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Abstract

Selective catalytic transformations are essential for the sustainable
production of chemicals using renewable biomass feedstocks. In particular,
catalytic oxidations utilizing oxygen or hydrogen peroxide reduce the use of
toxic chemicals providing environmentally benign routes to replace
petroleum-derived  chemicals. Recently, catalysts based on gold
nanoparticles have gained alot of interest due to their excellent performance,
stability and reusability in selective oxidation under mild conditions, and
especially in oxidation of biomass-derived substrates.

In this thesis, selective and environmentally friendly methods for
oxidation of alcohols, aldehydes and carbohydrates were developed using
gold nanoparticles supported on metal oxides. The work expands the
substrate scope of gold catalysts and, on the other hand, elucidates the effect
of reaction conditions on the oxidation.

The effect of reaction media on the chemoselectivity of gold catalysis
was studied using benzyl alcohol as a model compound. As a result, we
introduced a new “one for all” concept for oxidation of alcohol into a variety
of products. In a further study, vanillic acid was produced by oxidation of
vanillin, an aromatic aldehyde available from biomass lignin.

Oxidation of carbohydrates with gold catalysts was studied both in
alkalne and base-free conditions. Uronic acids, available from
hemicelluloses and pectin, were selectively oxidized into sugar diacids
under very mild conditions. Base-free oxidation of glucose to gluconic acid
was studied using microwave irradiation and hydrogen peroxide as green
oxidant. Inboth studies, significantly shortened reaction times and very high
activities compared to previous reports were achieved.
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1 Introduction

Gold has fascinated human for thousands of years due to its unique qualities,
lustrous appearance, high stability and great malleability. Bulk gold is very
inert and resistant to oxidation due to its high electrode potential (E°® =
+1.691 V), and therefore it was long thought that gold is chemically inactive.
When dispersed as very small nanoparticles however, gold has some
emergent properties. For instance, the surprising ruby red colour of gold
nanoparticles has been employed in glassmaking since ancient times. During
the last decades with the advent of nanotechnology, scientists in various
fields have found interest in gold nanoparticles.! In the 1980s, Haruta and
co-workers found that gold nanoparticles supported on metal oxides are
extremely active catalysts for oxidation of carbon monoxide attemperatures
much lower than the traditionally used palladium or platinum.? Another
ground-breaking discovery was made by Hutchings, who showed gold asthe
best catalyst for acetylene hydrochlorination.> These findings incited a new
“gold rush” in science and the application of gold in catalysis is growing
rapidly. !4

By definition, a catalyst increases the rate of a chemical reaction by
decreasing energies of the transition states, but it is not consumed itself in
the process. Catalysis occurs very widely both in nature and industrially,
being vital to all living organisms and also extremely important in today’s
society. Gold nanoparticles deposited on asolid support are considered to be
a heterogeneous catalyst, as the reactants are in gas or liquid phase while the
catalyst is solid. The catalytic reaction requires adsorption of the reactants
on the metal surface, and consequently decreasing the size of the particles
increases the surface area available for the reaction. In particles around 2 nm
in diameter, more than half of the gold atoms are on the surface of the
particle.> The surface atoms have low coordination number which makes
them reactive, and this also affects physical properties of the particle, such
asmelting point and conductivity. It is worth mentioning that in parallel with
the development of gold nanoparticle catalysts, homogeneous gold catalysis
has progressed tremendously.® This is however beyond the scope of this
thesis, and therefore the term gold catalyst refers to heterogeneous gold
nanoparticle catalysts herein.



Selective oxidation is a fundamental transformation in chemistry and
also of great industrial importance. Conventionally, oxidation reactions are
carried out using strong stoichiometric oxidants, such as chromates, which
are expensive and produce large amounts of toxic waste. Therefore, there is
considerable need for more beneficial and sustainable technologies.
Catalytic oxidation employing oxygen or hydrogen peroxide as terminal
oxidant is a very atom-efficient method, as water is the only by-product
(Scheme 1).78 Transition metals including Pd, Pt and Ru have been
extensively studied, both as homogeneous and heterogeneous catalysts, for
selective oxidation.” In a benchmark study by Mori et al., palladium
nanoclusters supported on hydroxyapatite showed very high activities up to
10000 h'! in aerobic oxidation of aromatic alcohols.!® While heterogeneous
catalysts have often suffered from low selectivities, the Pd catalyst produced
over 90% of the corresponding aldehyde.

R2H catalyst Q
R1J<OH + %0, JJ\ + H,0

R "R?

Scheme 1 General scheme for aerobic oxidation of alcohols.

Traditionally, selective oxidation reactions have been associated with the
functionalization of petroleum-based feedstocks to oxygenated compounds
such as alcohols, carbonyl compounds and epoxides. However, the
sustainable production of chemicals and fuels requires renewable
feedstocks, e.g. biomass, as replacements for fossil resources.!! Biomass is
chemically very different compared to crude oil, as it is already highly
functionalized by oxygen. Therefore, a great deal of research is needed to
develop efficient and environmentally-friendly methods for biomass
conversion in biorefineries.'?!3 Especially, heterogeneous noble metal
catalysts have received an increasing amount of attention in biomass
processing.!4 The major advantage of heterogenecous catalysts is their easy
separation from the reaction mixture, allowing recycling of the catalyst and
reducing the amount of waste produced.



Selective oxidation of biobased compounds, such as polyols and
carbohydrates, produces fine chemicals which have applications within the
food, pharmaceutical, cosmetic and polymer industries.!>-16 However, these
are challenging substrates for oxidation, asthey contain multiple functional
groups, and therefore the selectivity of the reaction warrants particular
consideration. In this respect, catalysts based on gold nanoparticles have
shown excellent performance, stability and reusability in oxidation of
alcohols and sugars under mild conditions, surpassing catalysts based on
other metals, such as Pd and Pt.1?



2 Scopeofthethesis

The aim of this work was to develop efficient and environmentally
friendly methods for oxidation of alcohols and aldehydes using gold
nanoparticle catalysts, with special emphasis on biomass-derived substrates.
Accordingly, the literature review of this thesis focuses on oxidation of some
the most important biomass-derived compounds, such as glycerol, 5-
hydroxymethylfurfural and carbohydrates, outlining the milestones
achieved and relevant progress in catalyst development. In addition, the
oxidation of benzyl alcohol is examined as a model reaction for selective
oxidation.

This thesis is based on four original publications (attached at the end of
the thesis), which are referred to as I-IV. The motivation and the most
important findings of each paper are discussed in the Results and discussion
section (p. 32). Based on the substrates, the work can be divided in the
oxidation of aromatic alcohols and aldehydes,-V and oxidation of
carbohydrates. LI

In the first part of this study, the effect of reaction conditions on the
selectivity of benzyl alcohol oxidation was studied. The objective was to
achieve control over the product distribution by changing the reaction
conditions. The study mspired the author to investigate the oxidation of
vanillin, an aromatic aldehyde available from lignin, for the first time with
gold catalysts.

The oxidation of carbohydrates was studied both in alkaline and base-
free conditions. During the studies, method for the selective oxidation of
uronic acids into the corresponding aldaric acids was developed. In addition,
a novel efficient method for base-free oxidation of glicose was introduced.



3 Literaturereview

3.1 Oxidation of alcohols

In the late 1990’s, Prati and Rossi reported the first alcohol oxidations using
gold nanoparticles supported on carbon and alumina.!” Ethane-1,2-diol
(ethylene glycol) and propane-1,2-diol were oxidized into the corresponding
monoacids with high selectivities in alkaline aqueous solution. The study
gave the first examples of the peculiar chemoselectivity of gold catalysts in
comparison with conventional palladium and platinum-based oxidation
catalysts. First, gold showed higher selectivity towards monooxidation of
ethane-1,2-diol to glycolate whereas with Pd and Pt catalysts, overoxidation
of glycolate to oxalate decreased selectivity. Second, in the case of propane-
1,2-diol, gold favoured the oxidation of the primary hydroxyl group over the
secondary, giving total selectivity to lactate. Moreover, gold catalysts
showed higher stability in recycling experiments compared to Pd and Pt
catalysts.

3.1.1  Ogxidation of glycerol

Glycerol is a renewable chemical available in large quantities from
production of biodiesel by transesterification of triglycerides. The oxidation
of glycerol can yield several valuable products via a complex reaction
pathway, and therefore control over the selectivity presents a major
challenge (Scheme 2). Hutchings’ group extended the study of gold catalysis
to oxidation of glycerol, 100% selectivity to glyceric acid at 56% conversion
was achieved using Au/C (Table 1, entry 1).!3 The reaction conditions were
rather mild, but addition of sodium hydroxide was necessary to obtain any
conversion. Under similar conditions, Pd/C and Pt/C gave ca. 65%
selectivities, though both were active to some extent also in acidic
conditions.'® Owing to the industrial interest as well as the exceptional
selectivities, glycerol is one of the most studied substrates in gold-catalysed
oxidations.? Selected results are presented in Table 1.
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Scheme 2 Possible products of glycerol oxidation. Adapted from refs.?!-2

Table 1 Oxidation of glycerol to glycerate in alkaline aqueous solution with gold
catalysts.

Entry Catalyst gll}ll 22(35') Conditions (C(,z?v' ?,Zl)' Ref.
1 Au/C 538 1 3barO,, 60°C, 3h 56 100 *®
2 Avu/C 3500 2 10 bar 0,60 °C,3 h 00 75
3 Au/C 8000 2 11 bar0,,60°C,05h 7 67 #
4 Au/TiOs 8000 2 11 bar0,,60°C,05h 33 64 2
5 Au/TiO 8000 2 10 bar O, 60 °C 78 70 »
6 Au/NiO-TiO, 1000 4 3 barO,, 50 °C 90 75 2
7 Au/MgALOs 1000 4 3 barO,, 50 °C 50 63 27

 Selectivity reportedat 30% conversion.

Under alkaline conditions, glyceric acid, or glycerate, is usually the main
product with gold catalysts. However, several factors affect the selectivity,
such as the amount of base, oxidant, gold particle size and the catalyst
support. Using Auw/C, the optimal activity and selectivity to glyceric acid
were obtained with 2 equiv. of NaOH (Table 1, entry 2).23 With 4 equiv.,



subsequent oxidation of the monoacid to tartronic acid was favoured. Even
though the diacid is an interesting product, the highest reported tartronic acid
yield is only 45% over a Aw/TiO, catalyst.2! The difficulty of the subsequent
oxidation to diacid was explained by catalyst inhibition due to adsorption of
ketone intermediates or condensation products.28

The C-C bond cleavage produces glycolic acid and other C, and C,
products. Interestingly, the selectivity to glycolate increases with decreasing
Au particle size.?3-2° Optimal average particle size of Au/C was 3.7 nm for
high glyceric acid selectivity (75%), whereas 2.7 nm particles gave only
40% glyceric acid. The smaller particles are more active in producing
hydrogen peroxide, which in turn is responsible for the C—C cleavage. As
glycolic acid is also a valuable product, Sankar et al. utilized this reaction to
produce glycolate directly by oxidation of glycerol with H,0,.2!

Gold catalysts supported on various carbonaceous materials are the most
studied and so far the most active catalysts in glycerol oxidation.!'® The
highest turn-over frequencies up to 60 000 h'! were obtained with Au/C
catalysts.3® The surface chemistry of the carbon support has an important
role in determining the properties of the catalyst.3! For instance, carbon
nanotubes containing basic functionalities showed increased activity,
whereas hydrophobicity of the carbon surface increased selectivity towards
C; products.’? Moreover, the support structure can also affect the
morphology and orientation of Au particles on carbon nanofibres.3*> On a
more ordered graphitic surface, Au particles oriented their (111) planes
parallel to the nanofibres which increased H,O, production and
consequently the amount of C, and C; products (77%). On a disordered
carbon surface Au NPs were randomly oriented and 56% selectivity to Cs
products was achieved.

