerization, ca. 1.1 wt. % vanillin was
formed along with ca. 0.7 wt. % phenol. In comparison, the uncatalyzed reaction formed
only 0.6 wt. % phenol, while vanillin was not observed. The yield of vanillin obtained under
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these conditions is similar to other reports in the literature. However, the Kraft lignin used
in this reaction was largely insoluble in phenyl ether, and lignin workup proved to be
problematic. Future work in this area should focus on the use of more active LDH oxidation
catalysts, such as the LDH-supported gold catalyst discussed in Chapter 2. These catalysts
are promising in regard to solvent tolerance, which will be important for lignin solubility,
and display much higher oxidation activity than the base LDH. Other work will need to be
directed at improving methods for lignin workup after the reaction. Indeed, other solvents
will need to be explored in order to enhance the solubility and therefore the solution
processability of lignin. To this end, the use of lower boiling solvents may aid lignin workup. Moreover, reduced reaction times as well as lower reactions temperatures may lead to
less polymer and/or char formation leading to higher product yields.
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Appendix 1
Supporting information for Chapter 3. Oxidation of lignin and lignin β-O-4 model
compounds via activated dimethyl sulfoxide.

Disclaimer: The work provided in this appendix is the result of collaboration with Soledad
Yao of the Chemistry Department at the University of Kentucky. Soledad Yao was
responsible for collecting the NMR Spectra in Figures A1.1 through A1.18 as well as the IR
spectra in Figures A1.22 and A1.23.
Note – This appendix was provided as supporting information to an article that was
published as in the following journal:
Mobley, J. K.; Yao, S. G.; Crocker, M.; Meier, M., Oxidation of lignin and lignin β-O-4 model
compounds via activated dimethyl sulfoxide. RSC Adv., 2015, 5, 105136-105148
http://dx.doi.org/10.1039/C5RA33240K
This article appears in this dissertation with permission from the publisher.
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Figure Α1.1 1H NMR of model compound 8
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Figure Α1.2 13C NMR of model compound 8
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Figure Α1.3 1H NMR of model compound 6
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Figure Α1.4 13C NMR of model compound 6
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Figure Α1.5 13C NMR spectrum of compound 1’
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Figure Α1.6 1H NMR spectrum of compound 1’
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Figure Α1.7 13C NMR spectrum of compound 2’
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Figure Α1.8 1H NMR spectrum of compound 2’

176
Figure Α1.9 13C NMR spectrum of compound 3’
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Figure Α1.10 1H NMR spectrum of compound 3’
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Figure Α1.11 13C NMR spectrum of compound 4’
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Figure Α1.12 1H NMR spectrum of compound 4’
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Figure Α1.13 13C NMR spectrum of compound 5’
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Figure Α1.14 1H NMR spectrum of compound 5’
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Figure Α1.15 1H NMR spectrum of compound 6’ produced via Swern oxidation of compound 6
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Figure Α1.16 13C NMR spectrum of compound 6’ produced via Swern oxidation of compound 6
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Figure Α1.17 1H NMR spectrum of compound 6’ produced via Parikh-Doering oxidation of compound 6
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Peak at 163 ppm (noted with *) a glitch as evidenced by digital resolution

Figure Α1.18 13C NMR spectrum of compound 6’ produced via Parikh-Doering oxidation of compound 6.
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Figure Α1.19 31P NMR of Kraft lignin (bottom, blue) and Swern oxidized Kraft lignin (top, red).

31P

NMR measurements were performed on a Varian Inova 400 MHz Spectrometer.

2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane was procured from Sigma
Aldrich. PW90 and T1 values were measured for each sample prior to analysis. The
observation pulse was 90o at 6.8 μs for Kraft lignin and 6.69 μs for Swern oxidized
lignin. T1 was calibrated at 3.2 s for Kraft lignin and 4.233 s for Swern oxidized
lignin. In all cases the delay was set to 5 times the measured T1 value and 1020 scans
were recorded. Samples were prepared in a similar method to Ragauskas1 in which
20 mg of lignin was added to a vial. Then 100 microliters of a 0.1 N solution of NHydroxy-5-norbornene-2,3-dicarboxylic acid imide (internal standard), followed by
100 microliters of 0.01 N solution of chromium (III) acetylacetonate, were added.
Lastly 50 microliters of phosphitylating reagent and 750 microliters of 1.6/1 v/v
mixture of pyridine/CDCl3 were added. The resulting mixture was then capped and
heated and sonicated until dissolved. All solutions were made in a 1.6/1 v/v mixture
of pyridine/CDCl3. In the case of Swern oxidized lignin dissolution was nearly
complete after two days (See Figure S20). Data was baseline corrected with a 4th
order polynomial fit using ACD/NMR Processor Academic Edition software.

