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Abstract 

The first part of this thesis describes an improved synthetic route to hybrid 
(hydroquinone-Schiff base)cobalt catalysts. Preparation of the 5-(2´,5´-
dihydroxyphenyl)salicylaldehyde building block was improved by altering 
the protective groups of the hydroquinone (HQ) starting material. Both  
protection and deprotection could be carried out under mild conditions,  
resulting in high yields. By optimizing the reaction conditions of the Suzuki 
cross-coupling, an efficient and inexpensive synthetic route with a good 
overall yield was developed.  

The second part describes the use of the hybrid catalyst as an electron 
transfer mediator (ETM) in the palladium-catalyzed aerobic carbocyclization 
of enallenes. By covalently linking the HQ to the cobalt Schiff-base complex 
the reaction proceeded at lower temperatures with a five-fold increase of the 
reaction rate compared to the previously reported system. 

The third part describes the application of the hybrid catalyst in the  
biomimetic aerobic oxidation of secondary alcohols. Due to the efficiency of 
the intramolecular electron transfer, the hybrid catalyst allowed for a lower 
catalytic loading and milder reaction conditions compared to the previous 
separate-component system. Benzylic alcohols as well as aliphatic alcohols 
were oxidized to the corresponding ketones in excellent yield and selectivity 
using this methodology.  

The fourth part describes the synthesis and characterization of highly  
dispersed palladium nanoparticles supported on aminopropyl-modified  
siliceous mesocellular foam. The Pd nanocatalyst showed excellent activity 
for the aerobic oxidation of a wide variety of alcohols under air atmosphere. 
Moreover, the catalyst can be recycled several times without any decrease in 
activity or leaching of the metal into solution. 

Finally, the fifth part describes the application of the Pd nanocatalyst in 
transfer hydrogenations and Suzuki coupling reactions. The catalyst was 
found to be highly efficient for both transformations, resulting in  
chemoselective reduction of various alkenes as well as coupling of a variety 
of aryl halides with various boronic acids in excellent yields. Performing the 
latter reaction under microwave irradiation significantly increased the  
reaction rate, compared to conventional heating. However, no significant 
increase in reaction rate was observed for the transfer hydrogenations, under 
microwave heating. 
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Abbreviations and acronyms are used in agreement with the standard of the 
subject.1 Only nonstandard and unconventional abbreviations that appear in 
the thesis are listed here.  
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BQ 

 
Aminopropyl 
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Inductively coupled plasma  
Mesocellular foam 
Pyridinium p-toluenesulfonate 
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TOF 
TON 
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1. Introduction 

1.1 Catalytic oxidation methods using environmentally 

friendly oxidants   

Oxidation reactions are of fundamental importance in Nature, and they are 
key transformations in organic synthesis.2 During the past century  
numerous oxidation methods have been developed and in particular  
bio-inspired oxidations have attracted considerable interest.3,4,5 Despite this 
development, traditional oxidation methods employing stoichiometric 
amounts of high-oxidation state metal reagents such as chromium(VI) and 
manganese(VII) are still widely used in the production of a large number of 
organic compounds.6 The major drawback of these reagents is their poor 
atom economy leading to large amounts of environmentally hazardous  
byproducts. 

Ideally, an oxidant should be environmentally friendly, inexpensive, safe, 
non-toxic and in addition it should have a high efficiency per weight of  
oxidant. Two oxidants that fulfill these requirements of “green chemistry”7 
are molecular oxygen and hydrogen peroxide (H2O2), both giving only water 
as byproduct. Molecular oxygen has the advantage of being inexpensive 
compared to hydrogen peroxide, (e.g. often air can be used), but requires 
rigorous safety handling for large-scale applications. Hydrogen peroxide on 
the other hand has the advantage that it is a water-miscible liquid, which 
makes it easier to handle. Unfortunately, hydrogen peroxide can undergo 
radical-induced exothermic decomposition to water and molecular oxygen 
upon heating or in the presence of a metal catalyst. 

Direct oxidation of organic substrates by molecular oxygen or hydrogen 
peroxide is rare due to the high energy barrier for the electron-transfer from 
the organic substrate to the oxidant. Molecular oxygen has a triplet electron 
configuration in the ground state, due to two unpaired electrons in  
degenerate orbitals. This prevents O2 from reacting directly with many  
organic molecules, which are often in the singlet state, and can be seen as 
Nature´s way of protecting organic compounds from destructive oxidation.    
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1.2 Oxidations via low-energy electron transfer 

The high energy barrier for the oxidation of organic compounds by  
molecular oxygen is not only a protection for biological systems as previously 
mentioned, but also a problem in organic synthesis. Nature has found an 
elegant solution, circumventing the problem through the use of an electron 
transport chain. Transferring the electrons from the substrate to O2 in a  
stepwise fashion allows for mild conditions that are compatible with life.8 

In a catalytic oxidation reaction the substrate-selective catalyst oxidizes 
the substrate to the desired product, followed by reoxidation of the reduced 
form of the catalyst by a stoichiometric oxidant. 

 There are several methods known that allow for modulation of the  
reactivity of molecular oxygen so that it can be used selectively under mild 
conditions. Many of them are based on homogeneous Pd,9,10 Ru,11,12,13,14 and 
Cu15 metal complexes. There are some examples where the metal is directly 
reoxidized by O2 or H2O2.

9,11,16 However, this approach fails in many cases 
due to a too slow electron transfer between the reduced form of the metal 
and O2, resulting in decomposition of the metal complex (Scheme 1.1).3 

 

Scheme 1.1. Direct reoxidation of the substrate-selective catalyst by O2. 

To facilitate the electron transfer between the reduced catalyst and O2, one 
approach would be to introduce an electron transfer mediator (ETM)  
between the catalyst and O2 or H2O2 (Scheme 1.2). The high-energy barrier 
for electron transfer is divided into several steps, creating a low-energy 
pathway resembling the strategy employed in Nature’s respiratory chain.17 

 

Scheme 1.2. Low-energy electron transfer with the use of ETMs. 
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The use of coupled catalytic systems with ETMs is an important  
complement to the systems proceeding via direct reoxidation of the metal 
complex and significantly extends the use of O2 and H2O2 as terminal  
oxidants.3  
 An illustrative example of this principle is the Wacker process where the 
redox couple CuCl/CuCl2 facilitates electron transfer between Pd(0) and O2 
(Schem 1.3).18 However, the presence of chloride ions has drawbacks, such 
as a negative effect on the reaction rate19 and making the reaction  
unselective, leading to the formation of chlorinated byproducts.20  
Furthermore, it corrodes the reaction vessel under the oxidative conditions 
employed, therefore several methods for the reoxidation of Pd(0) in the  
absence of chloride ions have been developed.21,22,23,24  

1/2 O2

H2O

PdII

Pd0

H2O

O
2 CuII

2 CuI

H

H

H

H

H  

Scheme 1.3. Wacker oxidation of ethylene to acetaldehyde. 

In more recent examples, a quinone/hydroquinone redox couple has been 
used in conjugation with an oxygen-activating catalyst, e.g. cobalt salophen, 
to catalyze the aerobic reoxidation of palladium or ruthenium catalysts.12,13 
These types of biomimetic systems have been applied to a variety of aerobic 
oxidations, including Pd-catalyzed 1,4-addition,21 allylic acetoxylation,21 
oxidation of terminal olefins,21 Pd-catalyzed enallene carbocyclization25 and 
Ru-catalyzed oxidations of alcohols12 and amines17 (Figure 1.1).  
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Figure 1.1. A variety of oxidation reactions using O2 as terminal oxidant 
where the coupled catalytic system has been employed.  

1.3 Aerobic palladium-catalyzed oxidative carbo-

cyclization of allenes  

The construction of carbon-carbon (C-C) bonds is of central importance in 
organic chemistry. Palladium-based catalysts have contributed considerably 
to this area, as they offer many possibilities for C-C bond formation  
reactions. In contrast to C-O and C-N bond formation there are only a  
handful of examples of palladium-catalyzed aerobic oxidations involving  
C-C bond formations, and in most of them high catalytic loading or high 
oxygen pressure is required.26 Previously, our research group reported  
that enallenes could be oxidatively cyclized in the presence of a catalytic 
amount of Pd(II) and a stoichiometric amount of 1,4-benzoquinone (BQ) 
(Scheme 1.4).27 
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Scheme 1.4. Oxidation of enallenes using stoichiometric amounts of BQ. 

However, the use of stoichiometric amounts of BQ can lead to the formation 
of side products via Diels-Alder reactions, which require work-up proce-
dures unsuitable for base-sensitive products. By employing a biomimetic 
approach to the Pd(II)-catalyzed reaction, with Pd(TFA)2 as the substrate-
specific catalyst, using BQ and iron(II)phthalocyanine (Fe(Pc)) as ETMs,  
it was possible to avoid the Diels-Alder side reactions. Different allenes, 
both acyclic and carbocyclic with varying ring sizes were cyclized in high to 
excellent yields, using O2 as the terminal oxidant (Scheme 1.5).25 
 

O

O

OH

OH

1/2 O2

(MLm)OX

MLm

H2OPdII

Pd0

E E

R1 R2

R1
R2

E
E

n

n

(E = CO2Me)

 

Scheme 1.5. Biomimetic aerobic oxidation of enallenes. 

The carbocyclization reaction is suggested to proceed by either of two  
proposed mechanisms (Scheme 1.6).27 Both mechanisms are believed to 
proceed via a (π-cyclohexene)Pd complex with palladium syn to the pending 
allene. In path A, the allene makes a nucleophilic attack on palladium  
resulting in complex I. Subsequent insertion of the olefin into the Cvinyl-Pd 
bond gives II, followed by a β-hydride elimination which liberates 
the product. The alternative mechanism, path B, proceeds via the 
(π-cyclohexene)Pd complex which forms the (π-allyl)Pd complex III by  
an allylic C-H bond activation. Complex III then reacts by insertion of the 
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allene into the allyl-Pd bond to give IV,28 and subsequent β-hydride  
elimination gives the product. Both these mechanisms were consistent with 
isotope labeling studies,27 however, a Pd(II)/Pd(IV) cycloaddition path  
cannot be excluded, even though it seems less likely.29 

E E E
E

(E = CO2Me)

E E

E
E

E
E

H
H

E E

H
H

PdII

PdII

PdII

H

H

H
H

H

PdII

PdII

syn C-H cleavage
by PdII

allene-attack
on PdII

olefin
insertion

allene
insertion

I II

III IV

Path A

Path B

H

H

H

H

H

H
-H elimination

-H elimination

 

Scheme 1.6. The proposed mechanisms for the palladium-catalyzed  
oxidative carbocyclization. 
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1.4 Ruthenium-catalyzed aerobic oxidation with the use 

of ETMs 

Oxidation of alcohols to their corresponding carbonyl compounds is an  
important class of transformations in organic synthesis for which numerous 
approaches have been explored successfully.30 The dehydrogenation of  
alcohols to give aldehydes or ketones by the use of low-valent ruthenium 
complexes has been known for several decades.31 However, the development 
of inexpensive and more efficient catalytic systems for the aerobic oxidation 
of alcohols is still highly attractive and challenging. In 1978, Tang et al.  
reported the first aerobic oxidation of secondary alcohols to the  
corresponding carbonyl compounds employing RuCl3•xH2O.32 Ruthenium 
catalysts are widely used in hydrogen transfer reactions, and these systems 
can be readily adapted to the aerobic oxidation of alcohols. The principle of 
these hydrogen transfer reactions is that the ruthenium dehydrogenates  
e.g. an alcohol and the ruthenium hydride formed adds the hydrogens to a  
hydrogen acceptor. One way to develop an aerobic oxidation system would 
be to allow the generated ruthenium hydride to add to an electron and proton 
transfer mediator, which in turn could be recycled by a terminal oxidant such 
as O2. Based on this approach, Bäckvall and co-workers13 developed a  
biomimetic system for oxidation of alcohols employing a low-valent  
ruthenium complex in combination with BQ and a cobalt-Schiff base  
complex (Scheme 1.7).  

O

O

OH

OH

1/2 O2

(CoLm)OX

CoLm

H2O
R

R

O

Ru

Ru

H H

OH

 

Scheme 1.7. Triple catalytic system for aerobic oxidation of primary  
alcohols. 

By changing the ruthenium catalyst to Shvo’s catalyst 1 and replacing BQ 
and Co(salophen) by 2,6-di-tert-butyl-benzoquinone and Co(salmdpt) 3, 
respectively, the application of this biomimetic catalytic system was extended 
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to the aerobic oxidation of secondary alcohols.33 Further optimization of the 
electron-rich quinone to 2,6-dimethoxy-1,4-benzoquinone 2b, combined 
with Shvo’s catalyst 1, and Co(salmdpt) 3 as the oxygen activating complex, 
led to one of the fastest catalytic systems reported for aerobic oxidation of 
secondary alcohols (Scheme 1.8).12  

 

Scheme 1.8. Biomimetic oxidation of secondary alcohols with Shvo´s  
dimeric ruthenium catalyst. 

Compared to the previously reported system, where the concentration of 
oxygen had to be kept low in an O2/N2 mixture, this system proved to be 
robust and did not undergo deactivation by air. A wide variety of alcohols 
such as benzylic and aliphatic, as well as sterically hindered alcohols were 
oxidized with excellent yields and selectivity. 

1.5 Heterogeneous Pd-catalysts in aerobic oxidation.   

The use of homogeneous metal catalysts on an industrial scale is limited by 
practical reasons associated with separation difficulties and catalyst  
recovery. Furthermore, in the pharmaceutical industry the resulting metal 
contamination in the final product is of major concern.34 In contrast,  
heterogeneous catalysts possess obvious advantages in product isolation and 
catalyst recycling, and have gained an increasing interest in the past years. 
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However, their activity and selectivity are often lower than those of  
homogeneous catalysts.35 Therefore increasing efforts have been devoted 
towards developing more efficient heterogeneous catalysts.36 Among various 
heterogeneous catalysts reported, Pd-based catalysts have shown promising 
performance in aerobic oxidation of alcohols. Palladium has been supported 
on a wide variety of materials such as activated carbon,37 pumice,38  
hydrotalcite,39 TiO2,

40 and various polymers.41  
In recent years, heterogeneous Pd catalysts without additives or organic 

ligands have attracted particular interest for the aerobic oxidation of  
alcohols. In 2004, Kaneda and co-workers42 reported on an efficient  
hydroxyapatite-immobilized Pd(II) catalyst for the aerobic oxidation of  
alcohols. Interestingly, an induction period was observed for the reaction, 
indicating that the monomeric Pd(II) species may not be the active catalytic 
species. This assumption was confirmed by transmission electron  
microscopy (TEM) and extended X-ray absorption fine structure (XAFS) 
analyses, indicating a formation of Pd nanoparticles during the reaction. 
Although it has been reported that palladium oxide can act as the active 
phase for alcohol oxidation,43,44 more recent studies have shown that  
supported Pd nanoparticles are excellent catalysts for the selective oxidation 
of alcohols by oxygen or air.45 

1.6 Heterogeneous catalytic transfer hydrogenation 

Catalyst-mediated hydrogenation reactions are considered to be the most 
important method in synthetic organic chemistry,46 representing a high  
percentage of important processes both on a laboratory- and industrial scale. 
By definition, catalytic hydrogenations employ H2 as the source of hydrogen. 
Although molecular hydrogen has the advantage of being the cleanest  
reducing agent, it has the drawback of being highly explosive, making  
it inconvenient to handle, particularly for large scale applications.  
Catalytic transfer hydrogenation is an alternative method to the classical 
hydrogenation reactions,47 where hydrogen donors are employed instead of 
molecular hydrogen (Scheme 1.9), avoiding the need for pressurized vessels 
and special apparatus. 