Metal oxide supported gold catalysts have also been effective in glycerol
oxidation, and AwTiO, catalysts are among the most investigated.
According to Zope et al., Au/C and Au/TiO, gave similar selectivities, while
Au/C showed slightly higher initial activity despite the three times larger
particles (Table 1, entries 3 and 4).2* Similar results were obtained by
Davis’s group, though in this case the initial activities with Auw/C were four
times greater than with Aw/TiO, (entry 5).% In a study by Prati’s group, the
activity of AwTiO, increased when NiO was mixed with the titania
support.2¢ Compared to pure AwNiO, selectivity of Au supported on NiO-



TiO, mixed oxides was significantly higher (entry 6). Catalyst
characterization revealed preferential deposition of Au particles on NiO,
changing the interactions between Au and the support.

Prati’s group also studied the effect of support structure with
Au/MgALO, catalysts.?” Preparation method of the MgALO4 spinel
supports and consequently their surface properties had a significant effect
on selectivity. The highest selectivity to glycerate (63%) was observed when
Mg was enriched on the support surface (entry 7), whereas Al-rich surface
led to low selectivity (25%). However, activity of the spinel catalysts was
influenced mainly by the amount of exposed gold.

3.1.2 Oxidation of benzylic alcohols

Benzyl alcohol (BA) is one of the most studied substrates in oxidation of
alcohols and it has also been thoroughly mnvestigated in gold catalysis. The
reactivity of benzyl alcohol is very high due to the activation of the aromatic
ring.'6 While benzaldehyde is the most common product, the oxidation is
sensitive to changes in reaction conditions, and consequently benzoic acid*
and benzyl benzoate3> have also been reported as main products (Scheme 3).
In addition to BA, a number of other benzylic and aromatic alcohols have
been oxidized with gold catalysts.

O\ (@] OH o
Au NPs
+ + O
OX|dant

benzyl benzaldehyde benzoic benzyl benzoate
alcohol acid

Scheme 3 Possible products of benzyl alcohol oxidation by gold catalysts.

Polyvinylpyrrolidone-stabilized gold nanoparticles (Au:PVP) oxidized
benzyl alcohol into benzoic acid in alkaline water at ambient conditions
(Table 2, entry 1).343¢ Polymer-stabilized nanoparticles can be considered
the borderline between homogeneous and heterogeneous catalysis. The Au



particles are only weakly stabilized by the polymer which allows one to
study the inherent properties of the particles without the effect of the support.
Comparison of Au particles with different particle sizes showed that the
activity, when calculated according to the exposed Au surface area, clearly
depends on the particle size. The rate constant of the small particles (1.3 nm)
was three orders of magnitude higher than the large ones (9.5 nm).3*
Moreover, the small Au particles were at least one order of magnitude more
active than Pd particles under similar conditions.

Our group also showed that bulk gold can oxidize alcohols, contrary to
common belief, though the system was sensitive towards both substrate
structure and solvent.V! Only aromatic alcohols, such as BA and cinnamyl
alcohol were oxidized, indicating that m-activation by the phenyl ring is
necessary to facilitate the reaction. Surprisingly, heptane was the best
solvent for the oxidation, and only BA was oxidized in toluene.

Table 2 Oxidation of benzyl alcohol into benzaldehyde with gold catalysts.

Conv. Sel.

Entry Catalyst BA:Au Solvent Conditions ©) (%) Ref.
1 AuPVP 50 water ;73(1(1% I;ZCO“ air, 100 85
2 Au/steelfibre 5700  water ;(fqg‘g Il\faOH’ SbarQx g5 gon vy
3 AWALOs 900 - 1.5bar0,,130°C,5h 69 65 ¥
4 Au/C 76000 - 10 barO,, 160 °C, 6h 48 64 38
5 AWTIO 76000 - 10 bar0,, 160 °C, 6h 67 64 38
6  Au/GasALOy 200 - 0, flow, 80 °C, 2 h 98 99 ¥
7 AWTIO 1000 biphasi® 10 bar0O,, 100°C, 8h 8 93
8 Au/HT¢ 240  p-=xylene nooxidant,120°C,6h  >99 >99 %
9  Au/NaY 110 toluene é(fqgws IEZCO“ air, >95  >99 4
10 AwMIL-101' 100  toluene O flow,80°C, 1h >09 09 ©

* Selectivity to benzaldehyde unless otherwise stated. ® Selectivity to benzoic acid.
¢ Water;p-xylene=7:1 (mol:mol). ¢ Gold on hydrotalcite. ® Gold on zeolite Y. f Gold on
metal-organic framework.



A simple and clean preparation method for gold catalyst supported on
porous steel fibre matrix was developed in our group.V Using sputtering
method, the fibre was coated with a thin gold film, with nominal thicknesses
from 0.5 nm to 6 nm. The porous structure of the fibre matrix gives the
material high surface area. Without any further treatment, the fibre matrices
oxidized BA into benzoic acid in alkaline aqueous solution with activities
close to 4000 h! (entry 2).

Even though water is a safe and environmentally friendly solvent, the
solubility of substrates limits its use. Solvent-free transformations, when
feasible, can be considered an even greener alternative. Choudhary et al.
studied the oxidation of benzyl alcohol without additional solvent or base
using several metal oxide supported catalysts.3” The solvent-free oxidation
produced benzaldehyde with small amounts of benzyl benzoate as side
product. Gold supported on alumina was one of the most active and also had
the smallest particle size among the studied catalysts (entry 3). Zheng et al.
demonstrated that the addition of a small amount of base promotes the
solvent-free oxidation of BA.** The activity of Auw/TiO, catalyst increased
from 19 h! to 7800 h! with addition of only 0.2 mol% K,COs;, though a
decrease in selectivity was observed.

Hutchings’ group compared gold supported on titania and carbon
prepared by sol immobilization using polyvinyl alcohol (PVA) as a
protecting agent.38 The catalysts displayed narrow particle size distributions
and gave very high activities in BA oxidation even without added solvent or
base (entries 4 and 5). TOF values over 30000 h'! were measured with
AWTiO, which was calcined in air prior to the oxidation to remove PVA
residues. However, the catalyst surface was modified by the calcination
treatment leading to decreased benzaldehyde selectivity and formation of
benzoic acid and toluene as side products with 20% selectivities.

A very active catalyst for solvent-free alcohol oxidation was developed
by supporting gold on nanosized cerium oxide.** The catalyst oxidized
I-phenylethanol into acetophenone with 99% selectivity at atmospheric
oxygen pressure, giving the highest TOF value (12500 h!') reported for the
reaction at that time (Scheme 4). The nanocrystalline ceria support was able
to oxidize alcohols stoichiometrically on Lewis acidic Ce3* centres, but gold
was needed to complete the catalytic cycle. Similar behaviour was not
observed with conventional microcrystalline CeO,. Even higher activities in

10



1-phenylethanol oxidation were achieved with gold supported on Ga-Al
mixed oxides, Au/GazALQOy, in particular.3® The Ga-Al ratio influenced the
alcohol-dehydrogenation capability of the catalysts and consequently the
oxidation activity. This catalyst was also very active and selective in BA
oxidation giving >99% selectivity to benzaldehyde without solvent or base
(Table 2, entry 6). Remarkably, high BA conversion was obtained even at
ambient temperature.

OH o)

+ 1120, + HyO
160 °C, 1 atm

AucCeO, TOF=12500 h"
Au/GazAl;09 TOF=25000 h™'
Au/MIL-101  TOF=29300 h™’

Scheme 4 Turn-over frequencies in the oxidation of 1-phenylethanol to
acetophenone using gold supported on nano-ceria,** Ga-Al mixed oxide3® and
metal-organic frameworks (MIL-101).42

In some cases, solvent can be beneficial for the oxidation reaction. A
AU/TiO, catalyst, prepared by deposition-precipitation, gave only 15%
conversion and 65% selectivity to benzaldehyde in solvent-free BA
oxidation.?> Interestingly, the use of water as solvent promoted the
oxidation, and conversion increased to 83%. Furthermore, the use of
biphasic water/p-xylene increased selectivity to 93% (Table 2, entry 7). In
the multiphase reaction system, organic solvent dissolves the produced
benzaldehyde while the catalyst and BA are mainly in the aqueous phase,
resulting in increased selectivity.

Support properties, such as acidity and basicity, have a significant effect
on the selectivity of BA oxidation. Fang et al. compared gold supported on
various materials in oxidant-free dehydrogenation of BA into
benzaldehyde.40 The highest activity and selectivity were observed with gold
on hydrotalcite (HT), which had both strong acid and basic sites in the
support (entry 8). The authors claimed that these sites play a key role in the
oxidant-free dehydrogenation mechanism. In the presence of an oxidant

11



however, Villa ef al. showed that support basicity canincrease overoxidation
to benzoic acid and consequently decrease selectivity.

In recent years, a great deal of research on gold catalysts has been
concentrated on developing sophisticated support materials with tunable
properties, such as zeolites*! or metal-organic frameworks (MOFs).42:46
Gold supported on microporous zeolite-Y oxidized BA with total selectivity
to benzaldehyde, though addition of 1 equiv. K,CO; was required for high
conversion (Table 2, entry 9).4! Moreover, the catalyst was reusable; the
activity remained constant during five consecutive runs. Another interesting
catalyst was developed by deposition of gold on MOF (MIL-101), a porous
framework of chromium ions bridged by terephthalate.*? The best catalyst,
which also displayed the smallest Au particle size, was obtained by
deposition of PVP-protected Au colloids on the support. The Au/MIL-101
catalyst oxidized BA quantitatively into benzaldehyde under very mild
conditions (entry 10). Furthermore, activity of the catalyst in oxidation of 1-
phenylethanol exceeded those previously reported (Scheme 4).

Various substituted benzyl alcohols and cinnamyl alcohol were also
selectively oxidized into the corresponding aldehydes with Au/MIL-101
(Table 3). Substrates with electron-donating groups (entries 1-3) were more
easily oxidized compared to those with electron-withdrawing groups (entries
4 and 5). Interestingly, 2-pyridinemethanol was oxidized with very high
yield despite the nitrogen heteroatom, which might coordinate strongly to
gold (entry 6).
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Table 3 Aerobic oxidation of aromatic alcohols to corresponding aldehydes with
AWMIL-101.42

Entry Substrate Time (h) Conv.(%) Sel (%)

1 /@A"H 1 99 99

1 >99 >99

OH 1.5 99 >99

4 /@AOH 25 99 99
Cl
OH
5 /©/\ 5 95 99
O,N

6 \ 5 98 99

AN
7 ©/\/\OH 1 >99 >99

Reaction conditions: 1 mmol alcohol, 1 mol% Au,toluene as solvent, 80 °C, O flow.
1.5 mol% Au.

3.1.3 Oxidation 5-hydroxymethylfurfural

Formed by dehydration of fructose and glucose, 5-hydroxymethylfurfural
(HMF) is considered to be an important platform chemical for the production
of renewable chemicals.#” Oxidation of both the aldehyde and primary
hydroxyl group of HMF produces 2,5-furandicarboxylic acid (FDCA)
(Scheme 5), which has been suggested as a replacement for terephtalic acid
in the production of polyethylene terephthalate (PET).® Generally, alkaline
conditions are required to obtain the diacid in aqueous solution, which
presents a challenge due to the instability of HMF at high pH.
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Scheme 5 Intermediates of HMF oxidation.!¢

Before the advent of gold catalysis, oxidation of HMF was studied with
Pt and Pd catalysts. Compared to Pt and Pd on carbon, the activity of Au
catalysts Au/C and Aw/TiO, atroom temperature was an order of magnitude
higher.#® However, both Pt and Pd catalysts showed higher selectivity
towards FDCA (79% and 71%, respectively) than Au (8%) after 6 h.
Increasing oxygen pressure, amount of NaOH or reaction time increased
FDCA selectivity up to 80% (Table 4, entry 1).

