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Abstract 

     This thesis deals mainly with two oxidation reactions: water oxidation 
and aerobic oxidation, both of which have been applied in a biomimetic 
fashion. In the former reaction molecular oxygen is generated whereas in the 
latter it was used as terminal oxidant in oxidation reactions.  
     The first part of this thesis describes the synthesis of different ruthenium 
and manganese complexes that could potentially act as catalysts for water 
oxidation. This part includes a discussion of the stability and reactivity of a 
new manganese(III) amide-type complex, that has been used as a catalyst for 
both epoxidation of stilbene and alcohol oxidation.  
     The second part of this thesis discusses the synthesis of two new hybrid 
catalysts consisting of hydroquinone linked cobalt(II) salophen and co-
balt(II) salmdpt, which have been used as oxygen-activating catalysts in 
aerobic oxidation reactions. The former catalyst was applied to the Pd-
catalyzed reactions such as 1,4-diacetoxylation of cyclohexadiene whereas 
the latter was applied to the Ru-catalyzed oxidation of secondary alcohols to 
ketones. Moreover, these two hybrid catalysts could be used in the Pd-
catalyzed carbocyclization of enallenes. In all cases molecular oxygen was 
used as the stoichiometric oxidant. 
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The abbreviations are used in agreement in standards of the subject. Only 
non-standard and unconventional ones that appear in the thesis are listed 
here. 
 
  
  
bpy  2,2´-Bipyridine  
BQ Benzoquinone 
DCM Methylene chloride 
DET Diethyl tartrate 
ETM  Electron Transfer Mediator 
HQ Hydroquinone 
m-CPBA  m-Chloroperbenzoic acid 
MIMS  Multi-isotope Imaging Mass Spectroscopy  
MV2+  Methyl viologen 
NAD+ Nicotinamide Adenine Dinucleotide (Oxidized form) 
NADH  Nicotinamide Adenine Dinucleotide (reduced form)  
NADP+  Nicotinamide Adenine Dinucleotide Phosphate (Oxidized   

form) 
NADPH  Nicotinamide Adenine Dinucleotide Phosphate (reduced 

form) 
NHE Normal Hydrogen Electrode 
NMO N-Methylmorpholine N-oxide 
OEC  Oxygen Evolving Complex 
Pheo  Pheophytin 
PPTS  Pyridium p-toluenesulfonate 
PSI Photosystem I 
PSII  Photosystem II 
Salmdpt Bis[3-(salicylideneimino)propyl]methylamine 
TBHP  tert-butylhydroperoxide 
THP Tetrahydropyranyl 
terpy 2,2’:6’2”-Terpyridine 
 Tyrz  Tyrosinez 
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1 Introduction 

     Our modern society has reached its complexity by consuming enormous 
amounts of energy. For a long time, this was not a major concern but in the 
past few decades it has become clear, that our predominant energy sources 
are connected to socially or environmentally problematic effects. Fossil fuels 
(natural gas, coal, oil, etc) have been major energy sources but, in recent 
years, we have realized that their supply is limited and that our oil will run 
out in the near future. Due to the increasing energy consumption in today’s  
society of and the greenhouse effect we have to find a solution. An attractive 
option is the developments of artificial systems that are capable of absorbing 
sunlight and convert its energy into fuel. It is also important to decrease the 
use of energy, both in private consumption and in industrial production. In 
industry, this means among other things, more selective chemical processes 
using environmentally friendly raw materials. Industrial oxidation is of par-
ticular interest because the goal is now to replace stoichiometric heavy 
metal-based oxidants by molecular oxygen or hydrogen peroxide which are 
truly environmentally friendly oxidants.  

 

1.1 Water oxidation 

1.1.1 Natural photosynthesis 
     Photosynthesis is one of the most important processes on earth, by which 
green plants and some other organisms use solar energy to convert carbon 
dioxide and water into biomass such as carbohydrates (eq. 1). In this process, 
water acts as an electron source, being oxidized to molecular oxygen, which 
is a requisite for our existence.1   
 

 
 

                                                      
1 A. L. Lehninger, D. L. Nelson, M. M. Cox, Principles of Biochemistry, 1993, 2nd Ed. Worth 
Publishers, Inc, New York, Ch 18, pp 571. 
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     A number of enzymes embedded in the thylakoid membrane are involved 
in the process of photosynthesis. These enzymes include photosystem I 
(PSI), photosystem II (PSII), the cytochrome b/f complex and the ATP syn-
thase. Each of the two photosystems has its own reaction center: these are 
designated P700 and P680 respectively (Figure 1). 
                       

 

Figure 1. A schematic representation of a thylakoid membrane including PSI, PSII, 
Cytochrome b/f complex and ATP synthase, (Q=quinone, PC=plastocyanin). 
 

     The process of photosynthesis is initiated in PSII by the absorption of a 
photon by chlorophyll P680 (Figure 2). When P680 is excited, it becomes 
strongly reducing and transfers an electron to the primary electron acceptor, 
pheophytin (Pheo) (1), which has a porphyrin structure, giving P680+ and 
Pheo- (Figure 3). Pheo- then further transfers this electron very rapidly to two 
quinones (menoquinone (QA) (2) and ubiquinone (QB) (3)). This leads to a 
charge separation that is subsequently used in photosynthetic reactions.  
However, P680+ is a strongly oxidizing and unstable species which has a 
potential of 1.2 V vs NHE. It is therefore rapidly reduced by an electron 
from a nearby tyrosinez (Tyrz), which is located about 10-12 Å away, to re-
generate its ground state. 
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Figure 2. A schematic picture of the PSII in natural photosynthesis shows how an 
electron moves from one protein complex to another. 
 
     This Tyrz clearly plays a fundamental role in PSII because it functions as 
an electron transfer mediator between P680 and a manganese cluster (the so- 
called Oxygen-Evolving Complex (OEC)) where the actual oxidation of 
water is catalyzed by a tetranuclear manganese cluster. The electron trans-
port from Tyrz to P680+ has to be fast in order to prevent back reaction with 
the quinones. To make this feasible, the Tyrz interacts with another amino 
acid, histidine 190 (His190) which can act as proton acceptor and by hydrogen 
bonding can promote fast electron transfer to P680+. The neutral radical Tyrz

.
 

in turn abstracts an electron from the Mn cluster. The four electrons ab-
stracted in the water oxidation are ejected one by one via Tyrz to repeatedly 
regenerate P680. Then after four consecutive photoinduced electron transfer 
events, the manganese cluster, which serves as a reservoir for oxidizing 
equivalents, recovers all four electrons by oxidizing two molecules of water 
to molecular oxygen. The electrons expelled by PSII are transported to PSI 
where the excitation of P700 initiates electron transfer down a redox chain of 
different cofactors to NADP+, giving NADPH. 

 

 

Figure 3. Structures of electron acceptors in PSII: i) Pheophytine (Pheo) (1), ii) 
Menoquinone (QA) (2), and iii) Ubiquinone (QB) (3). 
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1.1.2 Proposed mechanisms for dioxygen formation  
     Great efforts have been made to understand the mechanism of natural 
photosynthesis and still it is an open question how the oxidation of water 
takes place. An important breakthrough was the first crystal structrure de-
termination of PSII by Zouni et al. in 2001.2 Because the resolution of only 
3.8 Å, the exact structure of the central manganese cluster could not be de-
termined. Subsequent structure determinations with resolution of 3.5 Å3 and 
3.0 Å4 together with extensive spectroscopic studies tentatively suggest a 
cubic structure containing three manganese and one calcium ion, which are 
linked to a forth manganese ion (for a recent summary, see ref3b). There are a 
number of proposals for the mechanism of the dioxygen formation and five 
different options are depicted in Scheme 1.5 They involve bridge rearrange-
ments (entry 1), nucleophilic attack on Mn=O (entry 2), radical coupling 
(entries 3 and 4) and coupling of bridging oxygen and coordinated water 
(entry 5). It is believed that the mechanisms in (entry 2) and (entry 5) are the 
most plausible descriptions of how water oxidation takes place in natural 
photosynthesis. As epoxidation can also proceed via a Mn=O intermediate, it 
seemed worth investigating whether such a species can be formed before 
testing the water oxidation.  

                                                      
2 A. Zouni, H. T. Witt, J. Kern, P. Fromme, N. Krauʙ, W. Saenger, P. Orth, Nature, 2001, 
409, 739. 
3 (a) K. N. Ferriera, T. M Iverson, K. Maghlauoui, J. Barber, S. Iwata, Science, 2004, 303, 
1831. (b) J. Barber, Inorg. Chem. 2008, 47, 1700. 
4 B. Loll, J. Kern, W. Saenger, A. Zouni, J. Biesiadka, Nature, 2005, 438, 1040. 
5 (a) C. Tommos, G. T. Babcock, Biochim. Biophys. Acta. 2000, 199, 1458. (b) J. Limburg, V. 
A. Szalai, G. W. Budvig. J. Chem. Soc. Dalton Trans. 1999, 1353. (c) P. E. M. Siegbahn, R. 
H. Crabtree, J. Am. Chem. Soc. 1999, 121, 117. (d) V. L. Pecoraro, W. Y. Hsieh, Models for 

Manganese Enzymes, 2000, 429. (e) J. Limburg, J. S. Vrettos, H Chen, J. C. De Paula, R. H. 
Crabtree, G. W. Budvig. J. Am. Chem. Soc. 2001, 123, 423. (f) W. Ruttinger, G. C. Dismukes, 
Chem. Rev. 1997, 97, 1. (g) M. Lundberg, P. E. M. Siegbahn, Phys. Chem. Chem. Phys. 2004, 
6(20), 4772. (h) G. W. Budvig, Phil. Trans. R. Soc. B. 2008, 363, 1211. (i) J. K. Hurst, J. L. 
Cape, A. E. Clark, S. Das, C. Qin, Inorg. Chem. 2008, 47, 1753. (j) I. Romero, M. Rodriguez, 
C. Sens, J. Mola, M. R. Kollipara, L. Francas, E. Mas-Marza, L. Escriche, A. Llobet, Inorg. 

Chem. 2008, 47, 1824. (k) R. Tagore, R. H. Crabtree, G. W. Budvig. Inorg. Chem. 2008, 47, 
1814. 
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                      Scheme 1. Proposed mechanisms for dioxygen formation. 
 

1.1.3 Artificial photosynthesis 
     In the field of artificial systems, many research groups have long tried to 
mimick PSII in natural photosynthesis. In the past few decades, many at-
tempts have been made to develop different systems for splitting of water 
into molecular hydrogen and oxygen, but the progress so far has been mod-
erate. The general artificial system consists of three important functions ex-
tracted from the photosynthetic machinery: a photosensitizer (P), an electron 
acceptor (A) and an electron donor (D) (Figure 4). 
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O2 + 4 H+ + 4 e-

2 H2O

P

hv
4 H+

2 H2  
 
Figure 4. Electron transfer processes in an artificial photosynthesis system that 
consists of a photosensitizer (P), an acceptor (A) and a donor (D). 
 