 

Scheme 1.9. The fundamental principle of transfer hydrogenation. 
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Transfer hydrogenation reactions have been known since the beginning of 
the 20th century, when Knoevenagel48 discovered that dimethyl 1,4-dihydro-
terephthalate readily disproportionates to dimethyl terephthalate and hexa-
hydroterephthalate in the presence of palladium black. Several decades later 
Braude and Linstead,49 suggested that catalytic hydrogen transfer from an 
organic donor molecule to a variety of organic acceptors might be possible 
under mild conditions. 

In principle, at higher temperatures in the presence of catalysts, or if the 
oxidation potential of the molecule is sufficiently low, most organic  
compounds have the potential of functioning as a hydrogen donor (DHX). 
Similarly, at higher temperatures many organic compounds can serve as an 
acceptor (A), even benzene can be reduced to cyclohexene at temperatures 
exceeding 300 °C.47  

The rate and selectivity of the reaction can be favorably affected by  
selecting the most appropriate hydrogen donor, and is generally determined 
by the nature of the functional group to be reduced. Compounds that are 
suitable as hydrogen donors are usually unsaturated hydrocarbons such as 
cyclohexene and 1,4-cyclohexadiene, or alcohols, hydrazines and formic 
acid and its salts.50  

It is of major importance that the adsorption and decomposition of  
hydrogen donors must be balanced against the competition from solvent, 
acceptors and the reaction products. Enhancement of any of these  
competitive binding interactions may shift the equilibrium, from reduction of 
the substrate towards evolution of hydrogen gas. 

The correct choice of solvent is also an important factor governing  
the activity of heterogeneous catalysts in transfer hydrogenations. The  
coordination of solvent to the catalyst should not compete with the binding 
of hydrogen donors and hydrogen acceptors. 

At present, a wide range of heterogeneous51 and homogeneous52 catalysts 
are available for hydrogen transfer reactions, both having their advantages. 
The most distinctive advantage of homogenous catalysts is that enantio- 
selectivity can be attained through the use of chiral ligands. Such catalysts 
often consist of various salts or complexes based on Pd, Pt, Ru, Rh, Ir, Fe, 
Co, Ni and others.51c In heterogeneous catalytic transfer hydrogenations, 
palladium is considered to be the most effective metal and it is used in a 
variety of forms such as pure bulk, finely divided or dispersed on various 
carriers.51c    
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1.7 Palladium-catalyzed Suzuki cross-coupling 

Since its discovery by Suzuki and Miyaura in 1979,53 palladium-catalyzed 
Suzuki cross-couplings have become a powerful tool in organic synthesis for 
the construction of C-C bonds. This method is widely used both in academia 
and industry for several reasons. (i) A wide range of substrates and a variety 
of functional groups are tolerated. (ii) Organoboron compounds are readily 
available, stable and are generally non-toxic. (iii) Dry solvents are generally 
not required.  

Mechanistically, the Suzuki reaction is generally considered to start with 
an oxidative addition of an organic halide (R1X) to Pd(0), affording an  
organopalladium(II) complex. Activation and transmetallation of the  
organoboron reagent introduces the second organic group (R2). Finally,  
reductive elimination liberates the product (R1-R2), and converts the Pd(II) 
complex back to Pd(0) (Scheme 1.10).  

LnPd(II)
R1

R2

LnPd(0)

LnPd(II)
R1

X

R1-X

R2-B(R)2

X = I, Br, Cl, OTf, OPO(OR)2

R1 = alkyl, allyl, alkenyl
alkynyl, aryl

R1-R2

R1-X R2-B R1-R2 Nu-B(R)2

R2 = alkyl, alkenyl, aryl

R = alkyl, OH, O-alkyl

Pd-cat
base (M-Nu)

LnPd(II)
R1

Nu

M-Nu

M-X

oxidative
addition

transmetalation

reductive
elimination

substitution

M-Nu = Na2CO3, K2CO3, Cs2CO3,
K3PO4, KF, CsF, NaOH

Nu

B(R)2R2

Nu-B(R)2

B(R)2 + M-NuR2

Nu

M+

 

Scheme 1.10. The catalytic cycle for the palladium-catalyzed Suzuki cross-
coupling. 

Suzuki cross-coupling reactions are generally carried out using homogeneous 
palladium catalysts along with phosphine, phosphite or carbene ligands.  
However, there are significant drawbacks with these systems, such as  
contamination of palladium residues in the products, and the toxicity and 
oxidation-sensitivity of the phosphine ligands. Furthermore, palladium-
phosphine complexes are prone to decompose during the reaction, requiring 
an elevated catalyst loading, which is negative from an economical  
perspective. Despite recent developments of more selective and efficient 
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homogeneous systems, the problem with contamination often still remains 
and catalyst non-recyclability has held back their application in the  
pharmaceutical industry. Heterogeneous catalysis, on the other hand, is  
particularly attractive as it allows for simple separation and recycling of the 
catalysts, making them ideal from an economical and environmental  
perspective. 

In recent years, there have been numerous reports on Pd nanoparticles as 
efficient heterogeneous catalysts for C-C coupling reactions under mild  
conditions.54 

1.8 Metal nanoparticles 

Nanoparticles have recently attracted considerable attention due to their 
unique properties and numerous applications in a variety of fields, including 
electronics, optics, magnetism, energy technology and chemistry.55 In  
particular, transition-metal nanoparticles, of different forms, have been 
shown to catalyze an impressive number of organic transformations under 
mild reaction conditions. They have been found to be selective, efficient, and 
recyclable, thus meeting the modern requirements for green catalysts. 

Transition metal nanoparticles are based on metal clusters containing 
from tens to several thousands of atoms, with sizes ranging from one  
nanometer to hundreds of nanometers. Of these, the smaller nanoparticles 
with a size of a few nanometers have shown to be the most active.56 The 
smaller the cluster of atoms is, the higher percentage of surface atoms it will 
have, thus resulting in a large surface-to-volume ratio (Figure 1.2). Surface 
atoms have a higher amount of coordination sites than those embedded in the 
interior of the particle, and are therefore expected to exhibit greatly  
enhanced activity in all types of organic transformations. In contrast to the 
mechanisms of monometallic catalysts, those involving nanoparticle surfaces 
are often more challenging to elucidate. However it is known that the  
catalytic activity of the catalyst is strongly dependent on the size and shape 
of the nanoparticle.57 
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Figure 1.2. Schematic illustration of metal clusters; a small particle will 
have a high percentage of surface atoms (a), compared to a larger  
particle consisting of a higher amount of bulk atoms (b).  
 

In contrast to metal chips, nanoparticles are well soluble in conventional 
organic solvents, allowing them to be used as catalysts in homogeneous  
systems and can in many cases be handled and characterized as molecular 
compounds by ordinary spectroscopic techniques. Alternatively, they can be 
heterogenized by fixation onto a heterogeneous support such as silica,  
alumina, metal oxides or carbon, and thereby in some cases referred to as 
“semi-heterogeneous”.58  

The usual synthetic technique for making such nanoparticles involves 
chemical or electrochemical reduction of metal ions in the presence of a 
stabilizer, such as linear polymers,59 ligands60 or heterogeneous supports.61 
This prevents the nanoparticles from aggregating and allows for the isolation 
of the nanoparticles.  

Altogether, the field of metal nanoparticle catalysis is emerging, and the 
increased molecular understanding has made them popular in recent years. 
Among various catalysts reported, supported Pd nanoparticles have shown 
promising performance in a wide variety of organic transformations  
(oxidations,45 hydrogenations,62 and C-C bond formations54). However, more 
mechanistic studies are required in order to understand the nature of the  
active metal species in solution. 

1.9 Objectives of this thesis 

The major part of this thesis focuses on developing more efficient  
environmentally friendly oxidation methods. Previous attempts by our group 
to further improve the triple catalytic system has led to the development of a 
hybrid (hydroquinone-Schiff base)cobalt catalyst. By covalently tethering 
two ETMs, intramolecular electron transfer was obtained, resulting in a more 
efficient catalytic system. However, the original synthesis of the hybrid  
catalyst suffered from several drawbacks. Therefore, the thesis starts by  
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describing an improved synthetic route to the hybrid (hydroquinone-Schiff 
base)cobalt catalysts (Chapter 2). 

In chapters 3 and 4 the efficiency of the hybrid catalytic system is 
investigated for the aerobic palladium-catalyzed carbocyclization of  
enallenes and aerobic oxidation of secondary alcohols, by comparing the 
results to the previous separate-component systems. 

In Chapter 5, the synthesis and characterization of a novel Pd nanocatalyst 
is described, and its utilization as catalyst in the aerobic oxidation of primary 
and secondary alcohols is discussed.  

Finally, we set out to investigate the activity of the Pd nanocatalyst in 
transfer hydrogenations and Suzuki cross-coupling reactions. The possibility 
of using microwave heating to facilitate these transformations has been  
examined and is presented in chapter 6. 
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2. Efficient Synthesis of the Hybrid  
(Hydroquinone-Schiff base)cobalt Oxidation 
Catalysts (Paper I) 

2.1 Introduction 

The success of the triple-catalytic system (Scheme 1.2) is based on four  
oxidants with decreasing oxidation potentials,63 enabling a low-energy  
electron transfer from the substrate to the terminal oxidant. There are several 
thermodynamically favored redox reactions that can occur in the biomimetic 
system, however, only four of these will occur. The fact that there is a  
coordination between the redox couples that interact generates a system  
under high kinetic control; for example (Scheme 1.5), O2 coordinates to 
MLm,64 HQ binds to the metal macrocycle,65 Pd(0) is known to coordinate to 
BQ,66 and Pd(II) forms a complex with the diene.21   

Based on this, it was assumed that the efficiency of the electron transfer 
might be increased by covalently linking two electron-transfer mediators, 
thus creating a hybrid redox catalyst, in which the electron transfer would 
then become intramolecular rather than intermolecular. This idea was earlier 
explored by our group, linking HQ directly to a cobalt porphyrin, which 
increased the rate of the Pd-catalyzed aerobic 1,4-diacetoxylation of  
1,3-cyclohexadiene.67 However, the stereoselectivity of the reaction was 
moderate and the catalyst was difficult to synthesize.  It has previously been 
shown that Fe(Pc) works efficiently as a heterogeneous catalyst in the  
aerobic oxidation of aerobic carbocyclization of allene-substituted olefins.25 
Therefore, a hydroquinone-iron phthalocyanine hybrid was investigated, 
without any success. The poor results obtained could presumably be  
explained by the limited solubility of the Fe(Pc) derivatives in most solvents. 
It seems that the molecule containing the BQ moiety has to be in solution to 
efficiently reoxidize the palladium catalyst. This problem was circumvented 
by replacing the Fe(Pc) by a cobalt-Schiff base complex as oxygen-
activating catalyst. The salen/salophen-type Schiff base units were chosen as 
the oxygen-activating component because of their demonstrated efficiency in 
coupled aerobic oxidation and the simple and modular synthesis of these 
complexes.12,13,21,33  
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This idea resulted in the development of hybrid catalysts 4 and 5,  
consisting of a cobalt salophen or salen complex with pendant HQ groups 
(Figure 2.1).68  
 

 

Figure 2.1. Hybrid catalysts 4 and 5. 

Hybrid catalysts (4 and 5) were found to increase the rate of electron transfer 
in biomimetic oxidation reactions.10a,14a,68 For practical applications an  
improved synthesis of the hybrid catalysts was called for. Inefficient  
preparation of the hydroquinone-salicylaldehyde 9 building block lead to a 
modest overall yield of 16% and 22% for 4 and 5, respectively.68   

The original synthesis of building block 9 suffered from several  
drawbacks (Scheme 2.1). For example, starting materials 6 and 7 are  
expensive, and deprotection of intermediate 8 requires the use of boron  
tribromide, which is a harsh and expensive reagent. 

 

Scheme 2.1. The original route to building block 9. 

An additional drawback is that significant amounts of byproducts were 
formed during the Suzuki coupling between 6 and 7, resulting in a low yield 
and a difficult purification. Also, deprotection of the methyl-protected HQ 
by BBr3 led to partial decomposition of the product, resulting in an  
additional chromatographic purification and a low overall yield. 

For these reasons the decision was made to develop a new synthetic route 
for building block 9. The new objectives were to use inexpensive starting 
materials, improve the yield and selectivity of the Suzuki coupling, and  
investigate if alternative protective groups with better protection and  
deprotection properties could be used.  
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2.2 Results and discussion 

After studying different alternatives, we finally settled for the synthetic route 
presented in Scheme 2.2.  
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Scheme 2.2. (i) 11, PPTS, CH2Cl2, r.t., 97%; (ii) 1. n-BuLi, r.t.; 2. B(OiPr)3,      
-78 °C to r.t.; 3. H2O; (iii) Pd(OAc)2, PPh3, Na2CO3, BnEt3NCl, toluene, 
EtOH, H2O, 100 °C, 94%; (iv) PPTS, EtOH, H2O, 60 °C, 98%; (v) 1. 16, 
EtOH, r.t., 70%; 2. Co(OAc)2 • 4H2O, MeOH, 62 °C, 95%; (vi) 1. 17, EtOH, 
r.t., 91%; 2. Co(OAc)2 • 4H2O, MeOH, 62 °C, 97%. 

 

The new route to the hybrid catalyst commenced with THP protection of HQ 
using 3,4-dihydro-2H-pyran 11 and pyridinium p-toluenesulfonate (PPTS), 
giving tetrahydropyranyl (THP) protected HQ 12 in excellent yield after 
recrystallization from ethyl acetate.  
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In the following step the THP-protected HQ 12 was ortho-lithiated by  
n-butyllithium, followed by quenching with triisopropyl borate. Subsequent 
hydrolysis afforded boronic acid 13. However, isolation of boronic acid 13 
by recrystallization or silica gel chromatography proved to be difficult. The 
crude product 13 was therefore used in the Suzuki cross-coupling, performed 
under phase-transfer conditions with unprotected salicylaldehyde 14, together 
with catalytic amounts of Pd(OAc)2 and PPh3 affording 15 in 94% yield after 
purification by flash chromatography. The HQ part of compound 15 makes it 
rather sensitive to acid and elevated temperatures and initial deprotection 
attempts using p-toluenesulfonic acid resulted in decomposition. However, 
when a catalytic amount of PPTS (2 mol%) was used, and the reaction was 
quenched with pyridine prior to concentration, building block 9 was isolated 
in 98% yield. Subsequent steps of the synthesis were performed as previously 
reported.68  

2.3 Proposed mechanism for reoxidation of palladium 

with Co(Salmdpt)-HQ hybrid catalyst  

Catalyst 5 is believed to react with molecular oxygen producing a cobalt(III) 
superoxo radical intermediate 5a in the first step.68 This is then followed by 
the acceptance of electrons from a pendant HQ, forming the cobalt(IV) oxo 
complex, 5b. The subsequent oxidation of the second HQ to give 5c is  
expected to be fast due to the high reactivity of the cobalt(IV) species. The 
oxidized form 5c must accept four electrons in order to regenerate the  
reduced form 5, and is therefore able to reoxidize two Pd(0) atoms to Pd(II) 

(Scheme 2.3). 
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Scheme 2.3. Proposed mechanism for the reoxidation of Pd(II) by hybrid 
catalyst 5. 