Corma’s group studied HMF oxidation using gold supported on metal
oxides.”® The oxidation was greatly affected by the support, and gold on
titania and nanoparticulate ceria displayed the highest activities. The
aldehyde group of HMF was quickly oxidized in alkaline conditions giving
100% selectivity to HMFCA during the first hour of the reaction. Though
oxidation of the primary hydroxyl group was considerably slower, high
selectivities to FDCA were obtained with both Au/TiO, and Au/CeO, (Table
4, entries 2 and 3). At least 2 equiv. of NaOH was required to obtain high
selectivity to the diacid (96% in 20 h with Au/Ce0,), corresponding to the
amount needed to neutralize the acid groups in the product. Further increase
in the amount of base resulted in faster reaction; 96% yield of diacid was
achieved in 5 h with 4 equiv. of NaOH. However, recycling experiments
showed strong deactivation of Au/CeO; due to adsorption of organic species
on the catalyst.

Recently, the catalytic activity of Au/CeO, was improved by doping the
ceria support with Bi3! Using a Au/Ce(¢Biy 10,5 catalyst, quantitative
conversion to FDCA was achieved under mild conditions and shortened
reaction time (Table 4, entry 4). Moreover, the catalyst showed improved
stability and could be recycled up to three times with only minor decrease in
FDCA selectivity. According to the study, the Bi-doping facilitated O,
activation and dehydrogenation of the substrate by increasing the number of
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Ce3* centres and Au®" on the support, which were previously shown to be
the active sites with gold on nano-ceria.*

Table 4 Oxidation of HMF into FDCA in aqueous solutions with gold catalysts.

Entry Catalyst IAﬂl\l/[F I;;S\I:I Conditions (COZ;W' ?)Zl)' Ref.
1 AU/TiO 125 20 20 bar0,,22 °C,22h 100 8 ¥
2 Au/TiO; 640 4 10 barair, 130 °C, 8h 99 84
3 Au/CeO: 640 4 10 barair, 130 °C, 5h 99 9%
4 Au/CeosBi0n.1025 150 4 10 barO,,65 °C,2h 100 >99 !
5 Au/HY 110 4 3barO,, 60°C, 6 h >99 >99
6 AuwHT 40 - 0, flow, 95 °C, 7h >99 >99 3

Cai etal. studied zeolite supported gold catalysts n HMF oxidation; 99%
FDCA yield was achieved with gold on acidic HY zeolite (entry 5).52 The
Au NPs were confined mside the HY zeolite supercage resulting in very
narrow particle size distribution and mean particle size of 1 nm. On less
acidic supports, Au particles transferred to the surface of the zeolites
resulting in growth of particle size. The stabilizing effect of the HY zeolite
was also observed upon catalyst recycling; no sintering was occurred, and
furthermore, high FDCA yields were obtained with the reused catalyst.

The need for excessive amount of base with gold catalysts is a major
disadvantage both environmentally and economically, as large amounts of
waste are generated during acidification and purification of the product.
Therefore, there is growing interest in base-free HMF oxidation despite the
low solubility of FDCA in neutral water.>3> Using gold supported on
hydrotalcite, a layered Mg/Al hydroxide, >99% yield of FDCA was obtained
without the addition of homogeneous base (entry 6). The authors claimed
that the basic support replaces the need for additional base. However,
concerns were raised that Mg?" from the HT support>* or residues of alkali
salts used in preparation of the support might act as sacrificial base by
leaching into the acidic solution.> Further studies showed that AwHT,
carefully prepared without alkali salts, could indeed catalyse the base-free
HMF oxidation, though the reaction showed unexpected sensitivity to the
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amount of surface gold.> In the absence of base, HMF adsorbs strongly on
gold blocking the active sites and therefore, high concentrations of gold were
required to achieve high yields of FDCA.

3.1.4 Oxidative esterification

Esters have been observed as side products or even main products in gold
catalysed oxidation of alcohols; solvent-free oxidation of 3-phenyl-1-
propanol with Au/CeO, gave 98% selectivity to 3-phenylpropanol-3-
phenylpropanoate.** The ester formation was proposed to proceed through
formation of hemiacetal from the intermediate aldehyde (Scheme 6).
Similarly in water, hydroxide ion attacks the aldehyde forming a geminal
diol, and subsequent oxidation of the diol gives carboxylic acid as the
product. Participation of the solvent can be utilized in synthesis of methyl
esters by oxidation of alcohols in methanol. Methanol itself is resistant
towards oxidation, permitting its use as solvent. Accordingly, oxidation of
I-hexanol and BA in methanol with Auw/TiO, gave the corresponding methyl
esters with over 90% yields.’® As an advantage, the need for stoichiometric
amount of base to neutralize acidic products is avoided, though catalytic
amounts of e.g. sodium methoxide have been used to accelerate the reaction.
In some cases, the methyl ester can be a more desirable product than the
corresponding carboxylic acid. For instance, FDCA, the product of aqueous
oxidation of HMF has limited solubility in water, whereas the corresponding
dimethyl ester is readily soluble in methanol.>’

N
o~ AuNP J?\ R "OH OH Au NP o]
R JOH —> -
O, R"TH RTN07ORZ 02 it NR2

Scheme 6 Proposed mechanism for ester formation with gold catalysts.*4

Oxidative esterification combined with the selectivity towards
monooxidation of diols gave one of the earliest industrial applications of
gold catalysts; production of methyl glycolate by oxidation of ethylene
glycol in methanol’® Methyl glycolate is used e.g. as solvent in
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semiconductor manufacturing or in cosmetics. Gold was clearly more active
and selective compared to Pd and Ru catalysts (Scheme 7).

(@] Yield
MeOH, 02 HO Au: 52%
HO_~on — \)J\o/ Pd: 27%
90°C,4h Ru: 5%

methyl glycolate

Scheme 7 Oxidative esterification of ethylene glycol with methanol by Au, Pd and
Ru supported on alumina.>8

The oxidative esterification of glycerol is challenging due to the complex
oxidation pathways already observed in aqueous solutions. Using a Aw/TiO,
catalyst in methanol, 82% selectivity to methyl glycerate at 72% conversion
was obtained with the addition of 10 mol% NaOMe.>* Under base-free
conditions, higher conversion was obtained, but selectivity to methyl
glycerate was only 50% due to formation of dimethyl mesoxalate as side
product. In a recent study, glycerol was converted directly to methyl lactate
(73% yield) using gold supported on an acidic zeolite catalyst in methanol. 0
Gold was responsible for the iitial oxidation of glycerol to glyceraldehyde
and the zeolite support for further conversion to methyl lactate. The catalyst
could be reused without loss of activity or selectivity, giving an attractive
one-pot route to an important renewable chemical.

In the case of diols with at least four carbons, selective oxidation can
produce lactones via cyclization. Oxidation of 1.4-butanediol with Auw/TiO,
gave 99% y-butyrolactone when inert tributyl phosphate was used as solvent
(Scheme 8).°! After oxidation of one hydroxyl group, the other hydroxyl
group attacks the aldehyde forming an intermolecular hemiacetal, which is
further dehydrogenated to the lactone. Interestingly, y-butyrolactone was the
main product even if the oxidation was carried out in methanol. %2
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Scheme 8 Oxidative cyclization of 1,4-butanediol to y-butyrolactone with
Au/Ti0,.6!

3.2 Oxidation of aldehydes and carbohydrates

3.2.1 Oxidation of aldehydes

Aldehydes are generally rather reactive towards oxidation and milder
conditions or shorter reaction times are needed compared to alcohols.
However, only a handful of reports on gold-catalysed aldehyde oxidation
have been published, in contrast to the extensive research on alcohol
oxidation. Using Au/C catalyst in aqueous solution, aliphatic aldehydes were
oxidized into acids with over 90% yields in 2 h without additional base.53
The catalyst was reused four times without change in activity. In
comparison, Pt/C gave similar activity in the first run, but 40% of its activity
was lost upon recycling. CCly was an even better solvent also enabling fast
oxidation of water-insoluble aldehydes, while acetonitrile inhibited the
reaction. Benzaldehyde was oxidized with 96% conversion in CCly, whereas
ortho- and para-hydroxybenzaldehydes were unreactive.

Corma and Domine studied Au/CeO, catalysts as well as homogeneous
Mn(Il)-, Co(II)- and Ni(Il) acetates in oxidation of n-heptanal® Gold
supported on meso-structured nanocrystalline ceria gave 95% vyield of
heptanoic acid in 3.5 h at 50 °C with flowing air as oxidant. Compared to
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the metal acetates, turn-over numbers (TON) of gold were over six times
greater. Interestingly, the Au/CeO, catalyst was active in acetonitrile, and
moderate activity was also achieved in solvent-free oxidation.

Oxidative esterification of aldehydes in methanol was particularly fast;
benzaldehyde was quantitatively converted to methyl benzoate in one hour
atambient conditions using 0.2 mol% Auw/TiO, and 10 mol% NaOMe.% The
oxidation proceeded even at—78 °C, and over 50% conversion was obtained
mn 4 h at—20 °C. In the absence of base, however, the oxidation slowed down
and completion took over 30 h. In addition to methanol, over 80% yields to
the corresponding esters were obtained in ethanol, 1-propanol and benzyl
alcohol in 20 h.

3.2.2 Ogxidation of glucose

The selective oxidation of p-glucose into gliconic acid with gold was first
described shortly after the early reports on oxidation of diols. In neutral
water, the most common tautomers of glucose are the cyclic forms, such as
B-D-glucopyranose.®® A minor amount of glucose is also in the open chain
form, allowing oxidation of the aldehyde group to give gluconic acid
(Scheme 9). Using Au/C, glucose was quantitatively oxidized in mild
conditions at pH 9.5 (Table 5, entry 1).57 Surprisingly, Auw/C was several
times more active compared to commercial bismuth-doped carbon-
supported Pd and Pd-Pt catalysts, specifically designed for glucose
oxidation. Carbohydrates are sensitive to isomerization and degradation
under highly alkaline conditions, and to avoid the use of excess base,
constant pH was maintained by continuous addition of NaOH.®
Consequently, gluconate salt is the product. Even though base increased the
oxidation rate, Au gave full conversion at pH 7-8 and even without pH
control, while both Pd and Pd-Pt deactivated under these conditions before
the oxidation was complete. After this seminal study, glucose oxidation has
been extensively investigated, and relevant results are presented in Table 5.
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Scheme 9 Possible tautomers of glucose and its oxidation to gluconic acid.

Table 5 Oxidation of glucose into sodium gluconate with gold catalysts.

Entry Catalyst Glc:Au pH  Conditions TOF (h™')* 221)' Ref.
1 Au/C 1000 9.5  0O:flow, 50 °C 13000 >99
2 Ausol 4000 9.5 0O:flow, 30 °C 50000 >99
3 Avu/C 40000 9.5 O flow, 50 °C 150000 >08  ®
4 Au/TiO; 11000 11  Osflow, 60 °C 10000 ° 98 7
5 Au/ALOs - 9 O; flow, 40 °C 22000° >99 7
6 Aw/ZrO, 32000 9.5  O:flow, 50 °C 200000 >08 7

* TOF values are based on available surface metal.® The TOF value reportedin the
reference was based ontotal metal, so are-calculated valueby Davis et al.'® is given.

Colloidal solution of unsupported and unprotected Au nanoparticles was
highly active in glucose oxidation, giving 21% conversion after 200 s
reaction (Table 5, entry 2).9% Under similar conditions, nanoparticles of
copper, silver, palladum and platinum showed hardly any activity.
However, the naked Au particles coagulated and deactivated rapidly during
the oxidation. Similar initial activity, as well as longer catalyst lifetime, was
achieved by supporting the particles on carbon. This illustrates the
importance of support in stabilizing the nanoparticles, though in this case
the catalytic activity clearly originated from gold alone. For particles smaller
than 6 nm, the oxidation activity was inversely proportional to the diameter,
while larger particles were considerably less active.