 
     In analogy to PSII in natural processes, the photosensitizer P should trap 
a photon from the sunlight and eject an electron from its excited state to the 
acceptor A. The strongly oxidizing species P

+
 should regain the electron 

from water via a mediator linked to an electron donor D, preferably a Mn 
cluster. However, the major difference between natural and artificial photo-
synthesis is that instead of using the reducing equivalents at the acceptor side 
A to reduce carbon dioxide, we wish to reduce protons to molecular hydro-
gen, which could be used as a pure and renewable fuel.  
     In our laboratory, we have developed a few prototype systems with the 
intention of obtaining a functional mimic of the oxygen evolving complex of 
PSII, that is coupled to photoinduced charge separation (Figure 5).6 In one 
such dual-component system, electron transfer was observed but the water 
oxidation was unsuccessful probably due to oxidative decomposition of the 
ligand. Therefore, a more robust mimic of the OEC needs to be developed. 
Recent studies have shown that synthetic manganese complexes are capable 
of catalyzing the oxidation of water to molecular oxygen, but these processes 
have not yet been coupled to photoinduced charge separation.  

 

Mn / TyrOH Ru(bpy)3 Acceptor

hv
e-e-

 
Figure 5. Electron transfer in Mn-Ru dyads. 

 

 

 

                                                      
6 (a) L. Sun, L. Hammarström, S. Styring, B. Åkermark, Chem. Soc. Rev. 2001, 30, 36. (b) L. 
Sun, M. Burkitt, M. Tamm, M. K. Raymond, M. Abrahamsson, B. LeGourierec, Y. Frapart, 
A. Magnusson, P. H. Kenez, P. Brandt, A. Tran, L. Hammarström, S. Styring, B. Åkermark, 
J. Am. Chem. Soc. 1999, 121, 6834. 
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1.1.4 Components in Model Systems 
     A better understanding of the three different components (photosensitizer, 
electron acceptor and electron donor) of artificial photosynthesis is required, 
so brief overviews of these components are given in the following sections.  
 

1.1.4.1 Photosensitizer 
     Photoinduced charge separation is the central part of the artificial process. 
As mentioned earlier, this is the starting point from which the solar energy is 
absorbed and an electron is raised into an excited state level followed by 
transferring to an acceptor, converting the excitation energy into redox en-
ergy. However, there are still some considerations that need to be taken into 
account. Since we want to mimic the photosensitizer of PSII, a photosensi-
tizer that absorbs sunlight and has a suitable redox potential, both in the 
ground state and excited state, is required. It is also important that it has re-
versible redox behavior and is inert to chemical side reactions. A useful pho-
tosensitizer should (i) form with high quantum yield, e.g to be reached with 
high efficiency following light absorption, (ii) have a relative long excited 
state lifetime in order to eject the electron to the acceptor side before decay-
ing to the ground state, and (iii) be stable and have reversible redox proper-
ties. 
     Several model systems such as porphyrins,7 phthalocyanines8 and 
polypyridine complexes fulfill these requirements to different extent. Ruthe-
nium(II) polypyridyl complexes such as RuII(bpy)3, a d6 transition-metal 
complex with octrahedral geometry, (Figure 6), are commonly used as pho-
tosensitizers in artificial processes because they fulfill the criteria listed 
above.7a, 9 It is noteworthy that these ruthenium complexes can undergo rapid 
electron transfer reactions due to the small re-organization energy of the 
complex i.e the structures of the complexes, [Ru(bpy)3]

2+ (4) and 
[Ru(bpy)3]

3+ do not change significantly upon oxidation or reduction. 

                                                      
7 (a) J. Limburg, J. S. Vrettos, L. M. Liable-Sands, A. L. Rheingold, R. H. Crabtree, G. W. 
Budvig. Science, 1999, 283, 1524. (b) J. Limburg, J.S. Vrettos, H. Chen, J.C.D. Paula, R.H. 
Crabtree, G.W. Brudvig, J. Am. Chem. Soc. 2001, 123, 423. (c) K. Kalyanasundaram, Photo-

chemistry of Polypyridine and Porphyrin Complexes, 1992, Academic press, Limited, Lon-
don. 
8 M. R. Wasielewski, Chem. Rev. 1992, 92, 435 
9 J. Darwent, P. Ddouglas, A. Harriman, G. Porter, M. C. Richoux, Coord. Chem. Rev. 1982, 
44, 83. 
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                 Figure 6. Structure of 4) RuII (bpy)3 and 5) RuII(tpy)2. 

 
 

     Other types of complexes such as RuII(tpy)2 (5), which resemble 
RuII(bpy)3, have also been used as photosensitizers.10 These two types of 
ruthenium complexes have very similar ground state properties but the for-
mer complex has a huge disadvantage – the lifetime of its excited state (250 
ps at r.t)7a, 11 is much shorter than the lifetime of the latter (≈900 ns). One 
could explain that the unfavorable bite angles of the terpyridine ligands en-
force a less octahedral coordination and lead to a weaker ligand field in RuII 
(tpy)2 than in RuII (bpy)3.  

 

1.1.4.2 Electron acceptor 
     The most commonly used external electron acceptors in artificial photo-
synthesis are bipyridinium ions like methyl viologen (6) (MV2+, Figure 8) 
and quinones. The reason why such methyl viologen is commonly used is 
that they have the correct redox potentials and also change color to violet 
whenever they accept an electron from the photosensitizer. Acceptors such 
as [Co(NH3)5Cl]2+ are also useful. The advantage of this acceptor is that the 
electron transfer to CoIII is essentially irreversible.12 

 
 

 
Figure 7. Structure of methyl viologen (MV2+). 

 

                                                      
10 D. M. Roundhill, Photochemistry and Photophysics of Metal Complexes, 1994, Plenum 
Press, New York 
11 J. P. Sauvage, J. P Collin, J. C. Chambron, S. Guilleres, C. Coudret, V. Balzani, F. Barigel-
letti, L. De Cola, L. Flamigni, Chem. Rev. 1994, 94, 993 
12 J. R. Winkler, T. L. Netzel, C. Creutz, N. Sutin, J. Am. Chem. Soc. 1987, 109, 2381 
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1.1.4.3 Electron donor (Water oxidation catalysts) 
     A vast number of different catalysts such as Mn and Ru complexes have 
been reported to be useful for catalyzing the water oxidation. However, most 
of these catalysts require a very strong oxidant such as CeIV. Therefore a 
better methodology which uses milder oxidants needs to be developed. The 
natural process uses a complex of four manganese ions for water oxidation, 
so it is worth considering the same metal in artifical process. The low cost of 
manganese compared to noble metals is an additional advantage. The OEC is 
currently the main issue in the field of artificial photosynthesis since this is 
the most difficult part in mimicking PSII.13 Furthermore, the detailed struc-
ture of the natural OEC and the mechanism of the water oxidation are still 
not known in complete detail.  
     During a period of twenty years, several dinuclear manganese- and ruthe-
nium complexes have been prepared and examined (Figure 8). Unfortu-
nately, most of these catalysts were not sufficiently robust to split water into 
dioxygen efficiently and in several cases the results were irreproducible.14, 15  

 
Figure 8. 7) Meyer’s catalyst, 8) Llobet’s catalyst, 9) Thummel’s catalyst, 10) Sa-
saki’s catalyst, 11) Crabtree’s catalyst, and 12) McKenzie’s catalyst. 

 

                                                      
13 (a) X. Sala, I. Romero, M. Roddriguez, L. Escriche, A. Llobet, Angew. Chem. Int. Ed. 
2009, 48, 2. (b) S. Mukhopaadhyay, S. K. Mandal, S. Bhaduri, W. H. Armstrong, Chem. Rev. 
2004, 104, 3981. (c) M. Yagi, M. kaneko, Chem. Rev. 2001, 101, 21.  
14 M. Watkinson, A. Whiting, C. A. McAuliffe, J. Chem. Soc. Chem. Comm. 1994, 2141 
15 Y. Naruta, M. Sasayama, T. Sasaki, Angew. Chem. Int. Ed. 1994, 33, 1839 
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       In 1982, Meyer et al.16 reported a remarkable homogeneous µ-oxo 
bridged dinuclear ruthenium catalyst 7 (Figure 8) for water oxidation using 
very strong oxidants such as CeIV. However, the µ-oxo bridge of this com-
plex is suspected to decrease its stability, so some modifications are needed. 
Recently, Llobet17 and Thummel18 independently reported modifications of 
Meyer’s cis,cis-[(bpy)2Ru(H2O)2]2O

4+. Llobet and co-workers designed a 
more stable and rigid complex using tridentate terpy ligand to replace bpy 
and used 3,5-bis(pyridinyl)pyrazole as the bridging ligand instead of µ-oxo 
bridge 8 whereas Thummel and co-workers have used bis-tridentate ligands 
and pyridazine and chloride as bridging ligands 9. These modified catalysts 
are intended to improve the water oxidation. In 1994, Sasaki et al.15 reported 
another homogeneous dinuclear manganese porphyrin complex 10 as an 
efficient water oxidation catalyst. Crabtree and co-workers described in 2001 
a new di(µ-oxo) dinuclear manganese complex 11 that could evolve O2 from 
water employing NaClO or KHSO5 as the terminal oxidant.7 In 2005 
McKenzie et al.19 reported a new dinuclear manganese complex 12 that is 
capable of performing water oxidation using tert-butylhydroperoxide 
(TBHP) or CeIV as the terminal oxidant. They used several analytical meth-
ods such as a Clark electrode and MIMS to demonstrate the oxygen evolu-
tion. 
     In our laboratory, we have recently synthesized three different dinuclear 
ruthenium complexes that catalyze the water oxidation employing CeIV as 
terminal oxidant (Figure 9).20 Complex 13 resembles the Thummel’s cata-
lyst. The other two complexes 14 and 15 have negatively charged ligands (a 
carboxylate and phenolate) and a different trans structure. The negatively 
charged ligand give these complexes have lower oxidation potentials of the 
coordinated ruthenium, presumably by increasing stability of the high-valent 
metal complexes.  