2.4 Conclusion 

The present protocol provides an efficient and versatile synthesis of  
hybrid catalysts 4 and 5. By altering the protective groups on HQ, both  
protection and deprotection were accomplished under mild conditions and 
with high yields. By optimizing the Suzuki coupling, in which the  
unprotected salicylaldehyde could be used, building block 9 was obtained in 
excellent yield from inexpensive starting materials.  
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3. Efficient Reoxidation of Palladium by  
a Hybrid Catalyst in Aerobic Palladium-
Catalyzed Carbocyclization of Enallenes  
(Paper II) 

3.1 Introduction 

In 2003 our group described a palladium-catalyzed oxidation of allene-
substituted olefins, applying BQ as oxidant.27 As mentioned in Chapter 1.3, 
the use of stoichiometric amount of BQ causes problems, and for this reason 
it was desirable to replace it with molecular oxygen. 

Initial attempts to oxidize allene-substituted olefins with a triple-catalytic 
system consisting of Pd(TFA)2, BQ and FePc in THF under an O2 
atmosphere at room temperature were unsuccessful, resulting in poor yields 
and long reaction times. Changing solvent from THF to toluene in the latter 
reaction and increasing the reaction temperature to 95 °C led to a more 
efficient aerobic oxidation.25 However, the reaction was still slow and it was 
necessary to add the substrate slowly to avoid non-oxidative side reactions 
due to inefficient electron transfer. 

In a preliminary study on the application of catalyst 4 in the 
carbocyclization of enallenes, no significant improvements could be 
observed when compared to the triple-catalytic system.68 Catalyst 4 has low 
solubility in toluene, and this is probably the main reason why no 
improvement could be observed. This also supports our earlier hypothesis 
that the benzoquinone moiety has to be in solution to efficiently reoxidize 
the substrate-selective catalyst.  
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Figure 2. Hybrid catalysts 4 and 5. 

Earlier studies of the stoichiometric version of the reaction revealed that 
protic solvents were favorable and led to a significant acceleration of the 
reaction.69 The reaction went to completion within 5 minutes using a 
stoichiometric amount of BQ in mixtures of THF and MeOH. It was also 
suggested that Pd(OAc)2 as substrate-selective catalyst was more efficient 
than Pd(TFA)2. Therefore, the efficiency of hybrid catalyst 5 for the aerobic 
carbocyclization of enallenes was investigated in a protic environment, using 
Pd(OAc)2 as substrate-selective catalyst. 

3.2 Results and discussion 

The requisite starting materials 18a–e were prepared as described  
previously.27,70 Optimization of the carbocyclization reaction commenced 
with oxidation of substrate 18a at room temperature in the presence of  
catalytic amounts of Pd(OAc)2 and hybrid catalyst 5 in THF under O2  
atmosphere. These reaction conditions resulted in a relatively long reaction 
time and moderate conversion of substrate 18a to 19a (Table 3.1, Entry 1). 
However, in accordance with the previous observation, the rate of the  
aerobic oxidation of 18a was improved in the presence of a protic solvent. 
Thus, performing the cyclization of 18a in a 4:1 mixture of THF and MeOH 
resulted in increased conversion, unfortunately still with unsatisfactory  
reaction times (Table 3.1, Entry 2).  
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Table 3.1. Palladium(II)-catalyzed aerobic carbocyclization of substrate 
18a.a 

 

Entry Catalyst (mol%) Solvent, Temp 
Time 
(h) 

Conversionb   
(%) 

1 
Pd(OAc)2 (5%) 

5 (5%) 
THF, 23 °C 24 47 

2 
Pd(OAc)2 (5%) 

5 (5%) 
THF/MeOH 
4:1, 23 °C 

24 95 

3 
Pd(OAc)2 (5%) 

5 (5%) 
MeOH, 23 °C 5 100 

4 
Pd(OAc)2 (2.5%) 

5 (2.5%) 
MeOH, 40 °C 3 100 

5 
Pd(OAc)2 (2.5%) 

5 (2.5%) 
EtOH, 40 °C 3 100 

6 
Pd(OAc)2 (2.5%) 

5 (2.5%) 
EtOH, 75 °C 0.3 100 

7 
Pd(OAc)2 (1%) 

5 (1%) 
EtOH, 75 °C 2 100 (97c) 

8d Pd(OAc)2 (1%) 

5 (1%) 
EtOH, 75 °C 0.8 100 (97c) 

9 
Pd(OAc)2 (2.5%) 

4 (2.5%) 
EtOH, 75 °C 4 100 

10 
Pd(OAc)2 (2.5%) 

3 (2.5%), BQ (5%) 
EtOH, 75 °C 1.5 100 

a. All reactions were carried out on a 1 mmol scale in 5 mL of solvent under 1 atm of 
molecular oxygen with Pd(OAc)2 and hybrid catalyst 4 or 5. b. Conversions were 
determined by 1H NMR spectroscopy after filtration through a silica plug. c. Isolated 
yield. d. 2 mL of solvent was used. 
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Interestingly, changing solvent from a mixture of THF/MeOH to neat MeOH 
led to full conversion to 19a within 5 h. By increasing the temperature to  
40 °C, it was possible to decrease the catalyst loading to 2.5 mol% with full 
conversion within 3 h (Table 3.1, Entry 4). Identical results were obtained 
when changing the solvent to ethanol (Table 3.1, Entry 5). Increasing the 
temperature of the reaction to 75 °C, gave full conversion of 18a to 19a 
within 0.3 h (Table 3.1, Entry 6). When the catalytic loading was reduced to 
1 mol% of Pd(OAc)2, and 1 mol% of hybrid catalyst 5 an increase of the 
reaction time to 2 h was observed (Table 3.1, Entry 7). This could partially 
be counteracted by concentrating the reaction mixture to 2 mL (Table 3.1, 
Entry 8), resulting in full conversion to 19a within 0.8 h. When the  
corresponding oxidation was carried out with catalyst 4 in place of 5,  
a prolongation of the reaction time to 4 h could be observed (Table 3.1,  
Entry 9). This is significantly slower than the corresponding reaction with 
hybrid catalyst 5, and is most likely due to the low solubility of catalyst 4 in 
ethanol.  

To prove that hybrid catalyst 5 is more efficient and that it accelerates the 
rate of the carbocyclization compared to the previous triple catalytic  
system,25 the corresponding reaction to Entry 6 with separate Co(salmdpt) 3 
and BQ was performed (Table 3.1, Entry 10). The reaction time increased by 
a factor of five with the separate-component system, demonstrating the  
efficiency of intramolecular compared to intermolecular electron transfer 
between BQ and Co(salmdpt) 3. 

The scope of the reaction was studied and a variety of substrates were 
tested under the optimized reaction conditions described above for the  
aerobic oxidation of 18a (Table 3.1, Entry 8). The reactions proved to be 
highly selective with no detectable amount of byproducts formed. After  
dilution of the reaction mixture with diethyl ether, the catalysts were  
removed by filtration and 19a-e were isolated in excellent yields (Table 3.2, 
Entries 1-5). However, for the acyclic substrate 18b, the reaction time was 
significantly extended, requiring 11 h to reach completion (Table 3.2, Entry 2). 
 



24 

 

Table 3.2. Palladium(II)-catalyzed aerobic carbocyclization of compounds 
18 a-e.a 

Entry Substrate Time (h) Product Yieldb (%) 

1 

 

0.8 

 

97 

2 

E E

18b  

11 

E E

19b
 

94 

3 

E E

18c

 

2 

E
E

19c

H

H

 

96 

4 

E E

18d

 

3 

E E

19d

 

94 

5 

E E

18e  

2 

E
E

19e
H

H

 

96 

a. The reactions were carried out on a 1 mmol scale with Pd(OAc)2 (1 mol%), hybrid 
catalyst 5 (1 mol%) in EtOH (2 mL) at 75 °C under O2 (1 atm). b. Isolated yield.  

To investigate whether there is any direct reoxidation of palladium by O2, 
the aerobic oxidation of compound 18a was carried out without hybrid  
catalyst 5. The reaction proved to be unselective, forming substantial amount 
of byproducts and less than 5% of the desired oxidation product 19a was 
destected. This clearly shows that a coupled catalytic reoxidation system is 
of major importance in order for this reaction to proceed in a selective  
manner. 
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3.3 Conclusion 

The change of solvent from toluene to a protic solvent proved to be of great 
importance in the aerobic carbocyclization of enallenes, leading to  
significant improvements reaction time and temperature in. The use of  
hybrid catalyst 5 gave approximately a five-fold increase in reaction rate 
compared to using separate BQ and Co(salmdpt) 3 under identical reaction 
conditions. This clearly shows the efficiency of intramolecular electron 
transfer, which allows for lower catalytic loadings and milder reaction  
conditions.  
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4. Efficient Aerobic Ruthenium-Catalyzed  
Oxidation of Secondary Alcohols by the Use 
of a Hybrid Electron Transfer Catalyst  
(Paper III) 

4.1 Introduction 

The first biomimetic oxidation of primary alcohols was carried out with 
[RuCl(OAc)(PPh3)3] as substrate-selective catalyst, BQ as ETM, and 
Co(Salophen) as oxygen activating complex.13 This catalytic system was 
extended to the aerobic oxidation of secondary alcohols by changing the 
ruthenium catalyst to Shvo’s catalyst 1 and replacing BQ and Co(salophen) 
by 2,6-dimethoxy-1,4-benzoquinone 2b and Co(salmdpt) 3, respectively 
(Scheme 1.8).12 However, this system required an elevated reaction  
temperature and a high loading of the electron-transfer mediator 2b  
(20 mol%).  

In order to make the aerobic oxidation of secondary alcohols more  
efficient, we decided to replace the separate HQ and Schiff base Co(salmdpt) 3 
with hybrid catalyst 5. As in the previous study we chose Shvo´s catalyst 171 
as the substrate-selective catalyst, expecting that the efficiency of  
intramolecular electron transfer would allow for a lower catalytic loading 
and milder reaction conditions.  

4.2 Results and discussion 

4.2.1 Oxidation Study  

Initially, the reaction was performed under solvent-free conditions, with 
promising results (Table 4.1, Entries 1-4). Solvent-free reactions have many 
advantages, such as reduction of waste and simpler isolation of products, 
however there are some major drawbacks. The reaction seems to be highly 
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dependent on the solubility of both catalysts (1 and 5), which limits the  
substrate scope of the reaction to alcohols capable of solubilizing the  
catalysts, and to those with sufficiently low melting points. 

One example would be the oxidation of aliphatic alcohols, such as  
2-octanol 20i and cyclohexanol 20k (Table 4.2, Entries 9 and 11), which 
gave very poor results, most likely due to the poor solubility of catalyst 1. 
One way to circumvent the problem and make the reaction more general 
would be to include the use of solvents. A suitable solvent has to fulfill some 
criteria; it needs to have an adequate boiling point, be inert under the  
reaction conditions (e.g. no alcohols or ketones), be resistant to peroxide 
formation or other oxidative processes (e.g. no ethers or sulfoxides) and have 
good solubilizing properties for both catalysts.  

The use of non-polar solvents, such as toluene or o-xylene, where the  
solubility of hybrid catalyst 5 is low, gave poor results (Table 4.1, Entries 5 
and 6). Sulfolane dissolved catalyst 5 well, while catalyst 1 proved to be less 
soluble, resulting in poor conversion and long reaction time (Table 4.1,  
Entry 7). Finally, good results were obtained with acetonitrile, where both 
catalysts 1 and 5 are highly soluble (Table 4.1, Entries 8-11) and therefore 
this solvent was chosen for further studies. 
 
Table 4.1. Ruthenium-catalyzed aerobic oxidation of 20a.a 

 

Entry 
Catalyst 
(mol%) 

Solvent, Temp Atm. Time (h) 
Conversionb   

(%) 

1 
1 (0.1%) 

5 (1.0%) 
Neat, 65 °C Air 20 100 

2 
1 (0.05%) 

5 (1.0%) 
Neat, 65 °C Air 20 90 

3 
1 (0.1%) 

5 (1.0%) 
Neat, 75 °C Air 22 100 
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4 
1 (0.5%) 

5 (1.0%) 
Neat, 75 °C Air 9 100 

5 
1 (1.0%) 

5 (3.0%) 
Toluene, 100 °C Air 20 62 

6 
1 (1.0%) 

5 (3.0%) 
o-Xylene, 100 °C Air 20 66 

7 
1 (1.0%) 

5 (3.0%) 
Sulfolane, 100 °C Air 20 86 

8 
1 (0.5%) 

5 (1.0%) 
MeCN, 75 °C Air 10 100 

9 
1 (0.1%) 

5 (1.0%) 
MeCN, 75 °C Air 20 85 

10 
1 (1.0%) 

5 (2.0%) 
MeCN, 75 °C 

5% O2 

in N2 
16 91 

11 
1 (1.0%) 

5 (2.0%) 
MeCN, 75 °C O2 10 82 

a. All reactions were carried out on a 2 mmol scale in 1 mL of solvent under air with 
Shvo´s catalyst 1 and hybrid catalyst 5. b. Conversions were determined by GC.   

 
The present system was preferentially utilized under air, although it  
was shown to work in the range of 5% O2 to pure O2 (Table 4.1, Entries 10 
and 11). However, under the latter conditions the reactions were slower and 
never reached full conversion. Possible explanations are that there is a slight 
degradation of catalyst 1 when performing the reaction under an atmosphere 
of pure oxygen, and most likely when running the reaction under 5% O2 in 
N2 the reoxidation of catalyst 1 becomes too inefficient.  

The most important advantages with the present system over the  
previously reported one are that the catalytic reaction tolerates a wider range 
of O2 concentrations and that it does not require large amounts of additional 
quinone. In the previous method it was necessary to have a large excess of 
2,6-dimethoxy-1,4-benzoquinone 2b present to prevent the catalytic system 
from being deactivated. The excess of quinone 2b had to be removed by 
washing with NaOH, which is not suitable for base-sensitive products.12   
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4.2.2 Substrate scope  

The oxidation reaction developed proved to be compatible with a range of 
substrates affording the corresponding ketones in high yields and high  
selectivity (Table 4.2). It was found that benzylic substrates with  
electron-donating groups such as methoxy in the para-position had a  
beneficial effect (Table 4.2, Entry 3), while electron-withdrawing groups 
such as trifluoromethyl lead to a slightly slower reaction (Table 4.2,  
Entry 5). Sterically hindered alcohols such as menthol were efficiently  
oxidized to ketones using the new ruthenium-catalyzed aerobic process  
(Table 4.2, Entry 14). Also more resistant substrates, such as cyclic and  
linear aliphatic alcohols, could be oxidized with the current system in good 
to excellent yields (Table 4.2, Entries 9-14). Overall, the new aerobic  
oxidation protocol proved to be quite efficient and in most cases complete 
within 9-14 h at 75 °C. The loading of Ru-catalyst 1 was 0.5 mol% in both 
the previous and present system. However, in the present system 1 mol% of 
hybrid catalyst 5 was employed, which is a significantly lower catalytic 
loading of quinone than that of the previous system. 
 