Figure Α1.20 Dissolution of Swern oxidized Kraft lignin (Indulin AT lignin) for
31P NMR analysis
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Figure Α1.21 1H NMR of Kraft lignin, Swern oxidized Kraft lignin, Parikh-Doering oxidized Kraft lignin
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Figure Α1.22 FT-IR spectrum of compound 3’

190
Figure Α1.23 FT-IR spectrum of compound 5’

Appendix 2.
Supporting information for Chapter 4: Oxidation of simple lignin model monomers
with layered double hydroxide and mixed hydroxycarbonate catalysts
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A2.1 Catalyst preparation
Cu-Mn-HC
Two solutions were made. One was a metal solution containing Cu(NO3)23H2O
(70.53 g, 0.292 mol) and Mn(NO3)24H2O (18.12 g, 0.072 mol) in 220 mL of deionized
water, the other was a base solution containing NaOH (2.82 M) and Na2CO3 (0.86 M). The
solutions were added to separate addition funnels, which were placed in opposing openings
of a 4-neck round bottom flask. The other two necks of the round bottom flask were
equipped with an overhead stirrer and a pH probe. The two solutions were added
simultaneously while stirring, adjusting the addition rate such that a pH of 7-8 was
maintained. Upon completion the slurry was heated to ca. 70oC with gentle stirring
overnight. The slurry was then cooled to room temperature and the mixture was
transferred into a centrifuge bottle. The catalyst was then washed with deionized water via
a cycle of centrifuge/decant/wash until a neutral pH was achieved, after which it was dried
in a vacuum oven. Unless otherwise specified, catalysts were used without further
pretreatment.

Cu-Mg-Mn-HC-1
The Cu-Mg-Mn-HC-1 catalyst was prepared by the same co-precipitation method
used for Cu-Mn-HC. The metal solution contained Cu(NO3)23H2O (32.13 g, 0.133 mol),
Mg(NO3)26H2O (34.52 g, 0.135 mol), and Mn(NO3)24H2O (24.76 g, 0.099 mol) in 227 mL of
deionized water.
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Cu-Mg-Mn-HC-2
The Cu-Mg-Mn-HC-2 catalyst was prepared as for Cu-Mn-HC. The metal solution
contained Cu(NO3)23H2O (35.75 g, 0.148 mol), Mg(NO3)26H2O (38.8 g, 0.151 mol), and
Mn(NO3)24H2O (17.9 g, 0.071 mol) in 210 mL of deionized water.

Cu-Mn-Cr-HC
The Cu-Mn-Cr catalyst was prepared as for Cu-Mn-HC. The metal solution contained
Cu(NO3)23H2O (62.15 g, 0.257 mol), Cr(NO3)39H2O (26.75 g, 0.067 mol), and
Mn(NO3)24H2O (12.01 g, 0.048 mol) in 211 mL of deionized water. The aging pH of the CuMn-Cr-HC was 8.26.

Ni-Cu-Mn-HC
The Ni-Cu-Mn-HC catalyst was prepared as for Cu-Mn-HC. The metal solution
contained Cu(NO3)23H2O (31.32 g, 0.130 mol), Ni(NO3)26H2O (38.79 g, 0.133 mol), and
Mn(NO3)24H2O (17.93 g, 0.071 mol) in 211 mL of deionized water.

Ni-Cu-Cr-LDH
Ni-Cu-Cr-LDH catalyst was prepared as for Cu-Mn-HC. The metal solution contained
Cu(NO3)23H2O (30.92 g, 0.128 mol), Ni(NO3)26H2O (38.71 g, 0.133 mol), and
Cr(NO3)39H2O (53.24 g, 0.133 mol) in 212 mL of deionized water.
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Ni-Cr-LDH
Ni-Cr-LDH was prepared as for Cu-Mn-HC. The metal solution contained
Ni(NO3)26H2O (38.74 g, 0.133 mol) and Cr(NO3)39H2O (26.67 g, 0.067 mol) in 210 mL of
deionized water. Also, the base solution had a lower concentration of NaOH (1.42 M). The
pH was maintained between 9 and10.