                                                      
16 (a) S. W. Gersten, G. J. Samuels, T. J. Meyer, J. Am. Chem. Soc. 1982, 104, 4029. (b) D. 
Geselowitz, T. J. Meyer, Inorg. Chem. 1990, 29, 3894. (c) R. A. Binstead, C. W. Chronister, 
N. Jinfeng, C. M. Hartshorn, T. J. Meyer, J. Am. Chem. Soc. 2000, 122, 8464. 
17 C. Sens, I. Romero, M. Rodriguez, A. Llobet, T. Parella, J. Benet-Buchholz, J. Am. Chem. 
Soc. 2004, 126, 7798 
18 (a) R. Zong, R. P. Thummel, J. Am. Chem. Soc. 2005, 127, 12802. Z. Deng, H. W. Tseng, 
R. Zong, D. Wang, R. Thummel, Inorg. Chem. 2008, 47, 1835. 
19 Poulsen A. K.; Rompel A.; McKenzie C. J. Angew. Chem. Int. Ed. 2005, 44, 6916. 
20 Y. Xu, T. Åkermark, V. Gyollai, D. Zou, L. Eriksson, L. Duan, R. Zhang, B. Åkermark, L. 
Sun, Inorg. Chem. 2009, DOI:10.1021/ic802052u 
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Figure 9. Xu’s water oxidation catalysts. 

 
     Most recently, both Meyer21 and Thummel18,22 reported the two first new 
monomeric ruthenium complexes that are efficient as water oxidation cata-
lysts; many scientists thought this impossible (Figure 10).  

 
Figure 10. i) Meyer’s monomeric Ru complex (16), ii) Thummel’s monomeric 
complex (17). 
 

 

 

 

 

 

                                                      
21 J. J. Concepcion, J. W. Jurss, J. L. Templeton, T. J. Meyer, J. Am. Chem. Soc. 2008, 130, 
16462 
22 H. W. Tseng, R. Zong, J. T. Muckerman, R. Thummel, Inorg. Chem. 2008, 47, 11763 
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     Interestingly, a very important breakthrough in this chemistry was an-
nounced by the research groups of Hill23 and Bernhard23. They independently 
reported for the first time a new, inorganic and homogeneous tetranuclear 
ruthenium cluster (Rb8K2[{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]

.25H2O) that 
could efficiently oxidize water to molecular oxygen using [Ru(bpy)3]

3+ as 
terminal oxidant (Figure 11).23 
 

 
                                   Figure 11. Structure of the Ru-cluster. 
 
 

1.1.5 Other metal complexes for water oxidation 
     In addition to manganese or ruthenium complexes that have been used as 
powerful water oxidation catalysts other transition metals including iridium 
and cobalt complexes have also been reported to catalyze water to molecular 
oxygen using different terminal oxidants. Very recently Bernhard and co-
workers have synthesized a new iridium complex cis-[IrIII(L)2(H2O)2]

+ 
(where L = 2-(2-pyridyl) phenylate anion) which has been used as water 
oxidation catalyst in the presence of CeIV as terminal oxidant (Figure 12).24 
Nocera et al. have also recently reported that the water oxidation could be 
performed in aqueous solutions containing Co2+ and phosphate, using 
Ru(bpy)3

3+ as terminal oxidant.25 

                                                      
23 (a) Y. V. Geletti, B. Botar, P. Kögerler, D. A. Hillesheim, D. G. Musaev, C. L. Hill, Angew. 

Chem. Int. Ed. 2008, 47, 3896. (b) A. Sartorel, M. Carraro, G. Scorrano, R. De Zorzi, S. 
Geremia, N. D. McDaniel, S. Bernhard, M. Bonchio, J. Am. Chem. Soc. 2008, 130, 5006. 
24 N. D. McDaniel, F. J. Coughlin, L. L. Tinker, S. Bernhard, J. Am. Chem. Soc. 2008, 130, 
210.  
25 M. W. Kanan, D.  G. Nocera, Science, 2008, 321, 1072. 
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           Figure 12. Bernhard’s monomeric Ir complex for water oxidation  

 
 
 

1.1.6 Synthetic Model Systems 

       The construction of artificial model systems that combine a photosensi-
tizer with an electron acceptor and an electron donor is not an easy task and 
remains a major challenge. So far the only functional mimic of PSII is an 
OEC mimic coupled to a photosensitizer.6, 12, 26 A number of factors must be 
considered in constructing an artificial system including: (i) the distance 
between donor and photosensitizer, (ii) re-organization energy i.e the struc-
ture of the metal complexes [Ru(bpy)3]

2+ and [Ru(bpy)3]
3+ should not change 

too much upon oxidation or reduction, (iii) electronic coupling, i.e how the 
metals interact in a di- or polynuclear metal complex, (iv) the stability of the 
high-valent metal complexes, and (v) the robustness of the ligand.   
     Sun and Åkermark have developed a mimic of the donor side system of 
PSII that features a tris(bipyridyl)ruthenium(II) complex covalently linked to 
a manganese(II) complex (18, Figure 13). This coupled system gave the first 
intramolecular multi-electron transfer, from the manganese(II) complex to 
the ruthenium(III) complex. By flash photolysis, they were able to observe 
stepwise three-electrons transfer in the presence of an electron acceptor.6  

                                                      
26 (a) L. Sun, H. Berglund, R. Davydov, T. Norrby, L. Hammarström, P. Korall, A. Börje, C. 
Philouze, K. Berg, A. Tran, M. Andersson, G. Stenhagen, J. Mårtensson, M. Almgren, S. 
Styring, B. Åkermark, J. Am. Chem. Soc. 1997, 119, 6996. (b) A. Magnusson, H. Berglund, P. 
Korall, L. Hammarström, B. Åkermark, L. Sun, S. Styring, J. Am. Chem. Soc. 1997, 119, 
10720. (c) L. Sun, M. K. Raymond, A. Magnusson, B. LeGourierec, M. Tamm, M. Abra-
hamsson, P. H. Kenez, , J. Mårtensson, G. Stenhagen, L. Hammarström, S. Styring, B. Åker-
mark, J. Inorg. Biochem. 2000, 39, 105. (d) D. Burdinski, E. Bothe, K. Wieghardt, Inorg. 

Chem. 2000, 39, 105. (e) D. Burdinski, K. Wieghardt, S. Steenken, J. Am. Chem. Soc. 1999, 
121, 10781. 
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Figure 13. Electron transfer from the excited state of RuII* to penta-
amminechlorocobalt chloride (CoIII). 
 

1.1.7 Objectives of this part of the thesis 
     Because the acceptor side of PSII seems to pose fewer difficult problems 
than the donor side, we have put more focus on design and development of a 
new metal catalyst for water oxidation. Therefore, the overall goal of this 
part is to develop metal complexes which are able to function as catalysts for 
oxidation of water to molecular oxygen. Thus the intention was to prepare 
catalysts using ligands that are resistant to oxidative degradation and capable 
of stabilizing metal ions in high oxidation states.  
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1.2. Catalytic oxidation of organic substrates 
via a biomimetic approach 

     The metal-catalyzed oxidations of organic compounds play a paramount 
role in the organic synthetic organic transformations, and have many appli-
cations in industrial processes. There is a growing demand for efficient and 
mild catalytic methods for oxidizing organic compounds with molecular 
oxygen or hydrogen peroxide, as aerobic oxidations have the potential to be 
efficient, inexpensive and environmentally friendly. There are a few exam-
ples in which a transition metal is directly re-oxidized by either molecular 
oxygen or hydrogen peroxide.27 However, in most cases, re-oxidation has 
proved unsuccessful because the electron transfer between the transition 
metal (e.g Pd or Ru) and the oxidant (O2 or H2O2) is much slower than the 
reduction of the metal.28 In 2000, Sheldon and co-workers reported a new 
approach to aerobic alcohol oxidation employing a water-soluble palla-
dium(II) complex as the substrate-selective redox catalyst.29 
     In water oxidation, electrons and oxygen are generated from water. This 
is, in many respects, the reverse of oxidation of organic substrates by mo-
lecular oxygen, in which electrons are abstracted by oxygen to generate wa-
ter and an oxidized organic substrate. 
     In a metal-catalyzed oxidation, two electrons are transferred from the 
substrate to the metal, which becomes reduced. In order to sustain catalysis 
the reduced metal has to be re-oxidized, preferably by molecular oxygen or 
hydrogen peroxide. 
     The direct re-oxidation of transition metal catalysts such as Pd0 or Ru0 to 
PdII or RuII by molecular oxygen or hydrogen peroxide often has a high acti-
vation barrier (Scheme 2), and this may lead to catalyst deactivation by 
pathways that compete with the slow re-oxidation.26  

                                                      
27 (a) G. Wilke, H. Schott, P. Heimbach. Angew. Chem. 1967, 79, 62. Angew. Chem. Int. Ed. 
Engl. 1967, 6, 92. (b) S. S. Stahl, Angew. Chem. Int. Ed. 2004, 43, 3400 (c) M. M. Rogers, V. 
Kotov, J. Chatwichien, S. S. Stahl, Org. Lett. 2007, 9(21), 4331. (d) T. Mitsudome, T. Ume-
tani, N. Nosaka, K. Mori, T. Mizugaki, K. Ebitani, K. Kaneda, Angew. Chem. Int. Ed. 2006, 
45(3), 481. (e) M. Matsushita, K. Kamata, K. Yamaguchi, N. Mizuno, J. Am. Chem. Soc. 
2005, 127, 6632. 
28 J. Piera, J. E. Bäckvall, Angew. Chem. Int. Ed. 2008, 47, 3506. 
29 G. J. ten Brink, I. W. C. E. Arends, R. A. Sheldon, Science, 2000, 287, 1636 
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Scheme 2. Oxidation with a substrate-selective redox catalyst. 

 
     Two strategies have been developed to overcome this problem in palla-
dium catalysis. The first is to carry out PdII-catalyzed oxidation reactions in 
the presence of ligands that stabilize Pd0 and prevent formation of metallic 
palladium. In this way, the slow aerobic oxidation is feasible or even facili-
tated.27b, 28 The second strategy is to use one or more redox couples that form 
an electron transport chain. This strategy is referred to as “biomimetic” be-
cause of its fundamental parallel to Nature’s aerobic respiration (Figure 14). 
By mimicking this natural process, several oxidation reactions such as 1,4-
diacetoxylation, alcohol oxidation, amine oxidation, and carbocyclization 
could be developed. 

 

 
Figure 14. A schematic representation of electron transport through the respiratory 
chain. 

 
 

     In the respiratory chain (Figure 14), organic substrates are dehydroge-
nated by NAD+ to generate an oxidized organic species as well as NADH 
and H+. The generated NADH reduces ubiquinone (UQ) to afford ubiquinol 
(UQH2), which transports the electrons to the electron acceptor, cytochrome 
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bc1. These electrons are further transported to the reduced form of cyto-
chrome c oxidase, which finally delivers them to molecular oxygen, which is 
reduced to water upon reacting with nearby protons. This multistep approach 
divides the high-energy barrier into many smaller energy barriers that can be 
overcome sequentially and consequently it allows the process to occur under 
milder conditions. This example illustrates how the redox couple 
NAD+/NADH + H+ together with the dehydrogenase, acts as a substrate-
selective catalyst.30 

 

1.2.1 Palladium-catalyzed aerobic oxidation employing 
electron transfer mediators 

      Catalysts based on palladium are extremely versatile and catalyze such 
diverse reactions as aromatic coupling, allylic substitution, and oxidation of 
alcohols. They are therefore widely used in organic synthesis. The invention 
of the Wacker process in 1956 marked a breakthrough in both palladium 
chemistry and homogenous catalysis (Scheme 3). This large scale industrial 
process, whereby ethene is converted to acetaldehyde, is catalyzed by a 
combination of palladium(II) and CuCl2. This combination is a typical ex-
ample of a coupled system, where the PdII is the catalyst for oxidation of the 
alkene. CuCl2 is the electron transfer mediator for re-oxidizing Pd0 and is 
itself re-oxidized by molecular oxygen in a very rapid reaction. 