Table 4.2. Ruthenium-catalyzed aerobic oxidation of secondary alcohols.a 

Entry Substrate Time (h) Product Yield (%)b 

1 

OH

20a

10 

O

21a

92 

2 

OH

20b

10 94 

3 9 96 

4 11 

O

Cl
21d

89 

5 13 87 
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6 15 84 

7 

OH

20g

14 

O

21g

94 

8 17 

O

21h

92 

9 C6H13

OH

20i
10 93 

10 10 89 

11 10 

 

91 

12 10 

 

90 

13 14 

 

87 

14 15 O

21l  

82 

a. All reactions were carried out on a 2 mmol scale with 1 (0.5 mol%), hybrid  
catalyst 5 (1 mol%) in MeCN (1 mL) at 75 °C under air. b. Isolated yield. 
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4.2.3 Mechanistic study 

The ruthenium-catalyzed aerobic oxidation of alcohols with 1 as catalyst 
involves a highly efficient dehydrogenation step. Catalyst 1 is heat-activated 
and known to dissociate into two catalytically active monomers, one 16  
electron complex 1a and one 18 electron complex 1b (Scheme 4.1).12,72 The 
former can act as a dehydrogenation species for alcohols, and the latter can 
hydrogenate ketones, C-C double bonds, and other unsaturated compounds. 
The principle for the biomimetic aerobic oxidation of alcohols with the  
hybrid catalytic system is shown in Scheme 4.1. The dehydrogenation of the 
alcohol with 1a produces the ketone and 1b. This reaction is known to be 
reversible, and in the absence of a stoichiometric oxidant, re-addition of 
hydrogen to the ketone leads to racemization of enantiomerically enriched 
alcohols. Reoxidation of 1b to 1a occurs by transfer of hydrogen from 1b to 
the benzoquinone moiety 22b of the oxidized form of hybrid catalyst 5, thus 
forming 1a and the reduced HQ form of 5, which in turn is reoxidized by 
molecular oxygen. 
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Scheme 4.1. The reoxidation of Shvo´s catalyst 1 by hybrid catalyst system 5. 

To gain some insight into the mechanism the kinetic isotope effect of the 
oxidation was determined by the use of 1-phenylethanol 20a and 1-deuterio-
1-phenylethanol 20a-d1. 

The oxidations of 20a and 20a-d1 were run in two parallel reactions  
and the conversion of each reaction was determined by GC (Figure 4.1). 
From the initial rates the primary kinetic isotope effect was determined to 
kH/kD = 2.83±0.30. 
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Figure 4.1. Reaction profiles as a function of time using ruthenium-
catalyzed aerobic oxidation system measured in a non-competitive manner. 
♦) 1-phenylethanol (20a) ■) 1-deuterio-1-phenylethanol (20a-d1). 

The isotope effect was also determined in a competitive experiment, by  
the use of a 1:1 mixture of 20a and 20a-d1. The decay of both substrates 
were monitored by GC/MS giving a primary kinetic isotope effect  
kH/kD = 2.89 ± 0.40. This is within experimental error the same deuterium 
isotope effect as that determined in the parallel experiment, showing that 
there is no strong coordination of the substrate to the catalyst.73  

An interesting question is whether racemization of (S)-20a occurs during 
the oxidation, i.e. if the reversible reduction of ketone 21a by 1b (k-1) is  
faster than reaction of 1b with 22b (k2) (Figure 4.2, Eqs 1 and 2). 

By performing an experiment with the use of enantiomerically pure  
(S)-1-phenylethanol (S)-20a, information about the relative rates between 
dehydrogenation of the alcohol 20a, hydrogenation of the product ketone 
21a, and hydrogenation of the benzoquinone moiety of the hybrid catalyst 
22b was obtained.  
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Figure 4.2. Equations (Eqs.) for dehydrogenation/hydrogenation of the  
alcohol/ketone (Eq. 1), and hydrogenation of the benzoquinone moiety of 
hybrid catalyst 5 (Eq. 2). 

Monitoring by chiral GC showed that no racemization of (S)-20a (i.e. no 
formation of the (R)-enantiomer) occurred during the course of the reaction, 
indicating that the hydride 1b adds to the quinone much faster than it adds to 
ketone 21a (k2[22b] >> k-1[21a]). The present data does not allow for any 
conclusions to be drawn concerning the relative rates of dehydrogenation 
(k1[20a][1a]) and hydrogen transfer to the quinone (k2[21b][22b]). However, 
the observed isotope effect of kH/kD ≈ 2.8 is consistent with a rate-
determining dehydrogenation since it has been previously shown that the 
isotope effect for dehydrogenation of 1-(p-fluorophenyl)ethanol by 1a is 
2.57.74 Decreased catalytic loading of hybrid catalyst 5 led to a significant 
drop in reaction rate and yield, suggesting that Eq. 2 becomes rate-
determining at lower concentrations of 5. The diminished yield could  
presumably be explained by inefficient reoxidation of 1b into 1a, which  
is necessary to avoid decomposition of catalyst 1 into inactive ruthenium  
species. 

4.3 Conclusion 

We have developed an efficient catalytic process for the biomimetic  
aerobic oxidation of secondary alcohols that tolerates a wide range of  
substrate classes. Due to the efficiency of intramolecular electron transfer, 
hybrid catalyst 5 allowed for a lower catalytic loading and milder reaction 
conditions compared to the use of separate quinone and Co(salmdpt) 3.  
Oxidation of electron-rich, electron-deficient and sterically hindered  
alcohols, as well as aliphatic alcohols could be performed in excellent yields 
and selectivity with this method.  
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5. Highly Dispersed Palladium Nanoparticles 
on Mesocellular Foam: an Efficient and  
Recyclable Heterogeneous Catalyst for  
Alcohol Oxidation (Paper IV) 

5.1 Introduction 

As mentioned in Chapter 1.1, the use of molecular oxygen or air as  
terminal oxidant is particularly attractive. However, the high activation  
barrier for O2 is a challenging problem to solve. There are several examples 
in the literature where this problem has been circumvented e.g. by the use of 
palladium complexes with nitrogen ligands or biomimetic coupled electron 
transfer systems.3,9a In search of more efficient and selective oxidation  
protocols that fulfill all the key parameters of green chemistry, the attention 
has lately turned towards heterogeneous catalysts that are able to utilize O2 
as terminal oxidant. 

In recent years heterogeneous Pd catalysts with neither additives nor  
organic ligands have attracted interest for the aerobic oxidation of alcohols, 
and most of the recent literature describes supported Pd nanoparticles as 
excellent catalysts for the selective oxidation of alcohols by molecular  
oxygen or air.42,45 

Heterogeneous Pd-nanoparticles have interesting properties. They are 
compatible with enzymes, less sensitive to wet conditions, and have shown 
to be more efficient in racemization reactions than homogeneous catalysts.75 
On the other hand, their activity and selectivity are highly dependent on the 
type of support employed, and the size and shape of the nanoparticles.76 

Among silica-based solid supports, mesocellular foams (MCFs) have 
shown to be excellent supports for chemical- and bio-catalysts.54,77 This is 
due to their high surface area, with high pore volume and adjustable pore 
size, as well as a high surface concentration of silanol groups that can be 
grafted with a wide variety of functional groups. Our group has recently 
reported on the preparation of palladium nanoparticles supported on MCF 
and demonstrated that this is an excellent catalyst for the racemization of 
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amines.78 We were therefore interested in investigating the Pd nanocatalyst´s 
performance in the aerobic oxidation of alcohols. 

5.2 Results and discussion 

5.2.1 Synthesis of the Pd nanocatalyst (Pd(0)/AmP-MCF) 

A spherical silica-based mesocellular foam (MCF) was synthesized  
according to a literature procedure.79 The synthesis began with dissolving 
Pluronic P123, a triblock copolymer, in an acidic water solution. The  
addition of 1,3,5-trimethylbenzene (TMB) generate an oil-in-water  
microemulsion consisting of P123-coated TMB droplets. This was followed 
by adding hydrophobic tetraethyl orthosilicate (TEOS), which is hydrolyzed 
at the surface of the TMB/P123 droplets, forming hydrophilic cationic silica 
species and ethanol. These cationic species condense, and through hydrogen 
bonding to the P123-coated TMB droplets a silica coating forms around the 
hydrophobic templates, giving rise to composite droplets. 

During the aging process, agglomeration and packing of the composite 
droplets will occur while the cationic silica species continue to condense. In 
this step it is possible to selectively enlarge the window size by adding small 
amounts of NH4F, and/or increasing the aging temperature. After the aging 
process, the resulting precipitate is filtered off, washed, dried, and calcined 
to remove the organic templates. Characterization of the porous MCF  
material showed an average pore size of 29 nm, window size = 15 nm,  
specific pore volume = 2.36 cm3/g and BET surface area = 613 m2/g. 

In the next step, amino groups were introduced onto the pore surface of 
the calcined MCF by letting (3-aminopropyl)trimethoxysilane react with 
MCF in refluxing toluene under inert conditions for 24 h. The amine ligand 
loading on the resulting AmP-MCF was determined by elemental analysis to 
be 1.52 wt.%, based on the nitrogen content. 
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Scheme 5.1. Synthesis of Pd(0) nanoparticles supported on aminopropyl 
functionalized MCF (AmP-MCF). 

Li2PdCl4 was prepared by heating a mixture of LiCl and PdCl2 (2:1) in water 
until a homogeneous solution was obtained. The resulting dark red solution 
was cooled, filtered and added to a dispersion of AmP-MCF in water.  
To avoid full protonation of the amine functionalities which hampers the 
coordination of the Pd(II) species, the pH of both water solutions were  
adjusted to pH 8 with a 0.1 M solution of LiOH in water before performing 
the complexation. The resulting suspension was separated and the remaining 
solid was washed thoroughly with water. The solid was then re-suspended in 
water, followed by chemical reduction of the Pd(II) with a solution of 
NaBH4 in water. Centrifugation of the reaction suspension, followed by  
additional washing with water and acetone, afforded the Pd nanocatalyst 
(Pd(0)-AmP-MCF) as a dark brown powder. Analyses of the catalyst  
by inductively coupled plasma (ICP) indicated a palladium loading of  
8.25 wt.%. Transmission electron microscopy (TEM) showed well-dispersed 
Pd nanocrystals (1-2 nm) with a narrow size distribution in AmP-MCF  
(Figure 5.1). 
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Figure 5.1. TEM image of the nanocatalyst with well-dispersed Pd 
nanocrystals of 1-2 nm. 

The Pd oxidation states present in the Pd(II)-AmP-MCF and the  
(Pd(0)-AmP-MCF) samples were monitored by X-ray photoelectron  
spectroscopy (XPS) (Figures 5.2 and 5.3). The XPS spectrum recorded from 
the Pd(II)-AmP-MCF sample (Figure 5.1) shows that the spin-orbit splitted 
Pd3d core level is fitted with one component found at 337.2 eV binding  
energy. The component found at 337.2 eV in Figure 5.2 is rather broad, the 
total (Gaussian and Lorentzian) FWHM being 3.4 eV. The large width of the 
Pd3d core level could be interpreted as Pd(II) atoms with different ligand 
compositions. 
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Figure 5.2. XPS spectrum of the Pd(II)-AmP-MCF catalyst. 

The XPS spectrum of the Pd nanocatalyst is given in Figure 5.3. The  
spin-orbit splitted Pd3d core level was deconvoluted into two components 
representative of Pd(0) and Pd(II) found at 335.5 eV and 338.2 eV binding 
energy, respectively. However, it is clear from Figure 5.3 that the major part 
of the Pd(II) has been reduced to Pd(0) and the Pd(II) component accounts 
for <10% of the total intensity.  

 

Figure 5.3. XPS spectrum of the Pd(0)-AmP-MCF catalyst. 
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5.2.2 Oxidation Study 

1-Phenylethanol 20a was chosen as the model substrate when studying the 
effects of catalyst loading, reaction temperature, and solvent in the  
aerobic oxidation of alcohols under O2 or air atmosphere. The use of polar 
aprotic solvents, such as acetonitrile, dimethylformamide (DMF) and  
sulfolane resulted in poor conversions (Table 5.1, Entries 3-5). This can be 
explained by heteroatom coordination by the solvent to the Pd centers,  
resulting in deactivation of the catalyst.7,42 Interestingly, water could be used 
as a solvent with moderate results when performing the reaction under an 
atmosphere of pure oxygen. However, a significant drop in catalyst activity 
was observed when the reaction was run under air (Table 5.1, Entries 1 and 
2). Aromatic solvents such as toluene, p-xylene and trifluorotoluene (TFT) 
were found to be the most suitable solvents for the aerobic oxidation of 20a 
(Table 5.1, Entries 6-8). When the reaction was run at 100 °C under O2  
atmosphere, the best result was obtained with TFT, giving acetophenone 21a 
in quantitative conversion after 1 h (Table 5.1, Entry 6). However, under an 
atmosphere of air, only 92% conversion of the starting material was obtained 
under otherwise unchanged reaction conditions. Although the aerobic  
oxidation appeared to be less efficient in p-xylene at 100 °C, it was possible 
to raise the temperature with 10 °C, affording the corresponding carbonyl 
product in excellent yield within 1 h under air atmosphere (Table 5.1,  
Entry 13). After several screening experiments, we found the most efficient 
and practical reaction conditions to be 1-phenylethanol 20a (0.8 mmol),  
Pd nanocatalyst (1.5 mol% of Pd), air (1 atm) in p-xylene (2 mL) at 110 °C. 

It is noteworthy that running the reaction in toluene differs significantly 
from p-xylene, which is unexpected since there is only a slight difference in 
electronic properties. One explanation could be the larger steric bulk of  
p-xylene compared to toluene, making p-xylene less prone to coordinate to 
the palladium surface. This explanation would be in agreement with a  
previously proposed mechanism by K. Kaneda and co-workers,42 in which it 
was suggested that the substrate’s ability to coordinate by π-interactions to 
the Pd-surface is of substantial importance for the high reactivity of Pd na-
noclusters. 
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Table 5.1. Screening of solvent, temperature and Pd-loading in the aerobic 
oxidation of 20a, using the Pd nanocatalyst.a 

 

 

Entry Pd (mol%) Solvent, Temp   Atm. Conversionb   
(%) 

1 1.5 H2O, 100 °C O2 65 

2 1.5 H2O, 100 °C Air 21 

3 1.5 DMF, 100 °C O2 - 

4 1.5 MeCN, reflux O2 9 

5 1.5 Sulfolane, 100 °C O2 2 

6 1.5 TFT, 100 °C O2 99 

7 1.5 Toluene, 100 °C O2 82 

8 1.5 p-Xylene, 100 °C O2 93 

9 1.5 Toluene, 110 °C O2 97 

10 1.5 p-Xylene, 110 °C O2  99 

11 1.5 TFT, 100 °C Air 92 

12 1.5 Toluene, 110 °C Air 90 

13 1.5 p-Xylene, 110 °C Air 99 

14 0.75 p-Xylene, 110 °C Air 90 

15 1 p-Xylene, 110 °C Air 95 
a. All reactions were carried out on a 0.8 mmol scale in 2 mL of solvent for 1 h. b. 
Conversions were determined by GC. 

5.2.3 Substrate Scope 

To study the scope of the reaction, a variety of primary and secondary  
alcohols were tested under the reaction conditions described above for the 
aerobic oxidation (Table 5.1, Entry 13). The catalytic system demonstrated 
greater reactivity towards benzylic and allylic alcohols than towards  
aliphatic ones (Table 5.2). The higher reactivity of benzylic and allylic  
alcohols compared to that of aliphatic ones can be explained by their ability 
to coordinate to the Pd nanoparticle surface, whereas aliphatic alcohols  
completely lack the possibility to interact in this manner. 
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From the results with the benzylic substrates (Table 5.2, Entries 1-7;  

9-14), it was found that the overall presence of substituents on the phenyl 
ring affects the rate of the reaction. As mentioned earlier, steric bulk most 
likely reduces the coordination ability of the substrate to the palladium  
species, having a negative influence on the rate of the reaction.  