Structure sensitivity of glucose oxidation was studied with Auw/C
catalysts, prepared by immobilizing particles with mean diameters 3-6 nm
on the carbon support.”> The initial oxidation rates showed exponential
dependence on the specific surface area of gold, indicating that only the
surface gold is active in the reaction. Optimization of Au/C catalyst
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preparation’* and reaction conditions increased the oxidation rate
significantly, giving an extremely high TOF value of 150000 h-! (entry 3).%°
Remarkably, the activity is comparable to enzymatic oxidation of glucose,
used in the industrial process for preparation of gluconic acid. Despite the
outstanding activities, deactivation of Au/C catalysts upon recycling has
been reported.®”-%° Biella ef al. observed that the deactivation was dependent
on pH of the reaction; the decrease of activity was more pronounced at low
pH (7-8).67 Accordingly, gold leaching was detected at pH 7-8, though
increase in gold particle size occurred regardless of pH.

In order to improve the long-term stability of gold catalysts, Priile’s
group studied gold supported on metal oxides, such as ALO; and TiO,.70-71.75
Gold supported on titania using deposition-precipitation method gave very
high selectivities and activities in glucose oxidation (entry 4).7 Under
optimized conditions, the catalyst was successfully reused in 17 consecutive
runs without loss of activity. Similar results were obtained with alumina
supported catalysts; high TOF values up to 22000 h'! were achieved with
Au/ALOs prepared by incipient wetness method (entry 5).7! In 18 repeated
experiments using an industrially relevant glucose concentration (30 wt%),
the catalyst showed no deactivation. Furthermore, the catalyst was used for
110 days in continuous-flow gluicose oxidation without loss of
performance.”

With high glucose concentrations and increasing catalyst activities, the
low solubility of oxygen in water can be a limiting factor on the oxidation
rate. To avoid these mass transfer limitations, Saliger et al. studied glucose
oxidation with hydrogen peroxide as oxidant instead of oxygen or air.7¢
Using Auw/AL,O; prepared by incipient wetness method, activities over 8000
mmol min! ga,! were achieved with H,0O,, while oxygen bubbling gave
1880 mmol min'! gu,! activity under similar conditions.”! Total selectivity
to sodium gliconate was reported with both methods. Gold -catalysts
decompose hydrogen peroxide via intermediate peroxo and superoxo
species into dioxygen.”® In fact, the effective oxidizing agent in the reaction
is a species formed by the decomposition, not H,O; itself.

Haruta’s group reported a very simple but efficient solid grinding method
for preparing gold catalysts; a volatile organogold complex and metal oxide
or carbon support were mixed in a ball mil without any solvent, and
subsequently calcined to reduce the gold precursor.”? The method was
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suitable for nonreducible supports, such as zirconia and alumina, giving
small Au particles with a mean diameter of 2-3 nm. Accordingly, AwZrO,
and Au/ALO; prepared by this method gave extremely high TOF values up
to 200000 h'! in glucose oxidation, the highest activities reported so far
(Table 5, entry 6).

3.2.3 Base-free oxidation of glucose

Currently, the oxidation of glucose to gluconic acid requires the addition of
base with both noble metal catalysts and the commercially used enzymes to
prevent deactivation. To avoid the need for base as well as the strong acid
used to isolate the product, there is growing interest in base-free glucose
oxidation. Early studies showed that Au/C is also able to oxidize glucose
without pH control, but pressurized oxygen, high temperature and increased
reaction time were required (Table 6, entry 1).67 Furthermore, the acidic
conditions promoted gold leaching, and the catalyst lost 70% Au during six
consecutive runs. Apparently, increased catalyst stability and activity under
acidic conditions are required to enable the direct production of free gluiconic
acid. Recently, the topic has been studied by several groups, and the results
are presented in Table 6.

Table 6 Base-free oxidation of glicose into gliconic acid.

Entry Catalyst Glc:Au  Conditions Conv. (%) Sel (%) Ref.
1 Avu/C 1000 3barO,, 100 °C, 6 h 100 100 67
2 Au/nCeO, 140 2.3 bar0,,65°C,2h 74 95 7
3 Au/MgO 1600 air, 60 °C, 24 h 57 100 7
4 Au/CMK-3* 1000 3barO,, 110°C,2 h 92 88 ?

* Gold on mesoporous carbon.

Wang et al. studied base-free oxidation of glicose using gold supported
on nano- and microcrystalline ceria.’’ Similar conversion and selectivity was
observed with both catalysts (entry 2), but Au on nanosized ceria showed
higher resistance towards deactivation upon recycling. Notably, Au/uCeO,
lost 55% of gold during five reaction cycles, whereas Au/nCeO; lost only
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2%. Furthermore, Au particle sintering was more pronounced on the
microcrystalline support. As the surface area of the nanocrystalline support
was 25 times larger compared to microcrystalline ceria, the authors proposed
that the stability of the catalyst was related to the surface density of Au
particles. Long interparticle distance prevents coalescence of the NPs and,
in addition, nCeO, has more anchoring sites which can stabilize the particles.
Indeed, lowering the Auloading on uCeO, to achieve surface density similar
to Au/nCeO, gave a very active catalyst with initial TOF value of 3100 h-l.
Nevertheless, deactivation of the catalyst due to adsorption of organic
species was observed, and attempt to regenerate the catalyst by calcination
led to Au sintering and decreased activity.

The use of basic support to replace the sacrificial base was studied by
Hutchings’ group.” With gold supported on magnesia, glucose was oxidized
n mild conditions using ambient air as oxidant, and total selectivity to
gluconic acid was reported (entry 3). However, hydration of the magnesia
support to Mg(OH), resulted in minor leaching of Mg?* to the acidic
solution. Similar leaching was observed in base-free glycerol oxidation with
MgO supported catalysts.30 Furthermore, adsorbed organic species were
detected on the support, and similar to the previous study on Au/CeO,, the
activity could not be restored by catalyst calcination.

Mesoporous carbon CMK-3 consisting of ordered hexagonal channels
was used as support for Au NPs.” The Aw/CMK-3 catalyst gave very high
itial activities over 17000 h'! in base-free glucose oxidation (entry 4). With
Glc:Au ratio at 100, 92% yield of gluconic acid was obtained in 15 min.
Recycling studies showed a moderate decrease in performance; conversion
dropped from 92% to 70% in the fourth run. In this case, no sintering of the
particles was observed; the Au particles were confined inside the channels
of the support, allowing diffusion of substrate and product but preventing
sintering of the Au NPs. Analysis of the used catalyst revealed increase of
carboxylic acids and hydroxyl functionalities on the carbon support; 30%
mass loss was observed upon calcination. Catalyst regeneration by washing
with NaOH removed the adsorbed species, and 87% conversion was
achieved with the treated catalyst.

Base-free glucose oxidation is a crucial step towards direct, one-pot
conversion of cellulose to gluconic acid through acid hydrolysis followed by
catalytic oxidation. Cellulose is the most abundant source of glucose, but its
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hydrolysis is challenging due to the f(1—4)-glycosidic bond between the
glucose units. The conversion has been studied with cellobiose, a dimer of
glucose, as model compound and gold nanoparticles on acidic supports as
catalysts. The acidic support is proposed to catalyse hydrolysis of the -
glycosidic bond, while gold oxidizes glucose into gluconic acid (Scheme
10).8! Wang’s group studied cellobiose oxidation using various catalysts in
water without pH control. High temperature and oxygen pressure were
required for the conversion. The highest conversion and selectivity to
gluconic acid were obtained with gold supported on carbon nanotubes
(CNT) (Table 7, entry 1).82 Pretreatment of the support with concentrated
HNOj; increased acidic carboxyl and hydroxyl groups on the CNT surface.
The support acidity accelerated the hydrolysis of cellobiose, as well as
increased selectivity, by suppressing further oxidation of gluconic acid.

OH OH
?% oy
hydrolysis H z
ydroly OX|dat|on OH OH O
celloblose D-glucose gluconic acid

Scheme 10 Conversion of cellobiose into gluconic acid.

Table 7 Oxidation of cellobiose (CB) into gluconic acid with gold catalysts.

CB: . Conv. Sel.
Entry Catalyst Au Conditions %) %) Ref.
1 Au/CNT 240 SbarO,, 145°C,3 h 81 84 82
2 Au/Cs2HPW 12040 120 5barO,, 145°C,3 h 98 99 il
3 Au/CS1A2H1AgPW1204o 120 5 bar02, 145 OC, 3h 97 >09 83

Similar effect of support acidity was observed with gold supported on
cesium hydrogen phosphotungstates, which are insoluble acidic
polyoxometalates.?!-83  Almost complete conversions and 99% selectivities
to gluconic acid were achieved (entries 2 and 3). The catalysts showed minor
deactivation upon recycling, though conversion and selectivity remained
>90% after five runs.®3 The Au/Cs;,H; sPW1,04 catalyst was also able to
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directly convert cellulose into gluconic acid with 60% vyield n 11 h.
However, the prolonged reaction time led to catalyst deactivation due to
leaching of phosphotungstic acid H3;PW ;049 into the solution. A more
durable catalyst system was obtained by using a mixture of Au/Cs;PW 1,04
and H3PW 1,049, which could be recovered from the reaction mixture and
recycled; cellulose was converted to gluconic acid with 66% yield even after
SiX reuses.

3.2.4 Oxidation of other sugars

Glucose is the most abundant monosaccharide, and therefore, it is the most
studied substrate for selective oxidation. However, numerous other
monosaccharides are available from hemicelluloses, a group of
heterogeneous polysaccharides accounting for 20-35% of lignocellulosic
biomass.!> Hemicelluloses are currently underutilized in wood-based
biorefineries and they canbe easily hydrolysed into monosaccharides using
mild acids, which makes them a very appealing feedstock for renewable
chemicals.®* Common monosaccharides in hemicelluloses include L-xylose,
L-arabinose, D-galactose, p-mannose and p-glucose. Several studies have
shown that gold catalysts oxidize the aldehyde group of these saccharides
with exceptional selectivity, though the activities vary depending on the
catalyst and substrate structure.

Mirescu et al. compared Au, Pd and Pt catalysts in oxidation of various
carbohydrates at mildly alkaline conditions in water.? In the case of both
hexoses and pentoses, Au/TiO, catalyst gave total conversion and very high
>99% selectivities to the corresponding aldonic acids at pH 9 and 40 °C
(Scheme 11). The selectivities of Pd and Pt supported on alumina varied
depending on the substrate between 70-95%. In addition, Au was several
times more active compared to Pd and Pt, regardless of the substrate. The
highest activity with gold was observed in oxidation of glucose, while
galactose, differing only in orientation of the hydroxyl at C4, oxidized more
slowly. Interestingly, the Pd and Pt catalysts showed opposite behaviour
with the two hexoses. The pentoses arabinose and xylose were oxidized with
similar activities using Au/TiO,, though both slower than the hexoses.
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Scheme 11 Oxidation of hexoses and pentoses to corresponding aldonic acids using
Au/TiO; at pH 9 and 40 °C.®5 TOF values at 10% conversion were re-calculated
based on available surface metal by Davis et al.!°

Further studies by Murzin’s group showed that Au/Al,O; was the most
suitable catalyst for oxidation of arabinose and galactose.’¢-88 With both
substrates, the effect of Au particle size on the activity was studied, and
maxima at 2.3 nm and 2.6 nm mean particle sizes were found for oxidation
of arabinose®” and galactose 8 respectively. Selectivity was not affected by
the particle size, and the corresponding aldonic acids were produced with
>09% selectivities at 99% conversions at pH 8 and 60 °C.