H2OO2+ +
cat. PdCl2

cat. CuCl2
O

PdII

Pd0

2Cu I

2Cu II

1/2 O2

H2O
O

 
Scheme 3. Wacker oxidation of ethylene to acetaldehyde. 

 

 

     The disadvantage of the Wacker process is the use of chloride ions, which 
can be problematic due to the formation of chlorinated by-products. They  
can also have a negative effect on the reaction rate. Furthermore, the chlo-

                                                      
30 G. Duester, Biochem. 1996, 35, 12221. (b) L. Gille, H. Nohl, Arch. Biochem. Biophys. 
2000, 375, 347 
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ride is also corrosive to some industrial reaction vessels.31 In the last few 
decades, our laboratories have developed a number of chloride-free coupled 
systems in which an oxygen-activating catalyst (cobalt(II) salophen, co-
balt(II) porphyrin and iron(II) phthalocyanine) and a hydroquinone 
(HQ)/benzoquinone (BQ) electron transport mediator (ETM) operate to-
gether to perform the re-oxidation of the metal by molecular oxygen 
(Scheme 4).32  

 

 
 
   Scheme 4. Electron transfer facilitated by an Electron Transfer Mediator (ETM), 
whereas MLm = iron(II) phthalocyanine, cobalt(II) salophen. 
 
 
These coupled systems are based on stepwise low-energy electron transfer 
which resemble biological processes. However, it has been shown that if any 
of these components (Pd, ETM or oxygen-activating catalyst) is absent, the 
reaction stops entirely. The chloride-free coupled system could be applied in 
a range of different aerobic oxidation such as Pd-catalyzed 1,4-addition to 
conjugated dienes,32 allylic acetoxylation,32, 33, 34 oxidation of terminal olefins 
to the corresponding methyl ketones,32 and Pd-catalyzed enallene carbocycli-
zation (Scheme 5).35 

                                                      
31 (a) P. M. Henry, J. Am. Chem. Soc. 1964, 86, 3246. (b) P. M. Henry, J. Am. Chem. Soc. 
1966, 88, 1595. (c) H. Stangl, R. Jira, Tetrahedron Lett. 1970, 11, 3589. (d) J. A. Cusumano, 
Chemtech. 1992, 22, 482. 
32 J. E. Bäckvall, R. B. Hopkins, H. Glennberg, M. M. Mader, A. K. Awasthi, J. Am. Chem. 
Soc. 1990, 112, 5160 
33 S. E. Byström, M. E. Larsson, B. Åkermark J. Org. Chem. 1990, 55, 5674. 
34 H. Grennberg, K. Bergstad, J. E. Bäckvall, J. Mol. Catal. A. 1996, 113, 355. 
35 J. Piera, K. Närhi, J. E. Bäckvall, Angew. Chem. Int. Ed. 2006, 45, 6914. 
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Scheme 5. Pd-catalyzed oxidation reactions for coupled catalytic systems 

 

1.2.2 Palladium(II)-catalyzed 1,4-oxidation of 1,3-
dienes 

     In the early 1980s, Bäckvall et al. reported the stereoselective 1,4-
diacetoxylation of 1,3-dienes.36 The 1,4-oxidation reaction has been further 
developed in Bäckvall’s laboratories and has become a very useful synthetic 
method in organic chemistry laboratories as well as in industry.37 Substrates 
such as cyclic or acyclic dienes can be readily oxidized to highly functional-
ized products using palladium(II) acetate as the catalyst. Various nucleo-
philes, including alcohols, halides and functionalized amines can be intro-
duced both inter- and intramolecluar to the 1- and 4-position of the dienes 
with high regioselectivity.38 The stereoselectivity in 1,4-diacetoxylation of 
1,3-dienes can be directed to form the cis adduct by adding a catalytic 
amount of LiCl (Scheme 6), whose chloride ions block the coordination of 
acetate to palladium and prevent the cis-migration. In contrast, when a large 
excess of LiOAc was used, the reaction yielded mainly the trans product, 
likely because the palladium-bound acetate group performs an intramolecu-
lar nucleophilic attack on the molecule.39 

                                                      
36 (a) J. E. Bäckvall, R. E. Nordberg, J. Am. Chem. Soc. 1981, 103, 4959. (b) J. E. Bäckvall, S. 
E. Byström, R. E. Nordberg, J. Org. Chem. 1984, 49, 4619. J. E. Bäckvall, A. K. Awasthi, Z. 
D. Renko, J. Am. Chem. Soc. 1987, 109, 4750. 
37 J. E. Bäckvall, Palladium-Catalyzed 1,4-Additions to Conjugated Dienes, Review in Metal-
catalyzed Cross-Coupling Reactions, Ed. A. de Meijere and F. Diederich, Wiley. VCH, 
Weinheim, 2004, pp 479 
38 (a) J. Löfstedt, K. Närhi, I. Dorange, J. E. Bäckvall, J. Org. Chem. 2003, 68, 7243. (b) I. 
Dorange, J. Löfstedt, K. Närhi, J. Franzen, , J. E. Bäckvall, Chem. Eur. J. 2003, 9, 3445 
39 H. Grennberg, J. E. Bäckvall, J. Chem. Soc. Chem. Comm. 1993, 17, 1331 
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Scheme 6. Stereoselectivity in the 1,4-diacetoxylation of 1,3-cyclohexadiene. 

 

     It is worth mentioning that the coordination of benzoquinone to palladium 
also plays a crucial role in determining the stereoselectivity of 1,4-
diacetoxylation of 1,3-dienes.40 This coordination results in an activated in-
termediate as shown in the scheme above that can facilitate a second nucleo-
philic attack. However, if no chloride ions are present, this attack takes place 
through a cis-migration of the palladium-bonded acetate via a (π-
allyl)palladium complex, giving rise to the trans adduct. 
     As discussed earlier, the aerobic 1,4-oxidation reaction can be applied in 
a one-pot triple catalytic cycle as shown in Scheme 7. In the coupled oxida-
tive diacetoxylation, a catalytic amount of p-benzoquinone was used to re-
oxidize Pd0 to PdII and the hydroquinone generated from this reaction was 
readily be re-oxidized by molecular oxygen together with an oxygen-
activating catalyst, MLm.  

                                                      
40 (a) H. Grennberg, A. Gogoll, J. E. Bäckvall, J. Org. Chem. 1991, 56(20), 5808. (b) H. 
Grennberg, A. Gogoll, J. E. Bäckvall, Organomet. 1993, 12(5), 1790. 
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Scheme 7. Three-component catalytic system for the aerobic 1,4-diacetoxylation of 
1,3-cyclohexadiene, cat. MLm = Co(II) porphyrin, Co(II) (Salophen) or Fe(II) 
phthalocyanine and hydroquinone as the oxygen-activating catalyst. 
 

1.2.3 Palladium(II)-catalyzed cyclization of enallenes 
     Transition metal-catalyzed cycloisomerization reactions of enallenes have 
been extensively studied but there is still a need for more efficient and 
stereoselective methods are still needed and would be of interest to the 
pharmaceutical industry. In 1988, Trost et al. reported the first metal-
catalyzed carbocyclization of enallenes.41 They showed that allenes are ex-
cellent functional groups for cyclization via isomerizations catalyzed by 
bimetallic Ni-Cr complexes. A few years later, Lee et al.42 published a ruthe-
nium-catalyzed cyclization and Itoh et al.43 reported on rhodium-catalyzed 
cyclization of enallenes. Bäckvall and co-workers reported on the Pd-
catalyzed oxidative carbocyclization of enallenes to generate bicyclic sys-
tems (Scheme 8).44 This reaction also works with diene-enallenes and a wide 
range of external nucleophiles such as carboxylic acids, alcohols, and thiols, 
to give a 1,4-addition reaction across the diene and formation of a bicyclic 
system.45 

                                                      
41 B. M. Trost, J. M. Tour, J. Am. Chem. Soc. 1988, 110, 5231. 
42 S. K. Kang, B. S. Ko, D. M. Lee, Tetrahedron. Lett. 2002, 43, 6693 
43 T. Makino, K. Itoh, J. Org. Chem. 2004, 69, 395 
44 J. Franzen, J. E. Bäckvall, J. Am. Chem. Soc. 2003, 125, 6056. 
45 (a) J. Löfstedt, K. Närhi, I. Dorange, J. E. Bäckvall, J. Org. Chem. 2003, 68, 7243. (b) I. 
Dorange, J. Löfstedt, K. Närhi, J. Franzen, J. E. Bäckvall, Chem. Eur. J. 2003, 9, 3445. 
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                        Scheme 8. Oxidative carbocyclization of enallenes.35 
 
 
They have also published a Pd-catalyzed aerobic carbocyclization of 
enallenes employing the triple-component system shown below in Scheme 9.  

 
Scheme 9. Carbocyclization of enallenes using the triple coupled system. 
 

1.2.4 Ruthenium-catalyzed aerobic alcohol oxidation 
     The selective oxidations of alcohols to the corresponding carbonyl com-
pounds plays a central role in organic synthesis.46 Classical oxidation meth-
ods, which employ stoichiometric amounts of inorganic oxidants such as 
CrO3

47, Mn48 or Ru salts49 etc are still used in both the academic laboratories 
and in the pharmaceutical industries. Most of these oxidants are highly toxic 
and environmentally polluting, resulting in an increasing demand for mild, 
efficient catalytic methods that use environmentally friendly oxidants such 
as molecular oxygen and hydrogen peroxide. In 1978, Mares et al. reported 
for the first aerobic oxidation of secondary alcohol to the corresponding 
carbonyl compound employing RuCl3 

. 
nH2O.50 

     In the early 1990s Bäckvall and co-workers reported the first chloride-
free alcohol oxidation using a triple catalytic system, in which ruthenium 

                                                      
46 S. V. Ley, J. Norman, W. P. Griffith,, S. P. Marsden, Synthesis, 1994, 639 
47 J. R. Holum, J. Org. Chem. 1961, 26, 4814 
48 R. J. Highet, W. C. Wildman, J. Am. Chem. Soc. 1955, 77, 4399. (b) F. M. Menger, C. Lee, 
Tetrahedron Lett, 1981, 22, 1655 
49 L. M. Berkowitz, P. N. Rylander, J. Am. Chem. Soc. 1958, 80, 6682. 
50 R. Tang, S. E. Diamond, N. Neary, F. J. Mares, J. Chem. Soc. Chem. Comm. 1978, 562 
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catalyst was the substrate-selective catalyst, 1,4-benzoquinone acted as an 
ETM and a Co(salen) complex was the oxygen-activating catalyst (Scheme 
10).51 This combined system oxidized a wide variety of alcohols to the corre-
sponding carbonyl compounds in good to excellent yields.  