Introducing an electron-withdrawing group on the aromatic ring of the 
benzylic alcohol had a significant negative effect on the reaction rate, and in 
the case of 4-fluorophenylethanol 23a, a loading of 7.5 mol% Pd was  
necessary to obtain a yield of over 80% (Table 5.2, Entry 4). This change in 
reactivity is explained in a similar way as that between benzylic alcohols and 
aliphatic alcohols. Presumably, the electron-deficient π-system of 23a can 
only interact weakly with the Pd nanocluster surface, whereas aliphatic  
alcohols completely lack the possibility to interact via this manner. The  
inability to effectively coordinate to the catalyst surface mainly accounts for 
the lower reactivity of 2-octanol 20i (Table 5.2, Entry 8). 

The present system showed high activity in the oxidation of trans-
cinnamoyl alcohol 23g to the corresponding carbonyl compound in excellent 
yield and selectivity, without affecting the olefin moiety (Table 5.2,  
Entry 13). Bulky alcohol substrates such as 1-(2-naphthyl)ethanol 20g  
(Table 5.2, Entry 5), benzoin 23b (Table 5.2, Entry 7) and 2-naphthyl-
methanol 23f (Table 5.2, Entry 13) underwent oxidation to their corresponding 
carbonyl compound in good to excellent yields within 5-6 h. 

Previously reported homogenous transition metal complexes are in  
general unable to catalyze the oxidation of heterocyclic alcohols, because of 
the strong coordination of the heteroatom to the metal center, which  
deactivates the catalysts.7,42 Interestingly, our Pd nanocatalyst could be 
applied in the oxidation of 2-thiophenemethanol 23h, with a quantitative 
yield of 24h after 10 h (Table 5.2, Entry 14).  
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Table 5.2. Palladium-catalyzed aerobic oxidation of alcohols primary and 
secondary alcohols.a  

Entry Substrate Product 
Time 
(h) 

Conv.b 
(%) 

Yieldc 
(%) 

1 

O

21a

1 99 96 

2 

O

21b

3 98 97 

3 

OH

O
20c

O

O
21c

3 98 97 

4e 

23a
F

OH

24a
F

O

8 82 82 

5 

O

21g

5 96 94 

6 

O

21h

1 99 97 

7d 

23b

OH

O
6 97 96 

8e C6H13

OH

20i  
8 82 79 
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9 1 99 99 

10 1 99 98 

11 

 

4 97 84 

12 

 

5 96 84 

13 
23g

OH

 

3 97 93 

14 
24h
S

O
10 99 99 

a. Unless otherwise noted, all reactions were carried out on a 0.8 mmol scale with 1.5 
mol% Pd in 2 mL of p-xylene at 110 °C under 1 atm. of air. b. Determined by GC 
analysis using dodecane as internal standard. c. Isolated yield. d. 4.5 mol% Pd. e. 7.5 
mol% Pd. 

 
To further test the present protocol, the reaction was performed on a larger 
scale (500 mmol). The aerobic oxidation of 1-phenylethanol 20a employing 
6.8 ×10-4 mol% Pd, neat conditions under air atmosphere at 160 °C gave 
91% conversion within 36 h. The turnover number (TON) based on palladium 
approached 135,000 with an excellent turnover frequency (TOF) of over 
3750 h-1. 

Changing the atmosphere to pure O2, resulted in 99.7% conversion of the 
starting material after 28 h, under otherwise unchanged reaction conditions. 
Reducing the catalytic loading to 3.4 ×10-4 mol% gave 97% conversion after 
28 h. The high efficiency of the latter reaction suggested that the catalyst 
loading could be decreased further and still maintain sufficient activity.  
Reducing the catalyst loading to 1.7 ×10-4 mol% afforded 21a in 77% yield, 
resulting in an impressive TOF of 25,800 h-1 in the early stage of the  
reaction, and an excellent TON of over 450,000 (Figure 5.4). 
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To the best of our knowledge, no catalytic system has displayed such high 
TONs and TOFs in aerobic oxidation of alcohols. These values are  
significantly higher than many of those previously reported.7,10f,12,14c,42,80  

Furthermore, our Pd nanocatalyst efficiently catalyzed the alcohol oxidation 
without the requirements of additives, high O2 pressure, or co-catalysts. 
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Figure 5.4. Oxidation of 1-phenylethanol 20a on a 500 mmol scale. 
 
Important factors to consider, particularly in industrial and pharmaceutical 
applications, are the ability to recycle the catalyst and potential leaching of 
the metal into solution. To ensure the stability of the catalyst, another portion 
of 1-phenylethanol was successively added to a reaction under standard  
conditions (Table 5.2, Entry 1), after the first run. This was repeated in a 
second and a third oxidation cycle of 1-phenylethanol 20a and was found to 
proceed efficiently, giving acetophenone 21a in over 98% conversion in 
each cycle.  

During the recycling study, the reaction progress was monitored by GC 
and after completion of the reaction, the reaction mixture was cooled down 
and centrifuged. The supernatant was recovered by syringe, followed by 
thorough washing of the Pd nanocatalyst. The recovered catalyst was  
successfully reused 4 times under the same reaction conditions without any 
decrease in activity. The conversion of the first and the fifth reaction was 
followed by GC, demonstration that activity of the catalyst was unchanged 
from the first to the fifth use (Figure 5.5). 
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Figure 5.5. Oxidation of 1-phenylethanol 20a, first use (     ) and the fifth use 
(      ). 

Also, TEM of the catalyst indicated that the Pd nanoparticles still exhibited a 
well-dispersed distribution over the surface of the support and seemed to 
have retained their size and shape (Figuer 5.6). 

 

  

Figure 5.6. TEM images of the Pd nanocatalyst (left), and after recycling 
(right).
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To confirm that no leaching occurs during the reaction, a hot filtration test 
was performed. The catalyst was filtered off after 20 min (68% conversion) 
at the reaction temperature and the solid free filtrate was allowed to stir for 
24 h under identical reaction conditions. Analysis of the catalyst-free  
reaction by GC determined that no further oxidation of the substrate had 
occurred and the conversion remained at 68%. The negligible amount of 
palladium in the filtrate solution was further confirmed by elemental  
analysis, which showed that the content of Pd was 10 ppm. However,  
elemental analysis of a background control experiment showed a Pd content 
of 6 ppm, indicating that the leaching of Pd from the catalyst is ≤4 ppm.  
This corresponds to ≤3.6 µg leaching into solution and since the total amount 
of Pd in the catalyst used was 1.28 mg, this indicates that ≥99.7% of the  
palladium is retained. 

5.2.4 Reaction mechanism for the oxidation of alcohols by Pd 

nanoclusters 

As previously mentioned, a possible reaction mechanism for the oxidation of 
alcohols on the surface of Pd nanoclusters has been proposed by Kaneda  
and co-workers (Scheme 5.2).42 The first mechanistic step is an oxidative 
addition of the O-H bond to the coordinatively unsaturated Pd(0) species 
at the edge of the nanoparticle, affording a Pd(II)-alcoholate species.  
Subsequent β-hydride elimination generates a Pd(II)-dihydride species, and 
the corresponding carbonyl compound is liberated. The Pd(II)-hydride  
species reacts with O2 in a final step, regenerating the Pd(0) species along 
with formation of hydrogen peroxide, which under these reaction conditions 
rapidly decomposes to water and oxygen. By interpreting the data from the 
screening study (Table 5.1) and comparing the rate of oxidation among the 
different substrates (Table 5.2), it can be concluded that the substrate’s  
ability to coordinate to the Pd nanoparticle surface is of high importance. 
This is in accordance with the results obtained by Kaneda and co-workers.42 
Substrates with the ability to donate π-electrons facilitate the rupture of the 
O-H bond by a neighboring coordinatively unsaturated Pd species to form a 
Pd(II)-alcoholate species.42,81 

 



47 

 

O2

H2O2

H2O + ½ O2

H

O

O

H

H

O

Pd (0)

Pd (II)

H

H

H
H

 

Scheme 5.2. Kaneda´s proposed mechanism for the oxidation of alcohols by 
the Pd nanoclusters. 

5.2.5 Conclusions 

We have described an improved synthesis of a Pd nanocatalyst, characterized 
it, and examined its performance in the oxidation of alcohols. The nanocatalyst 
proved to be a highly efficient heterogeneous catalyst for the aerobic  
oxidation of alcohols. Primary and secondary benzylic alcohols were  
oxidized to their corresponding carbonyl compounds in high to excellent 
yield, using air as oxygen source. The catalyst was found to be highly stable 
and could be recycled several times without leaching of the metal into  
solution. Furthermore, the present catalytic protocol was performed on a  
500 mmol scale, and demonstrated an impressive TON and TOF of more 
than 450,000 and 25,800 h-1, respectively. 
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6. Nano-Palladium on Amine Functionalized 
Mesocellular Foam: an Excellent Catalysts for 
Transfer Hydrogenation and Suzuki Reactions 
(Paper V) 

6.1 Introduction 

The growing importance of green chemistry and the concept of atom  
economy in organic synthesis have increased the search for selective and 
more efficient transformations resulting in less waste.82 An important 
advancement in this field is the development of heterogeneous multifunctional 
catalysts capable of promoting a diversity of transformations. Ideally, such 
catalysts could be applied in a multistep synthetic sequence, capable of  
promoting several transformations sequentially in one pot. This would  
provide a solution to many practical problems, such as inefficient separation, 
purification and recycling of the catalyst,83,84 making them ideal from an  
economical and environmental perspective. Palladium reagents have been 
widely studied and are well known due to their immense potential as  
catalysts for a myriad of different reactions.84,85 The development in  
nanotechnology has led to numerous reports on Pd nanoparticles as  
efficient catalysts for a wide range of transformations and would appear 
particularly well suited for this purpose.45,54,62 

In recent years, the use of microwave heating has emerged as a powerful 
technique in organic synthesis, attracting considerable interest particularly 
within the pharmaceutical and fine chemical industry. Since the pioneering 
work of Gedye, Giguere, and Majetich in 1986,86 more than 3,500 articles 
have been published in this area,87 where benefits associated with rate  
enhancements, higher yields and greater product selectivity have been  
reported.88 Furthermore, compared to conventional heating methods,  
microwave heating provides a more environmentally benign approach by 
reducing energy consumption and minimizing solvent waste.89 Palladium-
catalyzed Suzuki cross-couplings and transfer hydrogenations are among the 
various chemical transformations investigated, and are proposed to be  
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promoted by microwave heating.90 Performing these reactions under  
microwave irradiation with a heterogeneous Pd nanocatalyst could  
implement the possibility of combining the advantages of both approaches, 
leading to significant enhancement of the reaction rate and increased product 
yields.  

Therefore, we were interested in testing the performance of our  
Pd nanocatalyst (Figure 6.1) in microwave-assisted hydrogen transfer and 
Suzuki cross-coupling reactions. 

 

Figure 6.1. Schematic representation of the Pd nanocatalyst (Pd(0)-AmP-
MCF). 

6.2 Results and discussion 

To evaluate the applicability and effect of microwave heating in these  
reactions, we started out by investigating how each individual process was 
affected by microwave irradiation in comparison to using conventional  
heating in oil bath. Hydrogenation of cis-stilbene 25a and coupling of  
iodobenzene 32 with 4-methoxyphenylboronic acid 33 were chosen as model 
transformations for this purpose. The screening of different reaction  
parameters were first carried out under microwave conditions, in search of 
finding the optimized conditions for both transformations. The best results 
obtained for each reaction were subsequently performed with conventional 
heating. For reasons of making the collected data comparable, all  
experiments were performed under identical conditions in pressure-sealed 
microwave vessels. 
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6.2.1 Transfer hydrogenation of alkenes 

Formic acid is commonly used as an irreversible hydrogen donor in  
transfer hydrogenations, and it is generally known that its donor activity 
increases dramatically in the presence of Et3N.91 Interestingly, employing 
formic acid as donor resulted in a moderate conversion to the desired  
1,2-diphenylethane 26a (Table 6.1, Entry 1) and when changing to a  
5:2 formic acid-triethylamine mixture the conversion to 26a decreased to 
18% (Table 6.1, Entry 2).  

Isopropanol is by far one of the most used sources of hydrogen in  
catalytic transfer hydrogenations, and there are several examples in the  
literature describing its excellent hydrogen donating ability.91,92 On the other 
hand, i-PrOH has proved not to be compatible with most heterogenous  
Pd-catalysts,51c and accordingly poor conversion was obtained with our  
Pd nanocatalyst (Table 6.1, Entry 3). The best results were obtained when  
1-methyl-1,4-cyclohexadiene 29 or 1,4-cyclohexadiene 28 were used as  
donors, resulting in quantitative conversion of cis-stilbene 25a after 15 min. 
From an environmental perspective 1-methyl-1,4-cyclohexadiene 29 would 
be the more desirable alternative, since toluene as a byproduct would be a 
more environmentally friendly option than benzene. In the aspiration to  
further improve upon the ‘green chemistry’ potential of the reaction, the 
loading of hydrogen donor 29 was reduced to 1.5 equiv., resulting in slightly 
lower conversion (Table 6.1, Entry 7). In attempts to generate a more  
economical alternative to 28 and 29, the possibility of employing  
cyclohexene 27 as hydrogen donor was investigated, unfortunately with  
unsatisfying conversion (Table 6.1, Entry 4).  

Among the various solvents investigated EtOH and MeOH were found to 
be most suitable for the reaction (Table 6.1, Entries 7 and 8). When  
performing the reaction in H2O or toluene, significantly lower conversions 
were observed (Table 6.1, Entries 9 and 10). No significant changes in  
reaction rate could be observed between EtOH and MeOH, thus from an 
environmental perspective, EtOH would be the better alternative.  

Interestingly, no significant increase in reaction rate could be observed for 
the hydrogenation of 25a under microwave conditions compared to  
conventional heating. Performing the reaction with 1 mol% Pd and 1.5 
equiv. of hydrogen donor in EtOH, resulted in 90% conversion to 26a when 
conventional heating was used (Table 6.1, Entry 12). 

The most favorable reaction conditions were found to be 1 mol% Pd and 
3.0 equiv. of 29 in EtOH using microwave heating (Table 6.1, Entry 5). Full 
conversion was reached within 15 min, and 26a was isolated in an excellent 
yield of 99% by simple filtration.  
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Table 6.1. Screening of solvent and hydrogen donor in the transfer  
hydrogenation reaction of 25a using the Pd nanocatalyst.a 

 

Entry H-donor Equiv. Solvent Conversionb (%) 

1 HCO2H 3 EtOH 58 

2 HCO2H/Et3N 5:2 3 EtOH 18 

3 i-PrOH - i-PrOH 9 

4 3.0 EtOH 60 

5 3.0 EtOH >99 

6 
29

3.0 EtOH >99c 

7 
29

1.5 EtOH 97 

8 
29

1.5 MeOH 98 

9 
29

1.5 H2O 30 

10 
29

1.5 Toluene 37 

11 
29

1.5 THF 90 

12d 

29
1.5 EtOH >90 

 a. Reaction conditions; Pd (1 mol%), cis-stilbene (0.40 mmol) in 1 mL of solvent, at 
100 °C, µw. b. Conversion by 1H NMR. c. Isolated yield. d. Conventional heating in 
oil bath. 
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The optimized protocol for transfer hydrogenation proved to be  
compatible with a range of olefinic substrates, affording the hydrogenated 
products with high selectivity and in excellent yields (Table 6.2). In all  
cases, chemoselective reduction was achieved within 5-30 min, with full 
conversion of the olefin without any detectable amounts of side products. 
The products were isolated by filtering off the Pd nanocatalyst followed by 
removal of excess hydrogen donor, toluene and solvent in vacuo. Both  
isomers of stilbene were efficiently reduced by this system, giving  
1,2-diphenylethane in 99% isolated yield after 15 min (Table 6.2, Entries 1 
and 2). As is evident from Table 6.2, a broad spectrum of functionalized 
styrenes, both with electron-donating (Table 6.2, Entries 4-6) and  
electron-withdrawing substituents (Table 6.2, Entry 7), were tolerated by the 
system. The limitations of the protocol were investigated by reducing  
alkenes containing different functional groups, such as cyano (Table 6.2, 
Entry 8), hydroxyl (Table 6.2, Entry 9), ketone (Table 6.2, Entry 10) and 
ester groups (Table 6.2, Entry 11). The protocol also proved successful in the 
reduction of 1-octadecene 30l, where the corresponding alkane was obtained 
in excellent yield of 99% after 15 min (Table 4, Entry 12).  