In addition to monosaccharides, disaccharides such as maltose and
lactose are interesting substrates for selective oxidation.!> In mildly alkaline
conditions, selective oxidation of the aldehyde group of the reducing end
occurs without hydrolysis of the glycosidic bond, e.g. cellobiose is oxidized
into cellobionic acid.®> Using AwTiO,, lactobionic acid and maltobionic
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acid were also produced with very high selectivities (Scheme 12). Maltose,
consisting of two glucose units linked by an a-glycosidic bond, was oxidized
with similar activity as glucose, while the presence of galactose unit
decreased the rate of lactose oxidation. With Pd catalysts, selectivity to
lactobionic acid decreased due to consecutive oxidation to 2-keto-
lactobionic acid, which highlights again the advantage of gold catalysts in
oxidation of carbohydrates.?®

wly o e

e

maltose
mal:o(?(;c:)n;zamd HO o
HO
OH OH HOOH
% % 2
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lactobionic acid
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Scheme 12 Oxidation of lactose and maltose using Aw/TiO> at pH 9 and 40 °C.%
TOF values re-calculated based on available surface metal by Davis et al.!®

3.3 Oxidation mechanism

The oxidation of alcohols and aldehydes using noble metal catalysts is
thought to proceed via an oxidative dehydrogenation mechanism.!6-22.90
However, early studies with polymer stabilized Au and Pd showed marked
differences in the behaviour of the two metals regarding the role of oxygen
and hydroxide ion.3* Oxidation of alcohols with Au required the presence of
base, whereas Pd catalysts do not necessarily require additives.!? The first
step of the oxidation is activation of alcohol by deprotonation, which can
occur either on the metal surface or in solution and is greatly accelerated in
alkaline solution. Theoretical calculations by Zope et al. showed that the
activation barrier for dissociative adsorption of aqueous ethanol on clean Au
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surface was very high (204 kJ/mol), but the presence of surface-bound
hydroxide intermediates decreased the barrier to 22 kJ/mol.?* Alternatively,
hydroxide ions can deprotonate the alcohol already in solution phase
facilitating the adsorption of alkoxide on the metal. The surface-bound
alkoxide is then dehydrogenated to form a carbonyl species and metal-
hydride.®! A large kinetic isotope effectwas found in oxidation of deuterated
p-hydroxybenzyl alcohol, indicating thatthe C—H bond activation is a likely
rate-determining step in alcohol oxidation.3*

The carbonyl compound forms without incorporation of molecular
oxygen, however O, is needed to remove the electrons deposited on the
metal.2* Experimental evidence show that hydrogen peroxide is formed as
the reduction product, suggesting that O, is associatively adsorbed on the
gold surface (Scheme 13).92.%3 During glucose oxidation on colloidal gold,
H,0, was detected at the start of the reaction in stoichiometric ratio with
respect to the produced gluconate.??> However, during prolonged reaction or
at high pH, H,O, decomposed and lower amounts were detected; alkaline
conditions and metals are known to catalyse H,O, decomposition.”* Zope et
al. proposed that oxygen activation by gold could lead to regeneration of
hydroxide ions through dissociation of the formed H,O, (Equations 1-3).24
More recently, theoretical studies on metal surfaces confirmed that Au(111)

is unable to dissociatively adsorb O,, whereas the dissociation was
favourable on Pd(111) and Pt(111).%

Au o)
RTOH — R)J\H
0,, H,O
Au
/OH \'Hzoz
H H H H 0
/
R>< Au >Q Q
O H Oz R™ “o—<ag
R O—Au

Scheme 13 Mechanistic model for aerobic alcohol oxidation, proposed by Comotti
et al.”
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0, + H,0 — OOH + HO (1)
OOH + H,O — H,0, + HO (2)

HO + ¢ HO- )

In alkaline aqueous solution, aldehydes and carbohydrates are readily
oxidized further into carboxylic acids. Isotope studies on oxidation of
ethanol, glycerol and HMF have shown that the oxygen atoms in the
produced acid originate from water, not from O,.249¢ This suggests that the
aldehyde group is hydrated by hydroxide ion from water to form a geminal
diol. The deprotonated diol adsorbs on the metal surface, and carboxylic acid
forms through dehydrogenation similarly to alcohol oxidation (Scheme 14).
The isotope studies found multiple labelled O atoms incorporated into the
products, which is explained by rapid exchange of the hydroxyl groups of
the diol. Accordingly, the increased hydroxide concentration at high pH
accounts for increased oxidation rates.

HO OH OH
Au
o
HS&&OH e S ¢
OH 0,, H,0

OH OH O

glucose gluconate
X O,
OH
T—Hzoz
OH OH o " 4 OH
HO - R O—AuU
OH OH OH

Scheme 14 Mechanism for glucose oxidation with gold.”3-93

Hydroxide ions have another important role in aqueous oxidation, in
addition to deprotonating the alcohol and hydrating the aldehyde;
neutralizing the produced carboxylic acid.”® Free carboxylic acids adsorb
strongly on gold surface blocking active sites and deactivating the catalyst.
In alkaline media however, deprotonated acid readily desorbs the catalyst
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surface. An especially strong inhibiting effect was found with ketones or
compounds having secondary hydroxyl groups which can produce ketones
under oxidative conditions, such as sugar acids and polyols.?® The strong
inhibition was explained by chelation of the species on the metal surface.

3.4 Bimetallic gold catalysts

Doping gold catalyst with a second metal can improve the properties of the
catalyst even further. Many of the recent advances in gold catalysis are
related to the use of bimetallic or trimetallic nanoparticles. Gold-palladium
and gold-platinum catalysts are the most extensively studied, owing to the
similar applications and miscibility of the metals.®” Numerous studies report
superior performance of heterometallic catalysts compared to those based on
the constituent metals alone; improved catalytic activity, selectivity to the
desired product and catalyst stability have been observed. Development of
high resolution characterization techniques, such as scanning transmission
electron microscopy (STEM), have allowed detailed study of the
morphology of the nanoparticles.”® The synergistic effects have been
ascribed to modification of the electronic structure by e.g. electronic charge
transfer, or to structural changes in the metal surface, though in many cases
the reasons are not completely understood.”” The use of gold-containing
bimetallic and trimetallic catalysts has been recently reviewed,!®-97-% and
therefore only a few illustrating examples are given here.

Synergistic effects of gold and palladum were shown in solvent-free
oxidation of aromatic and aliphatic alcohols using Au-Pd/TiO,.!% Oxidation
of benzyl alcohol with monometallic Auor Pd catalyst gave low selectivity,
but the bimetallic catalyst was both more active and more selective.
Furthermore, an extremely high activity close to 270000 h-! was achieved in
oxidation of 1-phenylethanol, almost an order of magnitude higher than
reported with monometallic gold catalysts (cf. Scheme 4). Characterization
of the catalyst showed that the catalyst surface was significantly enriched
with Pd.

The need for base with gold catalysts is a major disadvantage, and
several studies have employed bimetallic systems to overcome this
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limitation. Early studies on oxidation of glucose without pH control showed
that addition of Pt to Au/C increased the activity from 51 h'! to over
900 hl.101 Interestingly, similar synergistic effect was not observed in
alkaline conditions, as both the monometallic and bimetallic catalysts gave
similar activities. Combining Au and Pt has also enabled advances in base-
free oxidation of glycerol.80:192 Villa ez al. deposited Au-Ptnanoparticles on
H-mordenite, achieving 83% selectivity to glyceric acid at 70% conversion
(3 bar O,, 100 °C, 2 h).192 Compared to carbon supported catalyst, formation
of H,O, was avoided with the acidic zeolite support, preventing C—C
scission. Hutchings’ group achieved base-free glycerol oxidation in mild
conditions with Au-Pt supported on alkaline magnesia.’® At 60 °C, 43%
conversion and 72% selectivity to glyceric acid were obtained. Remarkably,
glycerol was also oxidized in ambient temperature with 85% selectivity to
glyceric acid. In case of base-free glucose oxidation however, addition of Pd
to AwMgO gave only a minor improvement in the activity; 57% and 62%
conversions to gluconic acid were obtained with monometallic and
bimetallic catalysts, respectively.’®
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4 Results and discussion

4.1 Experimental notes

Detailed experimental data can be found in the publications attached and
related supporting material available on the publishers’ webpages.

4.11 Catalyst preparation and characterization

Gold catalysts were prepared by depositing gold precursor HAuCly on metal
oxide supports using two previously reported methods. Direct ion-exchange
method (DIE) was used to prepare Auw/ALO;-DIE.!9  Deposition-
precipitation with urea (DPU) was applied for ALOs, TiO,, MgALO4 and
Mg0O.27.104105 The MgALO4 spinel support was prepared by
coprecipitation.?’”  The following metal oxide supports were purchased:
ALO; (Alfa Aesar, y-phase, 40 um, S.A. 200 m%/g), TiO, (Sigma-Aldrich,
>95% anatase, <44 um, S.A. 9 m?/g) and MgO (Sigma-Aldrich, 99%). The
preparation and characterization of Au/ALOs catalyst used in Publication I
was carried out by Simakova et al.%’

Transmission  electron microscopy (TEM), scanning electron
microscopy (SEM), energy dispersive spectrometry (EDS), X-ray
diffraction (XRD), atomic absorption spectrophotometry (AAS) and
thermogravimetric analysis (TGA) techniques were applied in catalyst
characterization. Gold dispersion was calculated from the particle size
distribution as reported by Delidovich ef al.196

4.1.2 Oxidation experiments

Oxidation experiments were carried out with different procedures depending
on the substrate and oxidant. Oxidations under oxygen pressure were carried
out in a steel autoclave loaded with glass liners, enabling up to 12 parallel
reactions.”V Oxygen bubbling (100 ml/min) was applied for oxidations at
controlled pH." Microwave-assisted oxidations were carried out in glass
vials using hydrogen peroxide as oxidant.!
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Products were analysed and quantified using GC, GC/MS, HPLC and
NMR ('H, BC) techniques. To evaluate catalytic activity, turn-over
frequencies (TOF) were calculated per surface Au atom!™V from the
conversion according to

Nsubstrate€

TOF =
Ny Dyt

where ngypserate 18 the number of moles of the substrate, ¢ is conversion,
Ny, 18 number of moles of gold, Dy, is dispersion, and tis time. In
Publication I, TOF value was calculated based on total gold amount.

4.2 Catalyst properties

During the course of this work several metal oxide supported gold catalysts
were prepared and characterized (Table 8). Metal oxides were selected as
supports for their stability and the high activities presented in oxidation
reactions.**70 The Auw/ALO;3-DIE-1 catalyst used in Publication 1 was
prepared and characterized by Prof. Murzin’s group.8” Two preparation
methods were applied, DIE and DPU, both sharing the same the principle;
HAuCl, precursor is deposited on the support and gold is reduced into metal
nanoparticles using thermal treatment in air. In the DIE method, chloroauric
anions adsorb on the hydroxyl groups present on the oxide surface.!93 The
remaining chlorides are removed by washing with ammonia to prevent
sintering or decreased activity.!9’ In the DPU method, pH of the solution
gradually increases due to decomposition of urea at high temperature, which
leads to hydrolysis of the gold precursor and subsequent adsorption on the
support.104

Characterization of the catalysts revealed considerable differences in the
mean particle size and consequently gold dispersion (Table 8). The two
Au/ALO;-DIE catalysts (entries 1 and 2), exhibiting 1.0 nm and 2.4 nm
mean diameters, were prepared by different groups using supports by
different suppliers which might account for the difference. Similar mean size
of Au particles (2.8 nm) was observed in the case of Au/ALO3-DPU (entry
3). Particle size analysis of the Au/MgAlL,O, catalyst revealed a bimodal
distribution; TEM analysis showed small Au particles with a mean diameter
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3.8 nm whereas very large particles with sizes over 100 nm were detected
with FESEM (entry 4). Aw/TiO, showed a slightly larger particle size
(entry 5). Nonetheless, the particle size of all catalysts is well in the required
range for catalytic activity.

Table 8 Properties of the catalysts used in this work.