 
Scheme 10. Ru-catalyzed aerobic alcohol oxidation using the triple coupled system. 
 
 
     Analogous to Nature’s aerobic respiration, the dehydrogenation of alco-
hol is carried out by the Shvo52 catalyst (21) (Scheme 11), a low-valent dinu-
clear ruthenium complex that corresponds to NAD+ / NADH + H+ and a ben-
zoquinone that replaces UQ / UQH2. In order for the hydroquinone to be re-
oxidized to benzoquinone in the artificial process, molecular oxygen has to 
operate together with an oxygen-activating metal macrocycle and produces 
water as the exclusive by-product. During the past decade Bäckvall and co-
workers reported the Shvo catalyst 21 to be an efficient catalyst not only for 
dynamic kinetic resolution53 (DKR) of secondary alcohols, but also for de-
hydrogenation of alcohols. It is believed that 21 dissociates into a coordina-
tively unsaturated dienone dicarbonyl 22 (an 16-electron species) and 23 (an 
18-electron species) at elevated temperatures (Scheme 11). The mononuclear 
ruthenium complex 22 is very active for the dehydrogenations of alcohols 
and amines, whereas 23 is very active for hydrogenations of ketones and 
imines, therefore both catalytic entities are involved in the catalytic cycle 
(Scheme 10). 

                                                      
51 (a) J. E. Bäckvall, R. L. Chowdhury, U. Karlsson, J. Chem. Soc. Chem. Comm. 1991, 473. 
(b) G. Z. Wang, U. Andreasson, J. E. Bäckvall, J. Chem. Soc. Chem. Comm. 1994, 1037. (c) 
G. Csjernyik, A. H. Ell, L. Fadini, B. Pugi, J. E. Bäckvall, J. Org. Chem. 2002, 67, 1657. (d) 
A. Zsigmond, F. Notheisz, G. Csjenyik, J. E. Bäckvall, Topics in Catalysis, 2002, 19, 119.. 
52 C. P. Casey, S. W. Singer, D. R. Powell, R. K. Hayashi, M. Kavana, J. Am. Chem. Soc. 
2001, 123, 1090 
53 (a) B. A. Persson, A. L. E. Larsson, M. LeTay, J. E. Bäckvall, J. Am. Chem. Soc. 1999, 121, 
1645. (b) F. F. Huerta, A. B. E. Minidis, J. E. Bäckvall, Chem. Soc. Rev. 2001, 30, 321. (c) O. 
Pamier, J. E. Bäckvall, Chem. Rev. 2003, 103, 3247 (d) H. Pellissier, Tetrahedron, 2008, 64, 
1563. 



 24

 
Scheme 11. The proposed dissociation of the Shvo catalyst. 

 
     As in the palladium chemistry outlined above, coupled systems could also 
be applied to the Ru-catalyzed aerobic oxidations including the Ru-catalyzed 
aerobic oxidation of alcohols to ketones51 and of amines to the imines 
(Scheme 12).54 
 

 
Scheme 12. Ru-catalyzed oxidation reactions for coupled catalytic systems. 

 

 

                                                      
54 (a) A. H. Ell, J. S. M Samec, C. Brasse, J. E. Bäckvall, Chem. Commun. 2002, 1144. (b) J. 
S. M. Samec, A. H. Ell, J. E. Bäckvall, Chem. Eur. J. 2005, 11, 2327. 
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1.3 Metal-catalyzed epoxidation reactions  

   Several models invoke a high-valent manganese(V) oxo species as a key 
intermediate  in both water oxidation and epoxidation. High-valent metal 
complexes are normally very difficult to isolate. However, the first high-
valent Mn=O species was reported by Groves and Stern who isolated three 
different porphyrin MnIV=O in 1987.55 A few yeas later, Collins et al. re-
ported another high-valent manganese(V) oxo species.56 As these are rather 
unstable intermediates, we decided to try to detect these species indirectly by 
studying their potential as epoxidation catalysts.  
     Optically active epoxides are versatile intermediates in the synthesis of 
pharmaceuticals.57 Various oxidation methods that convert olefins to opti-
cally active epoxides using a combination of a chiral metal complex and co-
oxidant have been reported.58 In 1980, Katzuki and Sharpless made the first 
breakthrough in asymmetric epoxidation (AE) using synthetic metal cata-
lysts.59 They developed an enantioselective titanium-catalyzed epoxidation of 
allylic alcohols that employed diethyl tartrate (DET) as a chiral ligand and 
tert-butyl hydroperoxide (TBHP) as the terminal oxidant and obtained good 
yields and an enantiomeric excess (ee) over 90%. For example, geraniol (24) 
was epoxidized to 25 in 95% enantiomeric excess with Ti(OiPr)4, (+)(DET) 
and TBHP (Scheme 15). 
 

 
Scheme 15.  Sharpless epoxidation of allylic alcohols. 

                                                      
55 (a) J. T. Groves, M. K. Stern, J. Am. Chem. Soc. 1987, 109(12), 3812. (b) N. Jin, M. Ibra-
ham, T. G. Spiro, J. T. Groves, J. Am. Chem. Soc. 2007, 129(41), 12416. 
56 (a) T. J. Collins, S. W. Gordon-Wylie, J. Am. Chem. Soc. 1989, 111, 4511. (b) T. J. Collins, 
R. D. Powell, C. Slebodnic, E. S. Uffelman, J. Am. Chem. Soc. 1990, 112, 899 
57 (a) B. E. Rossiter, in J. D. Morrison (Ed) Asymmetric Synthesis, 1985, Vol 5, Academic 
Press, Orland, pp 193. (b) M. Nogradi, Stereoselective Synthesis, 1987, Verlag Chemie, 
Weinheim. (c) R. Noyori, Asymmetric Catalysis in Organic Synthesis, 1994, Wiley, New 
York. 
58 (a) R. A. Johnson, B. K. Sharpless, in : B. M. Trost, I. Flemings (Ed), Catalytic Compre-
hensive Organic Synthesis, 1991, Vol 7, Pergamon Press, Oxford, Ch 3.2. (b) R. A. Johnson, 
B. K. Sharpless, in I. Ojima (Ed), Catalytic Asymmetric Synthesis, 1993, VCH, New York, Ch 
4.1 
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          Moreover, in the middle of the 1980s, Kochi and co-workers reported 
that Cr(salen) complexes catalyzed the epoxidation of unfunctionalized al-
kenes using iodosobenzene as terminal oxidant.60 In 1990, a second break-
through in asymmetric epoxidation was announced by the research groups of 
Jacobsen and Katzuki.61 They independently reported systems for the cata-
lytic asymmetric epoxidation of a wide variety of unfunctionalized olefins 
using manganese(salen) complexes (28) and sodium hypochlorite (NaClO) 
or iodosobenzene as terminal oxidant. Jacobsen et al. found that cis alkenes 
were epoxidized in good to excellent enantiomeric excess whereas trans 
alkenes were poor substrates.  

 
                                       Scheme 14. Jacobsen-Katzuki epoxidation . 
 
     In the past decade, Noyori and co-workers have developed a new and 
efficient method for epoxidation of terminal olefins and also oxidation of 
alcohols to corresponding carbonyl compounds in the presence of a tungsten 
catalyst and aqueous H2O2 (Scheme 15).62  

  
 

Scheme 15. Noyori epoxidation 
 
 

 

                                                                                                                             
59 T. Katzuki, B. K. Sharpless, J. Am. Chem. Soc. 1980, 102, 5974 
60 K. Srinivasan, P. Michaud, J. K. Kochi, J. Am. Chem. Soc. 1986, 18, 2309 
61 (a) W. Zhang, J. L. Loebach, S. R. Wilson, E. N. Jacobsen, J. Am. Chem. Soc. 1990, 112, 
2801. (b) R. Irie, K. Noda, Y. Ito, N. Matsumoto, T. Katzuki, Tetrahedron Lett. 1990, 31, 
7345. (c) E. M. McGarrigle, D. G. Gilheany, Chem. Rev. 2005, 105(5), 1563. 
62 (a) K. Sato, M. Aoki, M. Ogawa, T. Hashimoto, R. Noyori, J. Org. Chem. 1996, 61, 8310. 
(b) ) K. Sato, M. Aoki, M. Ogawa, J. Takagi, R. Noyori, J. Am. Chem. Soc. 1997, 119, 12386. 
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1.3.1 Stoichiometric oxidants   
     The most commonly used oxidants in Mn(salen)-catalyzed asymmetric 
epoxidation are iodosobenzene (PhIO) and NaOCl, though the utility of io-
dosobenzene is hampered by its insolubility in organic solvents. However, a 
variety of other oxidants have also been used. Jacobsen and co-workers car-
ried out Mn(salen)-catalyzed epoxidations -78 °C using m-CPBA as the oxi-
dant and N-methyl morpholine-N-oxide (NMO) as an additive, leading to 
significant improvements in enantioselectivity.63  
     From an environmental point of view, molecular oxygen and hydrogen 
peroxide are the best choices for terminal oxidants. Various successful H2O2-
based systems have been reported and usually involve nitrogen heterocycles 
as additives.64 Furthermore, Mukaiyama et al. showed that by combining 
molecular oxygen and pivalaldehyde in the presence of Jacobsen’s catalyst 
the asymmetric epoxidation of alkenes could be achieved.65 By using an ad-
ditive such as N-alkylimidazole in this system, the enantioselectivity was 
improved. Zsigmond and co-workers also reported Mn(salen)-catalyzed ep-
oxidation of styrene using molecular oxygen as terminal oxidant, but the 
isolated yield of styrene oxide was low.66 

1.3.2 Mechanism of the epoxidation 
In the past few decades, great efforts have been made to understand the 
mechanism of alkenes epoxidation by Mn(salen) complexes and of water 
oxidation. It remains unclear how these two reactions occur. However it is 
believed that in both the epoxidation and water oxidation reactions proceed 
via a reactive species such as MnV=O. Starting from this species, three dif-
ferent pathways to the epoxide have been proposed (Scheme 16) (A) con-
certed oxygen atom transfer67, (B) via a radical intermediate60,68 or (C) via a 
manganaoxetane intermediate (Scheme 14).69 

