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Abstract

Abstract

The catalytic hydrolysis and hydrogenolysis of aromatic ethers have been explored on
supported metal catalysts. Palladium is highly selective for reductive hydrolysis and
transetherification in water and alcohols, respectively. Partial hydrogenation of one
aromatic ring prior to the insertion of H>O or alcohol has been identified. Kinetic analysis
suggests that hydrogenolysis is catalyzed via a (concerted) addition of hydrogen, cleavage
of the C-O bond and formation of a phenoxy group, the critical step has being aided by a

strong interaction of the ether oxygen with the metal.

Kurzzusammenfassung

Die katalytische Hydrolyse und Hydrogenolyse von aromatischen Ethern wurden an
getragerten Metallkatalysatoren untersucht. Palladium ist hochselektiv flr die reduktive
Hydrolyse bzw. Uméatherung in Wasser und Alkoholen. Die partielle Hydrierung eines
aromatischen Rings vor dem Einbringen von H>O oder Alkohol wurde identifiziert. Die
kinetische Analyse deutet, dass die Hydrogenolyse durch (konzertierte) Zugabe von
Wasserstoff, Spaltung der C-O-Bindung und Bildung einer Phenoxygruppe katalysiert
wird. Der geschwindigkeitsbestimmende Schritt wird durch eine starke Wechselwirkung

des Athersauerstoffs mit dem Metall unterstiitzt.






Table of contents

Table of Contents

ACKNOWIBAGEIMENT ...ttt b bbb e n e neene b i
AADSTTACT ...t b e i
KUIZZUSAMMENTASSUNG .....vrevieiveciie ittt st et s re et e be s seesbesbaesaesaeess e besnsesbestaeeesresneenrens iii
TaDIE OF COMLENES ...t bbbt bbb %
Chapter 1 INTrodUCTION..........c..ccooeeeceeecee e 1
1.1 General DACKGIOUNG ........cviiiiiieiiii ettt 2
1.2 Importance of the cleavage of aromatic C-O DONS...........ccceriiiiiiiniieiecee e 5
1.2.1 Depolymerization OF HGNIN .......cooiiiiii e 5
1.2.2 Activation of carbon 0XYgen DONG.............coueiiiiiiiiiieeee e 8

1.3 Reaction routes of reductive conversion of aryl ethers...........cccoeiriiiiieice 9
1.3.1 HYArOgENOIYSIS ...ttt sttt st e te e e s beera e tesre e e nre e 11
IR T o LYo [ (0] 12T SRRSO 14
1.3.3 HYArOQENALION. .....cuviiiiiiieiic ettt ettt sttt be et e e ae e st esbe e esbeeteesbesneenrenre e 15
1.3.4 REACIONS OF PRENOIS .....ociiiiicic ettt sre e e 16

1.4 MECRANISTIC STUIES ...ttt 20
1.5 SCOPE OF ThiS thESIS. .. .eviiiecii ittt b e be e besreenresre e 22
1.6 RETEIBNCES ...ttt b etttk b et b bbb 24

BONUS ... 29
2.1 INEFOTUCTION ...ttt bbbt bbb b bt s bbbt e e 30
2.2 EXPEIIMENTAL .....o.eiiiiiiie bbbt b e bbbttt e 31

2.2.1 Chemicals and commercial CatalyStS .........ccoiiiriiiiiiic e 31
2.2.2 CatAIYSE TESTING ..ottt bbbttt n e 31
2.3 RESUIL ANG GISCUSSION ...ttt ittt ettt bbbt bbb ne e 32
2.3.1 Kinetic studies of supported palladium catalystS..........cccoceveiieiiiie e 32



Table of contents

2.3.2 Control experiments of 1-phenoXyCYCIONEXENE........c.ccvviiiieieeie e 37
2.3.3 Hypothesis of the reaction mechanism of reductive hydrolysis............cccccevvviiviiciviieiennns 38
2.3.4 Isotope labelling experiments by Ha80 ... 39
2.4 CONCIUSTONS. ..ottt bbbt bbbt 42
2.5 ACKNOWIEAGEMENTS ... .c.iiiiieiie ittt st e s be e e s b e sta e besbeeneesbesneennenreans 43
BT A o] 1< o [ OSSPSR 43
2.6.1 Derivation of rate EQUALIONS ..........ccueiiiieie et et sresra e sre s 43
2.7 RETEIBICES. ...ttt bbb bbb bbb 47

Chapter 3 Palladium Catalyzed Reductive Insertion of Alcohols in Aryl

ETNEE BONGS ... 49
B L INEFOTUCTION ...ttt bbbt bbbt et b bt nn e 50
3.2 EXPEIIMENTAL .....c.eiiieiie ettt 51

3.2.1 Chemicals and commercial CatalyStS ...........ccovriieriieiiiiees s 51
3.2.2 CatAlYST TESTING ... e eueeiieeietisteete sttt b ettt 52
3.3 RESUIL ANG GISCUSSION ......eiuiiiititeitete ettt bbbttt b e 52
3.3.1 Reactions of diphenyl ether and related compounds on Pd/C in methanol.......................... 52
3.3.2 Control experiments for 1-phenoXyCyCIONEXENE .........cccveviiiiieieiece e 56
3.3.3 Control experiments for CyCIONEXANONE ..........c.coviiieiiiiicicce e 58
3.3.4 Reaction of higher alcohols and other ethers..........c.ccoveviiiiici s 60
3.4 CONCIUSTONS. ...ttt bbbt bbbt ne et n e nn e ns 62
3.5 ACKNOWIEAGEMENTS........eiieiei ettt ettt ettt e see et e e sreeneeseeeneeneesee e 63
RGN o] 1< o | ST TSRP 63

3.6.1 Equilibrium between cyclohexanone, methoxycyclohexene and dimethoxycyclohexane ..63

A =Y (=T (=] Lo TR 64

Chapter 4 Mechanistic Studies of Hydrogenolysis of Aryl Ethers Catalyzed

by Nickel NaNOPAITICIES. ... 66
L (oo Vw1 (o] o PR TRSRR 67
4.2 EXPEIIMENTAL......cueiiiiiicie ittt ettt e te e e st e e se e beeseebesteeneesaeeteenbenre s 67

Vi



Table of contents

4.2.1 Chemicals and commercial CatalYStS ........c.ccvviieieiiiie i 67
O O 1 - | )£ B (=) (-SSR 68
4.2.3 DFT CAICUIALIONS ...ttt 68
4.3 RESUIT AN DISCUSSTON ...ttt et 69
4.3.1 Reactions of diphenyl ether over Ni catalyst in water and decalin...........c.ccccoeveviviviinennnnnn. 69
4.3.2 Isotopic experiments of diphenyl €ther ... 75
4.3.3 Comparison between diphenyl ether and benzyl phenyl ether...........cccoooeeiiiiiciiiccene 78
4.3.4 Hypothesis for reaction mechanism of hydrogenolysis and DFT calculations.................... 81
4.4 CONCIUSIONS ...ttt bbbt bbbt e bbbt bt neneneas 84
4.5 ACKNOWIBUGEMENTS ...ttt bbbttt bbb b n e 84
4.6 APPENTIX ...ttt b ettt bt bt n e 84
4.6.1 Analysis of D incorporation in the chemicals by MS ... 84
4.6.2 Derivation Of rate QUALIONS .........ccveviiiiiiriisie e 85
4.6.3 Discussion about diffusion HMITAtION ..........ccccoieiiiicii s 87
A7 RETEIBICES. ... ittt bbbt bbb h bbbt bt bt bbbttt b bt n e 89

Chapter 5 Catalytic Reductive Cleavage of Diphenyl Ether over Noble Metal

CALAIYSES ... 91
5.1 INEFOUUCTION ...ttt b bbbttt b nes 92
5.2 EXPEIIMENTAL.....c.eiiiiiieiicie ettt sttt s b e b e be s ae et e s besae e st e ebeenbesbeereebesreenrenre e 94

5.2.1 Chemicals and commercial CatalyStS ..........ccoviieiiiiiic i 94
T O 1 - 1YL B (=T (SRS 94
5.2.3 Catalyst CharaCterizations ............cooeeieiieeieee ettt enee 95
5.3 RESUIL ANG TISCUSSION ......eviiiiiiiieiier et 95
5.3.1 ReaCtionS iN ECAIIN .........oiiiiiiieee s 95
5.3.2 REACLIONS 1N WALET ...ttt ettt bbbttt nn s 100
5. 3.3 DISCUSSION ...tttk bbbt b bbbttt e et b bttt ettt n s 104
5.4 CONCIUSTONS. ...ttt bbbttt b et r e 105
5.5 ACKNOWIEAGEMENTS.....c.viiiieie ittt e st e et et sreebesbe e e e seeares 106



Table of contents

SRR AN o] 1< o [ SR 106
5.6.1 Particle size and dispersion of supported metal nanoparticles...........ccccoeveviviveiieiierennnn, 106
5.6.2 Reaction details in deCalin ..o 108
5.6.2 ReaCtion detailS iN WALEK ...........coviiiiiiiiiieci e 112

5.7 RETEIBICES. ...ttt b bbbt 116

Chapter 6 SUMMATY ... 119
CUITICUIUM VT ...t b bt e et b b nn e n e 122
LSt OF PUDIICATIONS ...ttt 123
LSt OF PreSENTAtIONS. ......civeiiitieiitcist bbbttt 126
Contribution Of COIADOTAIONS ..........ciiiiii e 127

viii



Chapter 1 Introduction

Chapter 1 Introduction



Chapter 1 Introduction

1.1 General background

Primary energy, energy in nature that has not been subjected to any human engineered conversion or
transformation process, can be non-renewable or renewable. Non-renewable energy resources do not
renew themselves at sufficient rates for sustainable extraction in meaningful human time-frames, such
as fossil fuels (coal, petroleum, natural gas). These are also called finite resources. Renewable energy,
in contrast, is naturally replenished on a human timescale, such as sunlight, wind, rain, biomass and
geothermal heat. Figure 1-1 shows the source of primary energy production in the US from 1949 to
2017. Fossil fuels still dominates the prime energy sources nowadays, while the production of
renewable energy kept increasing in the past 50 years.!

By Source, 1949-2017
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Figure 1-1. Primary energy production (Quadrillion BTU) of the US.
Source: U.S. Energy Information Administration (Monthly Energy Review April 2018)*

Due to the growth of global economy and population, restricted fossil fuels (finite resources) will not
meet the needs of the world’s energy growth. Renewable energy from clean sources, with low
environmental impact, will be much more important in the future. According to the World Energy
Outlook of 2017 (Figure 1-2)? from the International Renewable Energy Agency, renewables capture
two-thirds of global investment in power plants to 2040 as they become, for many countries, the least-
cost source of new generation. The Energy Roadmap for 2050 from the European Commission also
indicates that renewable energy will have a very high share in gross final energy consumption (75 % in
2050) and in electricity consumption (reaching 97 % in 2050).2 The Annual Energy Outlook 2018 from
the U.S. Energy Information Administration gave the renewable growth projections of 1.78 billion

metric tons in 2050.*
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Figure 1-2. Global average annual net capacity additions by type.
Source: International Renewable Energy Agency (World Energy Outlook 2017).2

Renewable energies are continually replenished by nature and derived directly (such as thermal, photo-
chemical, and photo-electric) or indirectly (such as wind, hydropower, and photosynthetic energy stored
in biomass) from the sun, or from other natural movements and mechanisms of the environment (such
as geothermal and tidal energy).® These natural energy sources are turned into usable forms of energy,
such as electricity, heat and fuels, by renewable energy technologies.® Biomass, the term used for all
organic material originating from plants, trees and crops, is one of the main sources of renewable energy
(Figure 1-3). It will be the key to the energy transition until 2030 and beyond, especially for applications
that are not easily converted to electricity or other technologies in the short and medium term (e.g. high

temperature processes in industry, advanced biofuels for road freight, etc.).’
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Figure 1-3. Renewable Energy Consumption of the US (Quadrillion Btu)
Source: U.S. Energy Information Administration (Annual Energy Outlook 2018).4

In addition to the many benefits of renewable energy, biomass is particularly attractive because it is the

only current renewable source of liquid transportation fuel, and the only renewable organic carbon

3
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resource in nature which gives it unique advantage in producing value-added products.®® The ideal
biomass growth and manufacturing scheme is shown in Figure 1-4. The inputs for biofuel production
are CO., H20, light, air, and nutrients. And the outputs are energy to power transportation vehicles and
food. The three main technologies necessary for a carbohydrate economy are (1) growth of the biomass

feedstock, (2) biomass conversion into fuel, and (3) fuel utilization. We will focus on the conversion of

co, recycle Fuel
. Ener
H,0 Utilization 9

CO,, H,0 recycle [
Nutrients

biomass.

Fuel

Production Energy

Non-edible
biocmass

co, —
H,0 .| Biomass
Light —| Growth

)

Separation

4 Biomass
Air —| ¢ t ]
[ ‘[ ranspo Edible
Bi
Nutrients lomass

for Feed

Energy Nutrients Recyle and Food

Figure 1-4. Sustainable production of transportation fuels from biomass in an integrated biomass
production-conversion system.? (Reprinted with permission from reference 8. Copyright © 2006, American
Chemical Society.)

Lignocellulosic biomass is composed of three main fractions, as shown in Figure 1-5, cellulose
(comprises 40 — 80 % of lignocellulosic biomass feedstock), hemicellulose (15 — 30 %), and lignin (10
— 25 %).11! Cellulose consists of a linear polysaccharide with g-1,4 linkages of D-glucopyranose
monomers, and the degree of polymerization of cellulose is approximately 10000 to 15000
glucopyranose monomer units in wood and cotton, respectively.® 22 Unlike cellulose, hemicellulose is
a polymer of five different sugars.? Since cellulose and hemicellulose have been studied for a long
time, well-rounded utilization technologies have been industrially applied for the production of biofuels
and important chemicals from these sources.*?" Lignin is a highly branched, substituted, mononuclear
aromatic polymer found in the cell walls, and the structure and composition of lignin depend strongly
on the type of biomass and even on the part of the plant, so they are relatively intractable.'® Nowadays,
only 5% of lignin is used in low-value commercial applications, as a low-grade fuel for heat and power
applications, or as concrete additive, because direct use of lignin required long pressing time and high
processing temperature due to its extremely low reactivity.®1® While over the last 20 -30 years, there
has been an explosion of research into, and commercialization of, lignin-based products and processes
which add significant value to the material that has been labelled as waste.??2 From an energy point of
view, the depolymerization of lignin to aromatics as an alternative to the petrochemical industry is

probably the most promising way to sustainable utilization of lignin.?® With its unique structure and

4
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chemical properties, a wide variety of bulk and fine chemicals, particularly aromatic compounds, are

also potentially obtainable from lignin conversion.?+-2

Crystalline Structure of Cellulose

o H

é; ’KK:: R ’K“T”"
Cellulose {Crystalling)

Fll

éﬁ; N ’“\“‘°§;§:’J‘i\/ e

Lignin Cellulose Aqueaus Glucose
Seolution
Hemigellulpse {Amorphous)
Biomass
(Cellulose 40-80 %, o Lignin Oxygenateq
Hemicellulose Polyaromatic
15-30 wt%, / ; )
Lignin 10-25%) Yoo Y Lignin Monomers {from left to right):
Vi ‘ “{ Coumaryl, Coniferyl {guaiacyl) and
B (’% j’*‘\» Sinapyl (syringyl) alcahol
A - g
O I
Agueous Xylose,

Acetic Acid and
Other Sugars

Hemicellulose

Amorphous Polysaccharide

Figure 1-5. Structures of different biomass fractions (lignocellulose, cellulose, lignin and hemicellulose)
before and after reactions.® (Reprinted with permission from reference 8. Copyright © 2006, American
Chemical Society.)

1.2 Importance of the cleavage of aromatic C-O bonds

1.2.1 Depolymerization of lignin

Lignin is a class of amorphous tridimensional biopolymer built of three cinnamyl alcohol monomers:
sinapyl alcohol (S), coniferyl alcohol (G) and p-coumaryl alcohol (H), which are linked via C-C and C-
O bonds.?*?” The units and a representative structure of lignin are shown in Figure 1-6. Because lignin
contains much less oxygen than cellulose and hemicellulose, it is ideally a more promising feedstock
for transformation.?®2® The catalyzed conversion of lignin to alkane energy carriers requires a cascade
of reactions for deconstructing and reducing the polymeric and highly oxyfunctionalized material.
Through a variety of depolymerization treatments, e.g. pyrolysis, thermolysis, hydrogenolysis,
gasification, hydrolysis and chemical oxidation, the monomer of aromatics and phenolics could be
obtained by breaking the linkages between the building blocks.*® Because lignin and the derived smaller
structural units have high boiling points, significant energy input is required for catalytic upgrading in

the gas phase. Thus, in order to depolymerize the structures and enable further upgrading at lower
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temperatures, these transformations need to be conducted in the liquid phase. Basically, lignin consists
of a variety of linkages irregularly connecting various aryl ethers, and the proportion of these linkages
varies according to the type of wood, typically more than two-thirds of the linkages in lignin are ether
linkages.®! For example, birch, a kind of hardwood, the proportions of p-O-4-aryl ether, a-O-4-aryl
ether, 4-O-5-diaryl ether, -5-phenylcoumaran, 5-5-biphenyl, p-1-(1,2-diarylpropane) and S-4-(resinol)
are 60 %, 6-8 %, 6.5 %, 6 %, 4.5 %, 7 % and 3 %, respectively.!

OH

P B Aliphatic side chain
a

Aromatic moiety

Sinapyl alcohol (S) Coniferyl alcohol (G) p-Coumaryl alcohol (H)

| A ; B-B, resinol N>/ - » 4 }_\_\
cinnamyl alcohol endgroup C
phenolic endgroup

P % 3 A ‘ Me
)QH\ Y AN { =
MeO OMe
/)
OMe

Figure 1-6. Structures of, the primary building blocks of lignin and a representative structure of lignin.?’
(Reprinted with permission from reference 27. Copyright by the American Society of Plant Biologists.)

In order to convert lignin into aromatic monomeric compounds, catalytic depolymerization process has
been developed over various kinds of catalysts. More than seventy years ago, copper-chromium oxide
catalysts and Raney Ni were used as a catalyst for the conversion of soft wood, with propyl
cyclohexanol, syringol and guaiacol components isolated as main products from the process.*34
Although the process is effective and many different catalysts have been developed, such as Pd/C, Rh/C,
Ru/C, Rh/Al,Os, Ru/Al,Os, zeolite-supported metal catalysts, etc,® reductive pyrolysis is highly
energy consuming.® For lignin valorization, the alternative strategy is based on the deconstruction of
lignin into low-molecular-weight feedstocks followed by sequential upgrading to form useful chemicals
and fuels.?® The depolymerization step is a major challenge. Because of the complexity and variability
of lignin, several simpler, low-molecular weight lignin model compounds have been applied for the

fundamental study of lignin valorization.? The use of lignin model compounds serves several primary
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purposes for the depolymerization of lignin. They contain linkages that resemble those found in the
lignin polymer, such as f-O-4-linkage (5-O-4-aryl ether), a-O-4-linkage (a-O-4-aryl ether), 4-O-5-
linkage (diaryl ether), g-5-likange (phenylcoumaran), o-1-linkage (diphenylmethane), etc. Thus their
conversion provides insight into the degradation and reactivity of the lignin structure as a whole. And
because the model molecules are often found in lignin degradation streams after depolymerization,
upgrading these compounds to high-value chemicals is therefore important. These model compounds
contain only one type of linkage usually, so the analysis of the reaction paths and catalytic performance
are simplified relative to the complicated lignin.*

As mentioned in Figure 1-6, linkages (5-O-4, a-O-4 and 4-O-5) which contain C-O bond are the most
abundant and important linkages in lignin polymer structure. The aromatic components can also be
directly linked by C-C bonds, as in 4-methoxy biphenyl and diphenyl methane. So the cleavage of the
model compounds is divided into three different bond cleavages: carbon-carbon bonds, phenyl alkyl
ether bonds and aryl-aryl ether bonds.*® Some examples for the cleavage of the -O-4 model compound,
containing carbon-carbon bond, phenyl alkyl ether bond and aryl-aryl ether bond, are listed in Figure
1-7. The carbon-carbon bonds in lignin are some of the most difficult bonds to break, and the aliphatic
ether bond is relatively easy to cleave.** The C-C bond dissociation energy in the linkage of lignin is
as high as 384 kJ/mol, so devising a strategy to selectively cleave the C—O bond (bond dissociation
energy: 218-314 kJ/mol) in the linkages can be more efficient.** Because the bond strength of the
aliphatic C-O bond is much lower than the aromatic C-O bond, the cleavage of aromatic C-O bond is
much more challenging. Since the aliphatic C-O bond is usually selectively cleaved in the model
compounds which contain these two kinds of C-O bonds, such as -0-4 and a-O-4 model compounds,**
4 aromatic C-O bond cleavage is usually relevant in aryl-methyl ethers and diaryl ethers which are

relatively difficult to be upgraded.

O  OMe 0

(A)  Meo AL 04 HCOONa MeO ~ OMe
B HCOOH/H,0, 110°C 5 & @

MeO Y OH MeO OH

OMe

0] 0
al 04
(B) Meomp\(j Zn/Nt—L?CI MeOD)K/\OH " H/\(OMe
MeO” ~ Y OH 80°C MeO 7 OH

(C) aol OMe 0
Meo@*ﬁﬁﬁj 5eq. 2 MNaOH , 4.4 eq. H,0, MeOD/LKOH . @EOMG
o o THF :MeOH (1:1),50°C, 1oh Il ok

Figure 1-7. C §-O bond and C-C bond cleavage of -O-4 model compound.*>%° (Adapted with permission
from reference 50. Copyright © 2017, Royal Society of Chemistry.)
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Alkyl-aryl ethers usually undergo Caiyi—O bond cleavage except anisole, and aryl-aryl ethers only
undergo Cayi-O bond cleavage under hydrogenolysis conditions (Figure 1-8).“ And the relative
reactivity of ether substrates is Aryl-OAryl>Ar-OMethyl.5! Considering that anisole is not a model
motif of the structure in the lignin polymer and that we would like to focus on the fundamental
investigation of the cleavage of aromatic C-O bond in lignin model compounds, diphenyl ether is the

most suitable compound to work with.

©\,O\© H, and catalyst © HO\©
\ _— +
\\;O\ H, and catalyst HO
_ > + ~N

Figure 1-8. Hydrogenolysis of diphenyl ether and anisole.5'%2

1.2.2 Activation of carbon oxygen bond

The catalytic cleavage of aromatic C-O ether bond can be tracked back to the work published in 1979.%
In this report, the cleavage of aromatic C—O bond was initiated by nickel insertion, then a nickel
alkoxide intermediate was formed, and it resulted in C—C coupling by reacting with a Grignard’s reagent
(transmetalation and reductive elimination).>® The activation of aromatic ether bond is not only
important in the depolymerization of lignin, but also could potentially open up new possibilities in the
cross coupling while changing logics in organic synthesis with little generation of waste (Figure 1-9).5+
% Due to the high activation barrier for effecting aromatic C-O bond cleavage and the site-selectivity
in the presence of multiple C-O bonds (as we mentioned in the previous section), this cleavage is still

a difficult synthetic problem.5-°

Nu Nu

.OMe -N
il X% il Xy ol X
"\ Catalyst \ Catalyst \

X=0S0O,R,0COR

v Unconventional C-OMe cleavage : # Classical cross-coupling reactions
v Simplest derivatives from phenol : ¢ Low atom- & step-economy
V' Scarce literature precedents i % Ample literature precedents

Figure 1-9. Catalytic functionalization of aryl alkyl ethers vs. ‘“classical’”> C-O electrophiles.>*(Adapted
with permission from reference 54. Copyright © 2014, Royal Society of Chemistry.)

There are many seminal works in homogeneous metal-catalyzed activation of C-O bonds in aryl ether
derivatives, as well as in C-C, C-N, and C-H (hydrogenolysis) bond-formation.>*%* " Mechanistic
insights have also been provided in the past years.5%2 Although significant contributions have been

described in a stoichiometric fashion of heterogeneous catalysis, fewer examples for novel reactions
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and mechanistic studies are found in heterogeneous catalysis. Base on the understanding of elementary
steps for the cleavage of aryl ethers in the heterogeneous catalytic system, new reactions and
mechanisms can be discovered. Here is an example, as shown in Figure 1-10, based on the knowledge
from palladium-catalyzed formal cross-coupling of phenols with amine®*%4, the authors reported

heterogeneous palladium-catalyzed cross coupling of diphenyl ether with amines.®®
R1 R1
0. 1 B2 \ |
R! R N. R
SACENLES) Ri@r“ﬁz

cross-coupling

HHOH
first C(Ar)}-O © © second C(Ar)-O

bond cleavage bond cleavage

Figure 1-10. Palladium-catalyzed formal cross-coupling of diaryl ethers with amines.®® (Reprinted and
adapted with permission from reference 65. Copyright © 2018, John Wiley and Sons.)