Auloading

Entry Catalyst (Wt%) d (nm) Dispersion  Publication
1 Au/ALO;-DIE-1 1.5 1.0+0.3 0.77 LY

2 Au/ALOs;-DIE2  1.8+0.15 2.4+£0.6 0.43 I, 1L, IV

3 Au/ALO;-DPU 1.9 £0.03 2.8+0.6 0.37 1Y

4 Au/MgAlLO4 23+0.12 38+£1.00  0.27 11

5 Au/TiO; 1.9 £0.04 46+20 0.18 I\Y

* Also large (>100 nm) particle detected with SEM.

4.3 Oxidation of benzyl alcohol!

We initiated the studies on gold catalysed oxidation with benzyl alcohol as
it is often used as a model substrate in oxidation reactions to probe catalytic
reactivity.!® Several reports on gold catalysed benzyl alcohol oxidation were
published at the time of the study.?? Using different catalysts and reaction
conditions, benzaldehyde,’” benzoic acid'®® as well as benzyl benzoate3>
were reported as main products. Our aim was to clarify the effectof different
reaction conditions on the oxidation and gain control on the selectivity of
the catalyst.

Initial studies with Au/ALO3-DIE catalyst showed that in pure water the
oxidation is unselective and slow. Changing the solvent to toluene gave high
selectivity to benzaldehyde (89%). Also, the activity observed in toluene
was higher than in pure water, likely due to the higher solubility of oxygen
in toluene.!% In further experiments we studied the catalyst in biphasic
water-toluene systems. Compared to the oxidation in pure water, biphasic
solvent significantly increased the conversion and selectivity toward
aldehyde. The product is more soluble in toluene than in water, which might
account for the low amount of side products even in the presence of water.
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Additional base was reported to promote gold catalysed oxidations,!!?
and therefore the addition of potassium carbonate and sodium hydroxide to
the reaction was investigated. A nearly 10-fold increase in activity, resulting
m full conversion, was observed with both bases. Moreover, alkaline
conditions also promoted the subsequent oxidation of benzaldehyde to
benzoic acid and very high selectivity to the acid was obtained using 1 equiv.
NaOH in water and biphasic media. In contrast, benzoic acid was obtained
only with moderate selectivity in toluene, indicating that the presence of
water in addition to base is essential in the second step of the oxidation.
Surprisingly, the highest activity of benzyl alcohol oxidation, over 5000 hl,
was observed in alkaline biphasic solvent. This improved activity may be
explained by the increased solubility of oxygen in toluene, in addition to the
promoting effect of base.

At the time of the study, gold catalysts were also applied in direct
oxidative esterification of primary alcohols or aldehydes with methanol to
methyl esters.38:% Inspired by these reports, we studied benzyl alcohol
oxidation with Auw/ALO; in methanol and other aliphatic alcohols. In the
previous studies, small amount of sodium methoxide was used to increase
the selectivity towards the methyl ester. Instead, 5 mol% NaOH was applied
to give full conversion and very high selectivity (96%) to methyl benzoate
mn 1h With higher alcohols (ethanol, isopropanol and cyclohexanol)
considerably longer reaction times were required to reach reasonable
conversions, and high selectivity was achieved only in ethanol.

Our results elucidate the tunable chemoselectivity of gold catalysis and
the importance of reaction media. While usually a catalyst is optimized for
one product, a “one for all” catalytic systemwas developed here; using one
catalyst in different reaction conditions to selectively switch from one
reaction product to another (Scheme 15).
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Scheme 15 Solvent-controlled oxidation of benzyl alcohol with Au/AlOs.!

4.4 Oxidation of vanillin!V

Inspired by the studies on benzyl alcohol oxidation, we turned to a related
compound, vanillin (4-hydroxy-3-methoxybenzaldehyde). Vanillin is one of
the few high-value chemicals commercially produced from lignin and its
oxidation product vanillic acid is used in food, pharmaceutical and chemical
industries.!!! Being an aldehyde, vanillin should be easier to oxidize than the
corresponding alcohol, but relatively few reports were found on vanillin
oxidation. 12

The Au/ALO;-DIE described in Publication II was chosen as catalyst
and two additional catalysts, Au/A,O3;-DPU and AwTiO,, were prepared.
According to our previous results, additional base is required in oxidation of
aldehydes to acids.! With this in mind, the studies on vanillin oxidation were
miated with 1 equiv. NaOH, which was optimal in benzyl alcohol oxidation.
However, only low conversion and moderate selectivity were obtained with
Auw/ALO3-DPU in 2 h reaction. Increasing the amount of base to 2 equiv.
gave a surprising result; selectivity increased to 99% and 79% conversion
was already achieved in 30 min. Further increases of the amount of base
increased the conversion to over 90% without affecting selectivity (Scheme
16). Turn-over frequencies up to 1300 h'! were measured with Aw/ALO;-
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DPU. Similarly, very high selectivitiecs were obtained with Auw/Al,O3-DIE
and Auw/TiO;, when at least 2 equiv. NaOH was used.

Ox O+_OH
AU/A|203
5 bar O,
OMe 3 equiv. NaOH OMe
OH 30 min OH
vanillin vanillic acid 90%

Scheme 16 Oxidation of vanillin using gold catalysts.™V

Evidently, the additional base prevents side reactions as well as catalyst
deactivation. As 1 equiv. NaOH would be sufficient to deprotonate the
produced acid, we presumed that the acidic phenolic hydroxyl could affect
the catalyst deactivation and side reactions. Further studies were carried out
using sodium carbonate and sodium bicarbonate, both weaker bases than
hydroxide. Selectivitics obtained with NaOH or Na,CO; were similar,
whereas NaHCO; gave lower selectivity regardless of the amount used.
However, high conversion was obtained only using at least 2 equiv.
hydroxide, a strong base. Vanillin is known to undergo autocatalytic
degradation to quinonic compounds under mildly alkaline conditions,!!3
which might account for the decreased selectivity observed herein. This
study represents the first description of heterogeneous gold catalysts in
selective oxidation of vanillin.

4.5 Oxidation of carbohydrates in alkaline conditions!!

The aldehyde group of monosaccharides is efficiently oxidized to aldonic
acids using supported gold catalysts in alkaline conditions (Section 3.2).%5
Aldaric acids, diacids of sugars, are also important building block
chemicals.!! Having the high selectivities of gold catalysts in mind, we
attempted to oxidize both the aldehyde and the primary hydroxyl group of
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glucose to obtain glucaric acid, the corresponding diacid. However,
oxidation of the primary hydroxyl group requires severe conditions; our
attempts to use pressurized oxygen and excess base resulted in product
degradation and low selectivity.

In the case of uronic acids, components of e.g. hemicelluloses and pectin,
the primary hydroxyl is already oxidized by nature.®* Similarly to aldoses,
uronic acids are sensitive towards degradation and isomerization in highly
alkaline media.!!'# Therefore, the oxidation experiments were carried out
using an automatic titrator to maintain constant pH and to avoid the use of
excess base. With dioxygen as oxidant, mass transfer limitations due to the
low solubility of oxygen were prevented by optimizing catalyst amount to
0.09 mol% AuwALO;. Quantitative oxidation of p-glucuronic acid to
glucaric acid was achieved at pH 10 and 60 °C in only 30 min. Similarly,
the isomeric p-galacturonic acid was oxidized quantitatively into galactaric
acid (Scheme 17). The controlled continuous addition of base was clearly
favourable in terms of selectivity; no isomerization, degradation or side
reactions were observed.

O
HO O OH OH
HO o Au/Al,O4 ) MO_
HO OH — =~ O %
OH O,, pH 10 OH OH O
60 °C, <30 min
uronic acid >99 % aldaric acid

Scheme 17 Oxidation of glucuronic and galacturonic acid with Au/Al,O3-DIE.!

Quantitative conversion of glucuronic acid was achieved also at pH 8-9,
even though the oxidation activity decreased considerably (Table 9). At
pH 8, the mitial oxidation rate started decreasing after ca. 40% conversion
indicating catalyst deactivation. At low pH, the produced acid is not
completely neutralized and a small part of the carboxylic acid groups are
protonated. The free acids can adsorb on the catalyst surface, consequently
blocking the active sites.”> In alkaline medium however, the acids are
deprotonated and readily desorb the catalyst surface; at pH 9-10 the initial
oxidation rate was maintained until 85% conversion rate was achieved.
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In further studies, reaction temperature was shown to have a stronger
effect on the oxidation at pH 8 compared to pH 9-10. Accordingly, the
apparent activation energy E,, derived from the Arrhenius plot, was
considerably higher at pH 8 compared to pH 9-10 (Table 9). In
heterogeneous catalysis, the apparent activation energy observed is in fact
the activation energy of the reaction modified by heat of adsorption AH,; of
the reaction species.!!> At pH 8, the acids are not completely deprotonated
and the energy required for desorption is higher compared to more alkaline
pH. While the E, values obtained are comparable to those reported
previously in aldose oxidation,*-4! the effect of pH has not been previously
addressed.

Table 9 Effect of pH on activity and apparent activation energy E, in glucuronic
acid oxidation with Au/ALO3-DIE.!!

pH TOF (b))  E, (kJ/mol)

10 7920 24.6
9 5970 26.5
8 3250 453

The influence of the carbohydrate structure on catalysis was studied by
comparing the oxidation of glucuronic and galacturonic acid to their
corresponding hexoses, p-glucose and p-galactose. With varying activities,
all of the substrates were quantitatively converted to the corresponding
aldaric or aldonic acids (Scheme 18). Axial hydroxyl at C, (galactose vs.
glucose) and carboxylate at Cs (glucuronic acid vs. glucose) had a similar
rate-decreasing effect on the oxidation. Unexpectedly, these effects are not
cumulative; galacturonic acid, although having both axial hydroxyl at C4and
carboxylate at Cg, oxidized as easily as galactose or glucuronic acid.
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OH OH
glucuronic acid galacturonic acid
7920 h™! 6840 h™!
HO HOOH
HO 0 0
HO OH HO OH
OH OH
D-glucose D-galactose
10 300 h™! 6900 h-!

Scheme 18 Turn-over frequencies in oxidation of uronic acid and aldoses with
Au/ALOs3-DIE at pH 10 and 60 °C.

In parallel with this work, oxidation of uronic acids with gold catalysts
was developed by van der Klis ef al.1'® With AwTiO, and 1 equiv. NaOH
added at the beginning of the reaction, galacturonic acid was oxidized with
97% yield in 3 h reaction. Surprisingly, glucuronic acid was oxidized with
only 85% yield in 5 h under otherwise similar conditions. As shown in our
work, the controlled continuous addition of base provides substantial

improvement; quantitative conversions for both uronic acids are achieved
with very high activities.!

4.6 Base-free oxidation of glucose!l

Most of the research on oxidation of carbohydrates has focused on alkaline
conditions, because under acidic conditions noble metal catalysts have
suffered from deactivation and slow oxidation rates.!'” However, as
described in Section 3.2.3, there is growing mterest in base-free oxidation of
glucose to gluconic acid. Inspired by this, we started studies on base-free
glucose oxidation with gold catalysts using pressurized oxygen. However,
the reaction resulted only in low conversions and catalyst deactivation.
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To promote oxidation, microwave assisted heating was introduced,
which has been applied in our laboratory in several studies. Hydrogen
peroxide was applied as alternative oxidant, since the use of pressurized
oxygen in closed microwave vials was inapplicable with this system. Gold
catalysts with different support materials were selected, including MgO,
MgAlLO4 and Al,Os, as the catalyst support can have a strong effect on the
H,0, decomposition rate.’* Both AuMgALO,4 and AwWALO;-DIE oxidized
glucose with high selectivity to gluconic acid (Table 10). The highest
activity was observed with Aw/ALOj3; yields up to 76% were achieved in
only a 10 min reaction. However, in the case of AwMgO, the support was
completely dissolved in the acidic media during the reaction.