 
Table 6.2. Transfer hydrogenations of benzylic and aliphatic olefins.a 

 

Entry Alkene Alkane 
Time 
(min)

Yield 
(%)b 

1 

31a

15 99 

2 15 99 

3c 10 >99d 

4c 

 
5 >99d 
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5c 

30e

5 93d 

6c 5 >99d 

7c 5 97d 

8 

 

30 93 

9 

30i

OH

 
30 96 

10 30 98 

11 OEt

O

31k

15 98 

12c 15 99 

a. Reaction conditions: Pd (1 mol%), alkene (0.40 mmol), 1-methyl-1,4-
cyclohexadiene 29 (3.0 equiv.), EtOH (1 mL), 100 °C, µw. b. Isolated yield, unless 
otherwise mentioned. c. Reactions were run with 1-methyl-1,4-cyclohexadiene 29 
(1.5 equiv.). d. Aliquot was taken from the reaction and diluted in CDCl3. Yield 
determined by 1H NMR, using 1,3,5-trimethoxybenzene as internal standard. 
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6.2.2 Suzuki cross-couplings 

Initially, the solvent proved to have a pronounced effect on the rate of the 
Suzuki coupling catalyzed by the Pd nanocatalyst. Polar solvents were in 
general better than nonpolar solvents. For environmental concerns, solvents 
with low toxicity were of primary interest, such as water, ethanol, or a  
mixture of these two. Performing the reaction in water or ethanol alone  
resulted in a yield of 59% and 69% respectively (Table 6.3, Entries 4 and 5), 
which increased to 78% when the reaction was carried out in a 1:1 mixture 
of ethanol and water (Table 6.3, Entry 6). The optimization proceeded with 
screening of different bases, investigating their ability to promote the cross-
coupling of 32 and 33 (Table 6.3). Among the different carbonates and 
K3PO4 no significant difference in reaction rates could be observed, although 
the best results were obtained for K2CO3, giving 4-methoxybiphenyl 34 in a 
quantitative yield within 15 min at 90 °C (Table 6.3, Entry 8). However, it is 
noteworthy that changing the stoichiometry of the base resulted in lower 
yields (Table 6.3, Entries 11 and 12). Increase from 3 to 5 equiv. of K2CO3, 
or employing a stronger base such as Et3N had a major negative effect on the 
Pd nanocatalyst and the yield of the reaction (Table 6.3, Entries 10 and 12). 

The most efficient results were obtained with 3.0 equiv. of K2CO3 in 
EtOH/H2O 1:1 (Table 6.3, Entry 8), providing a quantitative yield of  
4-methoxybiphenyl 34 within 15 min at 90 °C. 

Gratifyingly, a significantly shorter reaction time was observed for the 
Suzuki reaction under microwave irradiation compared to conventional 
heating (Table 6.3, Entry 13). This is in agreement with previous observa-
tions; when microwave irradiation is used as an energy source for  
heterogeneous catalytic systems, microwaves can interact directly with the 
metal sites on the catalyst surface, creating so called “hot spots”.89,93 Thus, 
the palladium nanoparticles will have a higher temperature than the  
surrounding solution, and thereby enhance the rate of the reaction. 
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Table 6.3. Screening of reaction conditions for the Suzuki cross coupling 
reaction of 32 with 33.a 

 

Entry Solvent Base Yieldb (%) 

1 THF Cs2CO3 60 

2 Toluen Cs2CO3 14 

3 DMF Cs2CO3 44 

4 H2O Cs2CO3 59 

5 EtOH Cs2CO3 69 

6 EtOH/H2O Cs2CO3 78 

7 EtOH/H2O Na2CO3 95 

8 EtOH/H2O K2CO3 >99 

9 EtOH/H2O K3PO4 93 

10 EtOH/H2O Et3N 28 

11 EtOH/H2O K2CO3
c 87 

12 EtOH/H2O K2CO3
d 27 

13 EtOH/H2O K2CO3
e 26 

a. Reaction conditions: Pd (1 mol%), 32 (0.30 mmol), 33 (0.39 mmol), base (3.0 
equiv.) in 2 mL of solvent, 90 °C µw, 15 min. b. Determined by 1H NMR using hex-
amethylbenzene as internal standard. c. base (1.5 equiv.). d. base (5.0 equiv.). e. Con-
ventional heating in oil bath.  

In general, aryl iodides were efficiently coupled with various aryl boronic 
acids to give the corresponding biaryl compounds in excellent yield after  
15-30 min, when using 1 mol% Pd (Table 6.4). As earlier mentioned in 
chapter 5.2.2, transition metal-catalyzed reactions involving heteroaromatic 
compounds are complicated and often suffer from catalyst deactivation, 
caused by coordination between the heteroatom of the substrate and the 
active metal species.7,42 However, in the case of 3-iodopyridine 37, the 
coupling proceeded smoothly with high yield and negligible effect on the 
reaction rate (Table 6.4, Entry 3). 
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As expected, the coupling of aryl bromides was less efficient than with 

the corresponding aryl iodides. In order to obtain similar results for  
bromobenzene 39 as those of the corresponding aryl iodides, a catalyst  
loading of 2.5 mol% was required (Table 6.4, Entries 4 and 5). Introduction 
of a strongly electron-donating methoxy group in the para-position  
significantly slowed down the reaction (Table 6.4, Entry 6). The reaction 
involving 2-bromonapthalene 42 was more facile, resulting in excellent 
yields of the corresponding aryl-substituted naphthalenes after 30 min  
(Table 6.4, Entries 7 and 8). However, on changing to the structural isomer 
1-bromonaphtalene 46 the rate of the reaction significantly decreased, most 
likely due to highly unfavorable steric bulk (Table 6.4, Entry 9). The  
protocol proved to be highly efficient for a wide range of activated  
aryl-bromides and various aryl boronic acids, giving the biaryl products in 
high to excellent yield after 15-45 min (Table 6.4, Entries 10-14). 
 
Table 6.4. Suzuki cross-couplings of aryl halides and aryl boronic acids.a 

 

Entry Ar-X Ar-B(OH)2 Product 
Time 
(min) 

Yieldc 
(%) 

1 

I

32  

B(OH)2

O33
 

15 99 

2 

I

O35

B(OH)2

36  
 

30 99 

3 
37
N

I

  

30 97 

4 

Br

39

B(OH)2

36
 

30 99 
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5b 

Br

39  

B(OH)2

O33
 

30 90 

6b 

Br

O41

B(OH)2

36  
 

45 40 

7 

 

B(OH)2

36  43

30 99 

8 
42

Br

 

B(OH)2

44

O

45

O
30 93 

9b 

46

Br

 

B(OH)2

44

O

47

O

45 41 

10 

Br

F48  

B(OH)2

49  
45 87 

11 

B(OH)2

36  

30 97 

12 

Br

53
O

B(OH)2

36  
 

30 93 
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13 

Br

53
O

B(OH)2

O33  
 

15 99 

14 

Br

NO256  

B(OH)2

57
O

 
30 98 

a. Unless otherwise noted all reactions were carried out with Pd (1 mol%), aryl halide 
(0.30 mmol), aryl boronic acid (0.39 mmol), K2CO3 (3.0 equiv.), EtOH/H2O  
(1:1, 2 mL), 90 °C, µw. b. Pd (2.5 mol%). c. Determined by 1H NMR using durene as  
internal standard. 

6.2.3 Recycling study  

We have previously shown that the Pd nanocatalyst exhibits excellent  
recyclability in the case of the catalytic aerobic oxidation of primary and 
secondary alcohols.94 However, to ensure that recycling of the catalyst is 
possible also for microwave-assisted reactions, additional recycling studies 
were carried out. As expected, the catalyst could be recycled several times 
for both transformations without any sign of reduced activity. Hydrogenation 
of cis-stilbene 25a and the coupling of 4-bromoacetophenone 53 with  
4-methoxyphenylboronic acid 33 were performed under optimized  
conditions, resulting in >99% yield for all three cycles. After the last cycle, 
the catalyst was collected and analysed by TEM (Figure 6.2). The  
Pd nanoparticles still exhibited a well-dispersed distribution over the surface 
of the support and seemed to have retained their size and shape, indicating 
that the catalysts most likely can be recycled further. The solid-free filtrates 
from the recycling studies were analyzed by ICP, confirming the absence of 
palladium, and demonstrating that no leaching of the metal into solution 
occurred during the Suzuki coupling reactions. In the case of transfer  
hydrogenation, the elemental analysis indicated a palladium content of  
9 ppm. However, when subtracting the Pd content of the background  
reaction, the leaching of Pd from the catalyst was determined to ≤4 ppm. 
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Figure 6.2. TEM images of the recycled Pd nanocatalyst for transfer  
hydrogenation (left), and the Suzuki cross-coupling (right). 

6.3 Conclusions 

Our Pd nanocatalyst proved to be a highly efficient heterogeneous catalyst 
for transfer hydrogenations of alkenes and Suzuki cross-coupling reactions. 
By performing these reactions under microwave irradiation, a significantly 
shorter reaction time could be observed for the Suzuki reaction. The  
procedure gave access to a broad spectrum of biaryl compounds in  
excellent yield by rapid coupling of various aryl iodides and bromides with a 
variety of boronic acids. 

However, no significant increase in reaction rate could be observed, when 
running the transfer hydrogenations under microwave conditions compared 
to conventional heating. The protocol proved to be compatible with a range 
of olefinic substrates, and in all cases, chemoselective reduction was 
achieved within 5-30 min. No detectable amounts of byproducts were 
formed during the reaction, and the products could be isolated through  
simple filtration followed by evaporation of the solvent.  
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7. Concluding remarks 

The main part of this thesis addresses the growing importance of green che-
mistry and the concept of atom economy in organic synthesis. Oxidation 
reactions are of fundamental importance and are widely used by industry in 
the production of a large number of organic compounds. Despite the fact that 
numerous oxidation methods have been developed during the past century, 
traditional oxidation methods employing stoichiometric amounts of high 
oxidation state metal reagents are still widely used. However, in order for 
this to change in the future, more cost-efficient solutions need to be  
developed. In our opinion, catalytic protocols employing molecular oxygen 
as the terminal oxidant are one of the few alternatives with the potential to 
satisfy the need from industry and still be attractive from an environmental 
perspective. 

To increase the practical use of biomimetic aerobic oxidations, we  
developed a new synthetic route to the hybrid catalyst 5. By altering the  
protective groups of HQ and optimizing the reaction conditions of the key 
Suzuki cross-coupling, an efficient and inexpensive synthetic route with 
good overall yield was developed.  

The hybrid catalyst 5 was employed as electron transfer mediator (ETM) 
in the Pd-catalyzed aerobic carbocyclization of enallenes and the  
Ru-catalyzed biomimetic aerobic oxidation of secondary alcohols. Due to 
the efficiency of intramolecular electron transfer, the hybrid catalyst 5  
allowed for a lower catalytic loading and milder reaction conditions in both 
transformations, compared to the previous separate-component system.  
A five-fold increase in the rate was observed for the carbocyclization of 
enallenes whenperforming the reaction in a protic solvent such as EtOH 
under an O2 atmosphere. The oxidation of electron-rich, electron-deficient 
and sterically hindered benzylic alcohols, as well as aliphatic alcohols  
proceeded smoothly to the corresponding ketones in excellent yield and  
selectivity, employing air as the oxygen source.  

The final two projects describe the synthesis and application of a novel 
catalyst based on palladium nanoparticles immobilized on amine-
functionalized siliceous mesocellular foam (AmP-MCF). The Pd nano 
catalyst proved to be an efficient, multifunctional heterogeneous catalyst,  
capable of promoting a diverse set of reactions, such as the aerobic oxidation 
of alcohols, transfer hydrogenations and Suzuki cross-couplings. The  
catalyst was found to be highly stable and could be recycled several times 
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without leaching of the metal into solution for all three transformations.  
Furthermore, the aerobic oxidation of 1-phenylethanol 20a was performed 
on a 500 mmol scale, resulting in an excellent TON of 450,000 and an  
impressive TOF of 25,800 h-1.  

The projects explored in our research group and those in this thesis are 
primarily on a basic research level. However, this newly developed  
Pd nanocatalyst has the potential to progress beyond the walls of basic  
academic research and into the world of industry. 
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Appendix A 
 
Contribution to publications I-V 

I. Performed the major part of the synthetic work.   
 Wrote the article. 

II. Performed the major part of the oxidation reactions and 
half of the synthetic work. Supervised the work done by 
diploma worker Staffan A. Lindberg. 
Wrote the article. 

III. Performed the major part of the oxidation reactions.  
Wrote the article. 

IV. Developed the synthesis of the catalyst, conducted the 
major part of the oxidation reactions.  

  Wrote the article. 

V. Synthesized the catalyst, conducted half of the Suzuki  
reactions and took part in the writing of the manuscript. 
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Reprint permissions were granted for each publication by the following  
publishers: 

 
 

I. E. V. Johnston, E. A. Karlsson, L.-H. Tran, B. Åkermark, J.-
E. Bäckvall, Eur. J. Org. Chem. 2009, 3973. 
Copyright ⓒ 2009 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 

II. E.V. Johnston, E. A. Karlsson, S. A. Lindberg,  
B. Åkermark, J.-E. Bäckvall, Chem. Eur. J. 2009, 15, 6799. 
Copyright ⓒ 2009 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 

III. E. V. Johnston, E. A. Karlsson, L.-H. Tran, B. Åkermark, J.-
E. Bäckvall, Eur. J. Org. Chem. 2010, 1971. 
Copyright ⓒ 2009 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 

IV. - 

V. - 



65 

 

Acknowledgements 

I would like to express my sincerest gratitude to: 
 
Prof. Jan-Erling Bäckvall for accepting me as a Ph. D. candidate and making 
it possible for me to pursue my dreams. Thank you for your trust and encou-
ragement, always letting me work on the projects I found interesting and for 
letting me explore my own ideas. 
 
Prof. Björn Åkermark for accepting me as a diploma worker in your group, 
and letting me continue to work on your difficult and challenging but at the 
same time very interesting and inspiring projects. 
 
Prof. Samuel J Danishefsky for my time at the Memorial Sloan-Kettering 
Cancer Center (MSKCC). It was an educational experience that gave me 
inspiration and a clearer picture of what I would like to work with in the 
future.  
 
My co-workers, where would I be without you? You made this possible: 
Thank you; Oscar Verho, Markus Kärkäs, Erik Karlsson, Bao-Lin Lee, Lien 
Hoa Tran, Andreas Persson, Anuja Nagendiran, Staffan Lindberg, Krisztián 
Bogar, Baptiste Aussedat, Mozaffar Shakeri, Sven Oscarsson, Cheuk-Wai 
Tai, Pål Palmgren, Kristoffer Eriksson, Ronnie Davies, Andrew K. Inge, 
Yunhua Xu, Örjan Hansson, Xiaodong Zou, Torbjörn Åkermark, Mohamma-
dreza Shariatgorji, Leopold Ilag, Per Rydberg, Margareta Törnqvist, Hitesh 
Motwani, Bernhard Fasching, Neeraj Sane, Pavel Nagorny  
  
Joel Malmgren, Teresa Bartholomeyzik, Oscar Verho, Markus Kärkäs, Lu-
kasz Pilarski, Eszter Borbas, Andreas Persson, Mona Zaccheus, Sascha 
Tiede, Fredrik Tinnis, Prof. Armando Córdova, Prof. Björn Åkermark and 
Prof. Jan-Erling Bäckvall for proofreading this thesis. Thank you for your 
valuable comments and improvements of this thesis.  
 