1.3 Reaction routes of reductive conversion of aryl ethers

Several attempts have been made in order to develop suitable catalysts and processes for the
breakdown/conversion of diphenyl ether as the model compound. Generally, the cleavage of the C-O
bond in diphenyl ether needs harsh reaction conditions, which yield poor selectivity. Figure 1-11
represents the common reaction pathways, hydrogenolysis, hydrolysis and hydrogenation, of the
conversion of diphenyl ether in liquid phase reactions. Secondary reactions usually happen at the same
time under reductive conditions. The products from hydrogenolysis and hydrolysis are hydrogenated
afterward, and the initial hydronation product, cyclohexyl phenyl ether, can be converted via

hydrogenolysis, hydrolysis and hydrogenation.**

Hydrogenolysis of diphenyl ether produces equimolar concentrations of phenol and benzene which are
then hydrogenated to cyclohexanone/cyclohexanol and cyclohexane, respectively. For the products, if
there is no dehydration/deoxygenation of oxygenates, the molar ratio between hydrocarbons and
oxygenates will be 1:1 via hydrogenolysis. Hydrolysis of diphenyl ether forms 2 moles of phenol which
will be converted to cyclohexanone and cyclohexanol via further hydrogenation. Hydrogenation of
diphenyl ether results in one aromatic ring hydronation product: cyclohexyl phenyl ether. When the
cleavage of aromatic/aliphatic C-OH is nonexistent and the cleavage of hydrogenated products,
cyclohexyl phenyl ether and dicyclohexyl ether is carefully determined, we can calculate the selectivity
of different pathways by analyzing the products distribution. The carbon-based selectivity to
hydrogenolysis is twice the sum of the selectivities to benzene and cyclohexane. The selectivity to
hydrolysis is calculated by subtracting the selectivities of benzene and cyclohexane from the sum of

those of phenol, cyclohexanone and cyclohexanol.
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Hydrogenation

/ Hydrogenolysis OH O R O//O’r O,OH
+ ?

Cyclohexanol

Phenol Cyclohexanone Cyclohexanol

o Hydrolysis OH Hydrogenation o OH
o0 \—/—m g — O - U

Diphenyl ether ;
(4-0-5)

Partial Hydrogenation

L > OO0

Dicyclohexyl ether
0

Figure 1-11. Reaction routes of diphenyl ether and the secondary reactions.

Our group reported the conversion of diphenyl ether over nickel nanoparticles under H; in the aqueous
phase (Figure 1-12). The work showed that the three reactions (hydrogenation, hydrogenolysis and
hydrolysis) occurred in parallel.** 5 Cyclohexanol and benzene are the major products, and more
oxygenates are generated than the hydrocarbons from cleavage. This indicates that the major reactions
are hydrogenolysis and hydrolysis. Cyclohexanol is formed by parallel hydrogenolysis—hydrogenation
and hydrolysis—hydrogenation pathways because phenol is rapidly hydrogenated under the reaction
conditions. Since the initial yield ratio of cyclohexanol to benzene was 7:3 and the initial selectivity of
cyclohexyl phenyl ether was about 13 %, the selectivities to hydrogenolysis, hydrolysis and
hydrogenation of diphenyl ether were determined to be 52 %, 35 % and 13 %, respectively.** °7
Hydrogenolysis and hydrolysis were hypothesized to occur via a C-O bond breaking and recombination
mechanism. The Ar-OAr bond is cleaved into Ar -and OAr fragments at first, for hydrogenolysis, the
abundant dissociated H -atoms on the Ni surface are added to benzene and phenol; for hydrolysis,

subsequent addition of H -and OH (from water dissociation) produces two phenols (Figure 1-13).%
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Figure 1-12. Product distributions for the conversion of diphenyl ether over Ni/SiO: as functions of time.**

(Reprinted and adapted with permission from reference 44. Copyright © 2012, American Chemical
Society.)

Conditions: diphenyl ether (1.70 g), 57 wt % Ni/SiO- (0.30 g), 120 <C, 6 bar Hy, stirring at 700 rpm.

4-0-5 linkage l F

S BDE 377 kJ-mol*

Hydrogenolysis g e

Hydrolysis
& BDE: 477 kJ-mol

43

< L BDE: 437 kJ:mol
Aqueous phase

Figure 1-13. Cleavage of diphenyl ether over Ni catalyst.* (Reprinted and adapted with permission from
reference 44. Copyright © 2012, American Chemical Society.)

1.3.1 Hydrogenolysis

Diphenyl ether is one of the simplest and strongest aromatic ethers, it is stable in supercritical water,%-
% nevertheless it can be cleaved by catalytic hydrogenolysis if hydrogen and an appropriate metal
catalyst are used.”® The hydrogenolysis of C-O bonds in aryl ethers requires high temperatures and
pressures and normally occurs with poor selectivities of aromatics.?® ® Some remarkable works of
Hartwig’s group revealed a new strategy to the hydrogenolysis of aryl C—O bond using homogeneous
nickel (Figure 1-14A) and heterogeneous nickel catalysts (Figure 1-14B) in the presence of NaOBu as
base. Under just one bar of hydrogen at temperatures of 80 to 120 <C, products from hydrogenolysis,

benzene and phenol, are generated without further hydrogenation even at full conversion.™
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Figure 1-14. Hydrogenolysis of diaryl ethers under the catalysis of nickel complex (A) and particles
supported on carbon (B).5* ™* (Adapted with permission from reference 51 and 71. Copyright © 2011,
American Association for the Advancement of Science and Copyright © 2015, John Wiley and Sons.)

Raney Ni has also been found as a considerably highly chemoselective catalyst for transferring
hydrogenolysis of diaryl ethers.”>"® Because it is an extremely active catalyst for hydrogen transfer
reactions, hydrogen gas is no longer needed during the hydrogenolysis when isopropanol is added into
the system as a hydrogen source (Figure 1-15). Phenol was easily hydrogenated to cyclohexanone and
cyclohexanol under the reaction condition, so benzene and cyclohexanol are the major products from
hydrogenolysis of diphenyl ether (Figure 1-15A).72 When acid catalyst (H-BEA-35 zeolite) was co-
added into the system, benzene was the only major product without the formation of saturated products
by the catalytic tandem reactions (Figure 1-15B).™

A Raney Ni /substrate = 5 ™
/\I/O | "Xy, 2-PrOH/substrate = 35 /\I 2 O
| + +
< z 353K A O
Conversion [%]) Carbon-Selectivity (%)
100 48 3 49
B

H-BEA-35/Raney Ni = 0.250

OH OH (0]
0 2-PrOH/substrate = 3.0
n-C4gH34 (Solvent), * * * *

413K,4h
Conversion [%] Carbon-Selectivity [%]
97 87 4 0 0 0

Figure 1-15. Transfer hydrogenolysis of diphenyl ether over Raney Ni in the absence (A) and presence (B)
of acid catalyst.”>" (Adapted with permission from reference 73. Copyright © 2013, John Wiley and Sons.)

A non-metal catalyst was also discovered for the hydrogenolysis under mild reaction conditions. With
5 equiv. of EtsSiH and 2 equiv. of KOt-Bu, the diaryl ethers underwent C-O cleavage with good to
excellent efficiencies (Figure 1-16).” The alkyl organosilicates might be the key reactive species

involved during the reaction, but the detailed mechanism is unclear.
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EtzSiH (3); KOt-Bu (3)
Ay > = Aro—H + Ary,—OH
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Figure 1-16. Catalytic hydrogenolysis of diaryl ethers by triethylsilane.” (Adapted with permission from
reference 74. Copyright © 2013, Royal Society of Chemistry.)

A highly selective protocol for C-O hydrogenolysis not accompanied by hydrogenation of aromatic
rings in appreciable amounts, was partially achieved in the presence of homogeneous nickel and
ruthenium catalysts,® " unsupported nickel nanoparticles,”® Raney Nickel>", supported nickel
nanoparticles™ or a Lewis-base’ under reductive conditions. Nickel-based catalysts have been widely
used,”””® and a base has been sometimes involved to improve the selectivity towards monomeric
aromatics.® 7® Different metal catalysts have also been investigated, such as copper,®-8! ruthenium?®2-83
and rhodium.® And nickel-based bimetallic catalysts, NiM (M = Ru, Rh, Pd and Au), have been tested
for the hydrogenolysis of aryl ethers too.”” 8 The reactions have been performed in organic solvents,
but water has also been used.** 7" An example for the aqueous phase reaction with presence of base is

shown in Figure 1-17, and the conversion is catalyzed by NiAu bimetallic catalysts under hydrogen.8*

10 mol% NI7AU3

o 0 0
©/ O 0/2.7 eq. NaOH o OH .
10 bar H, - o +

H,0, 100 °C
Entry NaOH [eq.] t [h] Conversion [%] 15 [%] 16 [%] 23 [%) 24 (%]
1 0 5 33.7 0.2 17.3 22 05
2 2.7 5 228 4.1 54 08 0.1
3 2.7 15 37.2 6.5 123 14 0.2

Figure 1-17. Conversion and main products yield of the hydrogenolysis of diphenyl ether over NizAus as a
function of the pH amount.® (Adapted with permission from reference 84. Copyright © 2015, Elsevier Ltd.)
Reaction conditions:10 mol % NizAus, NaOH, 10 bar H,, H,O, 100 °C.
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1.3.2 Hydrolysis

As we mentioned before, diphenyl ether is stable in supercritical water.%®-% By adding an acid or base,
diphenyl ether can be converted to phenol via hydrolysis at 460 °C.%58 Figure 1-18 shows the acid and
base catalyzed mechanisms. For base, on the left of Figure 1-18, the mechanism starts with a
nucleophilic attack of a hydroxide anion on the diphenyl ether to provide the intermediate. By
eliminating a phenol molecule, the intermediate decomposes to phenolate which is subsequently
protonated to form the next phenol molecule. For Brensted acid, such as HsPO4® or the proton initially
generated by the dissociation of water®, the protonation of diphenyl ether initiates the reaction, then the
intermediate converts to phenol and phenyl cation by decomposition, the phenyl cation reacts with water
forming a second phenol molecule and a proton afterward. Lewis acids, such as NaCl or Ni(BF4), have
also been used in supercritical water for the hydrolysis of diphenyl ether.8-# Because of the positive
influence of the high salt concentrations, the reaction route for Lewis acid was proposed that H* and
OH- ions in the outer hydration shells of the water clusters were generated from the charge transfer in

the water, and the ions were active species for the diphenyl ether hydrolysis.®’

H

o O/_// ”°© “°©// \\Cre

dominating C- dominating e

H™ +OH == H,0
OH OH

Figure 1-18. The reaction mechanism of acid- and base-catalyzed hydrolysis of ether bonds.® (Reprinted
and adapted with permission from reference 89. Copyright © 2010, John Wiley and Sons.)

Another reaction mechanism, a radical pathway, was also suggested for the conversion of diphenyl
ether in supercritical water. The ether bond is homolytically cleaved generating a phenoxy and a phenyl
radical. Figure 1-19 shows the details of the possible routes for the radicals. These species can
recombine with hydrogen to form phenol and benzene (reaction I), or recombine with themselves which
lead to the formation of dimers such as 4-hydroxy biphenyl (reaction Il and I11) or even higher molecular

compounds (e.g., phenoxy biphenyl).3 8
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Figure 1-19. The reaction mechanism of radical pathway of hydrolysis of diphenyl ether.8® & (Reprinted
and adapted with permission from reference 89. Copyright © 2010, John Wiley and Sons.)

According to the theoretical calculation of the hydrolysis of dipheny! ether, the reaction should proceed
completely above 120 °C at 25 MPa and water/ether ratio of 35:1, it means the reaction is
thermodynamically not limited.*® Our group reported an achievement for the 100 % selectivity of phenol
from diphenyl ether conversion with much lower amounts of base (K.COs) supported on ZrO,.2° The
phenol was generated via an ionic mechanism, show in Figure 1-20. The reaction was induced by the
polarization of the ether bond by the cation. During the reaction, the dispersion and accessibility of the

catalyst, K,COs, was enhanced by supporting it on ZrO-.
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HO, K K* COZ HO, * K o2 O K K cop
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Figure 1-20. Mechanism for the formation of phenol from diphenyl ether in the presence of 3 wt% of 10
wt% K2CO3/Zr0..% (Reprinted and adapted with permission from reference 89. Copyright © 2010, John
Wiley and Sons.)

1.3.3 Hydrogenation

Both heterogeneous and homogeneous catalysts have been developed for reductive C-O cleavage of
diphenyl ether. Under the reductive reaction conditions, cyclohexanol and cyclohexane are the final
products from the hydrogenation of the initial products (phenol and benzene). An alternative method is
turning the aromatic C-O bond to aliphatic C-O bond which is weaker and easier to be broken by other
catalysts. The selective hydrogenation of the aromatic rings of diphenyl ether will generate dicyclohexyl
ether which is still hard to be cleaved via metal catalyst, but easy to be hydrolyzed with acid/base

catalysts. Moreover, selective hydrogenation of aromatic rings plays an important role in the generation
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of all kinds of aliphatic derivatives. So the selective hydrogenation of lignin-derived fragments is also

important.

Heterogeneous ruthenium catalyst was chosen as an example of a selective hydrogenation catalyst in
the discussion below. The Ru-based material has been proven a good catalyst in hydrogenolysis of the
aromatic ether bonds,® *° but ruthenium is also good in selective hydrogenation of aromatic rings.*
The modification of the catalyst could dramatically change the performance. The Ru/C showed good
selectivity for hydrogenolysis of diphenyl ether under mild reaction conditions in isopropanol.® With
the modification of the support, N-doped carbon support, the diaryl ethers are hydrogenated to aliphatic
ethers almost without cleavage of the C-O bonds (Figure 1-21).%2

Substrate Product Yields (%)"
OO 950 84/36" (65/66")
JOROR Jonet 7

jene AORS #
o, cnol 85

® % 91

O CO0 %

0O 86

0 d

Figure 1-21. Selective hydrogenation of diaryl ethers.%? (Adapted from reference 92. Copyright © 2016,
Springer Nature Limited.)
Reaction conditions: 0.5 mmol reactant, 20mg Ru-based catalyst, 2 ml isopropanol, 20 bar H,, 60

T,24h.

1.3.4 Reactions of phenols

Phenol is the initial product from the hydrogenolysis and hydrolysis of diphenyl ether, so the conversion
of phenol is important for the analysis of the reactions of diphenyl ether. On the other hand, phenol, the

simplest phenolic monomer, has been widely chosen to be tested as a model compound for the
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upgrading procedures of bio-derived compounds.®*¢ The investigations for the hydrogenation and

deoxygenation of phenolic molecules are instructive for the reactions of diphenyl ether.

The hydrogenation of phenol over metal catalysts has been extensively reported, this reaction proceeds
mainly in a sequential manner as shown in Figure 1-22A. The aromatic ring of phenol is first partially
hydrogenated to an enol which is unstable and isomerizes rapidly to form cyclohexanone. Then the
cyclohexanone can be further hydrogenated to form cyclohexanol.®”-% In order to stop the secondary
reaction, different catalysts and reaction conditions have been investigated to change the competition
between step 1 and step 2 in Figure 1-22A. An impressive achievement was made by palladium catalyst
with co-added Lewis acid under H..*® Lewis acid played an important role in both step 1 and step 2 for
the selective hydrogenation of phenol (Figure 1-22B). In step 1, the Lewis acid coordination makes the
aromatic ring more active, so cyclohexanone is formed quickly. In step 2, the further hydrogenation of
cyclohexanone was inhibited by Lewis acid—base interaction.®

A j:\ Step 1 [ /(f j) Step 2 /g

~

H
J fast

S

Lewws acid ™

< ) H Lewis acid

-5 O H
D — =
SIa

. -

Figure 1-22. (A) General reaction pathway for hydrogenation of phenol. (B) Possible mechanism of dual
activation in phenol hydrogenation and stabilization of cyclohexanone by Lewis acid % (Adapted with
permission from reference 99. Copyright © 2009, American Association for the Advancement of Science.)

The previous synergistic catalytic system shows the possibility of direct synthesis of ketones from
biomass-derived feedstock. Another pathway, the hydrodeoxygenation, has been broadly investigated
via tandem catalytic reactions by metal and acid catalysts under H,% % The phenol
hydrodeoxygenation which generates cyclohexane proceeds in the aqueous phase through four steps as
shown in Figure 1-23. Phenol hydrogenation, generating cyclohexanone and cyclohexanol, is the first
step, and sequential cyclohexanone hydrogenation to cyclohexanol is the second. These two steps are
catalyzed by a metal catalyst. The third step is the cyclohexanol dehydration to cyclohexene on acid
sites. Then cyclohexene is reabsorbed on the metal surface and finally hydrogenated to cyclohexane.
Different solvents also have been studied, and the reaction pathways are identical for phenol

hydrodeoxygenation with Pd/C and HZSM-5 in polar (hexadecane) and apolar (water) phases.®
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OH H
Pd/C, Hz Pd/C, Hz HZSM-5 Pd/C, H»
Step 1 Step 2 Step 3 Step 4
Hydrogenation Hydrogenation Dehydration Hydrogenation

Figure 1-23. Reaction pathway of hydrodeoxygenation of phenol on dual-functional catalysts of Pd/C and
H-ZSM5.1% (Adapted with permission from reference 100. Copyright © 2014, Elsevier Inc.)
Reaction conditions: 10 g phenol, 80 ml water, 0.20 g Pd/C (1 wt.%), 0.02 g HZSM-5 (Si/Al = 45), 200

<C, 4 MPa H; and stirring at 700 rpm.

The hydrodeoxygenation of substituted phenols has also been widely studied, such as guaiacol and
cresols.82 % 101 The reactions are more complex for the substituted phenols as shown in Figure 1-24.
Three types of C—O bonds, Csp3—OAr, Csp2—OMe, and Cspz—OH, are presented in guaiacol. The bond
dissociation energies are 262-276, 409-421, and 466 kJ/mol, respectively.®® The barrier of C-OH bond
scission should be the highest, and it corresponds well with the experimental result in which the yield
of methoxybenzene was lower than 0.1%.% The hydrogenolysis of C-OMe occurred in parallel with the
hydrogenation of the aromatic ring. Comparing to phenol, the TOF of guaiacol hydrogenation is a
magnitude slower under the same reaction conditions.® The low hydrogenation activity was caused by
the steric influence of the ortho-substituted methoxy group which was concluded to make the coplanar
adsorption of the aromatic ring more difficult compared to phenol and catechol.’? The secondary
reactions (C-O cleavage and hydrogen addition) of the initial products from guaiacol, such as phenol,

anisole and 2-methoxycyclohexanol, are important and worth investigating especially when an acid

OH OH (o] OH
- CH4OH Niy, Hy [5 Nig, Hp
major

Ni, H, TOF¢ Nimzsms = 62 h
CH,

catalyst is added into the system.

(" Hydrogenolysis o~

-H,0
oCHs — =
OH < minor
(5 o-CHs

L NiH 0O NiH, H 1
: TOF. =21h
Hydrogenation Hydrogenation 7-NiHZSM-5

Figure 1-24. Proposed reaction pathway of guaiacol hydrodeoxygenation over Ni/HZSM-5.% (Adapted with
permission from reference 95. Copyright © 2015, Royal Society of Chemistry.)
Reaction conditions: 1 g guaiacol, 0.05 g Ni/HZSM-5, 200 <C, 3 MPa H, (ambient temperature), stirring

at 700 rpm.
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Since hydrodeoxygenation of substituted phenols has been carefully investigated, different mechanisms
have been proposed for the cleavage of the C-O bond in phenol (Figure 1-25). The first mechanism,
transhydrogenation and deoxygenation, has been primarily proposed for bifunctional catalyst systems
which contain metal and acid sites. The metal site catalyzes the hydrogenation of the aromatic ring and
acid site cleaves the C—O bond and dehydrogenates the compound to form the deoxygenated
products.’31%4 This mechanism starts with the hydrogenation of the phenolic compound to an
equivalent cyclic and oxygenated alkane followed by deoxygenation. The C-O bond is weakened by
the hydrogenation of the aromatic ring in the phenolic compound, it leads to a reasonably low activation
energy barrier for the deoxygenation reaction.’® 1% The second mechanism, direct deoxygenation, has
been proposed for metal and oxide catalysts.” 195197 |t initiates with the direct scission of the C—O bond,
followed by the hydrogenation of the aromatic compound to form the products. Due to the strong bond
dissociation energy of the aromatic carbon oxygen bond, high operating temperatures are required for
the C—O cleavage reaction step.’®>% An alternative mechanism to the hydrogenation and direct
deoxygenation mechanisms is the initial tautomerization mechanism.}®° Due to the vertical
adsorption, the phenolic compounds are proposed to undergo a tautomerization to the equivalent ketone,
followed by hydrogenation of the carbon oxygen double bond, and then dehydrated to form the
equivalent deoxygenated aromatic product.l®1° The tautomerization mechanism is theoretically
proved for NiFe bimetallic catalyst. Because of the vertical adsorption of phenolic compounds, the ring
hydrogenation and C—C bond cleavage reactions are limited by reducing the interaction between
aromatic ring and metal surface.’® These mechanistic studies of phenolic compounds give us some

hints to investigate the cleavage of aryl ethers.

Transhydrogenation & Deoxygenation (TH & DO)

CH 0”
H
O~ 0"
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Dehvdrowlation {DHOx)
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Tautomerization & Dehydroxylation (Taut. & DHOXx)

OH Q DHH
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Figure 1-25. Possible deoxygenation reaction mechanisms for phenol on a metal catalyst surface (denoted
by M).!! (Reprinted and adapted with permission from reference 111. Copyright © 2015, American
Chemical Society.)

19



Chapter 1 Introduction

1.4 Mechanistic studies

The reaction pathway, network and product distributions of diphenyl ether over different catalysts have
been widely reported. However, relatively little information relevant to the mechanism of the
conversion of diphenyl ether in liquid phase has been published in detail, especially for heterogeneous
catalysts. Two examples of mechanistic studies of hydrogenolysis of aryl ethers over homogeneous
catalysts are introduced below to show the recent discoveries and the methods applied in the

investigations.

A comprehensive mechanistic analysis of the hydrogenolysis of diaryl ethers catalyzed by the
combination of Ni(COD), (COD = 1,5-cyclooctadiene) and an N-heterocyclic carbene (NHC) was
reported by Hartwig’s group.5® Based on their previous studies about nickel based catalysts,5 " 6 the
authors carefully investigated the rate-determining step and the role of the co-added base (NaOt-Bu)
shown in Figure 1-26. The kinetic measurements showed that the dependences of the initial rate on the
concentration of ether and the concentration of Ni complex were first order, and the dependences on
the concentration of NaOt-Bu and the pressure of H, were zero order. The Kinetic isotope effect from
the reactions in H, and D, was found to be 1.0 =0.1. These data for the hydrogenolysis pathway
indicated that the cleavage of the C—O bond in the diaryl ether by a Ni complex is rate determining, and
the products of this step react with hydrogen and base does not. The control experiments for phenol and
base showed that phenol reacts with the base to form phenoxide which does not react with the Ni

species. The catalyst will decompose in the presence of phenol.®°

Ni(COD);
SIPre HCI
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Figure 1-26. Mechanism for the Ni-catalyzed hydrogenolysis of diaryl ethers with NHC as ligand.®°
(Reprinted with permission from reference 60. Copyright © 2017, American Chemical Society.)
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Small modifications in a catalytic system can cause large changes in mechanism. Martin’s group
showed that the cleavage of aryl ethers might occur along different pathways depending on the catalyst
.62 By experiments and theoretical calculations, they demonstrated that the oxidative addition into the
C-OMe bond by Ni(COD)./PCys does not take place under their reaction conditions, the reaction was
proposed to undergo migratory insertion into the naphthyl C=C bond and elimination of MeOSiR; to

produce a Ni' aryl complex.®?

Apart for the experimental and theoretical studies for active site and the rate-determining step of the
reactions, the isotopic tracing experiments also shed light on the mechanism by which the catalytic
hydrogenolysis of aromatic C-O bonds operates.®? Figure 1-27 shows the mechanisms of
hydrogenolysis of deuterium-labeled NaphOCD3 (Naph = 2-naphthyl) catalyzed by Ni(COD), and SIPr
under H,.5 About 90% deuterium incorporated in the newly formed arene implies that reduction occurs
by B-deuteride elimination from a methoxide ligand. The hydrogen source for the hydrogenolysis was
not the Ho, this indicated that the -H elimination from a nickel alkoxide (left part of Figure 1-27) was
the mechanism rather than cleavage of the Ni—O bond by H> (right part of Figure 1-27).