Table 10 Microwave-assisted base-free oxidation of glucose to gluconic acid with
gold catalysts.™M

HO Au NP catalyst OH OH
HO&&OH - HOMOH
HO
120 °C MW

OH OH O

OH
glucose 22 equiv.. H20, gluconic acid
10 min
Entry  Catalyst Glc:Au  Conv. (%) Select. (%)  TOF (h™")
1 Au/MgALLOq4 870 54 93 10 400
2 Au/AL,O;-DIE 1110 83 87 12 900

Both the high reaction temperature and microwave heating were crucial
for high conversion. Comparison of oil bath heating to MW under otherwise
similar conditions confirmed the efficiency of microwave heating;
significantly higher conversions were achieved with MW, while selectivities
were similar with both methods. Secondary reactions and product
degradation decreased the selectivity slightly. The main byproducts were
keto-gluconic acids and 4-5 carbon atom aldonic and aldaric acids, based on
GC/MS analyses. Similar selectivities were previously reported under acidic
conditions at considerably lower temperatures and longer reaction times.””
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Previous studies by Saliger et al. showed that the effective oxidizing
agent is not hydrogen peroxide itself, but forms by its decomposition on the
gold catalyst.”® By studying the rate of oxygen generation from H,0,, we
showed that the oxidation activity of the catalysts was clearly associated
with their ability to decompose H,O,. Of the two catalysts, AwALO;-DIE
showed considerably higher activity and stability in the decomposition of
H,0,, corresponding with the results in glucose oxidation.

The use of microwave irradiation to promote chemical reactions is
increasing rapidly,''® though reports on microwave-assisted reactions using
gold catalysts are still rare.!!” In this work, we have shown that microwave
heating is a valuable tool for gold-catalysed glucose oxidation enabling
shortened reaction time and high selectivity; a very fast and efficient method
compared to those reported previously.

4.7 Catalyst reusability!!, 111

Reusability of the gold catalysts was studied by recycling experiments in
both alkaline and base-free!' carbohydrate oxidation. Characterization of
the recycled catalysts elucidated the effect of reaction conditions on the
catalyst properties. Common causes for catalyst deactivation are particle
sintering, metal leaching and poisoning or adsorption of organic species on
the catalyst surface, which were studied by TEM, AAS and TGA,
respectively.

In the case of glucuronic acid oxidation with Au/Al,Os3, the selectivity of
the catalyst was maintained, while the activity dropped 35% in a successive
reaction.!! The decreased activity was attributed to reduced Au surface area
due to aggregation and coalescence of gold nanoparticles, clearly detected
by TEM (Figure 1). The size of the aggregates ranged from 6.0 to 9.5 nm,
while some smaller particles were also present.
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Figure 1 TEM images of Au/ALOs-DIE a) fresh and b) after oxidation of
glucuronic acid.” Published by The Royal Society of Chemistry.

Acidic conditions are especially demanding for gold catalysts, as
described in Section 3.2.3. In microwave-assisted base-free oxidation of
glucose, the Au/MgALO, catalyst lost over 30% of its activity in a
successive reaction.! According to TEM analysis, the mean particle size of
Au/MgAL O, increased from 3.8 nm to 4.4 nm, which is the likely cause of
the deactivation. In addition, the mean particle size of Auw/ALO; increased
from 2.4 nm to 3.6 nm after two runs, which is in accordance with previous
observations of Au NPs sintering under acidic conditions.”” Nevertheless,
the Au/ALO; catalyst maintained both activity and selectivity upon
recycling; no deactivation was detected in four consecutive runs at 100 °C.
This was the first report on recycling of gold catalyst in acidic conditions
without the need for catalyst regeneration.
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5 Conclusions

The discovery of the catalytic properties of gold has advanced the field of
selective oxidation significantly. Using gold nanoparticle catalysts,
environmentally benign oxidation of alcohols and aldehydes is achieved
under mild conditions with oxygen or hydrogen peroxide as oxidant. Gold
catalysts have shown very high selectivities, extreme activities and high
stability, often surpassing other metal catalysts. Especially, gold catalysts
are attracting a great deal of interest in selective transformations of biomass -
derived compounds, such as oxidation of glycerol and carbohydrates.
Efficient valorization of biomass requires the development of novel green
processes suitable for the highly functionalized substrates. Due to their
unique properties, gold catalysts are promising catalysts for these
applications.

In this work, gold catalysts were studied in selective oxidation of
alcohols, aldehydes and carbohydrates. Using benzyl alcohol as a model
compound, the effect of reaction media on the chemoselectivity of the
oxidation was clarified. Based on the results, the concept of “one for all”
catalytic system was developed, allowing the selective production of
aldehyde, acid or ester with a single catalyst. These results inspired the
author to study the oxidation of vanillin, an aromatic aldehyde available
from lignin. The selectivity of the oxidation showed an interesting
dependence on the amount of added alkali and as a result, very high
selectivity to vanillic acid was achieved for the first time with gold catalysts.

Gold-catalysed oxidation of carbohydrates to sugar acids has been
extensively studied in alkaline conditions. In this work, the substrate scope
was extended to uronic acids, allowing highly selective production of aldaric
acids, or sugar diacids. Comparison of uronic acid oxidation to the
corresponding aldoses elucidated the effect of substrate structure on the
oxidation rate. Moreover, apparent activation energy of the oxidation was
shown to depend on pH of the reaction solution, showing the strong
influence of the added base on gold catalysts.

There is growing interest in base-free oxidations, but acidic conditions
are demanding for gold catalysts, as deactivation and slow oxidation rates
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have been observed. A very efficient method for base-free oxidation of
glucose, utilizing microwave irradiation, was developed in this work.
Significantly shortened reaction times and very high activities compared to
previous reports were achieved with hydrogen peroxide as green oxidant.
The oxidation activity of the catalysts was correlated to their ability to
decompose hydrogen peroxide. Furthermore, activity of the AwWALOj;
catalyst remained constant in four consecutive runs, demonstrating for the
first time the recycling of gold catalyst in acidic conditions without the need
for catalyst regeneration.

45



References

22.
23.
24.

C. Louis and O. Pluchery, Gold Nanoparticles for Physics, Chemistry
and Biology,Imperial College Press, 2012.

M. Haruta, T. Kobayashi, H. Sano and N. Yamada, Chem. Lett. 1987,
16, 405-408.

B. Nkosi, M. D. Adams, N.J. Coville and G. J. Hutchings, J. Catal.
1991, 128, 378-386.

Z. Li, C. Brouwer and C. He, Chem. Rev. 2008, 108, 3239-3265.

G. C. Bond, in Gold Nanoparticles for Physics, Chemistry and
Biology,Imperial College Press,2012,pp. 171-197.

S. Hashmi, in /nventing Reactions,ed. L. J. Goollen, Springer Berlin
Heidelberg, 2013, vol. 44, pp. 143-164.

G.-J. t. Brink, I. W. C. E. Arends and R. A. Sheldon, Science 2000,
287, 1636-1639.

R. A. Sheldon, Catal. Today 2015,247,4-13.

J.-E. Bickvall, Modern Oxidation Methods, Wiley-VCH, 2004.

K. Mori, T. Hara, T. Mizugaki, K. Ebitani and K. Kaneda, J. Am.
Chem. Soc. 2004, 126, 10657-10666.

T. Werpy and G. Petersen, Top Value Added Chemicals from Biomass
Volume I—Results of Screening for Potential Candidates from Sugars
and Synthesis Gas,U.S. Department of Energy, Golden, CO, 2004.
R. Rinaldi and F. Schiith, ChemSusChem2009,2, 1096-1107.

D. Murzin and T. Salmi, Catal. Lett. 2012,142, 676-689.

M. Besson, P. Gallezot and C. Pinel, Chem. Rev. 2014, 114, 1827-
1870.

B. T.Kusema and D. Y. Murzin, Catal. Sci. Tech. 2013, 3, 297-307.
S. E. Davis, M. S. Ide and R. J. Davis, Green Chem. 2013, 15, 17-45.
L. Prati and M. Rossi, J. Catal. 1998, 176, 552-560.

S. Carrettin, P. McMorn, P. Johnston, K. Griffin and G. J. Hutchings,
Chem. Commun. 2002, 696-697.

S. Carrettin, P. McMorn, P. Johnston, K. Griffin, C. J. Kiely and G. J.
Hutchings, Phys. Chem. Chem. Phys. 2003, 5, 1329-1336.

A. Villa, N. Dimitratos, C. E. Chan-Thaw, C. Hammond, L. Prati and
G. J. Hutchings, Acc. Chem. Res. 2015,48, 1403-1412.

M. Sankar, N. Dimitratos, D. W. Knight, A.F. Carley, R. Tiruvalam,
C. J. Kiely, D. Thomas and G. J. Hutchings, ChemSusChem 2009, 2,
1145-1151.

C. Della Pina, E. Falletta, L. Prati and M. Rossi, Chem. Soc. Rev.
2008,37, 2077-2095.

S. Demirel-Giilen, M. Lucas and P. Claus, Catal. Today 2005, 102—
103, 166-172.

B. N. Zope, D. D. Hibbitts, M. Neurock and R. J. Davis, Science
2010, 330, 74-78.

46



25.
26.
27.

28.
29.

30.
31
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

45.
46.
47.

48.
49.

W. Ketchie, M. Murayama and R. Davis, Top. Catal. 2007,44, 307-
317.

A.Villa, G. M. Veith, D. Ferri, A. Weidenkaft, K. A. Perry, S.
Campisi and L. Prati, Catal. Sci. Tech. 2013, 3,394-399.

A. Villa, A. Gaiassi, I. Rossetti, C. L. Bianchi, K. van Benthem, G.
M. Veith and L. Prati, J. Catal. 2010,275, 108-116.

B. N. Zope and R. J. Davis, Green Chem. 2011, 13, 3484-3491.

W. C. Ketchie, Y.-L. Fang, M. S. Wong, M. Murayama and R. J.
Davis, J. Catal. 2007,250, 94-101.

W. C. Ketchie, M. Murayama and R. J. Davis, J. Catal. 2007, 250,
264-273.

L. Prati, A. Villa, A. R. Lupini and G. M. Veith, Phys. Chem. Chem.
Phys. 2012, 14, 2969-2978.

L. Prati, A. Villa, C. E. Chan-Thaw, R. Arrigo, D. Wang and D. S.
Su, Faraday Discuss. 2011, 152, 353-365.

D. Wang, A. Villa, D. Su, L. Prati and R. Schlégl, ChemCatChem
2013,5, 2717-2723.

H. Tsunoyama, H. Sakurai, Y. Negishi and T. Tsukuda, J. Am. Chem.
Soc. 2005, 127, 9374-9375.

X. Yang, X. Wang, C. Liang, W. Su, C. Wang, Z. Feng, C. Li and J.
Qiu, Catal. Commun. 2008,9, 2278-2281.

H. Tsunoyama, T. Tsukuda and H. Sakurai, Chem. Lett. 2007, 36,
212-213.

V. Choudhary, A. Dhar, P. Jana, R. Jha and B. Uphade, Green Chem.
2005,7, 768-770.

N. Dimitratos, J. A. Lopez-Sanchez, D. Morgan, A. Carley, L. Prati
and G. J. Hutchings, Catal. Today 2007,122, 317-324.

F.-Z. Su, Y.-M. L, L.-C. Wang, Y. Cao, H.-Y. He and K.-N. Fan,
Angew. Chem., Int. Ed. 2008, 47, 334-337.

W. Fang, J. Chen, Q. Zhang, W. Deng and Y. Wang, Chem. — Eur. J.
2011,17, 1247-1256.

M. Zahmakiran and S. Ozkar, Mater. Chem. Phys. 2010, 121, 359-
363.

H.Lw, Y. Lw, Y. Li Z. Tang and H. Jiang, J. Phys. Chem. C 2010,
114, 13362-13369.