For the generous financial support: Gålöstiftelsen, KVA Olof Ahlöf and Ber-
zelianum scholarship for stay abroad, Futura K & A Wallenberg’s travel 
scholarship, C. F. Liljevalch J:ors travel scholarship, The Swedish Chemical 
Society travel scholarship, Ångepanneföreningens Forskningsstiftelse scho-
larship, AstraZenecas travel scholarship in memory of Nils Löfgren, Kemist-



66 

 

samfundet, Längmanska, Johan Söderbergs scholarship and Kungliga skogs- 
och lantbruksakademiens travelgrant. 
 
All of the past and present members of the JEB-group. 
 
All of the people at the department of Organic Chemistry.  
 
Britt Eriksson, a special thanks to you. 
 
My true Friends: This does not require any name dropping; you all know 
who you are. 
 
My family for all your support and belief in me!   
 
Ilze Paldies par Tavu milzīgo pacietību un atbalstu, un par to, ka ticēji man 
brīžos, kad pats biju zaudējis cerību. 
 

 
 



67 

 

References 

 
 

                                                      
(1) Following ACS Standard Abbreviation/Acronyms, 2011 Guidelines for 

Authors, J. Org. Chem. 2011. 
http://pubs.acs.org/paragonplus/submission/joceah/joceah 
_authguide.pdf (accessed November 2011).  

(2)  a) J.-E. Bäckvall (Ed.), Modern Oxidation Methods, Wiley-VCH, 
Weinheim, 2004; b) B. M. Trost, I. A. Fleming, Comprehensive Organ-
ic Synthesis, Pergamon, Oxford, 1991; c) M. Hudlicky, Oxidations in 
Organic Chemistry, American Chemical Society, Washington, DC, 
1990.  

(3)  J. Piera, J.-E. Bäckvall, Angew. Chem. Int. Ed. 2008, 47, 3506.  
(4)  S.-I. Murahashi, D. Zhang, Chem. Soc. Rev. 2008, 37, 1490. 
(5)  O. A. Wong, Y. Shi, Chem. Rev. 2008, 108, 3958. 
(6) a) J. Muzart, Chem. Rev. 1992, 92, 113; b) R. A. Sheldon, J. K. Kochi, 

Metal-Catalyzed Oxidations of Organic Compounds, Academic Press, 
New York, 1981. 

(7)  R. A. Sheldon, I. W. C. E. Arends, G. J. ten Brink, A. Dijksman, Acc. 
Chem. Res. 2002, 35, 774.  

(8)  G. Cecchini, Annu Rev. Biochem. 2003, 72, 77. 
(9)  a) S. S. Stahl, Angew. Chem. Int. Ed. 2004, 43, 3400; b) G. J. ten Brink, 

I.W. C. E. Arends, R. A. Sheldon, Science, 2000, 287, 1636. 
(10) a) E. V. Johnston, E. A. Karlsson, S. A. Lindberg, B. Åkermark, J.-E. 

Bäckvall, Chem. Eur. J. 2009, 15, 6799; b) B. M. Stoltz, Chem. Lett. 
2004, 33, 362; c) D. R. Jensen, M. J. Schultz, J. A. Mueller, M. S. 
Sigman, Angew. Chem. Int. Ed. 2003, 42, 3810; d) B. A. Steinhoff, S. 
R. Fix, S. S. Stahl, J. Am. Chem. Soc. 2002, 124, 766; e) G.-J. ten Brink, 
I. W. C. E. Arends, R. A. Sheldon, Adv. Synth. Catal. 2002, 344, 355; f) 
M. J. Schultz, C. C. Park, M. S. Sigman, Chem. Commun. 2002, 3034; 
g) G.-J. ten Brink, I. W. C. E. Arends, R. A. Sheldon, Science 2000, 
287, 1636. 

(11)  a) M. Lee, S. Chang, Tetrahedron Lett. 2000, 41, 7507; b) I. E. Markó, 
P. R. Giles, M. Tsukazaki, I. Chellé-Regnaut, C. J. Urch, S. M. Brown, 



68 

 

                                                                                                                             
J. Am. Chem. Soc. 1997, 119, 12661; c) R. Lenz, S. V. Ley, J. Chem. 
Soc. Perkin Trans. 1 1997, 3291.  

(12)  G. Csjernyik, A. H. Éll, L. Fadini, B. Pugi, J.-E. Bäckvall, J. Org. 
Chem. 2002, 67, 1657. 

(13) a) J.-E. Bäckvall, R. L. Chowdhury, U. J. Karlsson, J. Chem. Soc. 
Chem. Commun. 1991, 473. 

(14)  a) E. V. Johnston, E. A. Karlsson, L.-H. Tran, B. Åkermark, J.-E. Bäck-
vall, Eur. J. Org. Chem. 2010, 1971; b) J. S. M. Samec, A. H. Éll, J.-E. 
Bäckvall, Chem. Eur. J. 2005, 11, 2327; c) A. Dijksman, A. Marino-
Gonzalez, A. M. I. Payeras, I. W. C. E. Arends, R. A. Sheldon, J. Am. 
Chem. Soc. 2001, 123, 6826; d) A. Hanyu, E. Takezawa, S. Sakaguchi, 
Y. Ishii, Tetrahedron Lett. 1998, 39, 5557; e) C. Bilgrien, S. Davis, R. 
S. Drago, J. Am. Chem. Soc. 1987, 109, 3786; f) R. Tang, S. E. Di-
amond, N. Neary, F. Mares, J. Chem. Soc. Chem. Commun. 1978, 562.  

(15)  a) P. Gamez, I. W. C. E. Arends, J. Reedijk, R. A. Sheldon, Chem. 
Commun. 2003, 2414; b) I. E. Markó, P. R. Giles, M. Tsukazaki, A. 
Gautier, I. Chellé-Regnaut, S. M. Brown, C. J. Urch, J. Org. Chem. 
1999, 64, 2433; c) Y. Wang, J. L. Dubois, B. Hedman, K. O. Hodgson, 
T. D. P. Stack, Science 1998, 279, 537; d) I. E. Markó, P. R. Giles, M. 
Tsukazaki, S. M. Brown, C. J. Urch, Science 1996, 274, 2044. 

(16)  a) C. Döbler, G. M. Mehltretter, U. Sundermeier, M. Beller, J. Am. 
Chem. Soc. 2000, 122, 10289; b) C. Döbler, G. Mehltretter, M. Beller, 
Angew. Chem. Int. Ed. 1999, 38, 3026.  

(17)  J. S. M. Samec, A.H. Ell´, J.-E. Bäckvall, Chem. Eur. J. 2005, 11, 2327. 
(18) a) J.-E. Bäckvall, B. Åkermark, S. O. Ljunggren, J. Am. Chem. Soc. 

1979, 101, 2411; b) J. K. Stille, R. Divakaruni, J. Am. Chem. Soc. 1978, 
100, 1303; c) J. Smidt, W. Hafner, R. Jira, J. Sedlmeier, R. Sieber, R. 
Rüttinger, H. Kojer, Angew. Chem. 1959, 71, 176.  

(19)  a) P. M. Henry, J. Am. Chem. Soc. 1966, 88, 1595; b) P. M. Henry, J. 
Am. Chem. Soc. 1964, 86, 3246.  

(20)  J. A. Cusumano, Chemtech. 1992, 22, 482; b) H. Stangl, R. Jira, Tetra-
hedron Lett. 1970, 11, 3589. 

(21)  J.-E. Bäckvall, R. B. Hopkins, H. Grennberg, M. M. Mader, A. K. 
Awasthi, J. Am. Chem. Soc. 1990, 112, 5160. 

(22)  J.-E. Bäckvall, R. B. Hopkins, Tetrahedron Lett. 1988, 29, 2885. 
(23) J. H. Grate, D. R. Hamm, S. Mahajan, in Polyoxymetalates: From Pla-

tonic Solids to anti-Retroviral Activity, (Eds: M. T. Pope, A. Müller), 
Kluwer, Dordrecht, 1994, 281. 

(24) a) J. Tsuji, M. Minato, Tetrahedron Lett. 1987, 28, 3683; b) J. E. 
Bäckvall, A. Gogoll, J. Chem. Commun. 1987, 1236.  

(25)  J. Piera, K. Närhi, J.-E. Bäckvall, Angew. Chem. Int. Ed. 2006, 45, 
6914. 



69 

 

                                                                                                                             
(26)  a) E. M. Beck, N. P. Grimster, R. Hatley, M. J. Gaunt, J. Am. Chem. 

Soc. 2006, 128, 2528; b) C. Adamo, C. Amatore, I. Ciofini, A. Jutand, 
H. Lakmini, J. Am. Chem. Soc. 2006, 128, 6829; c) K. T. Yip, J.-H. Li, 
O.-Y. Lee, D. Yang, Org Lett. 2005, 7, 5717; d) E. M. Ferreira, B. M. 
Stoltz, J. Am. Chem. Soc. 2003, 125, 9578; e) M. Rönn, P. G. Ander-
sson, J.-E. Bäckvall, Tetrahedron Lett. 1997, 38, 3603.  

(27)  J. Franzén, J.-E. Bäckvall, J. Am. Chem. Soc. 2003, 125, 6056. 
(28)  a) T. Doi, A. Yanagisava, S. Nakanishi, K. Yamamoto, T. Takahashi, J. 

Org. Chem. 1996, 61, 2602; b) T. Doi, A. Yanagisawa, K. Yamamoto, 
T. Takahashi, Chem. Lett. 1996, 1085; c) R. P. Hughes, J. Powell, J. 
Organomet. Chem. 1973, 60, 409. 

(29) a) B. M. Trost, G. J. Tanoury, M. Lautens, C. Chan, D. T. MacPherson, 
J. Am. Chem. Soc. 1994, 116, 4255; b) A. Canty, Acc. Chem. Res. 1992, 
25, 83; c) B. M. Trost, Acc. Chem. Res. 1990, 23, 34. 

(30) M. J. Schultz, M. S. Sigman, Tetrahedron, 2006, 62, 8227. 
(31)  a) J. B. Johnson, J.-E. Bäckvall, J. Org. Chem. 2003, 68, 7681; b) D. 

Morton, D. J. Cole-Hamilton, J. Chem. Soc. Chem. Commun. 1988, 
1154; c) L. Roecker, T. J. Meyer, J. Am. Chem. Soc. 1987, 109, 746; d) 
S. Shinoda, H. Jitagaki, Y. Saito, J. Chem. Soc. Chem. Commun. 1985, 
860; e) M. S. Thompson, T. J. Meyer, J. Am. Chem. Soc. 1982, 104, 
4106. 

(32)  R. Tang, S. E. Diamond, N. Neary, F. J. Mares, J. Chem. Soc. Chem. 
Comm. 1978, 562.  

(33) G.-Z. Wang, U. Andreasson, J.-E. Bäckvall, J. Chem. Soc. Chem. 
Commun. 1994, 1037. 

(34) a) K. Okamoto, R. Akiyama, S. Kobayashi, Org. Lett. 2004, 6, 1987; b) 
R. Akiyama, S. Kobayashi, Angew. Chem. Int. Ed. 2002, 41, 2602; c) R. 
van Heerbeek, P. C. J. Kamer, P. W. N. van Leeuwen, J. N. H. Reek, 
Chem. Rev. 2002, 102, 3717.  

(35)  a) C. E. Garrett, K. Prasad, Adv. Synth. Catal. 2004, 346, 889; b) K. 
Konigsberger, G.-P. Chen, R. R. Wu, M. J. Girgis, K. Prasad, O. Repic, 
T. J. Blacklock, Org. Process Res. Dev. 2003, 7, 733. 

(36)  a) B. C. Ranu, K. Chattopadhyay, Org. Lett. 2007, 9, 2409; b) Y. Mei, 
Y. Lu, F. Polzer, M. Ballauff, M. Drechsler, Chem. Mater. 2007, 19, 
1062; c) R. Andres, E. de Jesus, J. Flores, New J. Chem. 2007, 31, 
1161; d) E. Thiery, J. Le Bras, J. Muzart, Green Chem. 2007, 9, 326; e) 
Y. Hong, A. Sen, Chem. Mater. 2007, 19, 961; e) D. Guin, B. Baruwati, 
S. Manorama, Org. Lett. 2007, 9, 1419; f) Y. Tian, G.-D. Li, Q. Gao, Y. 
Xiu, X.-H. Li, J.-S. Chen, Chem. Lett. 2007, 36, 422; g) K. Okumura, 
K. Nota, K. Yoshida, M. Niwa, J. Catal. 2005, 231, 245; h) A. L. Dan-
tas Ramos, P. da Silva Alves, D. A. G. Aranda, M. Schmal, Appl. Catal. 
A 2004, 277, 71; i) M. K. Richmond, S. L. Scott, H. Alper, J. Am. 
Chem. Soc. 2001, 123, 10521; j) H.-U. Blaser, A. Indolese, A. Schny-



70 

 

                                                                                                                             
der, H. Steiner, M. Studer, J. Mol. Catal. A 2001, 173, 275; k) C. P. 
Mehnert, D. W. Weaver, J. Y. Ying, J. Am. Chem. Soc. 1998, 120, 
12289; l) C. P. Mehnert, J. Y. Ying, Chem. Commun. 1997, 2215. 

(37)  T. Mallat, A. Baiker, Catal. Today 1994, 19, 247.   
(38)  L. F. Liotta, A. M. Venezia, G. Deganello, A. Longo, A. Martorana, Z. 

Schay, L. Guczi, Catal. Today 2001, 66, 271. 
(39)  a) N. Kakiuchi, Y. Maeda, T. Nishimura, S. Uemura, J. Org. Chem. 

2001, 66, 6620; b) T. Nishimura, N. Kakiuchi, M. Inoue, S. Uemura, 
Chem. Commun. 2000, 1245.  

(40)  a) K.-M. Choi, T. Akita, T. Mizugaki, K. Ebitani, K. Kaneda, New J. 
Chem. 2003, 27, 324; b) K. Ebitani, Y. Fujie, K. Kaneda, Langmuir 
1999, 15, 3557. 

(41)  a) D. E. Bergbreiter, P. L. Osburn, J. D. Frels, Adv. Synth. Catal. 2005, 
347, 172; b) B. Corain, K. Jerabek, P. Centomo, P. Canton, Angew. 
Chem. Int. Ed. 2004, 43, 959; c) Y. Uozumi, R. Nakao, Angew. Chem. 
Int. Ed. 2003, 42, 194. 

(42)  K. Mori, T. Hara, T. Mizugaki, K. Ebitani, K. Kaneda, J. Am. Chem. 
Soc. 2004, 126, 10657. 