Mechanism Mechanism NOT

consistent with consistent with

labeling studies labeling studies
o [Ni0] -

D
o~ C“R_{

Dy
C
+ Ha ]
[N ..7_ [N _r,. NIl
R °
0% ™R —o’c“Fz
+ Hsy _ ,
INi%} DH scrambling
HO™ ™R

Figure 1-27. Mechanisms for the conversion of aryl alkyl ethers to arenes by [Ni]0 complex.®* (Reprinted
with permission from reference 61. Copyright © 2012, American Chemical Society.)
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1.5 Scope of this thesis

The object of this research is to develop basic insight into catalyzed reactions of oxygen-containing bio-
derived molecules at the liquid-solid interface of metal catalysts and to use this insight to enhance the
rates along specific reaction pathways to enable conversions at low severity. The model compound,
diphenyl ether, will be used as a practical example to derive the fundamental principles of catalysis at
the solid-liquid interface using detailed kinetic investigations to understand the reaction mechanism.
The ability to describe the practical surface chemistry and active sites on a molecular and atomic level
will enable us to understand the principal mechanisms of catalysis at the solid-liquid interface. The
main task of the present thesis is to provide fundamental understanding of the selective cleavage,
hydrogenolysis and hydrolysis, of aromatic C-O bond in diaryl ether under reductive conditions over
metal catalysts.

Table 1-1 shows the comparison of the selectivities of hydrogenolysis, hydrolysis and hydrogenation at
full conversion of diphenyl ether over five supported metal catalysts under the same reaction conditions.
The selectivity to hydrogenolysis of the metals scale as Ni > Pt > Ru > Rh > Pd, and the selectivity to
hydrolysis scales as Pd > Rh = Ru > Ni > Pt. Palladium shows the highest selectivity (84 %) towards
hydrolysis, and nickel is the best catalyst for hydrogenolysis (64 %). The following will start with the
investigation of hydrolytic cleavage on palladium catalyst, then switch to the mechanistic study of
hydrogenolysis over nickel catalyst, a comprehensive comparison of these metal catalysts will be

presented afterward.

Table 1-1. Selectivities of different reaction routes of diphenyl ether over different metal catalysts.

Catalyst Time/min  Conversion Selectivity

Hydrogenolysis  Hydrolysis Hydrogenation

64 wt. % Ni/SiO; 600 100% 64% 27% 8%
5 wt. % Ru/C 60 99% 23% 42% 36%
5wt. % Pt/C 60 99% 31% 18% 50%
5 wt. % Rh/C 60 100% 8% 42% 50%
5 wt. % Pd/C 360 100% 1% 84% 15%

Reaction conditions: 10 mmol ether, 10 mg catalyst, 80 ml water, 40 bar of hydrogen, stirring at 700
ppm, 150 °C.

In Chapter 2, a new catalytic chemistry is reported for the selective reductive hydrolysis of diaryl and
aryl alkyl ethers over supported metal catalysts in aqueous phase at relatively mild conditions. An
uniquely selective vector is shown, with up to 80 % hydrolysis at complete conversion, e.g., with Pd.

Isotopic labeling and kinetic analysis showed that reductive hydrolysis occurs via a hitherto
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unconsidered mechanism involving partial hydrogenation of the aryl ring and addition of water to form

hemiacetals which rapidly eliminate phenol (R = phenyl) or alcohol (R = alkyl or aralkyl).

In Chapter 3, the metal-catalyzed alcoholysis of aryl ethers in alcoholic solvent is demonstrated by
replacing the water with methanol. This route is initiated by partial hydrogenation of the arene ring to
an enol ether. Thus the strong aryl C-O bond is transformed to a vinylic C-O bond that is easily cleaved
by methanol addition and R-OH elimination. The generality of the chemistry is explored using higher
alcohols and other ethers.

In Chapter 4, mechanistic studies of nickel nanoparticles-catalyzed hydrogenolysis of aryl ether has
been carried out in polar and apolar phases under reductive conditions. Hydrogenolysis was observed
as the major route of the conversions of diphenyl ether in both solvents, which initially generates
benzene and phenol. Hydrogen dependence and isotopic experiments of the hydrogenolysis showed that
hydrogen addition is involved in the rate determining step. The reaction mechanism was concluded to
be initiated by one hydrogen addition to the aromatic ring, then the weakened C-O bond cleaves on the

metal surface.

In Chapter 5, the comparison of the reactivities and the selectivities of the reactions over four noble
metal catalysts, Ru/C, Pt/C, Rh/C and Pd/C, in polar (water) and apolar (decalin) solvents is presented.
The aromatic C-O bond is cleaved hydrogenolytically and/or hydrolytically, while in parallel the
aromatic rings are hydrogenated without changing the molecular backbone. In decalin, only
hydrogenolysis was observed for C-O cleavage and the selectivity varied from 2 % to 21 %. For each
metal catalyst, the selectivity to hydrogenolysis did not change dramatically in water compared to
decalin. The preference to hydrogenolysis of the C-O bond over hydrogenation of the aromatic ring
increases in the order Pd/C < Rh/C < Pt/C = Ru/C, this is due to the differences of oxophilicity of
different metal catalysts. For hydrolysis in water, a reverse trend was observed. Because the reductive
hydrolysis occurs via partial hydrogenation (two hydrogen addition) and the mechanism occurs in
parallel with hydrogenation, more reductive hydrolysis is obtained when the selectivity of
hydrogenation is higher. We concluded that the reaction mechanisms of reductive hydrolysis and
hydrogenolysis remained the same, as we established in Chapter 2 and Chapter 4, over different metal
catalysts (Ni/SiO,, Ru/C, Pt/C, Rh/C and Pd/C) in different solvents (water and decalin).

The summary, conclusion and a brief outlook are given in Chapter 6.
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Chapter 2 Palladium Catalyzed Hydrolytic Cleavage of Aromatic C-O
Bonds

Palladium catalyzes reductive hydrolytic cleavage of aromatic ether C—O bonds with high
selectivities via a hitherto unconsidered mechanism involving partial hydrogenation of the
phenyl group to a vinylic ether that rapidly adds water to form a hemiacetal which then

undergoes elimination to cyclohexanone and phenol/alkanol products.

This chapter is based on the article: Wang, M. et al. Palladium-Catalyzed Hydrolytic Cleavage of Aromatic
C-0O Bonds, Angewandte Chemie International Edition 2017, 56 (8), 2110-2114. Copyright (2017), with
permission from John Wiley and Sons and Copyright Clearance Center. (license number: 4395600214446) M. W.
designed and performed the experiments, did the data analysis and wrote the manuscript. H. S., D. M. C. and
J.A.L. contributed with discussion of results and with correction of the manuscript.
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2.1 Introduction

Catalytic cleavage of C-O bonds in aromatic ethers is an important step for the conversion of oxygen-
rich lignocellulosic plant biomass to deoxygenated fuels and commercial chemicals*® and is challenging
because of the strength and stability of these linkages.®*! Cleavage of C-O bonds can occur via
oxidation,*>™® transfer hydrogenation,***> hydrogenolysis,'®*° hydrolysis/solvolysis?>?* and radical-
mediated? pathways, among others.> 2® Hydrogenolytic cleavage of strong aryl C-O bonds over
heterogeneous metal catalysts requires high temperatures and H. pressures and occurs along with arene
reduction.® ! In a recent breakthrough, Hartwig and co-workers used homogeneous nickel complexes®’
in the presence of NaO'Bu base to catalyze selective cleavage of aryl C-O bonds at relatively mild
condition in m-xylene solvent, without hydrogenating the arene rings and cleaving aliphatic C-O bonds.
The reaction could also be accomplished using Ni nanoparticles.'®° Supported Ni or NiM (M = Ru,
Rh, Au and Pd) bimetallic catalysts can catalyze this cleavage at significantly higher rates in water, but

always lead also to some extent of ring saturation.6 242

Hydrolysis of the aromatic C-O bond is known to be challenging, requiring harsh conditions such as
using water near or above its supercritical point or strong acids/bases at high temperatures.?®-?’
Supported Ni catalysts have been observed to promote hydrolysis in the presence of Hy, although to a
lesser extent than to hydrogenolysis.?* He et al. hypothesized that hydrolysis occurs along the same
reaction path as hydrogenolysis, with cleavage of ether bonds by Ni and subsequent addition of H -and

OH -(from water dissociation).?*

Here, we report that supported Pd catalysts are active and highly selective toward ether hydrolysis (>
80 % at complete conversion) at relatively mild temperatures (~200 °C) in aqueous phase with
pressurized H; (typically 40 bar) present. As opposed to the conventional acid-catalyzed hydrolysis
(ArOR + H,O—ArOH + ROH), we show that hydrolytic aryl ether cleavage on Pd occurs by a hitherto
unconsidered mechanism requiring H, addition followed by the water attack. Hereafter, we define this
pathway as “reductive hydrolysis” (CsHsOR + nH; + H,O0—CsHs+2:)O + ROH). Prior work with Pd
catalysts has not identified this reaction, due to the use of non-aqueous®®%° or water-alcohol* solvents
(the alcohol serving as hydrogen donor instead of H,) which disfavor reductive hydrolysis making the

hydrogenation and/or hydrolysis steps uncompetitive with hydrogenolysis.
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2.2 Experimental

2.2.1 Chemicals and commercial catalysts

The chemicals were purchased from commercial suppliers and used as provided: diphenyl ether (Sigma-
Aldrich, >99% GC assay), cyclohexyl phenyl ether (Sigma-Aldrich, >95% GC assay), 2-phenylethyl
phenyl ether (Frinton Laboratories, >99% GC assay), n-butyl phenyl ether (Sigma-Aldrich, >99% GC
assay), cyclohex-1-enyl phenyl ether (eNovation Chemicals, 95%), benzene (Sigma-Aldrich, >99.5%
GC assay), phenol (Sigma-Aldrich, >99% GC assay), cyclohexanone (Sigma-Aldrich, >99% GC
assay), cyclohexanol (Sigma-Aldrich, >99% GC assay), dichloromethane (Sigma-Aldrich, >99.5% GC
assay), 5 wt. % Pd/C (Sigma-Aldrich), 5 wt. % Pt/C (Sigma-Aldrich), 64 wt. % Ni/SiO;, (Strem
Chemicals, Inc.), Hz (>99.999%), N2 (> 99.999%), H,'®0 (Cambridge Isotope Laboratories, Inc., 99.9

%) and normal H,O (Milli-Q, ultrapure water dispenser system).

The dispersion of the 5 wt. % Pd/C is 31 % as measured by H, chemisorption.* The 0.2-wt. % Pd/C
catalyst was prepared by mixing 0.1 g of the 5 wt. % Pd/C with 2.4 g activated carbon (Sigma-Aldrich,

Darco®, 20-40 mesh), manually stirring and shaking the mixture for 3 hours to promote homogeneity.

2.2.2 Catalyst testing

The detailed reaction conditions are described in the figure captions and table footnotes. Typically, the
reactions were carried out in a Parr autoclave reactor (Series 4848, 300 mL) in the presence of H; or
N. First, the ether, catalyst and solvent (water or decalin, 80 mL) were added into the Parr reactor at
room temperature. After the reactor was flushed with H, or N three times, the autoclave was pressurized
with Hz or N, and the reaction was conducted at a certain temperature with a stirring speed of 700 rpm.
Although the reduced metal catalysts had been exposed to air during storage, the facile reduction of
oxidized Pd overlayers under reaction conditions®! during heat-up ensured that reactions should be
exclusively catalyzed by metallic Pd. After the reaction, the reactor (300 mL Parr reactor or 2 mL cell)
was quenched to ambient temperature by an ice/water mixture, and the contents in the reactor were
extracted using dichloromethane and analyzed by GC-MS, i.e., an Agilent 7890A GC equipped with a
HP-5MS 25 m %< 0.25 pm (i.d.) column and coupled with Agilent 5975C MS. 1,3-Dimethoxybenzene
was used as an internal standard for quantification purposes. The carbon balances for all the reported
experiments were 90 +5%. The turnover frequency (TOF) was calculated from conversion < 20 % and

based on the number of surface Pd atoms measured by H, chemisorption.

For experiments using isotopically labeled substrates, a 2 mL small reactor cell®! made of 316-type

stainless steel was used, where the ether (50 mg), catalyst (1.0 mg) and water (1 mL) were loaded. Then
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the cell was purged and filled by H, for five cycles at room temperature. The closed cell was pressurized
with 40 bar of hydrogen, heated to 190 <C, and the solution was stirred by a Teflon-coated magnetic
stir bar. After the reaction, the reactor (300 mL Parr reactor or 2 mL cell) was quenched to ambient
temperature by an ice/water mixture, and the contents in the reactor were extracted using

dichloromethane and analyzed by GC-MS.

Because benzene and cyclohexane are generated only by hydrogenolysis (no cleavage of aromatic and
aliphatic C-OH), the C-based selectivity of hydrogenolysis is twice the summed selectivity of benzene
and cyclohexane. The selectivity to hydrolysis is calculated by subtracting the selectivities to
hydrogenolysis and hydrogenation from 100%.

2.3 Result and discussion

2.3.1 Kinetic studies of supported palladium catalysts

Diphenyl ether was first tested as the simplest diaryl ether model that contains one of the strongest
structural links in lignin, the 4-O-5 type linkage (bond dissociation energy: 314 kJ mol™?).% 32 The
pathways for C-O bond cleavage of diphenyl ethers are broadly classified into hydrogenation,
hydrogenolysis and hydrolysis (reductive or non-reductive). Note that not all hydrogenation events are
counted towards the “hydrogenation™ category. Here, “hydrogenation” is limited to reactions that
saturate the aromatic rings without changing the molecular backbone (i.e., cyclohexyl phenyl ether and
dicyclohexyl ether). The kinetic primary products from hydrogenolysis are benzene and phenol (1:1),
while two phenol molecules can be generated from non-reductive hydrolysis of one ether molecule, via

conventional hydrolysis?®?’ or via the path proposed for Ni.?*

As we mentioned in Chapter 1, we firstly evaluated three different supported metal catalysts (Pd/C,
Pt/C, Ni/SiO,) in water at 40 bar Hz (entry 1, 6 and 7, Table 2-1). The dominant pathway was reductive
hydrolysis for Pd (80 - 88 %), hydrogenolysis for Pt (40 %) and Ni (60 %) at quantitative conversions
of diphenyl ether (selectivities given as % carbon unless noted otherwise). The strong preference for
reductive hydrolysis and small extents of hydrogenolysis were confirmed as intrinsic characteristics of
Pd by using other supported metallic Pd catalysts (e.g., Pd/Al,Oz and 10 wt. % Pd/C, entry 2 and 3,
Table 2-1).

The distribution of products was independent of the amount of Pd/C over a wide range of diphenyl
ether:Pd ratios (100-44000). Besides hydrolysis of dipheny! ether also can be catalyzed by acid in harsh
conditions (1 g of ether, 1 g of 15% phosphoric acid, 315 C and 72 h),® we proved the reductive
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hydrolysis over Pd was not acid assisted by control experiments. Adding phosphoric acid together with
Pd/C only changed the reactivity and selectivity of the reaction marginally (Figure 2-1), indicating that
acid-catalyzed pathways do not contribute to the observed reductive hydrolysis of diphenyl ether on
metals at 200 <C.

Table 2-1. Reactions of diphenyl ether.[

Solvent and Carbon selectivity ™, %
Entry Catalyst
atmosphere  pydrogenolysis Hydrolysis Hydrogenation
1 5 wt. % Pd/C H-0, H; 2 88 10
2 5 wt. % Pd/AlLO; H,0, H; 4 80 16
3 10 wt. % Pd/C H,0, H; 2 88 10
4 5 wt. % Pd/C Decalin, H 3 - 97
5 5 wt. % Pd/C H20, N3
6 Pt/C H-0, H; 40 30 30
7 Ni/SiO; H,0, H; 60 38 2

8l Reaction conditions: from entry 1 to 7, reactant was diphenyl ether (1.70 g), catalyst was 10.0 mg 5
wt. % Pd/C, 10.0 mg 5 wt. % Pd/Al;Os, 10.0 mg 10 wt. % Pd/C, 10.0 mg 5 wt. % Pt/C or 300 mg 64
wt.% Ni/SiO;, solvent (80 ml), atmosphere (40 bar gauge pressure of hydrogen at room temperature or
4 bar of nitrogen), temperature was 200 °C, stirring at 700 rpm, reaction time was 2, 12, 1, 2, 12, 0.5,
12 hours respectively. P! Calculated at >95% conversion: hydrogenolysis = 2x(cyclohexane+benzene);
hydrolysis = (phenol+cyclohexanone+cyclohexanol)-hydrogenolysis; hydrogenation = (phenyl
cyclohexyl ether + dicyclohexyl ether).
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Figure 2-1. (A) Different path yields and conversion of diphenyl ether at different reaction times in a
number of control experiments. (B) Product distribution curves from the reaction of diphenyl ether
corresponding to the left side of A.

Reaction conditions: ether (1.70 g), 5 wt. % Pd/C (10.0 mg), water (80 ml), 30 mg 85% HsPO. (when

used), H2 (40 bar gauge pressure at room temperature) or N2 (4 bar gauge pressure at room temperature),
temperature (200 <C), stirring at 700 rpm. The time of reaction being O min means the reactor was
cooled immediately when the temperature reached 200 <C, with the time spent on heat-up being 13-15
min.

The temporal evolution of products during the conversion of diphenyl ether on Pd/C in water was
investigated at 190 <C (Figure 2-2A, Figure 2-3A). Cyclohexyl phenyl ether, phenol and cyclohexanone
were the only primary kinetic products. Importantly, phenol and cyclohexanone were initially formed
in a 1:1 yield ratio (Figure 2-4A), instead of two phenol molecules expected from conventional, non-
reductive hydrolysis.?” As phenol was hardly hydrogenated to cyclohexanone in the presence of
diphenyl ether (Figure 2-2A, Table 2-2), we dismiss the possibility that hydrolysis of diphenyl ether
first forms phenol, of which half is, hydrogenated on the Pd surface to cyclohexanone. The yields of
these products increased linearly for conversions up to 20 %, with constant selectivities of 50 %
cyclohexyl phenyl ether, 25 % phenol and 25 % cyclohexanone. Thus, the initial selectivities toward
reductive hydrolysis and hydrogenation were nearly 50 % and 50 %, respectively (Figure 2-4). As the
reaction proceeded, the yield of cyclohexyl phenyl ether increased to a maximum of 17 % and then
decreased to zero at 100 % conversion (Figure 2-2A). The selectivities to cyclohexanone, cyclohexanol
and dicyclohexyl ether increased, at the expense of phenol and cyclohexyl phenyl ether. At 900 min,
the selectivities to the hydrogenation and reductive hydrolysis products became: 47 % cyclohexanone,
25 % cyclohexanol, 17 % phenol, and 8 % dicyclohexyl ether. Hydrogenolysis (cyclohexane and

benzene) remained low (2-3%) during the entire course of reaction.
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Figure 2-2. Product distribution from the reaction of diphenyl ether (A) and cyclohexyl phenyl ether (B)
over Pd/C as a function of conversion. (C) Reaction pathways and selectivities of diphenyl ether.
Reaction conditions for (A): diphenyl ether (1.70 g, 0.010 mol), 0.2 wt % Pd/C (40.0 mg, 2.3 <10’

mol of Pdsyur+, prepared by diluting the 5 wt. % Pd/C with activated carbon), H,O (80 mL), hydrogen 40
bar, 190 <C, stirring at 700 rpm, time (0 ~ 900 min) and for (B): cyclohexyl phenyl ether (0.18 g, 0.001
mol), 0.2 wt % Pd/C (30.0 mg, 1.7 <107 mol of Pdsu+ ), H20 (80 mL), hydrogen 40 bar, 190 <C, stirring
at 700 rpm, time (0 ~ 540 min). The corresponding yield-time plots are shown in Figure 2-3. The TOF

of cyclohexyl phenyl ether was calculated from separate experiments with cyclohexyl phenyl ether.
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Figure 2-4. (A) Initial part of the product distribution curve of diphenyl ether in Figure 2-2. (B) Different
path yields calculated from the product yields of diphenyl ether shown in Figure 2-2, with partial
hydrogenation referring to cyclohexyl phenyl ether and full hydrogenation referring to dicyclohexyl ether.

Table 2-2. Control reaction of phenol and diphenyl ether on Pd/CI4l,

Entry Reactant Conversion (%) TOFP! (s1)
1 0.010 mol  diphenyl ether 8.1 1.9
2 0.020 mol  phenol 8.4 4.0
3 0.010 mol diphenyl ether + 8.0 1.9¢
0.010 mol  phenol ND ND!

8] Reaction condition: reactant, H,O (80 mL), 0.2 wt.% Pd/C (40.0 mg, 2.3 <10 " mol of Pdsyt), 190
<C, 40 bar Hy, time (30 min), stirring at 700 rpm. ™ The turnover frequency (TOF) was calculated based
on the number of surface Pd atoms measured by H, chemisorption. [ For dipheny! ether. [ For phenol,
ND means none detected.

The conversion pathways of cyclohexyl phenyl ether were explored independently (Figure 2-2B). The
major products were cyclohexanol, cyclohexanone and dicyclohexyl ether during the entire 540-min
reaction, with negligible yields of phenol, benzene and cyclohexane. The initial conversion rate of
cyclohexyl phenyl ether (TOF = 0.53 s1) was lower than that of diphenyl ether (TOF = 1.9 s™%). The
selectivities toward reductive hydrolysis and hydrogenation pathways were relatively constant at 87 %
and 13 %, respectively. Under the same conditions, however, no reactivity of dicyclohexyl ether was
observed. Thus, the pathways for C-O bond cleavage of diphenyl ethers are summarized in Figure 2-2C,
accounting for the remarkable increase in reductive hydrolysis with reaction time (Figure 2-4B). As
was for diphenyl ether, the primary products from Pd-mediated reductive hydrolysis of cyclohexyl
phenyl ether were cyclohexanone and cyclohexanol (1:1), in contrast to cyclohexanol and phenol from

conventional hydrolysis.
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To better understand the high selectivity to ether hydrolysis on Pd/C, we also performed the reactions
in decalin (H2 atmosphere) and in water (N. atmosphere). When decalin was used as the solvent,
hydrogenation of the aromatic rings accounted for 97 % selectivity. Cs-0Xygenates were produced in
exactly the same quantity as the sum of benzene and cyclohexane, apparently as a result of the lack of

water to initiate hydrolysis pathways.

Reactions did not occur in water under 4 bar N, even after 12 h (entry 5, Table 2-1). In a control
experiment (Figure 2-1), where the reaction mixture (ether, Pd/C, water) was first heated at 200 <C for
12 h under N7 and then reacted for another 10 min under H, the conversion and product distribution
were identical to those obtained without the first 12 h under N2. In another control experiment with a
reversed order of operation, where the mixture was first reacted at 200 <C for 10 min under H, and then
heated for another 12 h under Ny, hardly any reactions took place while under N> (Figure 2-1). Neither
hydrogenation nor hydrogenolysis occurred in absence of H,. The fact that even hydrolysis did not
proceed in the absence of H, suggests that water does not directly attack the aryl C—O bond of diphenyl
ether to initiate hydrolysis. The results of these control experiments further indicate that no reactive
intermediate forms and accumulates in the absence of H. and that the reactive intermediate for
hydrolysis is also not any of the detectable products. Most likely, hydrolysis of the ether bond has to
follow partial hydrogenation of diphenyl ether to undetected reactive species, existing in amounts below

detection limit.

2.3.2 Control experiments of 1-phenoxycyclohexene

One of such partially hydrogenated, highly reactive intermediates could be cyclohex-1-enyl phenyl
ether, which was tested as the starting substrate under a variety of conditions (Table 2-3). In contrast to
diphenyl ether, this vinylic aryl ether did not undergo hydrogenation, but was hydrolyzed rapidly,
forming equimolar cyclohexanone and phenol (Eqg. 2-1) with a total selectivity of 99.9 % at all
conditions tested (with or without Pd/C, Hz or N2). The reaction occurred already considerably in water
at 100 < without any external catalyst, but was significantly promoted by the presence of Pd/C (Table
2-3). At 190 <C, hydrolysis of cyclohex-1-enyl phenyl ether was also much faster, requiring no catalyst

or Hy, than the conversion of diphenyl ether.

T ol — TOT e

37



Chapter 2 Pd-catalyzed reductive hydrolysis

Table 2-3. Reaction of cyclohex-1-enyl phenyl ether.[?!

Reaction 100 € 190 €
Catalyst (mg) 0 15 15 0 4 4
H N2 H. Ho N  H
Time (min) 60 10
Conversion (%) 13 85 94 72 98 74

. Hydrolysis 99.9 999 999 999 99.9 99.9
Selectivity

(%)  Dehydrogenation ~0.1 ~0.1 <01 ~0.1 ~0.1 <0.1

8l Reaction condition: ether (0.2 g), H,O (80 mL), 0.2 wt.% Pd/C, 100 or 190 <C, 40 bar H; or 4 bar
N, stirring at 700 rpm. 1t takes 25 min to heat up from room temperature to 190 <C in the presence
of Nz, while taking 15 min in the presence of H.