N. Zheng and G. Stucky, Chem. Commun. 2007, 3862-3864.

A. Abad, P. Concepcion, A. Corma and H. Garcia, Angew. Chem.,
Int. Ed. 2005, 44, 4066-4069.

A. Villa, C. E. Chan-Thaw, G. M. Veith, K. L. More, D. Ferri and L.
Prati, ChemCatChem 2011, 3, 1612-1618.

T. Ishida, M. Nagaoka, T. Akita and M. Haruta, Chem. — Eur. J.
2008, 14, 8456-8460.

Y. Roman-Leshkov, J. N. Chheda and J. A. Dumesic, Science 2006,
312, 1933-1937.

Z. Zhang and K. Deng, ACS Catal. 2015, 5, 6529-6544.

S. E. Davis, L. R. Houk, E. C. Tamargo, A. K. Datye and R. J. Davis,
Catal. Today 2011, 160, 55-60.

47



50.
51.
52.
53.
54.
55.
56.
57.
58.
59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.
70.

71.
72.

73.
74.

O. Casanova, S. Iborra and A. Corma, ChemSusChem 2009, 2, 1138-
1144.

Z. Miao, Y. Zhang, X. Pan, T. Wu, B. Zhang, J. Li, T. Yi, Z. Zhang
and X. Yang, Catal. Sci. Tech. 2015, 5, 1314-1322.

J. Cai, H. Ma, J. Zhang, Q. Song, Z. Du, Y. Huang and J. Xu, Chem.
—FEur. J. 2013, 19, 14215-14223.

N. K. Gupta, S. Nishimura, A. Takagaki and K. Ebitani, Green Chem.
2011, 13, 824-827.

B. Zope, S. Davis and R. Davis, Top. Catal. 2012,55, 24-32.

L. Ardemani, G. Cibin, A. J. Dent, M. A. Isaacs, G. Kyriakou, A. F.
Lee, C. M. A. Parlett, S. A. Parry and K. Wilson, Chem. Sci. 2015, 6,
4940-4945.

I. Nielsen, E. Taarning, K. Egeblad, R. Madsen and C. Christensen,
Catal. Lett. 2007, 116, 35-40.

E. Taarning, I. S. Nielsen, K. Egeblad, R. Madsen and C. H.
Christensen, ChemSusChem 2008, 1, 75-78.

T. Hayashi, T. Inagaki, N. Itayama and H. Baba, Catal. Today 2006,
117, 210-213.

R. K. Pazhavelikkakath Purushothaman, J. van Haveren, D. S. van Es,
I. Melian-Cabrera and H. J. Heeres, Green Chem. 2012, 14, 2031-
2037.

R. K. Pazhavelikkakath Purushothaman, J. van Haveren, I. Melian-
Cabrera, E. R. H. van Eck and H. J. Heeres, ChemSusChem 2014, 7,
1140-1147.

J. Huang, W.-L. Dai, H. Li and K. Fan, J. Catal. 2007,252, 69-76.

G. Brett, P. Miedziak, D. Knight, S. Taylor and G. Hutchings, 7op.
Catal 2014,57, 723-729.

S. Biella, L. Prati and M. Rossi, J. Mol. Catal. A: Chem. 2003, 197,
207-212.

A. Corma and M. E. Domine, Chem. Commun. 2005,
10.1039/b506685a, 4042-4044.

C. Marsden, E. Taarning, D. Hansen, L. Johansen, S. Klitgaard, K.
Egeblad and C. Christensen, Green Chem. 2008, 10, 168-170.

S. R. Maple and A. Allerhand, J. Am. Chem. Soc. 1987, 109, 3168-
3169.

S. Biella, L. Prati and M. Rossi, J. Catal. 2002, 206, 242-247.

M. Comotti, C. Della Pina, R. Matarrese and M. Rossi, Angew.
Chem., Int. Ed. 2004, 43, 5812-5815.

M. Comotti, C. Della Pina, E. Falletta and M. Rossi, J. Catal. 2006,
244, 122-125.

A. Mirescu, H. Berndt, A. Martin and U. Priile, App!l. Catal., 42007,
317, 204-209.

C. Baatz, N. Decker and U. Priifle, J. Catal. 2008, 258, 165-169.

T. Ishida, N. Kinoshita, H. Okatsu, T. Akita, T. Takei and M. Haruta,
Angew. Chem., Int. Ed. 2008,47, 9265-9268.

Y. Onal, S. Schimpf and P. Claus, J. Catal. 2004,223, 122-133.

M. Comotti, C.D. Pina, R. Matarrese, M. Rossi and A. Siani, Appl.
Catal., A 2005,291, 204-2009.

48



75.
76.
77.
78.

79.
80.

81.
82.
83.
84.

85.
86.

87.

88.

89.
90.
9l
92.
93.
94.
95.
96.

N. Thielecke, K.-D. Vorlop and U. Priie, Catal. Today 2007, 122,
266-2609.

R. Saliger, N. Decker and U. Priile, Appl. Catal., B2011,102, 584-
589.

Y. Wang, S. Van de Vyver, K. K. Sharma and Y. Roman-Leshkov,
Green Chem. 2014, 16, 719-726.

P. Miedziak, H. Alshammari, S. Kondrat, T. Clark, T. Davies, D.
Morgan, D. J. Willock, D. W. Knight, S. H. Taylor and G. Hutchings,
Green Chem. 2014, 16, 3132-3141.

P. Qi S. Chen, J. Chen, J. Zheng, X. Zheng and Y. Yuan, ACS Catal.
2015, 5, 2659-2670.

G. L. Brett, Q. He, C. Hammond, P.J. Miedziak, N. Dimitratos, M.
Sankar, A. A. Herzing, M. Conte, J. A. Lopez-Sanchez, C. J. Kiely,
D. W. Knight, S. H. Taylor and G. J. Hutchings, Angew. Chem., Int.
Ed. 2011,50, 10136-10139.

J. Zhang, X. Liu, M. N. Hedhili, Y. Zhu and Y. Han, ChemCatChem
2011, 3, 1294-1298.

X. Tan, W. Deng, M. Ly, Q. Zhang and Y. Wang, Chem. Commun.
2009, 7179-7181.

D. An, A. Ye, W. Deng, Q. Zhang and Y. Wang, Chem. — Eur. J.
2012, 18, 2938-2947.

F. M. Girio, C. Fonseca, F. Carvalheiro, L. C. Duarte, S. Marques and
R. Bogel-Lukasik, Bioresour. Technol. 2010, 101, 4775-4800.

A. Mirescu and U. Prii8e, Appl. Catal., B 2007, 70, 644-652.

B. T. Kusema, B. C. Campo, P. Méki-Arvela, T. Salmi and D. Y.
Murzin, Appl. Catal., A2010,386, 101-108.

0. A. Simakova, B. T. Kusema, B. C. Campo, A.-R. Leino, K.
Kordas, V. Pitchon, P. Méki-Arvela and D. Y. Murzn, J. Phys.
Chem. C 2011, 115, 1036-1043.

B. T. Kusema, B. C. Campo, O. A. Simakova, A.-R. Leino, K.
Kordas, P. Méki-Arvela, T. Salmi and D. Y. Murzin, ChemCatChem
2011,3, 1789-1798.

A.V. Tokarev, E. V. Murzina, J. P. Mikkola, J. Kuusisto, L. M.
Kustov and D. Y. Murzin, Chem. Eng. J. 2007, 134, 153-161.

C. Della Pina, E. Falletta and M. Rossi, Chem. Soc. Rev. 2012,41,
350-369.

J. Gong and C. B. Mullins, J. Am. Chem. Soc. 2008, 130, 16458-
16459.

P. Beltrame, M. Comotti, C. Della Pina and M. Rossi, Appl. Catal., A
2006,297, 1-7.

M. Comotti, C. Della Pina, E. Falletta and M. Rossi, Adv. Synth.
Catal 2006, 348, 313-316.

A. Taketoshi, S. Takenouchi, T. Takei and M. Haruta, Appl. Catal., A
2013,468, 453-458.

X. Shen, W. Liu, X. Gao, Z. Lu, X. Wu and X. Gao, J. Am. Chem.
Soc. 2015,137, 15882-15891.

S. E. Davis, B. N. Zope and R. J. Davis, Green Chem. 2012, 14, 143-
147.

49



97.
98.
99.

100.

101.
102.
103.
104.

105.
106.
107.
108.
109.
110.
I11.
112.
113.
114.
115.
116.
117.

118.
119.

A. Villa, D. Wang, D. S. Suand L. Prati, Catal. Sci. Tech. 2015, 5,
55-68.

S. Freakley, Q. He, C. Kiely and G. Hutchings, Catal. Lett. 2015, 145,
71-79.

H. Zhang and N. Toshima, Catal. Sci. Tech. 2013, 3, 268-278.

D. 1. Enache, J. K. Edwards, P. Landon, B. Solsona-Espriu, A.F.
Carley, A. A. Herzing, M. Watanabe, C. J. Kiely, D. W. Knight and
G. J. Hutchings, Science 2006,311, 362-365.

M. Comotti, C. Della Pina and M. Rossi, J. Mol. Catal. A: Chem.
2006,251, 89-92.

A. Villa, G. M. Veith and L. Prati, Angew. Chem., Int. Ed. 2010, 49,
4499-4502.

S. Ivanova, V. Pitchon, Y. Zimmermann and C. Petit, Appl. Catal., A
2006,298, 57-64.

R. Zanella, S. Giorgio, C.R. Henry and C. Louis, J. Phys. Chem. B
2002, 106, 7634-7642.

O. A. Simakova, E. V. Murzina, P. Miki-Arvela, A.-R. Leino, B. C.
Campo, K. Kordas, S. M. Willfér, T. Salmi and D. Y. Murzin, J.
Catal. 2011,282, 54-64.

I. V. Delidovich, B. L. Moroz, O. P. Taran, N. V. Gromov, P. A.
Pyrjaev, 1. P. Prosvirin, V. 1. Bukhtiyarov and V. N. Parmon, Chem.
Eng. J. 2013,223, 921-931.

A. Hugon, N. E. Kolli and C. Louis, J. Catal. 2010,274, 239-250.

S. Kanaoka, N. Yagi, Y. Fukuyama, S. Aoshima, H. Tsunoyama, T.
Tsukuda and H. Sakurai, J. Am. Chem. Soc. 2007, 129, 12060-12061.
A.Li, S. Tang, P. Tan, C. Liu and B. Liang, J. Chem. Eng. Data
2007,52, 2339-2344.

S. Klitgaard, A. DeLa Riva, S. Helveg, R. Werchmeister and C.
Christensen, Catal. Lett. 2008, 126, 213-217.

J. Zakzeski, P. C. A. Bruijnincx, A. L. Jongerius and B. M.
Weckhuysen, Chem. Rev. 2010, 110, 3552-3599.

D. Sachdev, A. Dubey, B. G. Mishra and S. Kannan, Catal. Commun.
2008, 9, 391-394.

C. Fargues, A. Mathias, J. Silva and A. Rodrigues, Chem. Eng.
Technol. 1996, 19, 127-136.

K. Niemeld and E. Sjostrém, Carbohydr. Res. 1985, 144, 93-99.

A. M. Vannice, Kinetics of Catalytic Reactions, Springer USA, 2005.
F. van der Klis, A. E. Frissen, J. van Haveren and D. S. van Es,
ChemSusChem 2013, 6, 1640-1645.

C. Della Pina and E. Falletta, Catal. Sci. Tech. 2011, 1, 1564-1571.
S. Horikoshi and N. Serpone, Catal. Sci. Tech. 2014,4, 1197-1210.
Y. Liu, H. Tsunoyama, T. Akita and T. Tsukuda, J. Phys. Chem. C
2009, 113, 13457-13461.

50



	Abstract
	Preface
	List of original publications
	List of other publications
	Author’s contribution
	Abbreviations
	Table of contents
	1 Introduction
	2 Scope of the thesis
	3 Literature review
	4 Results and discussion
	5 Conclusions
	References