(43)  T. L. Stuchinskaya, I. V. Kozhevnikov, Catal. Commun. 2003, 4, 417. 
(44)  K. Wada, K. Yano, T. Kondo, T. Mitsudo, Catal. Today 2006, 117, 242. 
(45) a) C. M. A. Parlett, D. W. Bruce, N. S. Hondow, A. F. Lee, K Wilson, 

ACS Catal. 2011, 1, 636; b) U. R. Pillai, E. Sahle-Demessie, Green 
Chem. 2004, 6, 161; c) T. Harada, S. Ikeda, F. Hashimoto, T. Sakata,  
K. Ikeue, T. Torimoto, M. Matsumura, Langmuir 2010, 26, 17720; d) F. 
Li, Q. Zhang, Y. Wang, Appl. Catal. A. 2008, 334, 217; e) M. S. Kwon, 
N. Kim, C. M. Park, J. S. Lee, K. Y. Kang, J. Park, Org. Lett. 2005, 7, 
1077; f) H. Wu, Q. Zhang, Y. Wang, Adv. Synth. Catal. 2005, 347, 
1356; g) Y. Uozumi, R. Nakao, Angew. Chem. Int. Ed. 2003, 42, 194.  

(46) H.-U. Blaser, C. Malan, B. Pugin, F. Spindler, H. Steiner, M. Studer, 
Adv. Synth. Catal. 2003, 345, 103. 

(47) G. Brieger, T. J. Nestrick, Chem. Rev. 1974, 74, 567. 
(48) E. Knoevenagel, B. Bergdolt, Chem. Ber. 1903, 36, 2857. 
(49) E. A. Braude, R. P. Linstead, L. M. Jackman, P. W. D. Mitchell, K. R. 

H. Wooldridge, Nature, 1952, 169, 100. 
(50) G. Zassinovich, G. Mestroni, S. Gladiali, Chem. Rev. 1992, 92, 1051. 
(51) a) J. M. Tour, J. P. Cooper, L. Pendalwar, J. Org. Chem. 1990, 55, 

3452; b) P. N. Rylander, Hydrogenation Methods, Academic Press, Or-
lando, Florida, 1985; c) R. A. W. Johnstone, A. H. Wilby, I. D. Entwis-
tle, Chem. Rev. 1985, 85, 129; d) J. R. Weir, B. A. Patel, R. F. Heck, J. 
Org. Chem. 1980, 45, 4926; e) N. A. Cortese, R. F. Heck, J. Org. Chem. 
1978, 43, 3985. 

(52) a) C. Pan, K. Pelzer, K. Philippot, B. Chaudret, F. Dassenoy, P. Le-
cante, M. J. Casanove, J. Am. Chem. Soc. 2001, 123, 7584; b) A. D. 



71 

 

                                                                                                                             
Birch, D. H. Williamson, Org. React. 1976, 24, 1; c) B. R. James, Ho-
mogeneous Hydrogenation; Wiley: New York, 1973. 

(53) a) N. Miyaura, K. Yamada, A. Suzuki, Tetrahedron Lett. 1979, 20, 
3437; b) N. Miyaura, A. Suzuki, J. Chem. Soc., Chem. Commun. 1979, 
866. 

(54) a) M. Lamblin, L. Nassar-Hardy, J.-C. Hierso, E. Fouquet, F.-X. Felpin, 
Adv. Synth. Catal. 2010, 352, 33; b) N. Erathodiyil, S. Ooi, A. M. 
Seayad, Y. Han, S. S. Lee, Ying, J. Y. Chem. Eur. J. 2008, 14, 3118; c) 
M. L. Kantam, K. B. S. Kumar, P. Srinivas, B. Sreedhara, Adv. Synth. 
Catal. 2007, 349, 1141; d) D. Astruc, Inorg. Chem. 2007, 1884. 

(55) a) F. Raimondi, G. G. Scherer, R. Kötz, A. Wokaun. Angew. Chem. Int. 
Ed. 2005, 44, 2190; b) G. Schmid (Ed.), Nanoparticles: From Theory to 
Application, Wiley-VCH, Weinheim, 2004; c) C. N. R. Rao, A. Müller, 
A. K. Cheetham (Eds.), The Chemistry of Nanomaterials: Synthesis, 
Properties and Applications, Wiley-VCH, Weinheim, 2004; d) U. 
Drechsler, B. Erdogan, V. M. Rotello. Chem.Eur. J. 2004, 10, 5570; e) 
R. Shenhar, V. M. Rotello. Acc. Chem. Res. 2003, 36, 549; f) K. G. 
Thomas, P. V. Kamat. Acc. Chem. Res. 2003, 36, 888.  

(56) D. Astruc (Ed.), Nanoparticles and Catalysis, Wiley-VCH, Weinheim 
2008. 

(57)  Y.-F. Han, D. Kumar, D. W. Goodman, J. Catal. 2005, 230, 353; b) T. 
Bell, Science 2003, 299, 1688; c) B. Veisz, Z. Király, L. Tóth, B. Pécz, 
Chem. Mater. 2002, 14, 2882. d) Y. Li, E. Boone, M. A. El-Sayed, 
Langmuir 2002, 18, 4921; e) J. L. Bars, U. Specht, J. S. Bradley, D. G. 
Blackmond, Langmuir 1999, 15, 7621. 

(58)  A. Schätz, O. Reiser, W. J. Stark, Chem. Eur. J. 2010, 16, 8950. 
(59) a) E. Sulman, Yu. Bodrova, V. Matveeva, N. Semagina, L. Cerveny, V. 

Kurtc, L. Bronstein, O. Platonova, P. Valetsky, Appl. Catal. A. 1999, 
176, 75; b) T. Teranishi, K. Nakata, M. Iwamoto, M. Miyake, N. To-
shima, React. Funct. Polym. 1998, 37, 111. c) N. Toshima, Y. Wang, 
Adv. Mater. 1994, 6, 245. 

(60)  a) M.-C. Daniel, D. Astruc Chem. Rev. 2004, 104, 293; b) J. C. Poulin, 
H. B. Kagan, M. N. Vargaftik, I. P. Stolarov, I. I. Moiseev, J. Mol. Cat-
al. 1995, 95, 109; c) C. Amiens, D. de Caro, B. Chaudret, J. S. Bradley, 
R. Mazel, C. Roucau, J. Am. Chem. Soc. 1993, 115, 11638; d) G. Schm-
id, Chem. Rev. 1992, 92, 1709.  

(61)  D. Astruc, F. Lu, J. R. Aranzaes, Angew. Chem. Int. Ed. 2005, 44, 7852. 
(62) a) S. Kidambi, J. Dai, J. Li, M. L. Bruening, J. Am. Chem. Soc. 2004, 

126, 2658; b) A. M. Doyle, S. K. Shaikhutdinov, S. D. David Jackson, 
H.-J. Freund, Angew. Chem. Int. Ed. 2003, 42, 5240; c) Y. Niu, L. K. 
Yeung,  R. M. Crooks, J. Am. Chem. Soc. 2001, 123, 6840.  

(63)Some of the redox potentials (eV) of the oxidants are known; O2/H2O : 
1.229, BQ/HQ: 0.6992 eV vs. NHE. The redox potential for Pd varies 



72 

 

                                                                                                                             
much with the ligands and, for example, for (PdCl4)

2-/Pd0 and 
Pd(OH)2/Pd0 it is 0.591 and 0.07 V vs. NHE, respectively, which sug-
gests that Pd(OAc)2 has an oxidation potential between these values. 
The redox potential for (MLm)OX/MLm is unknown. In general, the re-
dox potentials vary with the solvent and the ligand environment. 

(64)  B. Meunier, S. P. de Visser, S. Shaik, Chem. Rev. 2004, 104, 3947. 
(65)  There is little known about the interaction between HQ and the metal 

macrocycle, it is believed that the HQ coordinates to the metal macro-
cycle to form a MLm-HQ complex. This hypothesis is supported by the 
observation that the addition of phenol to (Co(tpp)) gave a new complex 
that was assigned on the basis of NMR spectroscopy as 
(Co(tpp)(phenol)) (H. Grennberg, J.-E. Bäckvall, unpublished results). 

(66)  H. Grennberg, A. Gogoll, J.-E. Bäckvall, Organometallics 1993, 12, 
1790. 

(67)  H. Grennberg, S. Faizon, J.-E. Bäckvall, Angew. Chem. Int. Ed. 1993, 
32, 263. 

(68)  B. Purse, L.-H. Tran, J. Piera, B. Åkermark, J.-E. Bäckvall, Chem. Eur. 
J. 2008, 14, 7500. 

(69) K. Roland, unpublished results from our laboratory.   
(70) The acyclic starting materials 3b and 3d were obtained in the same way 

as the cyclic starting materials 3a, c and e from the corresponding acyc-
lic allylic bromide. 

(71)  a) Y. Shvo, I. Goldberg, D. Czerkie, D. Reshef, Z. Stein, Organometal-
lics 1997, 16, 133; b) Y. Shvo, D. Czarkie, Y. Rahamin, J. Am. Chem. 
Soc. 1986, 108, 7400; c) Y. Blum, D. Czarkie, Y. Rahamin, Y. Shvo, 
Organometallics 1985, 4, 1459. 

(72)  C. P. Casey, S. W. Singer, D. R. Powell, R. K. Hayashi, M. Kavana, J. 
Am. Chem. Soc. 2001, 123, 1090. 

(73)  Complex formation via strong coordination of the substrates to the met-
al in a competitive experiment would lead to enrichment of the deute-
rated complex and this would give a much lower measured isotope ef-
fect.  

(74)  J. B. Johnson, J.-E. Bäckvall, J. Org. Chem. 2003, 68, 7681. 
(75)  a) Y. Kim, J. Park, M.-J. Kim, Tetrahedron. Lett. 2010, 51, 5581; b)  A. 

N. Parvulescu, P. A. Jacobs, D. E. De Vos, Appl. Catal. A 2009, 368, 9; 
c) M.-J. Kim, W.-H. Kim, Y. K. Choi, J. Park, Org. Lett. 2007, 9, 1157; 
d) A. N. Parvulescu, P.A. Jacobs, D. E. De Vos, Chem. Eur. J. 2007, 
13, 2034.  

(76)  a) G. A. Somorjai, J. Y. Park, Angew. Chem. Int. Ed. 2008, 47, 9212; b) 
P. N. Cerboni, M. Prelazzi, G. Pinna, F. G. Fagherazizi, Catal. Today 
1998, 44, 129.  

(77)  a) E. W. Ping, J. Pierson, R. Wallace, J. T. Miller, T. F. Fuller, C. W. 
Jones, Appl. Catal. A 2011, 396, 85; b) E. W. Ping, R. Wallace, J. Pier-



73 

 

                                                                                                                             
son, T. F. Fuller, C. W. Jones, Microporous Mesoporous Mater. 2010, 
132, 174; c) M. Shakeri, K. Engström, A. Sandström, J.-E. Bäckvall, 
ChemCatChem 2010, 2, 534; d) A. Taguchi, F. Schüth, Microporous 
Mesoporous Mater. 2005, 77, 1. 

(78)  M. Shakeri, C.-W. Tai, E. Göthelid, S. Oscarsson, J.-E. Bäckvall, Chem. 
Eur. J. 2011, 17, 13269. 

(79)  Y. Han, S. S. Lee, J. Y. Ying, Chem. Mater. 2006, 18, 643. 
(80)  a) K. Yamaguchi, N. Mizuno, Chem. Eur. J. 2003, 9, 4353; b) D. R. 

Jensen, M. J. Schultz, J. A. Mueller, M. S. Sigman, Angew. Chem. Int. 
Ed. 2003, 42, 3810; c) K. Yamaguchi, N. Mizuno, Angew. Chem. Int. 
Ed. 2002, 41, 4538. 

(81)  This is analogous to the acceleration of oxidative addition of aryl ha-
lides to Pd0 species by the use of aryl halides with electron-withdrawing 
substituents and/or electron-donating phosphine ligands. 

(82) P. T. Anastas, M. M. Kirchhoff, Acc. Chem. Res. 2002, 35, 686; b) B. 
M. Trost, Acc. Chem. Res. 2002, 35, 695; c) B. M. Trost, Science 1991, 
254, 1471. 

(83) a) E. Teoh, E. A. Campi, W. R. Jackson, A. Robinson, J. Chem. Com-
mun. 2002, 978; b) P. A. Evans, J. E. Robinson, J. Am. Chem. Soc. 
2001, 123, 4609; c) J. Louie, C. W. Bielawski, R. H. Grubbs, J. Am. 
Chem. Soc. 2001, 123, 11312; d) P. Zezschwitz, F. Petry, A. de Meijere, 
Chem. Eur. J. 2001, 4035; e) C. W. Bielawski, J. Louie, R. H. Grubbs, 
J. Am. Chem. Soc. 2000, 122, 12872. 

(84) a) S. Ikeda, Acc. Chem. Res. 2000, 33, 511; b) G. Poli, G. Giambastiani, 
A. Heumann, Tetrahedron 2000, 56, 5959; c) A. de Meijere, S. Bräse, J. 
Organomet. Chem. 1999, 576, 88; d) L. F. Tietze, Chem. Rev. 1996, 96, 
115; e) P. J. Parsons, C. S. Penkett, A. Shell, J. Chem. Rev. 1996, 96, 
195; f) M. Malacria, Chem. Rev. 1996, 96, 289; g) A. Heumann, M. 
Reglier, Tetrahedron 1996, 52, 9289. 

(85) a) J. Tsuji, Palladium Reagents and Catalysts: Innovations in Organic 
Synthesis, Wiley, New York, 1995; b) J. Tsuji, Transition Metal Rea-
gents and Catalysts: Innovations in Organic Synthesis, Wiley, New 
York, 2000. 

(86) a) R. Gedye, F. Smith, K. Westaway, H. Ali, L. Baldisera, K. Laberge, 
J. Rousell, Tetrahedron Lett. 1986, 27, 279; b) R. J. Giguere, T. L. 
Bray, S. M. Duncan, G. Majetich, Tetrahedron Lett. 1986, 27, 4945. 

(87) C. O. Kappe, D. Dallinger, S. S. Murphree (Eds.), Practical Microwave 
Synthesis for Organic Chemists; Wiley-VCH Verlag GmbH & Co. 
KGaA, 2009. 

(88) a) T. N. Danks, G. Wagner, Microwave-Assisted Reductions, Blackwell 
Publishing Ltd., 2009; b) H. Berthold, T. Schotten, H. Hönig, Synthesis 
2002, 11, 1607; c) D. Villemin, F. Caillot, Tetrahedron Lett. 2001, 42, 



74 

 

                                                                                                                             
639; d) N. Kuhnert, T. N. Danks, Green Chem. 2001, 3, 98; e) M. 
Larhed, A. Hallberg, J. Org. Chem. 1996, 61, 9582. 

(89) M. Larhed, P. Nilsson, K. Olofsson, Microwave Methods in Organic 
Synthesis, Springer Berlin/Heidelberg, 2006, 103-144. 

(90) J. F. Quinn, D. A. Razzano, K. C. Golden, B. T. Gregg, Tetrahedron 
Lett. 2008, 49, 6137; b) P. He, S. J. Haswell, P. D. I. Fletcher, Appl. 
Catal. A 2004, 274, 111.   

(91) S. Gladiali, E. Alberico, Chem. Soc. Rev. 2006, 35, 226. 
(92) H. U. Blaser, H.-J. Federsel (Eds.), Asymmetric Catalysis on Industrial 

Scale: Challenges, Approaches and Solutions, Wiley-VCH, Weinheim, 
2010. 

(93) A. N. Parvulescu, E. Van der Eycken, P. A. Jacobs, D. E. De Vos, J.  
Catal. 2008, 255, 206. 

(94) E. V. Johnston, O. Verho, M. D. Kärkäs, M. Shakeri, C.-W. Tai, P, 
Palmgren, K. Eriksson, S. Oscarsson, J.-E. Bäckvall, Submitted for pub-
lication. 