                                                      
63 (a) M. Palucki, P. J. Pospisil, W. Zhang, E. N. Jacobsen, J. Am. Chem. Soc. 1994, 116, 
9333. (b) M. Palucki, G. J. McCormick, E. N. Jacobsen, Tetrahedron Lett. 1995, 36, 54 57 
64 (a) R. Irie, N. Hosoya, T. Katzuki, Synlett, 1994, 255. (b) R. I. Kureshy. N. H. Khan, S. H. 
R. Abdi, S. Singh, I. Ahmed, R. S. Shukla, R. V. Jasra, J. Catal. 2003, 219. 1. (c) P. J. 
Pietikäinen, J. Mol. Cat. A. 2001, 165, 73. (d) T. Schwenkreis, A. Berkessel, Tetrahedron. 
Lett. 1993, 35, 941. (e) P. J. Pietikäinen,  Tetrahedron. Lett. 1994, 34, 4785 (f) P. J. 
Pietikäinen, Tetrahedron. 1998, 54, 4319. (g) H. B. Sun, W. Y. Hua, L. Chen, S. X. Peng, 
Bull. Soc. Chim. Belg. 1997, 106, 47. (h) H. B. Sun, W. Y. Hua, S. X. Peng, Chin. Chem. Lett. 
1995, 6, 927. (i) H. B. Sun, Z. Yan, W. Y. Hua, W. L. Huang, S. X. Peng, Chin. Chem. Lett. 
1997, 8, 1. (j) S. Lane, K. Burgess, Chem. Rev. 2003, 103, 2457. 
65 T. Yamada, K. Imagawa, T. Nagata, T. Mukaiyama, Bull. Chem. Soc. Jpn. 1994, 67, 2248 
66 A. Zsigmond, A. Horvath, F. Notheisz, J. Mol. Catal. A. 2001, 171, 95  
67 H. Fu, G. C. Look, W. Zhang,  E. N. Jacobsen, C. H. Wong, J. Org. Chem. 1991, 56, 6497 
68 E. N. Jacobsen in : I. Ojima (Ed), Catalytic Asymmetric Synthesis, 1993, VCH, New York, 
pp 159 
69 (a) P. O. Norrby, C. Linde, B. Åkermark, J. Am. Chem. Soc. 1995, 117, 11035. (b) C. 
Linde, M. Arnold, P. O. Norrby, B. Åkermark, Angew. Chem. Int. Ed. Engl. 1997, 36, 1723. 
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Scheme 16. Proposed mechanisms for Mn(salen)-catalyzed epoxidation: A: Con-
certed pathway (R = R1 = alkyl), B: Radical pathway (R = alkyl, R1 = aryl, alkenyl, 
alkynyl) and C: reaction via a manganaoxetane (R = alkyl, R1 = alkyl, aryl, alkenyl, 
alkynyl). 

 
     Jacobsen and co-workers reported that alkyl-substituted alkenes were 
epoxidized in a concerted manner (Scheme 16, pathway A) whereas conju-
gated alkenes seemed to react via a radical pathway (pathway B). In the mid 
of the 1990s Åkermark et al. proposed a mechanism for Mn(salen)-catalyzed 
epoxidation which involves a manganaoxetane intermediate followed by ring 
opening generating two diastereomeric products (pathway C). 
     In addition to enantioselectivity, the Mn(salen)-catalyzed epoxidation of 
conjugated cis alkenes shows varying degrees of stereoselectivity. Both cis 
and trans epoxides were generated from these alkenes in ratios that de-
pended on the reaction conditions.70 The choice of oxidant can also influence 
the stereospecificity. For instance, iodosobenzene gave more trans adduct 
than hypochlorite. Adding N-oxides also affects the cis/trans ratio to a lesser 
extent but the solvent effects are greater factors in determining the stereose-
lectivity of the reaction. Use of polar solvents favors formation of cis adduct, 
whereas the trans adduct is favored by non-polar solvents. 

 

                                                      
70 (a) T. Katzuki, Coord. Chem. Rev. 1995, 140, 189. (b) T. Katzuki, J. Mol. Catal. A. 1996, 
113, 87 
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2. Epoxidation of stilbene (Paper I)  

     High-valent transition metals such as CoIV, FeIV, RuV, VV, MnV, TcV, and 
ReV play a major role in many catalytic oxidation processes in organic syn-
thesis. It is therefore of general interest to understand whether high-valent 
transition metals can be stabilized with organic ligands so that new oxidation 
catalysts can be developed and models for biochemical processes can be 
found. Due to their high oxidizing potential, those high-valent transition 
metals tend to oxidize their ligands. A ligand that stabilizes a transition metal 
in a high oxidation state should therefore be resistant to oxidative degrada-
tion. 

The highly reactive high-valent manganese(V) oxo species is believed to 
play a fundamental role in both epoxidation and water oxidation. We have in 
our laboratories made several unsuccessful attempts to oxidize water using 
the Jacobsen manganese(II) salen complex and similar catalysts but the 
problem seems to be destruction of the ligand by the high-valent manganese 
species. Much effort has been made to isolate such a species but this has 
proved to be difficult. However, in the past few decades Collins and co-
workers isolated a few stable manganese(V) oxo complexes 32 and charac-
terized them by X-ray crystallography  (Scheme 17). 

 
Scheme 17. Structure of manganese(V) oxo complex. 

 
Unfortunately, those high-valent oxo complexes do not catalyze epoxidation 
reactions, perhaps due to the negative charge of the complexes. As neither 
Jacobsen’s Mn(salen) complex nor Collins MnV complex were active for 
water oxidation, we have tried to prepare related neutral and positively 
charged amide complexes in the hope that they might catalyze water oxida-
tion to generate molecular oxygen. Furthermore, it seemed possible that if 
these Mn complexes did not function as a water oxidation catalyst, they 
could be applied to other oxidation reactions. 
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2.1 Results and discussion 

2.1.1 Synthesis of a new manganese(III) amide complex 
and its X-ray structure 

     In order to obtain a neutral mononuclear manganese complex we pre-
pared ligand 38 (Scheme 18). The synthesis was straightforward. In the first 
step, amide bond formation to give 35 was formed by treating picolinic acid 
(33) with 2-nitroaniline (34) in pyridine in the presence of triphenyl 
phosphite, P(OPh)3, which activated the carboxylic acid. The next step was a 
reduction of the nitro group to an amine 36 by hydrogenation on charcoal, 
and this was followed by another amide bond formation to obtain ligand 38. 

                                                      
                          

                           Scheme 18. Synthesis of ligand 13 

                   

                      Figure 15. Crystal structure of ligand 38. 
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Treating 38 with manganese(II) chloride tetrahydrate and sodium methoxide 
in methanol in the presence of air gave the manganese(III) amide complex 
39 (Scheme 19). 

 
                    Scheme 19. Synthesis of manganese(III) complex 14 

 
 

 
 
 
 

 
 
 
 
 

 
 
                            
                 
 
 
                 
 
 
 
 
              Figure 16. Crystal structure of Mn-amide complex 39. 
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2.1.2 Epoxidation of stilbene using MnIII amide complex  
     Manganese complex 39 was used to catalyze the epoxidations of cis- and 
trans-stilbene. The reaction was fairly high sterospecificity when carried out 
in acetonitrile using iodosobenzene as the terminal oxidant. In contrast to 
Jacobsen’s Mn(salen) catalyst, 39 could epoxidize of trans-stilbene to trans-

epoxide with fairly high stereoselectivity. 
     The preliminary results of epoxidation of stilbene employing 39 and io-
dosobenzene as stoichiometric oxidant in either pure acetonitrile or a mix-
ture of acetonitrile and methylene chloride (5:1), generated stilbene oxide in 
high conversion. By contrast, tert-butylhydroperoxide (TBHP) or hydrogen 
peroxide as the oxidants gave either low conversion or no epoxide forma-
tion. The initial results demonstrated that a small amount of (E)-stilbene 
oxide was formed, in addition to the desired (Z)-stilbene oxide (Table 1). 
However, higher catalyst loading increased the cis-specificity which could 
be explained that the epoxidation can compete with conversion of the man-
ganese intermediate to a diradical. 

       

Table 1. Epoxidation of cis-stilbenea
 

Entry 
39 

(mol%) 
E-Stilbene

b
 

(%) 
Product  

(%) 
Conv.

c
 

(%) 
Ratio 
(Z/E) 

1 5 4 96 100 2:1 

2 10 9 91 100 5:1 

3 15 9 91 100 5:1 

4 20 10 90 100 5:1 
aAll reactions were carried out on a 1 mmol scale using 39 (5 mol%), PhIO (5 equiv.) in 2 mL 
acetonitrile. 
bIsomerization of cis-stilbene.  
c Determined by HPLC  
 
 
To run the epoxidation in a homogeneous fashion, it was crucial to investi-
gate the solubility of the Mn catalyst. An attempt at dissolving the catalyst in 
acetonitrile showed that the catalyst was well dissolved in this solvent and 
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had very low solubility in either methylene chloride or benzene. Therefore, 
we decided to run the epoxidation of cis-stilbene in acetonitrile. In contrast, 
Jacobsen Mn(salen)-catalyzed epoxidation of olefins were performed in ei-
ther benzene or methylene chloride. During the course of epoxidation of cis-

stilbene we were also able to observe that the minor amount of substrate has 
isomerized to trans-stilbene. This is reasonable because most of manganese 
catalysts act as Lewis acids.  
     The epoxidation of trans-stilbene (42) employing the monomeric manga-
nese(III) complex (39) as the catalyst and iodosobenzene as the terminal 
oxidant was less facile than the epoxidation of cis-stilbene (Table 2). Also in 
this case, the major product resulted from cis-addition of the oxygen to the 
olefin, but a small amount of the isomeric epoxide was also obtained. There 
are several possible reasons why a manganese-catalyzed epoxidation of al-
kenes may not be stereospecific. One reasonable explaination is that the re-
active species MnV=O which maybe formed initially, is converted to a 
MnIV=O by the intramolecular oxidation of the coordinated phenolic part of 
the ligand. Due to this, the epoxidation could occur via a diradical interme-
diate and therefore the formation of a mixure of (Z) and (E)-epoxide from 
both cis-stilbene and trans-stilbene could be observed. 

 

Table 2. Epoxidation of trans-stilbene.a 

Entry 
39 

(mol%) 
Conv.

b
 

(%) 
Ratio 
(E/Z) 

1 5 85 3:1 

2 10 80 3:1 

3 15 40 4:1 

4 20 42 6:1 
aAll reactions were carried out on a 1 mmol scale using 39 (5 mol%), PhIO (5 equiv.) in 2 mL 
acetonitrile. 
bDetermined by HPLC. 
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For epoxidation of trans-stilbene, it is important that a mixture of solvent  
acetonitrile/methylene chloride (4:1) is used. This is because the substrate 
has a very low solubility in pure acetonitrile. Interestingly, the conversion 
dropped off when the loading of the catalyst was increased and simultane-
ously a much higher stereospecificity was obtained. 
 