2.3.3 Hypothesis of the reaction mechanism of reductive hydrolysis

Taken together, the above results lead us to propose a novel pathway for the reductive hydrolysis of
diphenyl ether on Pd in the aqueous phase (R = Ph, Figure 2-5). Stepwise hydrogen addition events first
occur at one of the aromatic rings forming two types of ether intermediates. In one, the ether oxygen is
connected to a vinylic carbon (e.g., cyclohex-1-enyl phenyl ether), while in the other, the ether oxygen
is connected to an alkyl carbon (e.g., cyclohex-3-enyl phenyl ether). In principle, these intermediates
can be further hydrogenated to stable ether products (cyclohexyl phenyl ether and dicyclohexyl ether).

However as shown above, vinylic ether intermediates undergo almost exclusively hydrolysis.

The hydrolysis of vinyl ethers in aqueous phase is known to occur even at ambient temperature, via
rate-limiting protonation and fast water addition to form a hemiacetal; in the next fast step, the
hemiacetal eliminates R-OH (one of the stable primary products) and forms an enol which quickly
tautomerizes to a ketone.®* In the case of diphenyl ether, such a mechanistic framework predicts
equimolar formation of phenol (R-OH) and cyclohexanone along the initial reductive hydrolysis
pathway, while for cyclohexyl phenyl ether, cyclohexanol (R-OH) and cyclohexanone will be the stable
primary products from reductive hydrolysis, fully consistent with the experimental observations
discussed above (Figure 2-2). Without partial hydrogenation of the aromatic ring, acid-catalyzed
hydrolysis at the aryl C—O bonds cannot occur at these temperatures (e.g., 200 <C). On metals such as
Pd, olefinic moieties are highly reactive under hydrogenating conditions, preventing direct
chromatographic and spectroscopic observations of the partially hydrogenated intermediates (excepting
cyclohexanone). Therefore, additional experiments were performed to provide evidence for the

postulated reductive hydrolysis pathways.
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Figure 2-5. Postulated mechanistic pathways for reductive hydrolysis of aryl ether on Pd surfaces. R =
phenyl, cyclohexyl, phenylethyl, n-butyl in this work.

2.3.4 Isotope labelling experiments by H20

As diagrammed in Figure 2-5, the mechanism predicts that the initially formed cyclohexanone should
contain oxygen exclusively from water while phenol should contain oxygen solely from the ether. This
was confirmed by isotope labelling experiments using H2'0 and unlabeled diphenyl ether. After one-
half hour at 190 <C (<5% conversion; entry 1, Table 2-4) no 8O was incorporated into the phenol
whereas the cyclohexanone had incorporated >90 % *80. However, the observation of *0O-labeled
cyclohexanone is not a sufficient proof for the hypothesis, since cyclohexanone was observed to also
incorporate 0 under the same conditions presumably via rapid equilibration with the geminal diol
(Figure 2-6).3* On the other hand, the phenol being completely unlabeled is entirely consistent with the
proposed mechanism. If, as an alternative mechanism, ether cleavage preceded H'®O addition or 30OH -
addition (via dissociative water adsorption) to the phenyl and phenoxy fragments, half of the initially

formed phenol would contain 80, in contradiction with the observation.
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Table 2-4. Selectivities (mol. %) of initial products of aryl ethers catalyzed by Pd/C in 20 labeled water.[

18,

O. H H180 (@] (ON OH
O e P e
Conv. <5 %

1 2 3 4 5
Hydrolysis Hydrogenation Hydrogenolysis
entry R 1 2 3 4 5
1 Phenyl 31 26 41 1 1101
2 Cyclohexyl 46 46 8 -
30 Phenylethyl 32 32 5 3 3
4 n-butyl 45 48 7 - -

8 Reaction conditions: ether (50.0 mg), 0.2 wt. % Pd/C (1.0 mg, prepared by diluting the 5 wt. % Pd/C
with activated carbon), water (H2*%0, 1.0 ml), H (40 bar at room temperature), 190 <C, 0.5 h. [ Since
2 and 5 were identical in this case, the selectivity to phenol from hydrogenolysis was inferred from that
of 4. [I The selectivity toward hydrogenation of the R-group (phenylethyl) was 25%.

Ho '80OH
o-dor-Nos
-HZWBQ H,O
PdIC{ Hy Pd}cl Hs

Figure 2-6. Control experiment of cyclohexanone in 50 wt% 80 labeled water.
Reaction condition: cyclohexanone (50.0 mg), 0.2 wt. % Pd/C (1.0 mg), water (1.0 ml), hydrogen (40

bar gauge pressure at room temperature), temperature (190 <C), 0.5 h. Conversion of cyclohexanone to
cyclohexanol was 5 %; the 80/**0 ~ 1 in both the recovered cyclohexanone and the cyclohexanol
product, showing that oxygen exchange in cyclohexanone was fast compared to hydrogenation.
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Figure 2-7. Dependencies of the conversion rates of diphenyl ether on hydrogen partial pressure.
Here, the hydrogenation was counted by summing the yields of cyclohexyl phenyl ether, phenol and

cyclohexanone. The product distributions were obtained at conversions lower than 20 %. Reaction
conditions: ether (1.70 g), 0.2 wt. % Pd/C (40.0 mg), water (8.0 ml), hydrogen (10 — 80 bar gauge
pressure at room temperature), temperature (190 <C), 0.5 —24 h, stirring at 700 rpm.
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Figure 2-8. Arrhenius plots [In(TOF) vs 1/T] for the conversion of diphenyl ether.
Reaction conditions: ether (1.70 g), H.O (80 mL), 0.2 wt.% Pd/C (40.0 mg), 443-473 K, 4 MPa H,

stirring at 700 rpm.

Additionally, we investigated the H, pressure dependencies for hydrogenation and reductive hydrolysis
pathways of diphenyl ether. Product selectivities did not change with H, pressure. The rates of
hydrogenation and reductive hydrolysis were both shown to be first order with respect to the H» pressure
(Figure 2-7). An identical H, pressure dependency for hydrogenation and reductive hydrolysis is

possible, as the conversion is proposed to be initiated by a series of common H-addition steps prior to
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the branching of pathways (Figure 2-5). The disparate activation energies measured for the two
pathways (Figure 2-8) clearly reject the possibility of a common rate-determining step (RDS).
Additional insight comes from the constant reaction order in H, despite 8-fold variation in H, pressure
(10-80 bar). Considering the stronger adsorption of ether and phenol than H-adatoms on Pd surface,?®
3 we conclude that the (sub)surface coverage of H is relatively low on Pd under the reaction conditions.
At low H-coverages, the kinetic observations, i.e., reductive hydrolysis and hydrogenation pathways
showing the same first order in H; but different activation energies, are consistent with a mechanistic
scenario in which the second H-addition is the RDS for the hydrogenation pathway, while the RDS for
reductive hydrolysis occurs after the addition of at least two hydrogen atoms (see Appendix for detailed
derivations of rate expressions). DFT calculations are being undertaken to validate this hypothesis.

To explore the generality of the novel mechanistic framework, we performed reactions of aryl ethers
(Ar-O-R) containing R-groups other than phenyl, i.e., cyclohexyl, 2-phenylethyl and n-butyl, all in
H,'80 at conversions <5 % to minimize the impact of secondary reactions (entry 2-4, Table 2-4). All of
these ethers produced cyclohexanone-'20 and R-**OH as the initial products with a molar ratio of nearly
1:1, confirming that the mechanism depicted in Figure 2-5 also applies to these aryl ethers. Remarkably,
reductive hydrolysis of ethers with Caromatic-O-Caiiphatic linkages always occurred at the stronger aryl C—
O bond, rather than the weaker aliphatic C—O bond, in contrast to the cleavage pattern observed for aryl
alkyl ether on Ni/SiO- in the aqueous phase.?* This should not be seen as a violation of the bond
dissociation energy; instead, it is due to partial hydrogenation of the aromatic ring, leading to vinyl

moieties that are much more reactive toward water attack.

2.4 Conclusions

In conclusion, we have demonstrated that Pd catalysts are active and highly selective (up to 90% at
guantitative conversions) toward the reductive hydrolysis of diaryl and aryl alkyl ethers in aqueous
phase at relatively mild conditions and exhibit very limited hydrogenolysis. We have identified a novel
pathway for the Pd-catalyzed reductive hydrolysis of aryl ethers, which is initiated by partial
hydrogenation of the arene ring to vinyl ether-type intermediates highly susceptible to water attack.
This pathway contrasts the often postulated acid-catalyzed ether cleavage pathway which does not
require H,. It is also distinct from the metal-mediated direct ether cleavage (without direct H,
participation) followed by recombination of the fragments with surface H -and -OH radicals from water
dissociation at the metal surface.?* We currently think the reason that Pd is better at hydrolysis than Ni
or Ptis related to the activity of the metals to catalyze hydrogen addition to C=C bonds. Ni is the slowest

in converting diphenyl ether, giving little hydrogenation product, whereas Pt is fastest at converting
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diphenyl ether and gives the most dicyclohexyl ether. Future work will be directed toward exploring
the effects of ring substituent and understanding the origin of the preference for reductive hydrolysis

pathways on Pd.
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2.6 Appendix

2.6.1 Derivation of rate equations

We derive a set of kinetic expressions that are consistent with the observed rate dependencies on H;
pressure (1%t order, Figure 2-7) and ether concentration (0" order, Table 2-5). We provided arguments

in the main text that the coverage of H-adatoms is very low.

Table 2-5. Reactant dependency of the conversion rates of diphenyl ether. @

TOF DI (s
Mass (g)  Hydrogenation@  Reductive hydrolysis
0.2 1.76 0.92
0.46 1.58 0.75
0.85 1.65 0.87
1.7 1.86 0.97
3.42 1.61 0.83
5.1 1.78 0.81

8 Reaction condition: diphenyl ether, H,O (80 mL), 0.2 wt.% Pd/C (40.0 mg, 2.3 <10" mol of Pdsut),
190 <T, 40 bar Hy, time (30 min), stirring at 700 rpm. ™ Turnover frequency (TOF) was calculated from
conversion under 20 % and based on the number of surface Pd atoms measured by H, chemisorption.
[l The hydrogenation was counted by summing the yields of cyclohexyl phenyl ether, phenol and
cyclohexanone.
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1) Within the mechanistic framework proposed in Scheme 1 (main text), we first assume adsorption for

reactants (ether and H.) and solvent (H,O) are quasi-equilibrated:
Ether adsorption: CeHs-O-R (1) + * = CgHs-O-R*  (Kags coHs-o-r)
H. adsorption: H (g) + 2 * = 2H* (Kads,H2)

H.O adsorption: H.O (I) + * = H,O* (Kads,H20)

Assuming any of the above steps to be rate-determining does not lead to rate expressions consistent
with the observed reaction orders.

2) Hydrogen-addition steps then follow to produce the highly reactive partially hydrogenated vinyl-type
ether intermediates:

15t H addition: C¢Hs-O-R* + H* = C¢Hgs-O-R* + * (K1H= kk_1)
-1

2M H addition: CeHg-O-R* + H* = CeH7-O-R* + * (Ko= lf_
-2

31 H addition: CeH7-O-R* + H* = CeHg-O-R* + * (K= ;‘_3)
-3

The general equation for i-th H addition can be written as:

CeHa+i-O-R* + H* = CgHs+i-O-R* + * (Kin= l:(—"_)

where ki and k.; are the forward and reverse rate constants for the i-th H addition step. Some of the steps
are quasi-equilibrated or kinetically irrelevant, while some could be rate-determining.

3) Potentially, some of the ether intermediates (those with even numbers of H added) can desorb into

the liquid phase, also assumed to be rapid and quasi-equilibrated:
CeHs+i-O-R* = CgHs+i-O-R + * (Kags, cenis+i-o-R ™)

4) Water (adsorbed or liquid phase) attack can potentially occur on any of the surface vinyl-type ether

intermediates (i.e., water addition of the vinylic ethers to hemiacetal):

H20* + CeHs4n-O-R* = CeHg+n(OH)OR™ + * (Ko hydrolysis= M)

k—n,hydrolysis

kn 0 sis’
H20 (1) + CeHs4n-O-R* = CeHosn(OH)OR* (Ki hydrolysis™= —2X2rotysts )

7
k—n,hydrolysis
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5) Hydrolyzed products (hemiacetal) then eliminate ROH, tautomerize and desorb from the surface.

These steps are assumed to be rapid and Kinetically irrelevant.
6) Applying site balance to all surface species, we have:
[*lo = [*] + [H*] + [H20*] + Z[Ether*]

where [*]o is the total number of sites available at the surface, approximated as the number of exposed

surface atoms determined by H, chemisorption

At low conversions, the most abundant ether is the reactant, so it can be reasonably assumed that the
following equation holds:

[*To = [*] (4 + (Kagsn2[H2])%%+ Kads rzo[H20] + Kags.coms-o-rR[CsHs-O-R])
The rate of the reaction equals to the rate of the rate-determining step (RDS): r = rgs

(i) If the RDS is one of the H-addition steps, the rate equation (for the (i+1)-th H-addition to be RDS)
would be:

r = kis1[CoHsi-O-R*][H*]

TOE = " = ki+1Kads,cons—0-r[CoHs ~O—RI(K1nKzh Kir) (Kaas na[Hp) >+
[*lo 1+ (Kadsuz[H21)%%+ KadsH,0[H20] + Kads,cens—0-r[CeHs—O0—R]

(Eq. 2-2)

(ii) If the RDS is one of the water attack steps, the rate equation (for hydrolysis of the n-H-added vinylic

ether intermediate) would be:
I = Kn,hydrolysis[ CeHs+n-O-R*][H20*] (surface water attack)
r= kn'hydr0|ysi5’[C6H5+n'O'R*][HZO] ("C]UId Water attaCk)

TOF _ kn,hydrolysisKads,CsHs—O—R[CGHS_O_R]Kads,HZO[Hzo](KlHKzH---KnH)(Kads,Hz[Hz])o'sn
1+ (Kads,Hz [HZ])0'5+ Kads,HZO[HZO] + Kads,CGHS—O—R[CsHS_O_R]

(surface water attack, Eq. 2-3)

Knhydrolysis Kads,coHs—0-R[C6Hs—O—RI[H;0]1(K1p Ko - Kni) (Kags iz [H21) %™
1+ (Kads Hz[H2)%%+ Kads,H,0[H20] + Kads,ceHs—0-R[CeHs—0—R]

(liquid water attack, Eq. 2-4)

TOF =

7) No appreciable change in the overall reaction order was observed when the pressure of H, ([H2])
varied by a factor of 8, indicating that [H*] is low and can be neglected from the denominator term,
such that:

H-addition RDS:
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TOF = ro_ ki+1Kads,C6H5—0—R[CsHs—O—R](K1HK2H---KiH)(Kads,H2[Hz])o's(iﬂ)
[+]o 1+ KadsH,0[H20] + Kads,cens—0-r[CeHs—O—R]

(Eq. 2-5)

TOF _ kn,hydrolysisKads,CaHs—O—R[CGHS_O_R]Kads,HZO[HZO](KlHKZH---KnH)(Kads,HZ[HZ])O'sn
1+ KadsH,0[H20] + Kads,ceHs-0-r[C6H5—O—R]

(surface water attack, Eq. 2-6)

kn,hydrolysis’Kads,CéHs—O—R[C6H5_O_R][HZO](KlHKZH---KnH)(Kads,HZ[HZ])O'Sn
1 +Kads,H,0[H20] + Kads,cens—0-R[CeHs—O—R]

(liquid water attack, Eq. 2-7)

TOF =

8) The measured reaction orders in H, were close to 1 for both hydrogenation and hydrolysis, but the

activation energies were significantly different, indicating that the two pathways do not share the same

RDS. For hydrogenation pathways, we consider that the second H-addition is the RDS (i = 1 in Equation

2-2). For hydrolysis, the RDS is hypothesized to be the water addition to the double bond in the vinylic

ether. The dependence of rates on the mass of ether reactant (concentration is not presently known)

suggests that empty site and surface adsorbed water are also much smaller in concentrations than ether-

derived species.
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Chapter 3 Palladium Catalyzed Reductive Insertion of Alcohols in Aryl
Ether Bonds

Reductive alcoholysis of aryl ethers catalyzed by palladium in alcoholic solvent is initiated by
partial hydrogenation of the arene ring to an enol ether. Thus cleavage of the strong aryl C-O

bond is achieved via methanol addition to the enol ether and R-OH elimination.

This chapter is based on the article: Wang, M. et al. Palladium-Catalyzed Reductive Insertion of Alcohols into
Aryl Ether Bonds. Angewandte Chemie International Edition 2018, 57 (14), 3747-3751. Copyright (2018), with
permission from John Wiley and Sons and Copyright Clearance Center. (license number: 4395620796670) M.
W. designed and performed the experiments, did the data analysis and wrote the manuscript. O. Y. G., D. M. C.
and J.A.L. contributed with discussion of results and with correction of the manuscript.
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3.1 Introduction

Lignin, which contains 40 % of the energy content in lignocellulose, has been widely studied as
feedstock for energy and chemicals production.® These studies show that profoundly new approaches
are needed for the potential value in lignin to be realized. New catalysts, reactions, and mechanistic
insights are required for efficient lignin depolymerization and selective deoxygenation of the resulting
fragments.®*! Because of the strength and stability of the linkages, catalytic cleavage of C-O bonds in
aromatic ethers is an important step in this chemistry.'"%® Several ways of cleaving ether bonds have
been reported in the last decade in addition to the classic acid-catalyzed hydrolytic cleavage. These
include metal-catalyzed hydrogenolysis, hydrolysis or oxidative cleavage.t”-?* Reductive cleavage of
ether bonds is conceptually an elegant pathway to convert (polymeric) ethers to alkanes, alcohols and
other ethers.5 - 22 Of particular interest is the catalysis of solvolytic routes that may conceptually

allow to catalyze more complex reaction products.

In Chapter 2, we reported a detailed study of the mechanism of the selective hydrolytic cleavage of the
arene-oxygen bond in aromatic ethers.?* Initiated by partial hydrogenation of the arene ring to an enol
ether, the aromatic C-O bond is cleaved in this mechanism by insertion of water. Water rapidly adds to
the enol ether to form a hemi-ketal, which undergoes elimination to cyclohexanone and phenol/alkanol
(Eq. 3-1).2+2%

©/O\R 2H, @/O‘R H,0 iﬁ/o\R -ROH (jo
(Eq. 3-1)

Even though water is the cheapest and commonly used solvent for hydrothermal liquefaction of
biomass, it shows lower productivity of the water-insoluble oil product and yields very viscous bio-oil.
Oil-soluble solvent may be a better choice for the depolymerization reaction if the water assisted

cleavage mechanism can be generally expanded to solvent assisted cleavage mechanism.?6-?

Methanol was used as an oil-soluble solvent under supercritical conditions for base catalyzed lignin
depolymerization.?® Recently, Ford and co-authors used copper-doped porous metal oxide catalysts in
supercritical methanol to transform renewable feedstocks, such as cellulose, organosoluble lignin, and
even lignocellulose composites, into organic liquids.® 22 For model compound reactions, alkanol (e.g.,
methanol, ethanol and isopropanol) is also widely used with different metal catalysts in hydrogen as
mentioned before,?*2°30 and apart from full hydrogenation, hydrogenolysis was the other major reaction

pathway.

The question arises now, whether alcohols can also cleave such ether bonds and can be used for
transetherification.®* Indeed, mixtures of ethers and hydrocarbons were obtained from biogenic

polymers in supercritical methanol, indicating that such insertion of alcohols into ether bonds could
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take place, if the carbon atom is sufficiently reactive.5 2 It should be noted in passing that C;-C, alkanols

are also proposed as environmentally benign solvents for bio-oil upgrading under mild conditions.?%-3
32

In principle, the enol ether intermediate (Eg. 3-1) may react in alcoholic solvents to give reductive
alcoholysis products. However, while several examples of the conversion of aryl ethers on supported
metals in alcoholic solvents have been reported,5 22 29-30.32 reductive metal-catalyzed alcoholysis has
not been demonstrated. In contrast, reaction with supported Ni catalysts led predominantly to
hydrogenolysis,*” 2! as also reported for other supported metals.32-33

In order to develop quantitative methanolysis, we report here a mechanistic study of the reductive
methanolysis of diphenyl ether and phenyl cyclohexyl ether as examples of di-aryl ethers as well as
aryl-alkyl ethers. Extending our previous work? on reductive hydrolysis of aryl ethers (e.g., PhOPh and
PhOR) suggests that reduction in methanol should occur as in Figure 3-1 to produce
methoxycyclohexane) and ROH, or when R = Ph, phenol which ultimately is converted to
methoxycyclohexane and cyclohexanol.

- e D
=) +3 Hg - o =] .
- L ] Hydrogenation products
hydrogenation ey

+o Hzl partially ‘ H, _______--f""

hydrogenatinn
- a
e Methanolysis products
—

@/ R *CHiOH O  -ROH [f"lf:j-f“' ~  +H, LfﬁTﬂH
B — e
Eddtlﬂl‘l R-OH elimination ™ hydrogenation ™

Figure 3-1. Reductive methanolysis of aryl ether on palladium.

3.2 Experimental

3.2.1 Chemicals and commercial catalysts

The chemicals were purchased from commercial suppliers and used as provided: diphenyl ether (Sigma-
Aldrich, >99% GC assay), cyclohexyl phenyl ether (Sigma-Aldrich, >95% GC assay), cyclohex-1-enyl
phenyl ether (eNovation Chemicals, 95%), phenol (Sigma-Aldrich, >99% GC assay), cyclohexanone
(Sigma-Aldrich, >99% GC assay), cyclohexanol (Sigma-Aldrich, >99% GC assay), 5 wt. % Pd/C
(Sigma-Aldrich), methanol (Sigma-Aldrich, anhydrous, 99.8%), Hz (>99.999%), N2 (> 99.999%).

The dispersion of the Pd/C was 31 % as measured by H, chemisorption. Pd on the surface was named

as Pdsurf.
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3.2.2 Catalyst testing

The detailed reaction conditions are described in the figure captions and table footnotes. Typically, the
reactions were carried out in a Parr autoclave reactor (Series 4848, 300 mL) in the presence of H; or
N». First, the substrate, catalyst and methanol (80 mL) were added into the Parr reactor at room
temperature. After the reactor was flushed with Hz or N three times, the autoclave was pressurized with
H> or N, and the reaction was conducted at a certain temperature with a stirring speed of 700 rpm.
Although the reduced metal catalysts had been exposed to air during storage, the facile reduction of
oxidized Pd overlayers under reaction conditions* during heat-up ensured that reactions should be
exclusively catalyzed by metallic Pd.

After the reaction, the reactor was quenched to ambient temperature by an ice/water mixture, and 0.5
ml of the contents in the reactor was filtered by a syringe filter (0.2 um PTFE) and analyzed by GC-
MS, i.e., an Agilent 7890A GC equipped with a HP-5MS 25 m %< 0.25 pm (i.d.) column and coupled
with Agilent 5975C MS. 1,3-Dimethoxybenzene was used as an internal standard for quantification
purposes. 1-Methoxycyclohexene and dimethoxycyclohexane were detected and analyzed by MS from
the GC separation.®® The relative response factor of methoxycyclohexane was used for 1-
methoxycyclohexene and dimethoxycyclohexane in GC analysis. Carbon balances in all experiments
were better than 95 %. Turnover frequencies (TOF) were calculated from conversions of < 20 % and
based on the number of surface Pd atoms measured by H, chemisorption. The selectivity is defined as
the number of C atoms in specific products divided by the number of C atoms in the total products,
multiplied by 100%. Because benzene and cyclohexane are generated only by hydrogenolysis (no
cleavage of aromatic and aliphatic C-OH), the C-based selectivity of hydrogenolysis is twice the
summed selectivity of benzene and cyclohexane. The selectivity to reductive methanolysis is calculated

by subtracting the selectivities to hydrogenolysis and hydrogenation from 100%.

3.3 Result and discussion

3.3.1 Reactions of diphenyl ether and related compounds on Pd/C in methanol

In agreement with the above formulated hypothesis, diphenyl ether was almost fully converted on 5 wit.
% Pd/C (conversion = 92 %) after 48 h in H, (Entry 1, Table 3-1) at 200 <C, while no reaction was
observed in N, atmosphere (Entry 2, Table 3-1). Reductive methanolysis is the dominant mechanism
as indicated by the high selectivity to 1-methoxycyclohexane (39 %). Hydrogenolysis occurred to a
minor extent, with only trace amounts of benzene and cyclohexane having been detected (1 %

selectivity). Although the non-reductive methanolysis, i.e., transetherification (generating phenol and
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anisole), may occur in the presence of an acid or base catalyst,* this pathway was not observed on Pd/C.
The reaction order of 0.4 for diphenyl ether (Figure 3-2) points to high coverage of the ether. The
reaction order of 1.7 for H; indicates, assuming stepwise H addition, that the conversion of enol ether

(2H-addition product) is the rate-determining step.

Table 3-1 Reactions of related compounds on Pd/C in methanol.