Mg-Cr-LDH
Mg-Cr-LDH was prepared as for Ni-Cr-LDH. The metal solution contained
Mg(NO3)26H2O (34.17 g, 0.133 mol) and Cr(NO3)39H2O (26.7 g, 0.067 mol) in 210 mL of
deionized water.

Mg-Al-LDH-1
Mg-Al-LDH-1 was prepared for Ni-Cr-LDH. The metal solution contained
Mg(NO3)26H2O (38.47 g, 0.150 mol) and Al(NO3)39H2O (18.76 g, 0.05 mol) in 210 mL of
deionized water. The base solution contained NaOH (1.45 M) and Na2CO3 (0.60 M).

Mg-Al-LDH-2
Mg-Al-LDH-2 was prepared as for Ni-Cr-LDH. The metal solution contained
Mg(NO3)26H2O (41.02 g, 0.160 mol) and Al(NO3)39H2O (15.01 g, 0.04 mol) in 210 mL of
deionized water The base solution contained NaOH (1.46 M) and Na2CO3 (0.60 M).
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Ni-Al-LDH-1
Ni-Al-LDH-1 was prepared as for Ni-Cr-LDH. The metal solution contained NaOH
Ni(NO3)26H2O (38.98 g, 0.134 mol) and Al(NO3)39H2O (24.71 g, 0.066 mol) in 210 mL of
deionized water. The base solution contained NaOH (1.41 M) and Na2CO3 (0.60 M).

Ni-Al-LDH-2
Ni-Al-LDH-2 was prepared as for Ni-Cr-LDH. The metal solution contained
Ni(NO3)26H2O (43.61 g, 0.150 mol) and Al(NO3)39H2O (18.72 g, 0.05 mol) in 210 mL of
deionized water. The base solution contained NaOH (1.41 M) and Na2CO3 (0.60 M).

A2.2 Aerobic oxidation study
1-phenylethanol (2 mmol), phenyl ether (10 mL) and Cu-Mg-Mn-HC-1 (0.5 g) were
added to a 3-neck flask equipped with an oxygen (or nitrogen) bubbler, a reflux condenser,
and a glass stopper. The reaction was stirred at 150oC for 24 h with 0.1 mL aliquots being
taken at regular intervals. The aliquots were added to 0.9 mL of toluene and filtered with a
syringe and PTFE filter membrane. Conversion, selectivity, and yield were determined via
the GC-FID method below.

A2.3 Catalyst leaching study
1-phenyl ethanol (2 mmol), phenyl ether (10 mL) and Ni-Cr (2:1) LDH (0.5 g) were
added to a 3-necked flask equipped with an oxygen bubbler, a reflux condenser, and a glass
stopper. The reaction was stirred at 150oC for 1 h and then hot filtered to remove the
catalyst. A sample of the filtrate was taken for GC-FID analysis and the remainder was added
to a fresh 3-neck flask equipped with an oxygen bubbler, a reflux condenser, and a glass
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stopper. The reaction mixture was stirred at 150oC for an additional 23 h. Conversion,
selectivity, and yield were determined via the GC-FID method below. The amount of metal
leached was determined by ICP-OES.

A2.4 Catalyst reusability
The study was carried out using the same proportions of catalyst, solvent, and
starting material as in the general procedure. Before each use the catalyst (Cu-Mg-Mn-HC-1
only) was thermally pretreated at 175oC for 3 h. The reaction mixture was stirred at 150oC,
sample aliquots (0.1 mL) being taken at 0.5 h, 1 h, 2 h and added to 0.9 mL of toluene. Each
sample was filtered with a PTFE membrane syringe filter. After the reaction was finished
the reaction was quenched in an ice bath and THF (10-15 mL) was added to the reaction
mixture. The contents were then filtered through a PTFE membrane and the catalyst was
washed with THF and hexanes. The catalyst was then placed in the vacuum oven overnight
at 50oC to dry. Conversion, selectivity, and yield were determined using the GC-FID method
below. After the third cycle 0.2 g of the catalyst was washed with 50 g of 10% Na2CO3 in
deionized water. The mixture was allowed to stir overnight. The mixture was then
centrifuged and washed (cyclically) with DI water until the supernatant was of neutral pH.
After drying overnight in a vacuum oven the catalyst (Cu-Mg-Mn-HC-1 only) was thermally
pretreated at 175oC for 3 hours and then added to the reaction mixture in the same
proportions as noted in the general procedure.