2.1.3 Oxidation of alcohol using MnIII complex as 
catalyst 

     In addition to the epoxidation, several attempts were made to oxidize both 
primary and secondary benzyl alcohols to the corresponding carbonyl com-
pounds by employing 39 as a catalyst and iodosobenzene as a stoichiometric 
oxidant. The initial results demonstrated that this manganese complex did 
catalyze the selective oxidation of benzyl alcohol to benzaldehyde and 1-
phenylethanol to acetophenone using iodosobenzene as the terminal oxidant. 
The aliphatic alcohols 1-octanol and 2-octanol were also oxidized to the 
corresponding carbonyl compounds though in fairly low conversion. How-
ever, attempts to oxidize a cyclohexane to cyclohexanol failed.  
 

2.1.4 Oxidation of MnIII to MnV=O  
     The main goal of this project was to isolate a high-valent manganese oxo 
species that could react with an oxygen nucleophile to form an O-O bond. 
High-valent manganese oxo species are known to be very electrophile and 
therefore very susceptible to any nucleophile. If an oxygen nucleophile were 
used it might perform a nucleophilic attack on the MnV=O, in principle 
forming an O-O bond. An interesting question, though, is whether an 
MnV=O species could be isolated as these species are reactive and unstable. 
Therefore, we have made several efforts to isolate the high-valent MnV=O 
species by altering both oxidant (e.g m-CPBA, PhIO, TBHP) and solvent 
(MeCN, CH2Cl2), but failed (Table 3).  
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  Table 3. Attempt in oxidizing MnIII to MnV=Oa
 

Entry Oxidant Solvent Temp. 
(°C) 

Yield 
(%) 

1 PhIO MeCN 25 - 

2 PhIO CH2Cl2 25 - 

3 TBHP MeCN 25 - 

4 TBHP CH2Cl2 25 - 

5 m-CPBA MeCN 25 - 

6 m-CPBA MeCN 0 - 

  aAll reactions were carried out on a 1 mmol scale and used excess of oxidant in 2 mL sol   
vent. 
 
 
     One reason could be oxidation of the phenol to give a manganese(IV) oxo 
species and a phenoxy radical, leading to the diradical mechanism and low 
stereospecificy of epoxidation. However, further oxidation of this radical 
presumably leads to degradation of the ligand. In order to overcome this 
problem, we have developed a new system that could be resistant to oxida-
tive destruction of the ligand where we substituted the two tert-butyl groups 
by hydrogens or chlorines (Figure 17). Our hope was that this amide type of 
ligands (44 and 45) could stabilize high oxidation state of the metal so that 
we could use it as a catalyst for water oxidation and also other oxidation 
reactions. 

 
 
                                 Figure 17. Analogues to ligand 38. 
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2.2 Conclusions 

     Attempts were made to prepare several types of Mn-amide complexes 
were made but only complex 39 could be isolated. The Mn catalyst 39 was 
used to catalyze the epoxidations of cis- and trans-stilbene. The stereoselec-
tivity of the epoxidation reaction was relatively high for both cis- and trans-

epoxide. Catalyst 39 has also been used to oxidize several alcohols to the 
corresponding carbonyl compounds. For instance, benzyl alcohol was selec-
tively oxidized to benzaldehyde in full conversion. Oxidations of primary 
and secondary aliphatic alcohols were also achieved but gave fairly low con-
versions. 
     Great efforts were also made to prepare MnV=O by oxidizing 39 with 
different oxidants such as m-CPBA, PhIO and TBHP but such a complex 
could not be isolated.  

Water oxidation was also attempted, but oxygen formation could not be 
detected. 
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3. An efficient RuIII, III catalyst for selective 
oxidation of alcohols to corresponding 
carbonyl compounds (Paper II) 

     Inspired by McKenzie’s dinuclear manganese complex (12, Figure 8) 
which has carboxylate as a ligand we aimed to prepare a new dinuclear ru-
thenium complex with two carboxylate ligands and a bridging phenolic 
ligand. By using three negatively charged ligands we were hoping to be able 
to prepare a useful oxidation catalyst based on high-valent ruthenium. We 
did in fact prepare a RuIII, III dinuclear ruthenium complex. The catalyst 52 
was tested in a few water oxidation experiments employing either CeIV or 
TBHP as a terminal oxidant but unfortunately no O2 evolution from water 
was observed. Although this dimeric ruthenium complex is not a water oxi-
dation catalyst we though it would be interesting ot see whether it could 
catalyze other types of oxidation reactions such as epoxidation and the oxi-
dation of alcohols to corresponding carbonyl compounds. 
 

3.1 Results and discussion 

3.1.1 Synthesis of a new dinuclear ruthenium complex 
(52) 

     The synthesis started with the preparation of the intermediates 47 and 49, 
which were then reacted to give 50. Hydrolysis followed by reaction with 
RuCl3 

. xH2O in methanol resulted in complex 52 (Scheme 20).                        
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                      Scheme 20. Synthesis of ruthenium complex 52. 
 

 
     The preparation of dimeric ruthenium complex 52 proved straightforward 
and all the starting materials are commercially available. When synthesizing 
the Ru complex an inorganic salt, NaCl was formed as a by-product. This 
waste-product could be easily removed by dissolving the crude product in 1-
butanol and then performing an aqueous extraction. After removing the or-
ganic solvent by evaporation, a black ruthenium complex 52 was obtained.      
     Attempts were made to oxidize water to molecular oxygen using 52 as 
catalyst and CeIV or TBHP as stoichiometric oxidant. Unfortunately, no O2 
evolution from water could be detected.  
     However, 52 can be used as a catalyst for efficient and selective oxidation 
of alcohols to corresponding carbonyl compounds. To find the optimum 
reaction conditions, benzyl alcohol was used as model substrate and different 
temperature, solvent and oxidants were examined (Table 4). The initial re-
sults demonstrated that the choice of the solvent plays a major role in the 
reaction. By altering the solvent the reaction can be controlled and can there-
fore be stopped at the aldehyde stage. When a non-polar aprotic solvent such 
as toluene (entry 1) or chloroform (entry 5) was used the benzaldehyde could 
be isolated within 30 min but if the reaction time was prolonged to 3 hours 
the over-oxidized product, benzoic acid could be observed. Moreover, if the 
benzoic acid is the desired product then a more polar solvent such as acetoni-
trile (entry 4) or water (entry 6) should be the best choice (Table 4). 
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  Table 4. Oxidation of benzylic alcoholsa 

Entry Oxidant Solvent Temp. 
(°C) 

Rxn time  
(min) 

Product 
 

Conv.b  
(%) 

1 PhIO Ph-Me 90 20  54 ≥99 

2 TBHP Ph-Me 90 180 55 ≥99 

3 H2O2 Ph-Me 90 180 - - 

4 TBHP MeCN 70 180 55 ≥99 

5 PhIO CHCl3 50 30 54 ≥99 

6 PhIO H2O 90 180 55 ≥99 

7 Urea- 
H2O2 

Sulfolane 90 180 - - 

aAll reactions were performed on a 1 mmol scale using 52 (1 mol%), PhIO (1 equiv.) in 1 
mL solvent. 
bDetermined by GC. 

 
 
Next, the choice of oxidant was investigated. The reaction was carried out by 
employing four different oxidants; PhIO, TBHP, H2O2 and, urea-H2O2. 
When PhIO was used as a stoichiometric oxidant, benzyl alcohol could be 
selectively oxidized to benzaldehyde within 30 min whereas with TBHP 
only benzoic acid was observed. Unsurprisingly, H2O2 was not a good choice 
of oxidant and no product was detected when it was used. However, the ep-
oxidation of cis-stilbene to cis-stilbene oxide employing 52 as catalyst and 
PhIO as terminal oxidation give epoxide but only with low conversion. 
     In addition to the dinuclear ruthenium complex, four other dimeric com-
plexes, including CoIII, III (56), FeIII, III (57), MnIII, III (58), CuII, II (59), were 
synthesized and characterized by ESI-MS (Scheme 21).  
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Scheme 21. Complexation with different metals. 
 

 
Comparison with the dinuclear ruthenium complex (52) where two acetate 
bridging ligands coordinated to ruthenium atoms, all these four transition 
metal complexes were isolated with one acetate and one methoxy bridging 
ligand coordinate to the metals ions. The explaination for this behaviour is 
that the ruthenium atom is bigger than the other transition metals (Co, Cu, Fe 
and Mn), and therefore requires a larger bridging ligand such as acetate in 
place of a methoxy group. All these dinuclear complexes have been tested in 
alcohol oxidation and as well as in epoxidation reactions. The preliminary 
results revealed that with these four different catalysts the oxidation of alco-
hols works almost as efficient as catalyst 52 (Table 5). However, the epoxi-
dation of cis-stilbene using these catalysts failed. 
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Table 5. Oxidation of benzyl alcohol using catalyst 56-59.a 

Entry Catalyst Oxidant Solvent 
Temp. 

   (°C) 

Ratio 
(%) 

(9  : 10) 

Conv.b 
(%) 

1 56  PhIO CHCl3 50 89 : 11 79 

2 57 PhIO CHCl3 50 85 : 15 95 

3 58 PhIO CHCl3 50 86 : 14 77 

4 59 PhIO CHCl3 50 75 : 25 100 

5 56 TBHP MeCN 70 9 : 91 100 

6 57 TBHP MeCN 70 27 : 73 100 

7 58 TBHP MeCN 70 13 : 87 94 

8 59 TBHP MeCN 70 26 : 74 90 
aAll reactions were carried out on a 1 mmol scale using 56 – 59 (1 mol%), PhIO (1 equiv.) in 
1 mL of solvent for 23 h. 
bDetermined by GC. 
 