-

o]

@@P&’ZTOO OO ©°“ @ OOHCF CV\O“’ 00

i j k
. Carbon Selectlwty/% TOF
Entry Reactant Time/h Conv./% b ¢ d e f g h 1 jrk /s
1 a 48 92 6 100 - - 34 39 - - 1 -
2] a 48 - S - -
3 a 0.25 16 80 <1 9 <1 <1 8 <1 <«1 1 0.06
4 b 0.25 10 25 - 2 36 31 1 4 1 0.04
5 c 10 - - - - - - - - - -
6 d 1 20 - - 10 4 60 7 19 - 0.19
70l e 0.1 100 - - - - 100 - - - >4
8 f 10 - - - - - - - - - -

[BIReaction conditions: 20 mg 5 wt. % Pd/C (2.9 %< 10° mol of Pdsu+), methanol (80 ml), reactant (1
mmol for entries 1-5 and 10 mmol for entries 6-8), hydrogen (40 bar gauge pressure at RT), temperature
(200 °C) and stirring (700 rpm). PIN, (4 bar at RT) was used instead of H.. [lLow conversions were not
obtained because of the high reactivity of e. The product distribution did not change when the reaction
time was varied from 0.1 to 10 h.

05 %
051 A ~ B
E 2z
7 1.0} £ 1or
2 E
< g
[=]
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Figure 3-2. Dependencies of the conversion rates of diphenyl ether on concentration of the ether (A) and
hydrogen partial pressure (B).

The reactions were obtained at conversions lower than 20 %. Reaction conditions: ether (0.0005 —0.010
mol), 5 wt. % Pd/C (20.0 mg), methanol (80 ml), hydrogen (10 — 75 bar gauge pressure at room

temperature), temperature (200 <C), reaction time (5 — 150 min), stirring at 700 rpm.
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Figure 3-3. Product distributions for the reactions of diphenyl ether (A) and cyclohexyl phenyl ether (B)
over Pd/C as a function of conversion.
Reaction conditions: ether (0.001 mol), 5 wt % Pd/C (20.0 mg, 2.9 pmol of Pdsyt., ether:Pdsurface = 350),

methanol (80 ml), Hz (40 bar), 200 <TC, stirring (700 rpm). As it takes 15 min to heat up the reactor from
room temperature to 200 <C, the conversion at 0 min occurred during heat up. Time-Yield plots are
presented in Figure 3-4.

As several intermediates were formed during the reaction of diphenyl ether, and many secondary
reactions could occur, compounds b to f in Table 3-1 (entries 4-8) were also reacted in the presence of
Pd/C and H under identical conditions. Compounds b to i were formed at low conversions of diphenyl
ether (Table 3-1, entry 3), while only c, f and g were final products (Table 3-1, Entries 5, 8 and 7),

because they did not react in methanol on the same time scale.

Cyclohexyl phenyl ether (80 %), phenol (9 %) and methoxycyclohexane (8 %) were the main products
at 16 % conversion of diphenyl ether (Table 3-1, Entry 3), indicating that hydrogenation (80 %)
dominates the initial phase of the reactions. In contrast, the selectivity to hydrogenation was much lower
(25 %) and methanolysis, i.e., the sum of products f, g, h, and i in Table 3-1 was much higher (73 %)
in the reaction of cyclohexyl phenyl ether (Table 3-1, Entry 4). Phenol hydrogenation in methanol
occurred with a significantly faster rate (TOF = 0.19 s*) than ether cleavage, forming
methoxycyclohexane as the major product (Table 3-1, Entry 6) and methoxycyclohexene and
dimethoxycyclohexane as minor products. Cyclohexanone reacted with H, and methanol forming
methoxycyclohexane as the only product at 100% conversion (Table 3-1, Entry 7), with a rate (> 4 s%)

even faster than phenol hydrogenation. Thus, in methanol, phenol and cyclohexanone are important
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contributors to methoxycyclohexane. 1-Methoxycyclohexene, however, was not detected as a major
product, due to its high reactivity. As we show later, cyclohexanone, methoxycyclohexene and

dimethoxycyclohexane are hypothesized to be equilibrated.®

. 5| ] | * m| o] % <&
o o oH OH a.. a 0. -
cov. OO O O OO O O Ce0
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Figure 3-4. Yield-time plots for the reactions of diphenyl ether (a) and cyclohexyl phenyl ether (b) over
Pd/C as a function of conversion.

Hydrogenation was the dominant reaction of diphenyl ether (Figure 3-3A) leading to cyclohexyl phenyl
ether as the main product. Dicyclohexyl ether started to form at 35 % conversion. For the reaction of
cyclohexyl phenyl ether (Figure 3-3B), the vyields of three major products, cyclohexanol,
methoxycyclohexane and dicyclohexyl ether, increased continuously during the reaction period, with
almost constant C-selectivities, 36 %, 37 % and 25 %, respectively. For both reactants, diphenyl ether
and cyclohexyl phenyl ether, the initial C-O cleavage products were R-OH (R = phenyl or cyclohexyl,

respectively) and methoxycyclohexane at a 1:1 molar ratio.

The product distributions from diphenyl ether and phenyl cyclohexyl ether are consistent with the
reaction pathways in Figure 3-1. 1-Phenoxycyclohexene is hypothesized to form via hydrogenation of

diphenyl ether, just as 1-methoxycyclohexene has been observed in anisole hydrogenation. 324 3

The ethers converted more than 10 % at 15 min, but did not fully convert after 20 hours (Figure 3-4).
This may due to the reaction order of ether and competitive adsorptions between reactants and products.
For diphenyl ether, the reaction order is not zero which means that the rate will decrease when the

concentration of dipheny! ether drops (Figure 3-2). The competition between intermediates and reactant
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also slows down the reaction, when the reaction starts with mixtures, diphenyl ether and cyclohexyl
phenyl ether, or diphenyl ether and phenol, all the chemicals react at the beginning and the TOFs are

smaller than the TOFs from individual reactions (Table 3-2).

Table 3-2. Control reaction of diphenyl ether, cyclohexyl phenyl ether and phenol on Pd/C.™

Entry Reactants Time/h Conversion / % TOF /st

1 1 mmol diphenyl ether 0.25 16 0.06
2 5 mmol diphenyl ether 1 20 0.10
3 1 mmol cyclohexyl phenyl ether 0.25 10 0.04
4 5 mmol phenol 1 28 0.14
g Lmmol diphenyl ether and 05 13 0.02

1 mmol cyclohexyl phenyl ether 16 0.03
s 5 mmol diphenyl ether and ) 1901 0.05

5 mmol phenol 13Md] 0.03

8] Reaction condition: reactant, methanol (80 mL), 5 wt.% Pd/C (20.0 mg), 200 <C, 40 bar H,, stirring
at 700 rpm. I The conversion of diphenyl ether was calculated by the consumption of diphenyl ether.
[1 The conversion of cyclohenxyl phenyl ether was calculated by summing the consumption and the
estimated generation from diphenyl ether. [ The conversion of phenol calculated by summing the
consumption and the estimated generation from diphenyl ether.

3.3.2 Control experiments for 1-phenoxycyclohexene

As 1-phenoxycyclohexene was generated during hydrogenation of diphenyl ether, methanolysis to 1-
methoxycyclohexene and phenol was hypothesized to occur. To test this hypothesis, 1-
phenoxycyclohexene was reacted with methanol in the presence and absence of H, and of a catalyst. In
addition, the equilibration among 1-methoxylcyclohexene, cyclohexanone, hemiketal and ketal in

methanol was explored under the reaction conditions (Eq. 3-2).

o~ O—
(:/[/O CH5OH ObOH -H,0 O CHzOH OL

Figure 3-5 shows conversion/selectivity data for the reaction of 1-phenoxycyclohexene in methanol
under a variety of conditions (with or without Pd/C, H, or N2). With Pd/C and H, at 200 <C, 1-

phenoxycyclohexene was fully converted in 10 min, which is much faster than the conversion rate of

e}

(Eq. 3-2)

diphenyl ether under the same conditions. The selectivity to hydrogenation (cyclohexyl phenyl ether)
was 28 %; the other products (72 %) could all be attributed to methanolysis. Consistent with

methanolysis (Eq. 3-3), the molar ratio between phenol and methoxycyclohexene or its derived
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compounds  (including cyclohexanone, methoxycyclohexene, dimethoxycyclohexane and
methoxycyclohexane) was 1:1.

PdIC, H, PdIC, N, no Pd/C, H,

100 fo TO o) - 100

80 /N Y {80
e - - °
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Figure 3-5. Control experiments using 1-phenoxycyclohexene as reactant.
Reaction conditions: ether (0.001 mol), 5 wt % Pd/C (0 or 10.0 mg), methanol (80 ml), N (4 bar) or H

(40 bar), 200 <C, stirring (700 rpm). Data points are presented in Table 3-3.

Under N, the Pd/C catalyzed conversion of 1-phenoxycyclohexene was slower than the rates in Hp, and
hydrogenation was not observed (Figure 3-5). The ratio between cyclohexanone, 1-
methoxycyclohexene and the ketal was approximately 2:1:3 at both 10 min and 180 min reaction times,
suggesting that these compounds are equilibrated in the absence of H,. Without the presence of a
catalyst the reaction under H,was even slower than in the presence of catalyst, while equimolar amounts
of phenol and 1-methoxycyclohexene-derived compounds were formed (Eq. 3-3). After 10 min of
reaction under these conditions, only phenol, 1-methoxycyclohexene and 1-,1-dimethoxycyclohexane
were formed, while cyclohexanone was not detected. The absence of cyclohexanone at the initial stage
excludes the possibility that 1-phenoxycyclohexene undergoes hydrolysis (e.g., with adventitious water
in the solvent) which would produce cyclohexanone as the initial product. The interconversion between
1-methoxycyclohexene and the ketal appeared to be fast, in view of the constant ratio of 1:3 during the
entire reaction. In contrast, cyclohexanone increased gradually with increasing reaction time, indicating
that cyclohexanone was a secondary product and that the interconversion between cyclohexanone and
1-methoxycyclohexene was slow without Pd/C. Since methanolysis of 1-phenoxycyclohexene is
competitive with hydrogenation and occurs even in the absence of catalyst (Figure 3-5), we conclude
that the C-O bonds in diphenyl ether and cyclohexyl phenyl ether are cleaved via the enol ether

intermediates, e.g., as shown in Eq. 3-3 for 1-phenoxycyclohexene.
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Table 3-3. Control experiments using 1-phenoxycyclohexene as reactant.

~

O
O CH3OH OH O\ CH3OH O\
+ _—
(j (j (j [ j - CH;0OH

Hy

-H,0 “ H,0  rapid

70 T anon

Selectivities / %

g7 O oo 0C J0

Catalyst Atmosphere Time/min Conv./%

Pd/C Hs 10 100 3 3 5 21 9 28
o N 10 83 49 18 8 24
180 100 52 18 9 21
10 17 49 0 12 39
20 26 49 1 18 32
60 46 48 5 15 32
& 120 66 47 8 12 32
240 99 4 11 12 30

1200 100 50 15 9 26

[BIReaction conditions: ether (0.001 mol), 5 wt % Pd/C (0 or 10.0 mg), methanol (80 ml), N, (4 bar) or
H> (40 bar), 200 <C, stirring (700 rpm).

3.3.3 Control experiments for cyclohexanone

While the conversion of 1-phenoxycyclohexene does not require a catalyst to occur with appreciable
rates, the presence of Pd/C increases the rates tenfold. As a consequence, the equilibrium between
cyclohexanone—methoxycyclohexene is reached about hundred times faster in the presence of catalyst
than in the uncatalyzed reaction. When cyclohexanone was the starting reactant (2" and 3 experiments
in Figure 3-6), the equilibrium between cyclohexanone, methoxycyclohexene and
dimethoxycyclohexane (the ratio being 2:1:3, see details in Appendix) was reached in <10 min in the
presence of Pd/C compared to 24 h in the absence of Pd/C at 200 <C.
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Figure 3-6. Control experiments with cyclohexanone in methanol.
Reaction conditions: substrate (0.001 mol), 5 wt % Pd/C (0 or 10.0 mg), methanol (80 ml), N, (4 bar)
or Hz (40 bar), RT or 200 <C, stirring (700 rpm).

Without H,, dehydrogenation of methoxycyclohexene occurred on Pd forming anisole (3 experiment
in Figure 3-6). With H (4" experiment in Figure 3-6), hydrogenation rapidly reached completion within
10 min, producing only methoxycyclohexane but not cyclohexanol. This indicates that the
hydrogenation rate of cyclohexanone is significantly slower than that of methoxycyclohexene. To test
whether methoxycyclohexane was generated only from hydrogenation of methoxycylohexene and not
by etherification of cyclohexanol with methanol, cyclohexanol was used as the reactant in a control
experiment; products were not detected after 24 h under the same reaction conditions (Table 3-1, entry

8; 5™ experiment in Figure 3-6).

The various pathways for the reaction of diphenyl ether are summarized in Figure 3-7. The C-O bond
cleavage of diphenyl ether in methanol is initiated by partial reduction and methanolysis of the
intermediate enol ether. The initial selectivity to reductive methanolysis is 18 % for diphenyl ether and
73 % for cyclohexyl phenyl ether, lower than the selectivities for reductive hydrolysis in aqueous phase
(49 % and 87 % for diphenyl ether and cyclohexyl phenyl ether, respectively).?* For diphenyl ether, the
difference in selectivities of the two solvents, water and methanol, is attributed to the different rates of
solvolysis of 1-phenoxycyclohexene; e.g., in the absence of catalyst, 72 % of 1-phenoxycyclohexene is
converted in 10 min in water,* compared to 66 % in 120 min in methanol (Figure 3-5). Thus, when 1-
phenoxycyclohexene is formed from partial hydrogenation of diphenyl ether and desorbed from the
metal surface, it reacts rapidly with water, whereas in methanol it re-adsorbs on the metal and is
hydrogenated. Hydrogenation of diphenyl ether accounts for 80% C-selectivity in methanol, as

compared to 49% in the aqueous phase.?* For the conversion of the primary product aryl ether, the initial
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products from Pd-mediated reductive methanolysis are methoxycyclohexene and cyclohexanol (1:1),

the former being rapidly hydrogenated to methoxycyclohexane.
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Figure 3-7. Reaction pathways and selectivities of diphenyl ether in methanol under hydrogen over Pd/C
catalyst.

3.3.4 Reaction of higher alcohols and other ethers

The generality of reductive transetherification was explored using higher alcohols and other ethers. The
results are shown in Table 3-4, Table 3-5 and Table 3-6. The selectivity for conversion of diphenyl ether
to products of reductive solvolysis (predominately, cyclohexanol and C¢H1:-O-R) followed the trend
(Table 3-4):  methanol (72%) > ethanol (47%) > 1-propanol (44%) > 2-propanol (32%). As the
selectivities are determined by the competition between solvolysis and hydrogenation of the
intermediate enol ether, we suggest that addition of R-OH to the double bond in cyclohexenyl phenyl
ether becomes slower than hydrogenation, because of steric hindrance induced in the transition state

and ketal product by the increasing size of the R group (from CHs to isopropyl).
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Table 3-4. Turnover frequencies and reaction pathway selectivities at high conversion of the Pd/C-catalyzed
transformation of diphenyl ether in various alcohols or in decalin as solvent.

Carbon selectivity / % [

Solvent/R-OH TOF /st
Hydrogenolysis  Solvolysis ~ Hydrogenation

Water/H 2.9 2=+1 88 +2 10 2
Methanol/CHs 0.06 2+*1 72 +2 26 2
Ethanol/CH3CH; 0.21 42 47 +5 49 £5
1-Propanol/CH;CH,CH> 0.35 442 44 +5 52 5
2-Propanol/( CHs)2CH 1.6 6 +2 32 +5 62 +5
Decalin 10 3*1 - 97 1

[BIReaction conditions: 20 mg 5 wt. % Pd/C (2.9 x10°° mol of Pdsyt) or 20 mg 0.2 wt. % Pd/C (1.2 x
107 mol of Pdsur+), solvent (80 ml), diphenyl ether (1 mmol), hydrogen (40 bar gauge pressure at RT),
temperature (200 °C) and stirring (700 rpm). TOFs were calculated from conversions of < 20 %. !
Caculated at > 90 % conversion: hydrogenolysis = 2x(cyclohexane+benzene); solvolysis = (cyclohexyl-
OR+cyclohexanol+phenol+cyclohexanone+cyclohexenyl-OR+acetal) - hydrogenolysis;
hydrogenation = (cyclohexyl phenyl ether+dicyclohexyl ether).

Table 3-5. Product selectivities at high conversion of the Pd/C-catalyzed transformation of various aryl
ethers in methanol.[

Carbon selectivity at high conversion / % !

Reactant Hydrocarbons Oxygen-czr:;zig(i:lg cleavage Hydrogenation products
oo 00 o O" GO OO

1 34 39 16 10
CO OO0 SHIGh SRS
1 36 38 25
o0 shohonion ONOH @ﬂwO OO0
1 05 2 17 26
@N o w@

JOROR oo )Q//O/ /O”Ck /O/Q
6 1 18

lBReaction conditions: 20 mg 5 wt. % Pd/C (2.9 < 10°° mol of Pdsurf_), methanol (80 ml), reactant (1
mmol), hydrogen (40 bar gauge pressure at RT), temperature (200 °C) and stirring (700 rpm). [
Calculated at > 90 % conversion.
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When 2-phenylethyl phenyl ether and p-tolyl ether were reacted in methanol, the selectivity to
methanolysis was 40 % and 34 % respectively (Table 3-6). These selectivities are comparable to the
selectivities reported above for diphenyl ether (72 %) and cyclohexyl phenyl ether (73 %). These
observations show that solvolysis on Pd is generally available to aryl ethers, although alcohols that have
bulky alkyl groups are expected to produce low yields.

Table 3-6. Turnover frequencies and reaction pathway selectivities at high conversion of the Pd/C-catalyzed
transformation of various aryl ethers in methanol.[?

TOF Carbon selectivity at high conversion / % !
Reactant [t
S Hydrogenolysis  Methanolysis Hydrogenation
Diphenyl ether (%7 006 2 +1 72 2 26 +2
Cyclohexyl phenyl ether O/O\O 0.04 2 +1 73 +2 25 +2
2-Phenylethyl phenyl o
+ + +
sther ©/ W@ 0.04 3+1 40 +5 57 +£5
p-Tolyl ether /@/"Q 0.03 14 +2 34 +5 52 +5

[[Reaction conditions: 20 mg 5 wt. % Pd/C (2.9 <10 ¢ mol of Pdsu+), methanol (80 ml), reactant (1
mmol), hydrogen (40 bar gauge pressure at RT), temperature (200 °C) and stirring (700 rpm). TOFs
were calculated from conversions of < 20 %. P! Calculated from Table 3-5: hydrogenolysis =
2x(hydrocarbons cleavage products); solvolysis = (oxygen-containing cleavage products) -
hydrogenolysis; hydrogenation = (products from aromatic ring hydrogenation without cleavage).

3.4 Conclusions

In conclusion, the solvolytic cleavage of C-O bonds in diaryl and aryl alkyl ethers on Pd occurs in
alcohols under relatively mild conditions following partial reduction of the aryl ring. Thus, for aryl alkyl
ethers, the aryl C-O bond, rather than the alkyl C-O bond, is cleaved because it becomes a vinylic C-O
bond in the intermediate enol ether. Reductive alcoholysis is initiated by selective partial hydrogenation
of the aryl ring to an enol ether intermediate that is susceptible to attack by alcohols. The attack however,
is slower than attack by water, thus, the selectivity to alcoholysis is lower than for hydrolysis under
comparable conditions.?* We infer that this solvolysis mechanism applies also to a variety metal
catalysts in the presence of H; or reducing equivalents. A determining factor is the selectivity of the

metal to catalyze hydrogenation of the enol ether, a feature that needs to be explored in greater detail.
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3.6 Appendix

3.6.1 Equilibrium between cyclohexanone, methoxycyclohexene and

dimethoxycyclohexane

When reaction was started from cyclohexanone in methanol at 200 <C without catalyst, the equilibrium
between cyclohexanone, methoxycyclohexene and dimethoxycyclohexane was achieved at 24 h (2™
experiments in Figure 3-6), and the ratio being 35:17:48 or 2:1:3. We collected the data at 48 h, the
ratio did not change (34:17:49). In the presence of Pd/C (3" experiments in Figure 3-6), this ratio was
almost reached in 10 min (34: 15:41) and maintained in 24 h (22:9:27). When we measured the reaction
of 1-phenoxycyclohexene (Figure 3-5), methoxycyclohexene was generated initially from
transetherification, then cyclohexanone and dimethoxycyclohexane were formed. The equilibrium ratio

(2:1:3) was reached instantly with Pd/C compare to 4 h in the absence of Pd/C.
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Chapter 4 Ni-catalyzed hydrogenolysis

Chapter 4 Mechanistic Studies of Hydrogenolysis of Aryl Ethers
Catalyzed by Nickel Nanoparticles

Hydrogenolysis was observed as the major route of the conversion of diphenyl ether in water
and decalin under H> over nickel catalyst, which initially generates benzene and phenol. H>
dependence and isotopic experiments showed that hydrogen addition is involved in the rate
determining step. The reaction mechanism was concluded to be initiated by one hydrogen
addition to the aromatic ring by kinetic measurements and theoretical calculations. The

weakened C-O bond cleaves on the metal surface afterward.

DFT (density functional theory) calculations in this chapter were provided by Dr. Donghai Mei (PNNL, USA)
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4.1 Introduction

Activation of the aryl C-O bond in aromatic ethers is a needed strategy for lignin depolymerization'*
and a versatile synthetic step for cross-coupling®®. However it is typically difficult to cleave the strong
aryl C-0 bond.”® The identification and understanding of catalysts that selectively cleave aromatic
C—0 bonds would be a significant advance.'%!’ Recently, transition-metal catalysts, both heterogeneous
and homogeneous, have been identified for both oxidative and reductive cleavage of C—O bonds under
mild reaction conditions.® 18" Nickel-based catalysts are widely investigated because of the unique

selectivity of hydrogenolysis of aryl ethers in the liquid phase.® 15 28-32

Since Hartwig’s group reported homogeneous nickel complexes-catalyzed hydrogenolysis of diaryl
ethers in the presence of NaOtBu® some information relevant to the mechanism of nickel complexes
catalyzed hydrogenolysis of aromatic C-O bonds have been published.!? 15 323 The intermediates,
status of the catalyst, source of the hydrogen and the rate-determining step have been carefully
investigated via experimental measurements? 1> 2% and theoretical calculations®2-*, These mechanistic
studies illustrated large changes in mechanism across the catalytic systems even with small
modifications.®™ Although plenty of nickel based heterogeneous catalysts have shown higher selectivity
and even better reactivity than molecular catalysts for this reaction in polar or apolar phases®! 338,

detailed information for the reaction mechanism over Ni nanoparticles is rare.

Here, we systematically compared the reaction routes of diphenyl ether over supported nickel catalyst
(Ni/SiOy) in polar (water) and apolar (decalin) solvents under H,. Catalytic reactions and kinetic studies
indicate that benzene and phenol are the initial products of hydrogenolysis and hydrogen addition is
involved in the rate-determining step of the catalytic cycle. Isotopic studies show a strong kinetic
isotopic effect (KIEnp=5.7) and identify the position of D in the products by tracing the deuterium.
With density functional theory (DFT) calculations, we show that hydrogenolysis occurs by an
unconsidered mechanism initiated by first hydrogen addition to the aromatic ring. The C-O bond easily

cleaves afterward because of the weaken strength of the bond.

4.2 Experimental

4.2.1 Chemicals and commercial catalysts

The chemicals were purchased from commercial suppliers and used as provided: diphenyl ether (Sigma-
Aldrich, >99% GC assay), cyclohexyl phenyl ether (Sigma-Aldrich, >95% GC assay), benzyl phenyl
ether (Sigma-Aldrich, >98% GC assay), benzene (Sigma-Aldrich, >99.5% GC assay), phenol (Sigma-
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Aldrich, >99% GC assay), cyclohexanone (Sigma-Aldrich, >99% GC assay), cyclohexanol (Sigma-
Aldrich, >99% GC assay), dichloromethane (Sigma-Aldrich, >99.5% GC assay), 64 wt. % Ni/SiO:
(Strem Chemicals, Inc.), H2(>99.999%), N2 (> 99.999%), D, (Sigma-Aldrich, 99.9 atom % D) and
normal H.O (Milli-Q, ultrapure water dispenser system). The dispersion of the Ni/SiO:is 7 % as

measured by H, chemisorption.

4.2.2 Catalyst tests

The detailed reaction conditions are described in the figure captions and table footnotes. Typically, the
reactions were carried out in Parr autoclave reactors (Series 4848, 300 mL reactor for aqueous phase
reactions and 100 mL reactor for decalin) in the presence of H.. First, the catalyst and solvent were
loaded into the reactor at room temperature. After the reactor was flushed with H, three times, the
autoclave was pressurized with Hzto 40 bar, then the reactor was kept at 200 <C or 170 <C for 3 hours
to reduce the catalyst. The reactant was added at room temperature after the reactor was quenched and
the system was flushed with Ha three times again. The reaction was conducted at a certain temperature

with a stirring speed of 700 rpm.