A2.5 GC analysis
Gas chromatography analysis was carried out on an HP 6890A GC equipped with a J&W
Scientific DB-Wax Column (30 m x 0.53 mm x 0.50 µm). A 1 µL sample was injected and the
inlet was run in split mode (Split Ratio 2.5:1). Helium was used as the carrier gas and the
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column was held under constant pressure at 20 psi. The Flame Ionization Detector was
held at 240 °C. Method A, used for analysis of the oxidation product of 1, employed an
isothermal inlet temperature of 220°C. The initial oven temperature was 50°C and was
immediately increased to 150°C at a rate of 5 °C/min and held isothermally for 2 min
resulting in a total run time of 22 min. Method B, used for analysis of the oxidation products
of 2, was similar to Method A with the following changes: The initial oven temperature was
50°C and was immediately increased to 230 ° C at a rate of 10 °C/min and held isothermally
for 6 min resulting in a total run time of 24 min. The inlet temperature was also lowered to
180oC. Method B was slightly altered by raising the inlet temperature to 220 °C to create
Method C, which was used for the analysis of the oxidation products of 3. All products from
the reactions of 1 and 2 were quantified using response factors generated from an external
calibration curve created by the use of authentic standards and an internal standard of
anisole or guaiacol. When 3 was used as a starting material 1,4-dimethoxybenzene was
used as an internal standard in the reaction mixture and yields were determined from
response factors generated from an external calibration curve.

A2.6 Organosolv lignin solubility in diphenyl ether
Organosolv lignin (10.333 g) obtained from American Standard and Technology
Corporation was added to a round bottom flask containing phenyl ether (ca. 100 mL). The
contents were then heated to 90oC for 20.5 h then to 190oC for 6.5 h and finally 90oC for
another 18.5 h. The contents of the flask were then vacuum filtered through a coarse fritted
funnel. 7.540g of lignin was recovered from the frit.
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A2.7 Scanning electron micrograph images of select catalysts

Figure A2.1. Scanning electron micrograph of Ni-Al-LDH-1
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Figure A2.2. Scanning electron micrograph of Cu-Mg-Mn-HC-2.

199

Figure A2.3. Scanning electron micrograph of Ni-Cr-LDH.
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A2.8 NH3-TPD of select catalysts.

Figure A2.4. NH3-TPD of Ni-Al-LDH-1
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Figure A2.5. NH3-TPD of Ni-Al-LDH-2
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Figure A2.6. NH3-TPD of Cu-Mg-Mn-HC-1
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Figure A2.7. NH3-TPD of Mg-Al-LDH-1
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Figure A2.8. NH3-TPD of Ni-Cr-LDH
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Figure A2.9. NH3-TPD of Cu-Mn-HC

206

Figure A2.10. NH3 TPD of Mg-Cr-LDH
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A2.9 Thermogravimetric analysis (TGA) of catalysts.
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Figure A2.11. TGA of Mg-Al-LDH-1
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Figure A2.12. TGA of Mg-Al-LDH-2
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Ni-Cr LDH (21) JKM 584
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Figure A2.13. TGA of Ni-Cr-LDH
Mg-Cr LDH (21) JKM585
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Figure A2.14. TGA of Mg-Cr-LDH
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Figure A2.15. TGA of Ni-Al-LDH-1
Ni-Al LDH (31) AK7
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Figure A2.16. TGA of Ni-Al-LDH-2
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Figure A2.17. TGA of Cu-Mn-HC
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Figure A2.18. TGA of Cu-Mg-Mn-HC-1
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Figure A2.19. TGA of Cu-Mg-Mn-HC-2
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Figure A2.20. TGA of Cu-Mn-Cr-HC
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Figure A2.21. TGA of Ni-Cu-Mn-HC
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Figure A2.22. TGA of Ni-Cu-Cr-LDH
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Figure A2.23. X-ray diffractogram of Ni-Cr-LDH after 3 cycles.
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