After the reaction, the reactor was quenched to ambient temperature by an ice/water mixture, and the
contents in the reactor from the aqueous phase were extracted using dichloromethane and analyzed by
GC-MS, i.e., an Agilent 7890A GC equipped with a HP-5MS 25 m %0.25 pm (i.d.) column and coupled
with Agilent 5975C MS. Products from reactions in decalin were directly measured after the dilution
by dichloromethane. 1,3-Dimethoxybenzene was used as an internal standard for quantification
purposes. The carbon balances for all the reported experiments were 90 £5%. The turnover frequency
(TOF) was calculated from conversion < 20 % and based on the number of surface Ni atoms measured

by H, chemisorption.

Because benzene and cyclohexane are generated only by hydrogenolysis (no cleavage of aromatic and
aliphatic C-OH), the C-based selectivity of hydrogenolysis is twice the summed selectivity of benzene
and cyclohexane. The selectivity to hydrolysis is calculated by subtracting the selectivities to

hydrogenolysis and hydrogenation from 100%.

4.2.3 DFT calculations

Spin-polarized density functional theory (DFT) periodic slab calculations were performed using the
Vienna ab initio simulation package (VASP).*° The effective cores were described by the projector-
augmented wave (PAW) method.***2 The valence electrons of all atoms were expanded in a plane wave

basis set with a cutoff energy of 400 eV. The Perdew-Burke-Ernzerhof (PBE) functional* was used to

68



Chapter 4 Ni-catalyzed hydrogenolysis

evaluate the exchange and correlation effects. The atomic structures were relaxed using either the
conjugate gradient algorithm or the quasi-Newton method until the forces on all unconstrained atoms
are less than 0.05 eV/A. To involve van der Waals interaction, all calculations were performed using
the optB88-vdW functional.

We used the Ni (111) surface to simulate the elementary steps in hydrogenolysis and hydrogenation of
diphenyl ether. The Ni (111) surface was modeled by a four-layer slab, consisting of 128 Ni atoms, with
a vacuum space of 12 A. The atoms in the bottom two layers were fixed during relaxation and those in
the top two layers together with the adsorbates were allowed to relax. For geometry optimization, a
(1>1x1) k-point grid was used to generate the K-points. The adsorption energy was defined as

Eads = E(adsorbate/slab) - Eadsorbate - E(bare slab)

where E(qasorbate/stab) » Eadsorbate » Epare stab) rePresent the energies of surface slab with the
adsorbate, the isolated adsorbate molecule and the slab, respectively. According to this definition, a
negative value indicates an exothermic process and a positive value corresponds to an endothermic

process. Normal mode analysis was applied to all stable and transition states.

4.3 Result and discussion

4.3.1 Reactions of diphenyl ether over Ni catalyst in water and decalin

The reactions are broadly classified into hydrogenation, hydrogenolysis and hydrolysis, and the
hydrogenation is limited to reactions which saturate the aromatic rings without changing the molecular
backbone (i.e., cyclohexyl phenyl ether and dicyclohexyl ether). The efforts to evaluate the reactions of
diphenyl ether over a supported nickel catalyst under various conditions began with aqueous phase
reactions. The conversions of diphenyl ether were kept below 20 % to minimize the influence of
secondary reactions. At 200 <C (Table 4-1, entry 1), hydrogenolysis is the dominant mechanism (80 %)
as indicated by the high selectivity to benzene (40 %). The slightly lower selectivity of phenol (36 %)
indicates that benzene and phenol (1:1) are the kinetic primary products from hydrogenolysis, and
phenol can be easily hydrogenated under the reaction condition. Since more Cs-OH (phenol is 36 %,
cyclohexanone is 8 % and cyclohexanol is 10 %) was generated than benzene, hydrolysis also occurs

as a minor reaction route in aqueous phase.
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Table 4-1. Reactions and products selectivities of diphenyl ether. [

/Hydrgeonlysis ©/OH @ further hyd ogenatior ©¢o O/OH ~
—_—
NI/SIOZ H2 Hydrogenolysis
solvent Hydrogenatlon

decalin

©/ \O funher reactons Hyd sgenation O/ \O > water

Reductive hydra Iy

Reductive hydroly5|s ©/OH (:/ro furthe hyd ogenatior (:/r O/OH
- —O

Products carbon selectivity / % Reaction selectivity ¢/ %

n Solvent Temp. H, TOF

E
. oH 0 OH _~ 0 o Hydrog Hydrog .
y /e Ihar b/hl© O @ g U Q\OQ\O enolysis enation Hydrolysis

1 Water 200 40 1600 40 - 36 8 10 6 - 80 6 14
2 Water 150 40 140 36 - 6 4 43 11 - 72 11 17
3 Decalin 150 40 830 5 10 1 - 13 61 10 29 71 -
4 Decalin 150 12 300 16 2 1 - 16 57 8 35 65 -
5 Decalin 150 5 160 15 6 1 - 20 56 2 42 58 -

@ Reaction conditions: Diphenyl ether (1.70 g), 64 wt. % Ni/SiO; catalyst (10 mg), solvent (water 80 ml
or decalin 40 ml), stirring at 700 rpm. ® Calculated at < 20 % conversion ¢ hydrogenolysis = 2 x
(cyclohexane+benzene); hydrolysis = (phenol+cyclohexanone+cyclohexanol) - hydrogenolysis;
hydrogenation=(phenyl cyclohexyl ether+dicyclohexyl ether).

Since rapid conversion (TOF = 1600 h™) was observed at higher temperature, the following reactions
were obtained at 150 <C (Table 4-1, entry 2). Hydrogenolysis still dominates the conversion of diphenyl
ether with slightly lower selectivity (72 %) than at higher temperature. Figure 4-1A shows the product
distributions for the conversion of diphenyl ether in water at 150 <C under 40 bar of hydrogen. The
major products were cyclohexanol, benzene and cyclohexyl phenyl ether. Cyclohexanol was formed by
fast hydrogenation of phenol. The yield of cyclohexyl phenyl ether increased at conversions lower than
90 %, then decreased, and the selectivity of hydrolysis slightly increased at conversions higher than 90
% (Figure 4-2), it suggests that cyclohexyl phenyl ether is the primary hydrogenation product and the

increasing selectivity of hydrolysis comes from the hydrolysis of cyclohexyl phenyl ether.
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Figure 4-1. Product distributions as a function of conversion and hydrogen dependencies for the reactions
of diphenyl ether over Ni/SiO2 in water (A) and decalin (C).

The time-yield plots are shown in Figure 4-2 and Figure 4-3. Reaction conditions are listed in the
footnote of Figure 4-2 and Figure 4-3, reaction temperatures are 150 <C and the H; pressure is 40 bar
in water and 12 bar in decalin. For B and D, H, pressure varies from 2.4 to 42 bar.

The reaction orders in H, pressure for the reaction pathways were determined within 3 — 40 bar H;
(Figure 4-1B). The H, dependences for hydrogenation and hydrolysis in the aqueous phase were
measured to be first order (1.1 for hydrogenation and 0.9 for hydrolysis) in the range of 3 — 10 bar Hy,
and they showed similar trends at higher pressures. Since we have demonstrated that the mechanism of
reductive hydrolysis of diphenyl ether over palladium catalysts is initiated by partial hydrogenation
which generates the enol ether as the intermediate,® the observation of the same hydrogen dependencies
between hydrolysis and hydrogenation over nickel catalyst indicates that the hydrolysis undergoes the

mechanism as shown in Table 4-1.
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The reaction order in H, pressure for hydrogenolysis is different from other two pathways, it is half
order (0.6) in the range of 3 — 10 bar H, and shows negative order at higher pressures. This non-zero
order indicates that the hydrogen addition is involved in the rate-determining step of hydrogenolysis.®®
Generally, the changes of the reaction orders in H, were caused by the change of surface coverages of

hydrogen and ether on the Ni surface at H pressure higher than 10 bar in aqueous phase.®
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Figure 4-2. (A) Reaction pathways and selectivities to diphenyl ether on Ni catalyst in water. Time-yield
plots (B) and distributions of the reaction pathways (C) from the reaction.

Reaction conditions: ether (1.70 g), 64 wt. % Ni/SiO; catalyst (20 mg), water 80 ml, 150 <C and 40 bar
of hydrogen at room temperature, stirring at 700 rpm.

The reactions of diphenyl ether were carried out in an apolar solvent (decalin) under different H»
pressures (Table 4-1, entries 3 - 5). The ether converts faster in decalin (TOF = 830 h™) than in water
(TOF = 140 h) under the same H, pressure and temperature. Four major products, i.e., benzene,
cyclohexanol, cyclohexyl phenyl ether and dicyclohexyl ether, were obtained. Hydrogenation
dominates the reaction across the different H, pressures. Because water was not presented during the
reaction, hydrogenolysis is the only C-O bond cleavage reaction in decalin, forming benzene and phenol
(1 : 1), which were further hydrogenated to cyclohexane and cyclohexanol. The ratios between the
selectivity of Cs molecules (benzene and cyclohexane) and Ce-OH molecules (phenol and
cyclohexanol) were close to 1 : 1. Comparing to diphenyl ether (TOF = 290 h), phenol was rapidly
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hydrogenated to cyclohexanone and cyclohexanol in the presence (TOF = 1700 ht) or absence (TOF =
2100 ht) of diphenyl ether, and cyclohexyl phenyl ether (TOF = 110 h') and benzene (TOF = 120 h')
were converted with comparable rates under 12 bar of H, (Table 4-2). The high reactivity of phenol
explained the trace yield of phenol that we obtained in decalin even though phenol is the initial product
from the hydrogenolysis of diphenyl ether. Detailed product distributions of diphenyl ether in decalin
at 150 <C under 12 bar of hydrogen are shown in Figure 4-1C. Cyclohexyl phenyl ether was the major
product at conversions lower than 60 %. Due to the secondary reactions of cyclohexyl phenyl ether, 31
% of hydrogenolysis and 69 % of hydrogenation (Table 4-2), the overall selectivity of hydrogenolysis
was increased from 35 % at low conversion to 44 % at full conversion (Figure 4-3).

Table 4-2. Control experiments for diphenyl ether in decalin

n molar / Time Convers TOF Selectivity / %

Reactant .. 0 A[b]

mmol /min ion/% /h™*™ hydrocarbons oxygenates ethers

1 (JrC) 10 3 11 20 16 2 1 16 57 8
2 (J°C) 10 480 998 - 4 18 22 56
3 (Jr) 10 60 17 110 2 14 15 69
4 (J0U) 10 480 ND. ND.

@("\@ 10 1 52
5 15

N ©0H 20 16 1700
6 [y 20 15 20 2100 31 69
7 C(OH 20 480 N.D. N.D.
8 [J) 20 120 9 120 100

3] Reaction condition: reactant, decalin (40 mL), 64 wt.% Ni/SiO; (10.0 mg, 7.6 x10°° mol of Nisut),
150 <, 12 bar Hy, stirring at 700 rpm. 1 The turnover frequency (TOF) was calculated based on the
number of surface Ni atoms measured by H, chemisorption. ND means none detected.
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In the apolar phase, reaction orders in H, for hydrogenolysis and hydrogenation of diphenyl ether were
determined to be 0.4 and 0.8 within 2.4 — 42 bar of Hy, respectively (Figure 4-1D). The constant reaction
order in H, despite 18-fold variation in H; pressure indicates that the surface coverage of H is relatively
low under the reaction conditions. At low H-coverages, in water and decalin, the kinetic observations,
i.e., hydrogenolysis is half order and reductive hydrolysis and hydrogenation are first order in Hy, point

to a mechanistic scenario in which the first H-addition is involved in the rate-determining step for the

hydrogenolysis pathway (see Appendix for detailed derivations of rate expressions).

In summary, the C-O bond of diphenyl ether was cleaved in decalin via hydrogenolysis while the
reductive hydrolysis route occurred as the other parallel reaction pathway for the C-O bond cleavage in
water under H,. The selectivity to hydrogenation was 11 % in the aqueous phase but 71 % in an apolar

solvent (150 <C and 40 bar of Hy).
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Figure 4-3. (A) Reaction pathways and selectivities of diphenyl ether on Ni catalyst in decalin. Time-yield
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plots (B) and distributions of the reaction pathways (C) from the reaction.

Reaction conditions: ether (1.70 g), 64 wt. % Ni/SiO- catalyst (10 mg), decalin 40 ml, 150 <C and 12

bar of hydrogen at room temperature, stirring at 700 rpm.
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4.3.2 Isotopic experiments of diphenyl ether

In order to validate the participation of hydrogen in the rate-determining step of hydrogenolysis and
understand the mechanism, the conversion of diphenyl ether were obtained under H, and D in decalin
which has fewer reaction pathways and constant reaction order in H, in comparison to water. By
measuring the rates of the reactions, hydrogenolysis and hydrogenation, under an atmosphere of D,
rather than H,, the kinetic isotope effects were found to be 5.7 and 4.8 (Table 4-3), respectively. These
values agree with the hydrogen dependences of rates on the pressure of H, and indicate that hydrogen
addition is involved during the rate-determining step. In addition, the diffusion and activation of H, on
the metal surface were tested by mixing H> and D, under the same reaction conditions (see Figure 4-15
in Appendix), they are not limiting the reaction rates because the H/D exchange between H; and D
reached the equilibrium instantly.

Figure 4-4 and Figure 4-5 show the yields of the products of diphenyl ether over Ni catalyst under 5 bar
of Hz and Do, respectively. The products distributions and the selectivity of the reaction routes are very
close in both atmospheres, which implies that the reaction mechanism does not change when we switch
the gas from H; to D.. Because D-labeled diphenyl ether was observed after the reaction, and the rate
of the H/D exchange between D and ether was found to be comparable to the total conversion of
diphenyl ether (Figure 4-5), decrease of the abundance of D in the gas phase during the reaction should
be noted when we analyze the isotopic effect of the reaction rates and trace the deuterium in the

products.

Table 4-3. Kinetic isotopic experiments of diphenyl ether.®

O,'l. Ni/SiO,, D, oD D further hydrogenation
' — > —_—
decalin

TOF /h? .
Ether Gas Selectivity 01"
Hydrogenolysis Hydrogenation Nnydrogenolysis
: 0. : H> 68 5 95 5 42 %
D> 12 +3 20 4 38 %

KIEnp 5.7 4.8

8] Reaction conditions: diphenyl ether (1.70 g) , 64 wt. % Ni/SiO; catalyst (10 mg), decalin 40 ml, 150
<C, gas pressure is 5 bar at room temperature, stirring at 700 rpm. TOFs were calculated at < 20 %
conversion.
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Figure 4-4. Time-yield plots from the reaction of diphenyl ether over Ni catalyst under Hz in decalin.
Reaction conditions: ether (5.1 g), 64 wt. % Ni/SiO; catalyst (10 mg), decalin 40 ml, 150 <C and 5 bar

of hydrogen at room temperature, stirring at 700 rpm.
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Figure 4-5. Time-yield plots from the reaction of diphenyl ether over Ni catalyst under Dz in decalin.
Reaction conditions: ether (5.1 g), 64 wt. % Ni/SiO; catalyst (10 mg), decalin 40 ml, 150 <C and 5 bar
of deuterium at room temperature, stirring at 700 rpm.

As shown in Figure 4-6A, in Dy, the rates of the consumptions of diphenyl ether (calculated from the
recovered materials after the reaction) and D, (calculated from the readouts of D, pressure) are 32 h!
and 100 h, respectively. About three D, molecules were consumed when one ether molecule was
converted to one cyclohexyl phenyl ether or one benzene and one cyclohexanol. Trace amount of phenol

was detected under this reaction condition. The H/D exchange rate between diphenyl ether and D, was
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35 ht, this relatively slow rate ensured the high abundance of D in gas phase which allowed us to
analyze the deuterium distribution in the primary products from hydrogenolysis. The abundance of D
in gas phase has been measured by sampling the gas after the reaction and analyzing by mass
spectroscopy, it was 100 % at 0 h and 82 % at 7 h (Figure 4-6B).
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Figure 4-6. Reactions of aryl ether in D2. (A) Comparison of the rates of ether consumption, D> consumption
and H/D exchange between D2 and ether. (B) The distribution of Hz, HD and D: in gas phase.

The contents of deuterium in the primary products of hydrogenolysis of diphenyl ether, benzene and
phenol, were determined by GC-mass spectroscopy. Because the D from the hydroxyl group in phenol
can exchange with the H in GC column, the hydroxyl group in phenol was exchanged to OH via several
wash steps by water prior to the GC measurement. Figure 4-7 shows the deuterium incorporation on the
aromatic rings of benzene and phenol. One D was found in benzene (> 90 %) and no D was found in
the aromatic ring of phenol (> 90 %) at 1h, the decrease of the distribution of C¢HsD and C¢Hs-OH at
longer reaction time was the result of the decrease of the D abundance and the H/D exchange. Since
one phenol and one benzene are generated from one diphenyl ether and one D over nickel catalyst, the

products from D, are CsHsD and CgHs-OD. The details of the reactions of diphenyl ether in D, are
summarized in Figure 4-8.
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Figure 4-8. Summary of reactions of diphenyl ether under D..

D > 80 % during the reaction

4.3.3 Comparison between diphenyl ether and benzyl phenyl ether

Because of the primary kinetic isotope effect (Kn/Kp > 5) and reaction order (half) in H, pressure for
the hydrogenolysis of diphenyl ether in decalin, the first hydrogen addition has to be considered in the
mechanism of C-O bond cleavage. For the hydrogenolysis of a weaker C-O bond, benzyl phenyl ether,
experimental and theoretical work showed the C-O bond breaks on the metal surface to form adsorbed
benzyl and phenoxy radicals first, then the recombination between surface H and the radicals will
generate toluene and phenol, respectively. The rate determining step is the cleavage of C-O bond, and
hydrogen addition is not involved.'® The comparison between diphenyl ether and benzyl phenyl ether
has been made to verify that the mechanism of hydrogenolysis of diphenyl ether is initiated by one
hydrogen addition rather than C-O bond scission.
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Table 4-4. Detailed information of the reactions of benzyl phenyl ether on Ni catalyst.

e © B

r —
l | |
T/ 7777777777 77777777777

Gas TOF/h? molar selectivity / %
hydrocarbons oxygenates hydrogenation isomerization
HO. OH
ij 5] ©/0H (jo OOH Q @
56
12 bar H. 370 49 <1 32 5 11 <1
5 bar H 460 53 <1 22 5 18 1 <1
5 bar D 240 51 <1 37 3 8 1 <1
KIEnp 1.9

8] Reaction condtions: benzyl phenyl ether (1.00 g), 64 wt. % Ni/SiO; catalyst (10 mg), decalin 40 ml,
150 <C, stirring at 700 rpm. TOFs were calculated at < 20 % conversion.
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Figure 4-9. Reaction orders in Hz pressure (A) and ether concentration (B) of hydrogenolysis of benzyl
phenyl ether on Ni catalyst in decalin.
Reaction conditions: 64 wt. % Ni/SiO; catalyst (10 mg), decalin 40 ml, 150 <C, stirring at 700 rpm. H,

pressure varies from 2.1 to 42 bar. Ether concentration varies from 0.027 to 0.27 M. TOFs were
calculated at < 20 % conversion.

79



Chapter 4 Ni-catalyzed hydrogenolysis

Table 4-4 shows the reaction rates and products distribution of the conversion of benzyl phenyl ether
over nickel catalyst under the same reaction conditions compared to diphenyl ether. Comparing to
diphenyl ether, hydrogenolysis of benzyl phenyl ether showed higher rates and selectivity (> 96 %) in
the reaction conditions we have measured, this can be explained by the weaker bond dissociation energy
of the C-O bond. Relatively indistinctive kinetic isotopic effect (KIEnp = 1.9) and inconspicuous
hydrogen dependence were observed. This agrees with the mechanism showing in Table 4-4 while the
rate-determining step is the cleavage of C-O bond. The rate dependences of H, pressure and ether
concentration were measured by varying H. pressure from 2.1 to 42 bar and ether concentration from
0.027 to 0.27 M, respectively (Figure 4-9). The approximate zero (-0.06) reaction order in H; pressure
and zero (0.1) reaction order in ether concentration are consistent with the mechanism that the rate-
determining step is the cleavage of C-O bond when the surface coverage of ether is relatively high (see
details in Appendix).

For diphenyl ether, as shown in Figure 4-10, reaction orders for hydrogenolysis and hydrogenation are
both zero order in ether concentration which also agree with the high surface coverage of ether. The
positive reaction order in H; pressure for hydrogenolysis (0.40) indicates a mechanistic scenario which
is not initiated with C-O bond breaking. Most likely, the hydrogenolysis of diphenyl ether starts from

one hydrogen addition.
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Figure 4-10. Reaction orders in Hz pressure (A) and ether concentration (B) of reactions of diphenyl ether
on Ni catalyst in decalin.
Reaction conditions: 64 wt. % Ni/SiO; catalyst (10 mg), decalin 40 ml, 150 <C, stirring at 700 rpm. H,

pressure varies from 2.4 to 42 bar. Ether concentration varies from 0.04 to 0.60 M. TOFs were
calculated at < 20 % conversion.
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4.3.4 Hypothesis for reaction mechanism of hydrogenolysis and DFT calculations

Considering the hydrogen dependence, isotope effect and initial products in D2 (CsHsD and C¢Hs-OD)
of hydrogenolysis of diphenyl ether, four mechanisms (Figure 4-11B and C) which could potentially
occur on the metal surface were proposed. For the concerted C-O bond breaking mechanisms (Figure
4-11B), the C-O bond breaks with the assistant of hydrogen attack on the O or C to form phenol or
benzene at first, then the recombination between the remaining fragment and surface hydrogen
generates the other initial product. The first hydrogen addition mechanistic scenarios (Figure 4-11C)
start with one hydrogen addition to the ipso or ortho position of the left, adsorbed, aromatic ring, then
the disturbed C-O bonds are weaken and cleaved on the metal surface to form C¢Hs and phenoxyl group.
Another mechanism, C-O bond breaking (Figure 4-11A) is also listed for comparison, the rate-
determining step in this mechanism is C-O scission was proved in homogeneous system by the zero

reaction order in H, pressure and non-isotope effect from H and D,.%®
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N rate-determining /o
|
Ni Ni Ni
(B) Concerted C-O bond breaking
breaklng
@ . | DN
4),
b1) @‘ rate-determining Q DO ©/ @
Ni Ni
ey T | e O Ao
: — =
b2) @)‘70 rate-determining Q 0 ©/ ©/
‘ Ni i D Ni i
Ni
(C) One hydrogen addition first .
ipso ) breaking _ ) )
+D H D oD
: +D
) o —’@5—>®@—>©©
. Ni B Ni i . Ni .
Ni Ni
ortho . B
+D [ H D ] [ oD
; H +D D
A o H@@ — | IO O
Ni N i Ni 7 ) NP Ni ’

Figure 4-11. Hypothesis of reaction mechanism of hydrogenolysis of diphenyl ether over Nickel catalyst.
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To gain mechanistic insights into the hydrogen assisted C-O bond cleavage mechanism and more
importantly, as the rate-determining step in hydrogenolysis reaction of diphenyl ether over nickel based
catalysts, density functional theory calculations were performed to study both hydrogenation and
hydrogenolysis (C-O bond scission) routes shown in Figure 4-11. Carbon attacking (path b2 in Figure
4-11) was found for concerted mechanism and ortho addition (path c2) was found for advanced
hydrogen addition. The concerted C-O bond breaking pathway (path b2) is unlikely due to the high
activation barrier of 200 kJ/mol. While the addition of first hydrogen at the ortho C position on the
aromatic ring is 108 kJ/mol (path c2) is favorable over the direct C-O bond cleavage step with a barrier
of 158 kJ/mol (path a). Upon the first hydrogenation step, our calculations showed that the second
hydrogenation (103 kJ/mol) is still kinetically easier than the C-O bond scission (137 kJ/mol). While
the third consecutive hydrogenation step is feasible with much lower barrier of 69 kJ/mol. This is
consistent with the experimental observation of first order in H, pressure for hydrogenation and high
hydrogenation product selectivity. We note that the addition of first hydrogen atom at the aromatic ring
would facilitate the C-O bond scission of the adsorbed ether. In terms of kinetical barrier, the C-O bond
scission of first hydrogen-added diphenyl ether and the second hydrogenation are concurrent
competitive although the latter one is more competitive shown in Figure 4-12. As a result, the

hydrogenolysis route is half order in H, pressure as observed in our experiments.
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Figure 4-12. DFT calculated energy profile of diphenyl ether conversion.
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The apparent reaction energies of hydrogenolysis and hydrogenation in decalin were measured to be
101 and 77 kJ/mol, respectively (Figure 4-13). The relatively lower activation energy for hydrogenation
is consistent with the DFT calculations. Similar activation energies have been observed for the reactions

of diphenyl ether in D.. In aqueous phase, lower reaction rates and lower reaction energies were found

(Figure 4-14).
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Figure 4-13. Arrhenius plots [In(TOF) vs 1/T] for the conversion of diphenyl ether under Hz and D2 in

decalin.
Reaction conditions: ether (1.70 g), decalin (40 mL), 64 wt.% Ni/SiO; (10.0 mg), 413443 K, 12 bar

for hydrogen and 5 bar for deuterium, stirring at 700 rpm.
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Figure 4-14. Arrhenius plots [In(TOF) vs 1/T] for the conversion of diphenyl ether under H in water.
Reaction conditions: ether (1.70 g), water (80 mL), 64 wt.% Ni/SiO, (20.0 mg), 413443 K, 40 bar of

hydrogen, stirring at 700 rpm.
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4.4 Conclusions

In conclusion, we have demonstrated a detailed mechanistic study of hydrogenolysis of diphenyl ether
which is highly selective in apolar and polar phases over heterogeneous Ni catalyst. Kinetic, isotopic
and theoretical investigations were undertaken to illustrate the mechanism which was initiated by first
hydrogen addition to the ortho position in the aromatic ring, then underwent C-O bond breaking. In
contrast to the homogeneous Ni catalysts,’® hydrogen is involved in the rate-determining step because
positive reaction order in H, and primary isotopic effect was observed.
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4.6 Appendix

4.6.1 Analysis of D incorporation in the chemicals by MS

The D content in recovered diphenyl ether and the initial products from hydrogenolysis of diphenyl
ether, benzene and phenol, were carefully analyzed by GC-MS, i.e., an Agilent 7890A GC equipped
with a HP-5MS 25 m %< 0.25 pm (i.d.) column and coupled with Agilent 5975C MS. Because the D
from the hydroxyl group in phenol can exchange with the H in GC column, the hydroxyl group in
phenol was exchanged to OH via several wash steps by water prior to the GC measurement. For each
compound, the base peak is the m/z value equivalent to mass itself, i.e. diphenyl ether is 170, benzene
is 78 and phenol is 94. Because undetectable intensities for the m/z > M + 4 were observed for these
chemicals, we calculated the distribution functions of 0D, 1D, 2D and 3D labeled compounds (Xop, X1p,
X2p and Xsp) via the equation listed below from the MS result. Ij; is the peak intensity of m/z =i from

measurement and reff; is the peak intensity of m/z = i from unlabeled material.
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4.6.2 Derivation of rate equations

We derive the kinetic expressions for the proposed mechanisms of hydrogenolysis in the main text
based on the conventional Langmuir—Hinshelwood model with the following assumptions: (i) hydrogen
adsorbs dissociatively on the metal site (S1), but it does not compete for the same sites (S2) with the
ether and ether derived molecules (intermediates and products); (ii) the coverage of reaction
intermediates and products are negligible at low conversions, so the most abundant chemical on the
active site (Sy) is the reactant. Some expressions are consistent with the observed rate dependencies on
H, pressure (half order for hydrogenolysis, Figure 4-1) and ether concentration (zero order, Figure
4-10). The constant reaction order in H, despite 18-fold variation in H; pressure indicates that the

surface coverage of H is relatively low under the reaction conditions.

1) Within the mechanistic framework proposed in Figure 4-11 (main text), we first assume adsorption

for reactants (Hz on S; and ether on S,) are quasi-equilibrated:
H, adsorption: Hz (g) + 2 S1* = 2H*S; (Kads,Hz)
Ether adsorption: C¢Hs-O-R (I) + Sp* = CeHs-O-R*S;  (Kads,cers-0-r)

Assuming any of the above steps to be rate-determining does not lead to rate expressions consistent

with the observed reaction orders.

2) Applying site balance to all surface species, we have:
Su: [$1%]o = [S1*] + [H*S]

Sa2: [S2*]o = [S2*] + [CeHs-O-R*S;] + X[Derivatives*S;]

where [*]o is the total number of sites available at the surface, and X[Derivatives*S;] is the sum of the

coverage of reaction intermediates and products.

The rate of the reaction equals to the rate of the rate-determining step (RDS): r = rgs

3a) C-0 bond breaking mechanism,

CeHs-0-R*S; + S3* —> CeHs*S; + R-0*S; Frds_a=Krds_a[CeHs-O-R*S5][S2*]

— krds_aKads,CsHSOR[C6H50R]

la -
(1+Kads,censor[C6H50R])

(Eq. 4-1)
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where Kiqs a is the rate constant for the RDS.
3b) Concerted C-O bond breaking mechanism, the rate determining step is the H assisted C-O cleavage:
CeHs5-O-R*S; + H*S; — CeHs*S, + R-OH + *S;

or CeHs + R-O*S; + *S; rrds_b:krds_b[CGH5-O-R*Sz][H*Sl]

r, = krds,bKads,CeHSOR[C6HSOR](Kads,Hz[HZ])O'SOIS (Eq 4_2)
(1 + Kads,ConsoR[C6HSORD (1 + (Kads 12[H2]) )

3c) First hydrogen addition mechanism,

CeHs-O-R*S; + H*S; — CgHs-O-R*S; + Si* (K= —

feq
ey

where ki and k-1 are the forward and reverse rate constants for the first H addition step. It could be quasi-
equilibrated, kinetically relevant or rate-determining.

If the rate-determining step is the hydrogen addition:

0.5
o= K11 Kads,cotsoR[Ce Hs OR] (Kads H2[H2]) — (Eq. 4-3)
(1 + Kads,CeHsOR[CGHSOR])(l + (Kads,Hz[HZ]) )

If the first hydrogen addition is quasi-equilibrated, then the rate-determining step is the C-O cleavage:

CeHe-O-R*S, — CgHg + R-O*S;

re= deS_CKlHKadS,CGHSOR[CGHSOR](KadS,HZ[Hz])Z:: (Eq 4_4)
(1 + Kads,ceHsorR[C6HSORN) (1 + (Kadsn.[H2]) )

From the reactions under D2, we observed comparable reaction rates of C-O bond cleavage (12h,
Table 4-3) and H/D exchange between ether and D (35 h, Figure 4-6). It indicates that first
hydrogen addition step should be kinetically relevant. So we use the steady-state approximation to
derive the rate law by assuming that the rate of production of C¢Hs-O-R (first H addition product) is

equal to the rate of its consumption.

CeHs-O-R*S; + H*S; — CgHs-O-R*S; + S1*

where k; and k. are the forward and reverse rate constants,
CsHs-O-R*S;  — CeHg + R-O*S;

where k. is the forward rate constant,

! 0.5
re= k’[CGHS'O'R*SZ][H*Sl]: k Kads,CeHsOR[CsHsOR](Kads,Hz[Hz]) - (Eq 4_5)
(1 + Kads,consoR[C6HSOR]) (1 + (Kags.[H2]) )

where k’=kike/(K-1+ke).
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4) The measured reaction order in Hz was close to half order (0.4) for hydrogenolysis, and the reaction
order in concentration of ether reactant was zero. According to Eg. 4-1, non-hydrogen dependency
should be observed. For Eq. 4-2 and 4-5, when the surface coverage of ether is high and hydrogen is
low, we should observe the reaction orders are zero order in ether concentration and half order in Hz

pressure. These two expressions are consistent with the measured reaction orders.

4.6.3 Discussion about diffusion limitation

The complicated heterogeneous reaction system is constituted by liquid solvent, solid catalyst, organic
reactant and products, and the high pressure H; gas. For kinetic measurements, all experiments must be
performed in the kinetic regime without mass transport limitations. The reaction rates should not be
limited by the mass transport phenomena between liquid-solid, liquid-liquid, or liquid-gas phases. H/D
exchange experiments were obtained to test the mass transfer of H, and D, from gas phase to metal
catalyst surface (Figure 4-15). The exchange reached equilibrium instantly when reaction temperature

(150 <C) was achieved, it indicates that the mass transfer and activation of H, do not limit the reaction
rates.
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Figure 4-15. H/D exchange between Hz and D2 in Parr reactor.
Reaction conditions: decalin (40 mL), 64 wt.% Ni/SiO, (10.0 mg), pressure of the gas is 12 bar (45 %

of D, and 55 % of Hy), the reactor needs 13 mins to achieve 150 <C, stirring at 700 rpm.
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The experiments with varying stirring speeds were also performed to gain insights into possible mass
transfer effects for the condense phase, Figure 4-16, mass transfer limitations do exist when the stirring
speed is less than 300 rpm. All systematic experiments have been performed with a stirring speed of

700 rpm to exclude mass transfer effects.

500
m Total conversion
e Hydrogenation
- 400 ¢ Hydrogenolysis
EE
= 300t z L I
E
IS
E 200} g+
LL
e
100 3 $ ¥
O 1

500 1000 1500

Stirring rate / rpm

o

Figure 4-16. Stirring dependency.
Reaction conditions: ether (1.70 g), decalin (40 mL), 64 wt.% Ni/SiO, (10.0 mg), 12 bar of Hz, 150 T,

stirring speed varies from 0 to 1600 rpm.
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Chapter 5 Catalytic Reductive Cleavage of Diphenyl Ether over Noble
Metal Catalysts

The catalytic cleavage of C-O bond in diphenyl ether can be controlled by the choice of the
noble metal catalysts (Ru, Pt, Rh and Pd) and different solvents. The aromatic C-O bond is
cleaved hydrogenolytically and/or hydrolytically, while in parallel the aromatic rings can be
hydrogenated without changing the molecular backbone. The preference to hydrogenolysis of
the C-O bond over hydrogenation of the aromatic ring increases in the order Pd/C < Rh/C <
Pt/C = Ru/C both in decalin and water, it is due to the difference of oxophilicity of different
metal catalysts. For hydrolysis in water, a reverse trend was observed. Because the reductive
hydrolysis occurs via partial hydrogenation (two hydrogen addition), more reductive

hydrolysis is obtained when the selectivity of hydrogenation is higher.
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5.1 Introduction

As we discussed in the previous chapters, selective catalytic cleavage of aryl ethers and other types of
C-O bonds is highly challenging because of their relatively high bond dissociation energies and the
competition with alternative hydrogenation reactions.*® This is one of the central challenges for the
valorization of the lignin component of biomass.”® The depolymerization can occur via selective
oxidation of lignin followed by a redox-neutral cleavage® or via a reductive pathway using metal/acid
catalyzed hydrolysis and hydrogenolysis.’® Both pathways should be able to lead to successfully
complete deconstruction of lignin, the rates and complexity of the operating conditions make it
mandatory to find more active catalysts. For fundamental investigation of the principal relation between
active catalysts and the reactivity of the C-O ether bond cleavage, model compounds of lignin, i.e. a-
0-4, B-O-4 and 4-0O-5 linkages, were widely used.'"*2 Meanwhile, a wide range of heterogeneous noble
metal*223, non-noble metal* 23 acid,®23" and multifunctional®® 3-° catalysts have been reported for
the selective cleavage of these model compounds. Most of these catalysts tend to operate under

reductive conditions and elevated temperatures.

Under reductive conditions, the reaction pathways for the conversion of aryl ethers are broadly
classified into hydrogenation, hydrogenolysis and hydrolysis (reductive). Here, “hydrogenation” is
limited to reactions which saturate the aromatic rings without breaking the molecular backbone. For
diphenyl ether which contains one of the strongest common structural link (4-O-5 linkage) and has been
systematically studied from chapter 2 to chapter 4, hydrogenation generates cyclohexyl phenyl ether
and dicyclohexyl ether, hydrogenolysis generates benzene and phenol (1:1) and reductive hydrolysis
generates cyclohexanone and phenol (1:1). These three pathways were observed in aqueous phase over
Ni/SiO; and Pd/C catalysts under hydrogen with different selctivities, and only hydrogenolysis and
hydrogenation were found in decalin (Figure 5-1).

/Hydrgeonlysis ©/OH © funherhydrogenancn go O/OH O N
—_—

@/O\© catalyst, Hy Fvd oge"°|y7/ decalin
’ —_—
solvent < Hydrogenation tgeaten [j/ \[ ] > water

Reductive hydr Iy

Reductive hydrolysis O/OH (jo _futer hycrogenation g O/OH
-

Figure 5-1. Reaction pathways and secondary reactions of diphenyl ether over metal catalyst under
hydrogen in decalin and water.
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Due to our previous mechanistic studies for hydrogenolysis on Ni/SiO; catalyst and reductive hydrolysis
on Pd/C catalysts, we established the mechanisms for these individual C-O cleavage pathways. As
shown in Figure 5-2, for supported nickel catalysts, the hydrogenolysis is initiated by one hydrogen
addition to the aromatic ring, the C-O bond breaks on the metal surface afterward. On supported
palladium catalysts in water, partial hydrogenation of diphenyl ether forms an enol ether intermediate,
the intermediate rapidly adds water to form hemiacetal which then eliminates the phenol to form

cyclohexanone.

Hydrogenolysis

breaking

?'@]_’lc? =TT

ortho

o .
@ @ Ni/sHio2

Reductive hydrolysis

H.,
Partial hydrogneation O

o O—- —[Q@] — | |~

Metal ' breaking

Figure 5-2. Reaction mechanisms for hydrogenolysis and reductive hydrolysis.

Based on the investigations of the mechanism for C-O cleavage reactions, a development of catalysts
to understand activity and selectivity along the individual pathways could be achieved. Here, we
evaluated four carbon supported noble metal catalysts (Ru, Pt, Rh and Pd) on reductive conversion of
diphenyl ether along specific reaction pathways, i.e., hydrogenation and selective C-O bond cleavage
via hydrogenolysis or reductive hydrolysis in polar (water) and apolar (decalin) solvents. In decalin,
only hydrogenolysis was observed for C-O cleavage and the selectivity varied from 2 % to 21 % by
changing the catalysts from Ru to Pd. For each metal catalyst, the selectivity of hydrogenolysis didn’t
change dramatically in water comparing to decalin. The preference to hydrogenolysis of the C-O bond
over hydrogenation of the aromatic ring increases in the order Pd/C < Rh/C < Pt/C = Ru/C. We believe
this is due to the difference of oxophilicity of different metal catalysts. For reductive hydrolysis in water
on different metal catalysts, a reverse trend was observed. Because the reductive hydrolysis occurs via
partial hydrogenation (two hydrogen addition) and the mechanism is in parallel with hydrogenation,

more reductive hydrolysis is obtained when the selectivity of hydrogenation is higher.
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5.2 Experimental

5.2.1 Chemicals and commercial catalysts

The chemicals were purchased from commercial suppliers and used as provided: diphenyl ether (Sigma-
Aldrich, >99% GC assay), cyclohexyl phenyl ether (Sigma-Aldrich, >95% GC assay), benzene (Sigma-
Aldrich, >99.5% GC assay), phenol (Sigma-Aldrich, >99% GC assay), cyclohexanone (Sigma-Aldrich,
>99% GC assay), cyclohexanol (Sigma-Aldrich, >99% GC assay), dichloromethane (Sigma-Aldrich,
>99.5% GC assay), decahydronaphthalene, mixture of cis + trans (Sigma-Aldrich, anhydrous, >99%),
5 wt. % Ru/C (Sigma-Aldrich), 5 wt. % Rh/C (Sigma-Aldrich), 5 wt. % Pd/C (Sigma-Aldrich), 5 wt. %
Pt/C (Sigma-Aldrich), H2(>99.999%), Nz (> 99.999%), D (Sigma-Aldrich, 99.9 atom % D) and normal
H.O (Milli-Q, ultrapure water dispenser system). The lower metal loading catalysts, 0.25 wt. % Ru/C,
0.25 wt. % Pt/C and 0.25 wt. % Rh/C, were obtained by physically mixing original catalysts with

activated carbon.

5.2.2 Catalyst tests

The detailed reaction conditions are described in the figure captions and table footnotes. Typically, the
reactions were carried out in Parr autoclave reactors (Series 4848, 300 mL reactor for aqueous phase
reactions and 100 mL reactor for decalin) in the presence of H». Firstly, the ether, catalyst and solvent
(water or decalin, 80 mL) were added into the Parr reactor at room temperature. After the reactor was
flushed with H, three times, the autoclave was pressurized with H,, and the reaction was conducted at

a certain temperature with a stirring speed of 700 rpm.

After the reaction, the reactor was quenched to ambient temperature by an ice/water mixture, and the
contents in the reactor from aqueous phase were extracted using dichloromethane and analyzed by GC-
MS, i.e., an Agilent 7890A GC equipped with a HP-5MS 25 m % 0.25 pm (i.d.) column and coupled
with Agilent 5975C MS. Products from reactions in decalin were directly measured after the dilution
by dichloromethane. 1,3-Dimethoxybenzene was used as an internal standard for quantification
purposes. The carbon balances for all the reported experiments were 90 £5%. The turnover frequency
(TOF) was calculated from conversion < 20 % and based on the number of surface metal atoms

measured by H, chemisorption.

Because benzene and cyclohexane are generated only by hydrogenolysis (no cleavage of aromatic and
aliphatic C-OH), the C-based selectivity of hydrogenolysis is twice the summed selectivity of benzene
and cyclohexane. The selectivity of hydrolysis is calculated by subtracting the selectivities of

hydrogenolysis and hydrogenation from 100%.
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5.2.3 Catalyst characterizations

Transmission electron micrographs (TEM) were measured on a JEM-2010 Jeol transmission
microscope operated at 120 kV. Before TEM measurement, the samples were dispersed in methanol on
a carbon-coated Cu grid for TEM measurement.

H, chemisorption measurement. The catalysts were pretreated with a reduction under 0.1 MPa H; at
473 K for 4 h. Then the samples were activated in vacuum at 473 K for 1 h. The H adsorption isotherms
(chemisorption and physisorption) were recorded at 0.7 to 60 kPa at 308 K, following the first isotherms
the samples were outgassed for 1 h in order to remove the physisorbed H;, which was followed by
another adsorption isotherm (physisorption). The metal dispersions were obtained from the difference
between extrapolated intercepts of the first and second isotherms with the assumption of H : metal

atomic ratio = 1.

5.3 Result and discussion

5.3.1 Reactions in decalin

The reactions of diphenyl ether were measured in decalin first because hydrogenolysis is the only C-O
cleavage reaction pathway which competes with hydrogenation. Table 5-1 shows the comparison of the
selectivities of hydrogenolysis and hydrogenation at full conversion of diphenyl ether over four
commercial supported noble metal catalysts (5 wt. % Ru/C, 5 wt. % Pt/C, 5 wt. % Rh/C and 5 wt. %
Pd/C) at the same reaction conditions. The selectivities of hydrogenolysis of the metals scale as Ru >
Pt > Rh > Pd. Pt and Rh catalysts showed higher reactivities than Ru and Pd catalysts. Cyclohexyl
phenol ether, the product from hydrogenation of diphenyl ether, can be further hydrogenated or cleaved
by hydrogen, it could change the overall selectivities of different reaction pathways during the reaction.

Table 5-1. Selectivities of different reaction routes of diphenyl ether over different metal catalysts in decalin
at full conversions.

Selectivity
Catalyst Time/min  Conversion i
Hydrogenolysis Hydrogenation
5 wt. % Ru/C 180 100% 21% 79%
5 wt. % Pt/C 60 98% 19% 81%
5 wt. % Rh/C 60 99% 11% 89%
5 wt. % Pd/C 360 98% 2% 98%

Reaction conditions: 10 mmol ether, 10 mg catalyst, 40 ml decalin, 40 bar of hydrogen at room
temperature, 150 °C, stirring at 700 ppm.
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In order to focus on the primary reactions of diphenyl ether, the conversions of diphenyl ether were
controlled under 20 % by varying the reaction time and catalyst loading. Interestingly, the selectivities
barely changed comparing to the selectivites at full conversion for each metal, it points to the fact that
reaction of cyclohexyl phenyl ether is almost hydrogenation which generates dicyclohexyl ether. And
the general reactivity of the metals scale as Rh > Pt > Ru > Pd. The TOFs were calculated based on the
number of surface metal atoms measured by H, chemisorption, the dispersions for the metal catalysts
are comparable (Ru/C is 23 %, Pt/C is 57 %, Rh/C is 27 % and Pd/C is 31 %). The dispersions were
also calculated from nanoparticle sizes measured by TEM (see details in Appendix).

Table 5-2. Selectivities of different reaction routes and TOFs of diphenyl ether over different metal catalysts
in decalin at low conversions.

Selectivity
TOF /st : i
Hydrogenolysis  Hydrogenation
Ru/C 2.0 21% 79%
Pt/C 5.5 20% 80%
Rh/C 7.4 9% 91%
Pd/C 0.70 2% 98%

Reaction conditions: 10 mmol ether, 10 mg 5 wt. % Ru/C, 20 mg 0.25 wt. % Rh/C, 20 mg 0.25 wt. %
Pt/C or 10 mg 5 wt. % Pd/C catalyst, 40 ml decalin, 40 bar of hydrogen at room temperature, 150 °C,
stirring at 700 ppm. TOFs were calculated at < 20 % conversion.

Product distribution from the reactions of diphenyl ether over different catalysts were carefully
measured at different reaction times (Time-Yield plots in Appendix). The major products count for
hydrogenolysis are cyclohexanol and cyclohexane even at conversions lower than 5 % for all the
catalysts, it indicates that the primary products, benzene and phenol, are rapidly hydrogenated. The ratio
between Cs (benzene, cyclohexene and cyclohexane) and Cg-OH (phenol, cyclohexanone and
cyclohexanol) was constantly 1:1 across the reaction times and catalysts, which means hydrogenolysis
was the only pathway for C-O cleavage of diphenyl ether and cyclohexyl phenyl ether and
deoxygenation of C¢-OH was not observed under the reaction conditions. Figure 5-3 shows the
summary of the product (Cs, Cs-OH, cyclohexyl phenyl ether and dicyclohexyl ether) yields as a
function of conversion. The yields of Cs and Cs-OH increased linearly up to 100 % of conversion over
these four metals, it indicates that there is no contribution to hydrogenolysis from the secondary

reactions of hydrogenation products (cyclohexyl phenyl ether and dicyclohexyl ether).
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Figure 5-3. Conversion-Yield plots of reactions of diphenyl ether on metal catalysts in decalin. (A) Ru, (B)
Pt, (C) Rh and (D) Pd.
Cs represents benzene, cyclohexene and cyclohexane, Cs-OH represents phenol, cyclohexanone and

cyclohexanol. Reaction conditions: 10 mmol ether, 40 ml decalin, 10 mg 5 wt. % Ru/C, 20 mg 0.25 wt.
% Pt/C, 20 mg 0.25 wt. % Rh/C or 10 mg 5 wt. % Pd/C catalyst, 40 bar of H;, 150 <C.

Comparing the four metal catalysts, dicyclohexyl phenyl ether was generated with different selectivities
as primary product from hydrogenation of diphenyl ether and the secondary reaction of cyclohexyl
phenyl ether dominated the overall reaction at different conversions over different catalysts. At
conversions lower than 20 %, the yields of dicyclohexyl ether increased linearly and the selectivities
were 22 %, 25 %, 17 % and 2 % from Ru, Pt, Rh and Pd, respectively. Diphenyl ether can be directly
hydrogenated to dicyclohexyl ether, it implies that the two aromatic rings can be both adsorbed on the
metal surface. Due to the high hydrogenation reactivity of noble metals, the double ring adsorption
model decreases the possibility of C-O bond cleavage. Hydrogenation of cyclohexyl phenyl ether
started to obviously change the selectivity of dicyclohexyl ether at conversions higher than 30 % on all
catalysts. But for different catalysts, the highest yield of cyclohexyl phenyl ether were different and

occurred at different conversions. The yield of cyclohexyl phenyl ether only achieved 15 % and started
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to decrease at 45 % of conversion on Pt catalyst. For other catalysts, the highest yields (23 % for Ru,
34 % for Rh and 45 % for Pd) occurred at approximately 70 % of conversion. This is because of the
competitive adsorption and different reactivity between diphenyl ether and cyclohexyl phenyl ether. In
general, C-O cleavage (via hydrogenolysis) and hydrogenation of diphenyl ether were observed with
different selectivities on noble metal catalysts, and secondary reactions are relatively simple to analyze

because insignificant C-O cleavage of the intermediate and final products were detected.

As we demonstrated the reaction mechanism of hydrogenolysis in Chapter 4 by kinetic measurements
(hydrogen dependency and isotopic effect) and DFT calculations. The reaction orders in H pressure
for hydrogenolysis and hydrogenation were determined (Figure 5-4), while the reaction orders in H;
pressure for hydrogenolysis were approximately half order (Ru was 0.79, Pt was 0.39, Rh was 0.55 and
Pd was 0.40) and reaction orders for hydrogenation were approximately first order (Ru was 1.4, Pt was
0.77, Rh was 0.84 and Pd was 0.79). These are consistent with the reaction orders that we measured
from Ni/SiO; catalysts in decalin in Chapter 4. The constant reaction orders in H, pressure indicate that
the reaction mechanisms over these five different metal catalysts (Ni/SiO,, Ru/C, Pt/C, Rh/C and Pd/C)
are the same. For hydrogenation, the second hydrogen addition is the rate-determining step.
Hydrogenolysis is initiated by one hydrogen addition to one ortho position of the aromatic ring, then

the weaken C-O bond breaks on the metal surface (Figure 5-2).
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Figure 5-4. Reaction orders in Hz pressure of reactions, hydrogenation and hydrogenolysis, of diphenyl
ether on metal catalysts in decalin. (A) Ru, (B) Pt, (C) Rh and (D) Pd.
Reaction conditions: metal catalyst (10 mg 5 wt. % Ru/C, 20 mg 0.25 wt. % Pt/C, 20 mg 0.25 wt. %

Rh/C or 10 mg 5 wt. % Pd/C), 10 mmol ether, 40 ml decalin, 150 <C, stirring at 700 rpm. H. pressure
varies from 3 to 63 bar at room temperature. TOFs were calculated at < 20 % conversion.

In order to gain deeper understanding of the reaction mechanism, reactions of diphenyl ether over four
noble metal catalyst were compared under the same pressure of H, and D,. TOFs and selectivities of
hydrogenolysis and hydrogenation are shown in Table 5-3. Unlike the results from Ni/SiO; catalysts,
insignificant isotopic effect were observed from these catalysts (R+/Ro was 1.4 for Ru/C, 1.0 for Pt, 0.7
for Rh and 0.6 for Pd). This might be because the first hydrogen addition is kinetically irrelevant over
noble metal catalysts. Comparing to Ni, these noble metals are better catalysts for hydrogenation of
aromatics**® and the oxophilicity of these noble metals are weaker*“®. The oxophilicity of a metal
symbolizes the interaction between oxygen and the metal. Stronger interaction between oxygen and the
metal may lead to easier C-O bond cleavage to form a metal-oxygen bond.*® On noble metal catalysts,

if the rate of first hydrogen addition step gets extremely faster than the following C-O bond breaking

99



Chapter 5 Metal-catalyzed reductive cleavage

step, the first hydrogen addition would be kinetically irrelevant. Insignificant isotopic effect is

reasonable when bond breaking is the rate-determining step.

Table 5-3. Kinetic isotopic experiments of diphenyl ether over different metal catalysts in decalin.

TOF /s Selectivity
Catalyst Gas
Total ~ HydrogenolysisHydrogenation ~ Hydrogenolysis Hydrogenation

Ru/C H2 0.13 0.069 0.060 53% 47%
D, 0.091 0.041 0.050 45% 55%

Ru/Rp 1.4 1.7 1.2
Pt/C H. 1.2 0.48 0.74 39% 61%
D, 1.3 0.48 0.79 38% 62%

Ru/Rp 1.0 1.0 0.9
Rh/C H. 0.75 0.11 0.64 15% 85%
D, 1.0 0.15 0.88 15% 85%

Ru/Rp 0.7 0.7 0.7
Pd/C H. 0.11 0.005 0.10 5% 95%
D> 0.18 0.006 0.18 3% 97%

Ru/Ro 0.6 0.8 0.6

Reaction conditions: 10 mmol ether, 10 mg 5 wt. % Ru/C, 20 mg 0.25 wt. % Pt/C, 20 mg 0.25 wt. %
Rh/C or 10 mg 5 wt. % Pd/C catalyst, 40 ml decalin, 5 bar of H, or D, at room temperature, 150 °C,
stirring at 700 ppm. TOFs were calculated at < 20 % conversion.

5.3.2 Reactions in water

Decalin was used as model system for apolar solvent because of the inert property of the solvent and
easy analysis for the products and secondary reactions. Since very little is known about the metal
catalyzed hydrolysis except Pd as we discussed in Chapter 2 and water is ubiquitously presented when
converting molecules derived from renewable carbon resources, water was chosen as the next solvent.
Table 5-4 shows the comparison of the selectivities of hydrogenolysis, hydrogenation and hydrolysis at
full conversion of diphenyl ether over the four noble metal catalysts (Ru/C, Pt/C, Rh/C and Pd/C) under
the same reaction conditions. The selectivities of hydrogenolysis of the metals scale as Pt > Ru > Rh >
Pd, this is a little bit different compared with the reactions in decalin (Ru > Pt > Rh > Pd). Hydrolysis
was detected from these four catalysts. Just as we discussed in Chapter 2, hydrolysis dominated the
reaction of diphenyl ether on Pd in water. While considerable selectivities of hydrolysis were also
observed from Pt (18 %), Ru (42 %) and Rh (42 %) catalysts. In contrast to the reactions in decalin
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(selectivities of hydrogenation were higher than 79 %), hydrogenation products yield were 50 % or
lower at full conversion of diphenyl ether from all these metals in water. Furthermore, the selectivity of
C-O cleavage products from cyclohexyl phenyl ether on Pd/C was 87 % at 190 °C in water (Chapter 2).
Secondary reactions could change overall selectivities of the reaction pathways dramatically at different

conversions of diphenyl ether.

Table 5-4. Selectivities of different reaction routes of diphenyl ether over different metal catalysts in water
at full conversions.

Selectivity

Catalyst Time/min Conversion Hydrogenolysis Hydrolysis Hydrogenation

5wt. % Ru/C 60 99% 22% 42% 36%
5 wt. % Pt/C 60 99% 31% 18% 50%
5 wt. % Rh/C 60 100% 8% 42% 50%
5 wt. % Pd/C 360 100% 1% 84% 15%

Reaction conditions: 10 mmol ether, 10 mg catalyst, 80 ml water, 40 bar of hydrogen at room
temperature, 150 °C, stirring at 700 ppm.

Then the conversions of diphenyl ether were controlled under 20 % to focus on the initial reactions
(Table 5-5). Significant differences were found from the reaction pathway selectivities compare to the
reactions at full conversion, this is due to the secondary reactions of cyclohexyl phenyl ether, and
detailed analysis will be made next. For each metal catalyst, the selectivity of hydrogenolysis was close
to the reactions in decalin, and the sum of the selectivities of hydrolysis and hydrogenation was equal
to the selectivity of hydrogenation in decalin. Since higher selectivity of hydrolysis was observed with
higher selectivity of hydrogenation on these metal catalysts in water, the mechanism of hydrolysis could
fall in line with hydrogenation as we proposed in Chapter 2. Comparing the general reactivity of the
metal catalysts in water with the reactions in decalin, the trend is exactly the same (Rh > Pt > Ru > Pd)
and relatively higher rates were obtained for each metal catalyst except Pd. These comparable
selectivities of reaction pathways and increased reaction rates indicate that the overall chemistry of the
conversion of diphenyl ether over this metal catalysts stayed the same when different solvents (decalin

and water) were used.
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Table 5-5. Selectivities of different reaction routes and TOFs of diphenyl ether over different metal catalysts
in water at low conversions.

Selectivity

TOF /st Hydrogenolysis Hydrolysis Hydrogenation

Ru/C 5.7 20% 11% 69%
Pt/C 12 22% 11% 67%
Rh/C 29 5% 13% 82%
Pd/C 0.64 2% 17% 81%

Reaction conditions: 10 mmol ether, 10 mg 5 wt. % Ru/C, 20 mg 0.25 wt. % Rh/C, 20 mg 0.25 wt. %
Pt/C or 10 mg 5 wt. % Pd/C catalyst, 80 ml water, 40 bar of hydrogen at room temperature, 150 °C,
stirring at 700 ppm. TOFs were calculated at < 20 % conversion.

Since the secondary reactions are important for the cleavage of C-O bond in the ethers, product
distribution from the reactions of diphenyl ether over different catalysts were carefully measured at
different conversions (Figure 5-5). For Ru/C catalyst, the yield of C¢ products (sum of benzene,
cyclohexene and cyclohexane) increased almost linearly in the whole range of conversion and the
selectivity was 10 % at low conversion and 11 % at full conversion, meanwhile, the selectivity of Ce-
OH products (phenol, cyclohexanone and cyclohexanol) increased from 21 % (at low conversion) to 53
% (at full conversion). So the major reactions of cyclohexyl phenyl ether are hydrogenation and
hydrolysis on Ru/C in water. For Pt/C catalyst, unlike the other three catalysts, dicyclohexyl ether was
directly generated at low conversions and cyclohexyl phenyl ether was not detected as a major products
at conversions higher than 30 %. Therefore, the contribution for the C-O cleavage reactions from
secondary reactions was less on Pt comparing to other metal catalysts. Pt catalyst showed relatively
minimal changes of selectivities of reaction pathways when the conversion of diphenyl ether was
changed. In general, Ru and Pt catalysts were favorable for hydrdogenolysis of diphenyl ether while Pt
showed higher performance on hydrogenation and Ru was better for the hydrolysis of intermediate

product, so more C-O cleavage products were obtained on Ru catalyst at high conversions.

For Rh/C and Pd/C catalysts, hydrogenolysis was the minor reaction pathway for diphenyl ether and
cyclohexyl phenyl ether, so the yield of Cs products remained low during the reaction. Even though
dicyclohexyl ether was not directly formed from diphenyl ether on Rh, it was the major products in the
end of the reaction because cyclohexyl phenyl ether was mainly converted via hydrogenation on Rh.
Since hydrolysis of cyclohexyl phenyl ether also occurred on Rh, the selectivity of hydrolysis increased
from 13 % at low conversion to 42 % at full conversion. Pd/C showed the highest selectivity of
hydrolysis of diphenyl ether and cyclohexyl phenyl ether among these catalysts. Because hydrolysis

dominated the reaction of cyclohexyl phenyl ether on Pd, the overall selectivities of reaction pathways
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dramatically changed during the reaction. Detailed changes of the selectivities of different reaction

routes according to conversions over different catalysts are shown in Appendix.
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Figure 5-5. Conversion-Yield plots of reactions of diphenyl ether on metal catalysts in water. (A) Ru, (B)
Pt, (C) Rh and (D) Pd.

Cs represents benzene, cyclohexene and cyclohexane, Cs-OH represents phenol, cyclohexanone and
cyclohexanol. Reaction conditions: 10 mmol ether, 80 ml water, 20 mg 0.25 wt. % Ru/C, 20 mg 0.25
wt. % Pt/C, 10 mg 0.25 wt. % Rh/C or 10 mg 5 wt. % Pd/C catalyst, 40 bar of H,, 150 <C.

The reaction orders in H, pressure for the hydrogenolysis, hydrogenation and hydrolysis were measured
over these four metal catalysts (Figure 5-6). The reaction orders in H; pressure for hydrogenolysis were
approximately half order (Ru was 0.6, Pt was 0.5, Rh was 0.4 and Pd was 0.4) and reaction orders for
hydrogenation were approximately first order (Ru was 1.1, Pt was 1.1, Rh was 1.1 and Pd was 1.0).
These reaction orders are consistent to the reaction orders that we observed previously in decalin.
Hydrolysis showed similar reaction order in H» pressure comparing to hydrogenation, i.e. Ru was 1.1,
Pt was 1.6, Rh was 1.3 and Pd was 1.1. As we detected a similar hydrogen dependencies between
hydrolysis and hydrogenation on Pd, which can be explained by the mechanism that we proposed in

Figure 5-2. No matter which metal catalyst was used, the hydrolysis of diphenyl ether is initiated via
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partial hydrogenation to form an enol ether, then the enol ether will react with water to form a hemiacetal

which will easily result in the C-O bond cleavage.
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diphenyl ether on metal catalysts in water. (A) Ru, (B) Pt, (C) Rh and (D) Pd.

Reaction conditions: metal catalyst (20 mg 0.25 wt. % Ru/C, 20 mg 0.25 wt. % Pt/C, 10 mg 0.25 wt. %
Rh/C or 10 mg 5 wt. % Pd/C), 10 mmol ether, 80 ml water, 150 <C, stirring at 700 rpm. H; pressure

varies from 20 to 60 bar at room temperature. TOFs were calculated at < 20 % conversion.

5.3.3 Discussion

Because an enol ether has to be generated and reacts with a water molecule to produce reductive
hydrolysis products, the difference in the possibility of forming the enol ether and the desorption
property of the ether from the metal surface between these metals may cause the difference in the

selectivity of hydrolysis. DFT calculations are being undertaken to gain more fundamental insights.
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For hydrogenolysis, the C-O bond scission on metal surface after one hydrogen addition forms a
benzene molecule and a phenoxy group on the metal surface. The strong interaction between metal and
oxygen may lead to favorable formation of phenoxy group on the metal. Correlations between the
energy barrier for direct deoxygenation of anisole*® and phenol“, and the oxophilicity of metal surfaces
have been reported. We could compare the effect of oxophilicity (heat of dissociative adsorption of O;
on the metal surface)*” on the selectivities of hydrogenolysis over different metals under the same
reaction condition. As summarized in Figure 5-7, an unclear trend was observed. Generally, the
selectivity of hydrogenolysis decreases when the oxophilicity decreases except Pt. The inconsistency
of Pt may be due to the different bonding energy of H comparing to other metals*’.

Reaction in water Reaction in decalin

20r p 20 | Ru ® pt

10F A 10} Yo Rh

~ < W_Pd

Selectivity of hydrogenolysis / %
”
Selectivity of hydrogenolysis / %

340 320 300 280 340 320 300 280

Heat of adsorption of O, on metal surface / kJ/mol Heat of adsorption of O, on metal surface / kJ/mol

Figure 5-7. Correlation between the selectivity of hydrogenolysis of diphenyl ether on metal catalysts
surfaces and the heat of adsorption of Oz on metal surfaces*°,

5.4 Conclusions

Herein, we completed the comparison of the reactivities and selectivities of the reactions of diphenyl
ether over four noble metal catalysts, Ru/C, Pt/C, Rh/C and Pd/C, in polar (water) and apolar (decalin)
solvents. The aromatic C-O bond is cleaved hydrogenolytically and/or hydrolytically, while in parallel
the aromatic rings can be hydrogenated without changing the molecular backbone. In decalin, only
hydrogenolysis was observed for C-O cleavage and the selectivity varied from 2 % to 21 %. The
preference to hydrogenolysis of the C-O bond over hydrogenation of the aromatic ring increases in the
order Pd/C < Rh/C < Pt/C = Ru/C in decalin and water, which might be due to the difference of
oxophilicity of different metal catalysts. For hydrolysis in water, a reverse trend was observed. Because
the reductive hydrolysis occurs via partial hydrogenation (two hydrogen additions) and the mechanism

is in parallel with hydrogenation, more reductive hydrolysis is obtained when the selectivity of
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hydrogenation is higher. We concluded that the reaction mechanisms of reductive hydrolysis and

hydrogenolysis remained the same over these metal catalysts in different solvents (water and decalin).
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5.6 Appendix

5.6.1 Particle size and dispersion of supported metal nanoparticles

The TEM images of four metals are shown in Figure 5-8. The averaged four metal (Ru, Pt, Rh, Pd)
particle sizes are 5.2, 3.2, 5.8, and 3.1 nm, respectively (Table 5-6). By assuming that the crystal
structure of these noble metal nanoparticles is face-centered cubic (fcc) and the atom density on the
surface (ns) is the average of the atom densities of (111), (110) and (100) planes, the dispersion was
calculated through a relation as listed below®,

_ 6Mng
~ pN,d

where M is atomic mass, p is the density, Na is Avogadro constant and d is the diameter of the

nanoparticle.

Table 5-6. Particle sizes and dispersions calculated from particle size and H2 chemisorption of noble metal
catalysts.

Catalyst Particle size / nm Dispersion (TEM) Dispersion (chemisorption)
5 wt. % Ru/C 5.2 20% 23%
5 wt. % Pt/C 3.2 35% 57%
5 wt. % Rh/C 5.8 19% 27%
5 wt. % Pd/C 31 34% 31%
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The dispersions from H, chemisorption measurements are slightly higher than the dispersions calculated
from particles size except Pd. This might be caused by small nanoparticles which were invisible in the
TEM measurements. So the turnover frequency (TOF) was calculated based on the number of surface

metal atoms measured by H, chemisorption.

Figure 5-8. TEM images of the metal catalysts. (A) Ru, (B) Pt, (C) Rh and (D) Pd. (more than 500 particle
areas were counted for the TEM measurement)
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5.6.2 Reaction details in decalin
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Figure 5-9. Time-yield plots (A), conversion-yield plots (B) and distributions of the reaction pathways plots
(C) for the reaction of diphenyl ether on Ru catalyst in decalin.

In figure B, Cs represents benzene, cyclohexene and cyclohexane, Cs-OH represents phenol,

cyclohexanone and cyclohexanol. Reaction conditions: 10 mmol ether, 40 ml decalin, 10 mg 5 wt. %
Ru/C, 40 bar of Hy, 150 <C.

108



Chapter 5 Metal-catalyzed reductive cleavage

9}, / UOISIa AUOD

0 60 120 180 240 300 360 420 480 540 600 660

Time / min
(B) (C)
80 F N
& cyclohexyl phenyl ether 100
® dicyclohexyl ether
[ I 80 _'.__1,'_‘__;.___1_‘-.-.—
0 . C.-OH 2
[=] T
i s 60 & hydrogenation
o 40 = m  hydrogenolysis
[ L
s :E 40
20} L2
a
02t g S g
0 -I 1 1 L L 1 0 -I 1 1 L L 1
0 20 40 60 80 100 0 20 40 60 80 100

Conversion / % Conversion / %

Figure 5-10. Time-yield plots (A), conversion-yield plots (B) and distributions of the reaction pathways
plots (C) for the reaction of diphenyl ether on Pt catalyst in decalin.

In figure B, Cs represents benzene, cyclohexene and cyclohexane, Ces-OH represents phenol,

cyclohexanone and cyclohexanol. Reaction conditions: 10 mmol ether, 40 ml decalin, 20 mg 0.25 wt.
% Pt/C, 40 bar of Hy, 150 <C.
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Figure 5-11. Time-yield plots (A), conversion-yield plots (B) and distributions of the reaction pathways
plots (C) for the reaction of diphenyl ether on Rh catalyst in decalin.

In figure B, Cs represents benzene, cyclohexene and cyclohexane, Cs-OH represents phenol,

cyclohexanone and cyclohexanol. Reaction conditions: 10 mmol ether, 40 ml decalin, 20 mg 0.25 wt.
% Rh/C, 40 bar of H, 150 <C.
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Figure 5-12. Time-yield plots (A), conversion-yield plots (B) and distributions of the reaction pathways
plots (C) for the reaction of diphenyl ether on Pd catalyst in decalin.

In figure B, Cs represents benzene, cyclohexene and cyclohexane, Cs-OH represents phenol,

cyclohexanone and cyclohexanol. Reaction conditions: 10 mmol ether, 40 ml decalin, 10 mg 5 wt. %
Pd/C, 40 bar of Hy, 150 <C.
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5.6.2 Reaction details in water
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Figure 5-13. Time-yield plots (A), conversion-yield plots (B) and distributions of the reaction pathways
plots (C) for the reaction of diphenyl ether on Ru catalyst in water.

In figure B, Cs represents benzene, cyclohexene and cyclohexane, Ces-OH represents phenol,
cyclohexanone and cyclohexanol. Reaction conditions: 10 mmol ether, 80 ml water, 20 mg 0.25 wt. %
Ru/C, 40 bar of H,, 150 <C.
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Figure 5-14. Time-yield plots (A), conversion-yield plots (B) and distributions of the reaction pathways
plots (C) for the reaction of diphenyl ether on Pt catalyst in water.

In figure B, Cs represents benzene, cyclohexene and cyclohexane, Cs-OH represents phenol,

cyclohexanone and cyclohexanol. Reaction conditions: 10 mmol ether, 80 ml water, 20 mg 0.25 wt. %
Pt/C, 40 bar of Hz, 150 <C.
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Figure 5-15. Time-yield plots (A), conversion-yield plots (B) and distributions of the reaction pathways
plots (C) for the reaction of diphenyl ether on Rh catalyst in water.

In figure B, Cs represents benzene, cyclohexene and cyclohexane, Ces-OH represents phenol,
cyclohexanone and cyclohexanol. Reaction conditions: 10 mmol ether, 80 ml water, 10 mg 0.25 wt. %
Rh/C, 40 bar of Hy, 150 <C.
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Figure 5-16. Time-yield plots (A), conversion-yield plots (B) and distributions of the reaction pathways
plots (C) for the reaction of diphenyl ether on Pd catalyst in water.

In figure B, Cs represents benzene and cyclohexane, Cs-OH represents phenol, cyclohexanone and

cyclohexanol. Reaction conditions: 10 mmol ether, 80 ml water, 10 mg 5 wt. % Pd/C, 40 bar of H, 150
<.
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Chapter 6 Summary

The aim of this thesis is to gain fundamental insights into the catalytic reductive cleavage of
aromatic C-O bonds in aryl ethers over supported metal catalysts. Due to the high activation barrier
for effective aromatic C-O bond cleavage, the site selectivity in the presence of multiple C-O
bonds and the competing hydrogenation of the aromatic rings, this cleavage is still a difficult
problem relevant to depolymerization of lignin and C-O bond activation in synthetic chemistry.
Mechanistic details of the cleavage of aromatic C-O bonds over heterogeneous metal catalysts have
been rarely reported. To gain high reactivity and selectivity to C-O bond cleavage in aryl ethers
catalyzed by metal catalysts and explore the mechanisms, different metal catalysts were evaluated
in polar and apolar solvents under H, via kinetic and isotopic measurements. The results are
summarized in Figure 6-1, Pd and Ni catalysts were found to be highly selective toward reductive

hydrolysis and hydrogenolysis, respectively.
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Figure 6-1. Summary of reaction pathways of diphenyl ether catalyzed by metal in liquid phase under Ha.

Metallic Pd surfaces are highly selective in promoting the reductive hydrolysis of aromatic ethers in
aqueous phase at relatively mild temperatures and pressures of H,. At quantitative conversions, the
selectivity to hydrolysis products of Ph-O-R ethers was observed to range from 50 % (R = Ph) to greater
than 90% (R = n-C4Ho, c-CsH11 and PhCH>CHy>). By the analysis of the evolution of products with and
without incorporation of H,'®0, the pathway is concluded to be initiated by Pd metal-catalyzed partial
hydrogenation of the phenyl group to an enol ether that rapidly adds water to form a hemiacetal which
then undergoes elimination to cyclohexanone and phenol/alkanol products. A remarkable feature of the
reaction is that the stronger Ph-O bond is cleaved, rather than the weaker aliphatic O-R bond. Then
alcohols (R-OH) were tested as solvent which could react with the enol ether. The aromatic C-O bond
is cleaved by reductive solvolysis over Pd catalyst, which is initiated by Pd-catalyzed partial

hydrogenation of one phenyl ring to form the enol ether. The enol ether reacts rapidly with R-OH to
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Chapter 6 Summary

form a ketal which generates methoxycyclohexene by eliminating phenol or an alkanol. Subsequent

hydrogenation leads to methoxycyclohexane.

Ni-catalyzed hydrogenolysis was observed as the major reaction route of the conversion of diphenyl
ether in polar (water) and apolar (decalin) solvents, which initially generates benzene and phenol. H
dependence (half order) and isotopic experiments (Kn/Kp = 5.7) showed that the first hydrogen addition
is kinetically involved in the hydrogenolytic step. By the comparison between hydrogenolysis of
aliphatic C-O bond (benzyl phenyl ether) and aromatic C-O bond (diphenyl ether) and theoretical
calculations, the reaction mechanism was concluded to be initiated by one hydrogen addition to the
aromatic ring, then the weakened C-O bond cleaves on the metal surface afterward.

Different metal catalysts (Ru/C, Pt/C, Rh/C and Pd/C) can be used to control the catalytic chemistry of
the cleavage of C-O bonds in aryl ethers. The aromatic C-O bond is cleaved hydrogenolytically and/or
hydrolytically, while in parallel the aromatic rings can be hydrogenated. In decalin, only hydrogenolysis
was observed for C-O cleavage and the selectivity varied from 2 % to 21 % by changing the catalyst
from Pd to Ru. For each metal catalyst, the selectivity of hydrogenolysis did not change dramatically in
water compared to decalin. The preference to hydrogenolysis of the C-O bond over hydrogenation of
the aromatic ring increases in the order Pd/C < Rh/C < Pt/C =~ Ru/C, it is due to the difference of
oxophilicity of different metal catalysts. For hydrolysis in water, a reverse trend was observed. Because
the reductive hydrolysis occurs via partial hydrogenation (two hydrogen addition), more reductive
hydrolysis is obtained when the selectivity of hydrogenation is higher. Based on the Kkinetic
measurements of the reactions on different metal catalysts, we concluded that the reaction mechanisms
of reductive hydrolysis and hydrogenolysis remained the same over these catalysts in different solvents

(water and decalin).

Understanding the above factors gives us the possibility to manage the reactivity of selective C-O
cleavage of aryl ethers by designing catalysts and tuning reaction conditions for the targeted

transformation of the complex ether oligomers.
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