3.2 Conclusions 
We have synthesized different transition metal complexes which could be 
useful for oxidizing water molecule to dioxygen. Attempts to use the dimeric 
ruthenium complex 52 to catalyze the water oxidation to molecular oxygen 
were made to detect oxygen evolution from water, using CeIV or TBHP as 
stoichiometric oxidants, failed. However, the preliminary results revealed 
that all five dinuclear metal complexes could be used in catalytic alcohol 
oxidation but only ruthenium catalyst could efficiently and selectively oxi-
dize alcohols to corresponding carbonyl compounds. Thus, the best reaction 
condition for selective oxidation of benzyl alcohol to benzaldehyde was to 
perform the reaction at 90 °C in either toluene or chloroform using io-
dosobenzene as terminal oxidant. From the environmentally friendly point of 
view, toluene should be chosen over chloroform as the solvent. However, 
when a more polar solvent like acetonitrile is used benzoic acid will be the 
desired product. Using 52 as catalyst for epoxidation of cis-stilbene to cis-
stilbene oxide resulted in a low conversion. The other complexes 56-59 were 
not active as epoxidation catalysts under similar conditions. 
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4. A new hybrid catalyst, CoII(salophen)-HQ 
for aerobic PdII-catalyzed 1,4-diacetoxyla-
tion reaction (Paper III) 

     In early 1980s Bäckvall and co-workers reported the first 1,4-oxidation 
reaction.36 The reaction is very useful because it allows a broad range of 
nucleophiles that to be selectively added to the diene. A few years later, they 
developed a triply catalytic coupled system which could be used for Pd-
catalyzed 1,4-diacetoxylation of 1,3-cyclodiene. In this reaction, 
Co(salophen) was used as oxygen-activating agent and benzoquinone as 
electron transfer mediator. A large amount of benzoquinone was used, lead-
ing to large amount of organic waste products. However, the amount of oxi-
dant can be considerably reduced by running the reaction under aerobic con-
ditions where only catalytic amounts of BQ are sufficient, with molecular 
oxygen as oxidant. We have recently developed two new hybrid catalysts 
where we combined CoL2 (where L2= salophen/salmdpt) and benzoquinone 
into one supermolecule. The efficiency of these hybrid catalysts was im-
proved by the use of a bifunctional CoL2-hydroquinone which acts as both 
the oxygen-activating catalyst and the electron transfer mediator. In our sys-
tem, the hydroquinone is now a part of the cobalt(II) complex and therefore 
extra benzoquinone does not need to be added. Furthermore, this modifica-
tion should lead to a low-energy electron transfer analogous to the ones that 
occur in biological systems (cf. the respiratory chain). This dual-coupled 
catalytic system has been applied to a variety of biomimetic aerobic oxida-
tion reactions including Pd-catalyzed 1,4-diacetoxylation, Pd-catalyzed car-
bocyclization of enallenes and the Ru-catalyzed oxidation of secondary al-
cohols to corresponding carbonyl compounds. 
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Scheme 22. Combination of Co(salen) with HQ into one supermolecule. 
      

4.1 Results and discussion 

4.1.1 Synthesis of the Co(salophen)-HQ and 
Co(salmdpt)-HQ 

     The synthesis of CoL2(L2=salophen (66), salmdpt (68))-HQ was per-
formed in four steps starting with a Pd-catalyzed Suzuki cross coupling of 
commercially available starting materials, 1-bromo-2,5-dimethoxybenzene 
(60) and 3-formyl-4-methoxyphenyl-boronic acid (61) affording a dimeth-
oxy-protected precursor 62 (Scheme 23). In the next step, the methyl ethers 
were cleaved by reaction with excess of BBr3, giving salicylaldehyde-
hydroquinone (63), followed by condensation with phenylenediamine (64) in 
ethanol resulting in the Schiff base ligand (65). In the final step of the syn-
thesis, 65 was treated with a slight excess of Co(OAc)2 

. 4H2O in methanol 
giving Co(salen)-HQ (66)  which was washed with excess of water in order 
to remove the excess of cobalt acetate. 
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                     Scheme 23. Synthetic scheme for complex 66 and 68. 

 
     Much focus has been put on the preparation of the new cobalt catalysts 
and then testing their performance in aerobic oxidation; therefore the optimi-
zation of the ligand synthesis was not considered at this stage. The synthesis 
described in the Scheme 23 gave a fairly low yield of the ligand, due princi-
pally to inefficient Suzuki cross coupling and the demethylation steps. The 
reason for the poor yield of the first step may be that the 3-formyl-4-
methoxy phenyl boronic acid (61) has been protodeboronated before the 
transmetallation has taken place. It is noteworthy in the following step that 
the deprotection requires an excess of BBr3 (6 equiv.) in order to cleave all 
three methyl ethers. When only 3 equivalents of BBr3 were used, only the 
hydroquinone ethers were cleaved. In the last step of the synthesis, the com-
plexation was tried directly after condensation reaction but it turned out that 
the cobalt complex was not pure. Therefore, 65 had to be purified before the 
metallation was performed.  
     The 1,4-diacetoxylation of 1,3-cyclohexadiene using 66 as both the oxy-
gen-activating catalyst and the electron transfer mediator and using molecu-
lar oxygen as the terminal oxidant, resulted in an accelerated reaction rate by 
a factor of four. In contrast to the separate triple-coupled system, the use of 
Co(salophen) maintained solution homogeneity throughout the course of the 
reaction, implying a highly efficient Pd0 re-oxidation. A preliminary kinetic 
study revealed that the reaction rate was first-order in both Pd(OAc)2 and 
hybrid. 
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     In addition to 1,4-diacetoxylation, the Co(salophen)-HQ was also em-
ployed in Pd-catalyzed aerobic enallene carbocyclization. The preliminary 
result demonstrated that this hybrid also in this reaction is able to facilitate 
the re-oxidation of palladium and seemed to be more effective than the sepa-
rate components of iron-phthalocyanine and hydroquinone.  

     The Ru-catalyzed aerobic alcohol oxidation was carried out using 
Co(salmdpt)-HQ (68) as both an oxygen-activating agent and an electron 
transfer mediator. A few attempts to catalyze the aerobic oxidation of 1-
phenylethanol with 68 (3 mol%) and Shvo (1 mol%) resulted in full conver-
sion of alcohol to acetophenone in 12 h. As mentioned earlier, in the original 
procedure required a large amount of BQ (20 mol%) and higher temperature 
(100 °C). 
 

4.1.2 Proposed mechanism for aerobic Pd0 reoxidation 
 The mechanism of 1,4-diacetoxylation probably involves a cobalt(III) per-
oxo radical intermediate 69 when 68 reacts with molecular oxygen, followed 
by accepting electrons from a pendent hydroquinone leading to cobalt(IV) 
oxo complex 70. Since the species 70 is more reactive than 69, the subse-
quent oxidation of the second hydroquinone is expected to be faster and 71 

forms. The oxidized form 71 must accept four electrons in order to regener-
ate the reduced form 69, which occurs by re-oxidizing two Pd0 atoms 
(Scheme 24). 

 
 

                                         Scheme 24. Re-oxidation of Pd0      
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4.2 Conclusions 
We have shown that both Co(salophen)-HQ (66) and Co(salmdpt)-HQ (68) 
could be prepared via a four-step synthesis. We also showed that by cova-
lently linking the hydroquinone to the cobalt complex, electron transfer was 
significantly improved. The hybrid catalyst (66) was a highly efficient oxy-
gen activator and electron transfer mediator in Pd-catalyzed aerobic 1,4-
diacetoxylation and aerobic enallene carbocyclization, whereas 68 was a 
highly efficient oxygen activator and electron transfer mediator in Ru-
catalyzed aerobic alcohol oxidation. 
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5. A new efficient synthetic route to the hybrid 
catalyst used in biomimetic aerobic 
oxidation (Paper IV)  

     In the previously reported synthesis of the hybrid catalysts Co(salophen)-
HQ (66) and Co(salmdpt)-HQ (68) the two first steps, a Suzuki cross cou-
pling and a demethylation with BBr3 gave low yields and required expensive 
starting materials. Herein, we demonstrate a new, efficient synthetic path-
way, which both improves the yield of Pd-catalyzed Suzuki cross coupling 
product and avoids the use of BBr3. This is an advantage because this re-
agent is fairly expensive and hazardous. The new synthetic strategy employs 
a very cheap hydroquinone as starting material and instead of having methyl 
ether as protecting group, we used the easily installed and easily removed 
tetrahydropyran group.  
 

5.1 Results and discussion 

5.1.1 New synthetic strategy for the hybrid catalyst  
     Hydroquinone (72) was chosen as the starting material for the new syn-
thesis. Protection with 3,4-dihydro-2H-pyran in methylene chloride, cata-
lyzed by pyridinium p-toluenesulfonate (PPTS), gave 73 in excellent isolated 
yield of 97%. In the next step, the protected hydroquinone was ortho-
lithiated, followed by treatment with triisopropyl borate which after hydroly-
sis resulted in boronic acid (74). The crude product 74 was subsequently 
used in a Pd-catalyzed Suzuki cross coupling with commercially available 5-
bromo-salicylaldehyde (75) to give 76. The cleavage of the THP-groups was 
performed under acidic conditions in methylene chloride in the presence of 
catalytic amount of PPTS generating 63 in high yield. The following step is 
the condensation of 63 with 3,3´-diamino-N-methyldipropylamine (67) in 
ethanol formed the salen-type ligand 78. The final step of synthesis was the 
metallation of 78 with cobalt(II) acetate in methanol to give 68 (Scheme 24). 
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                Scheme 24. A new synthetic strategy for Co(salmdpt)-HQ (68). 

 
     The new synthesic route requires six synthetic steps in order to make the 
target molecule 68. All starting materials used in the Scheme 24 are com-
mercially available and of low cost. The synthesis is straightforward and the 
protection of hydroquinone (72) with 3,4-dihydro-2H-pyran facilitated the 
ortho-lithiation because of the chelation of lithium to oxygen atom. Several 
attempts were made to prepare a boronic acid from the organolithium re-
agent and different borates such as trimethyl borate and triisopropyl borate 
were used. However, when trimethyl borate was used, many by-products 
were formed, making it difficult to purify the product. Therefore, we 
changed from trimethyl borate to triisopropyl borate and carried out the reac-
tion at -78 °C. The crude product was analyzed by 1H-NMR spectroscopy 
which generally showed incomplete hydrolysis. According to 1H-NMR a 
small amount of mono-hydrolyzed product was observed. However, even 
this mono hydrolyzed borate could be used in the Suzuki cross coupling. It is 
noteworthy that the crude product should not be purified by column chroma-
tography because this cleaves one of the THP protecting groups and allows 
the molecule to polymerize. Attempts were also made to use potassium 
trifluoroborate to perform Suzuki cross coupling but this resulted in an iso-
lated yield of 30%. When preparing the potassium trifluoroborate 78, one of 
the protecting groups was cleaved by the KHF2 reagent which was used in 
the reaction (Scheme 25). In comparison to the original procedure, the Su-
zuki cross coupling was improved significantly with an isolated yield of 94% 
when a phase-transfer catalysis was used. For the deproctection of THP-
groups, it is important that a small amount of base (pyridine) was added in 
order to prevent any side reactions to take place. 
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             Scheme 25. Synthesis of potassium trifluoroborate compound 78. 

 
 

5.2 Conclusions 
We have report on a new and efficient synthetic strategy for a salen-type 
cobalt complex which has a linked hydroquinone. We managed to lower the 
cost of preparation of the hybrid by changing the protecting group (THP 
group) and the starting material (HQ) as well as the optimizing the key step, 
the Pd-catalyzed Suzuki cross coupling. 
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6. Highly efficient hybrid catalyst 
Co(salmdpt)-HQ employed in biomimetic 
aerobic oxidation of a broad range of 
secondary alcohols to corresponding 
carbonyl compounds  (Paper V) 

     Exploratory studies revealed that the hybrid catalyst Co(salmdpt)-HQ is 
an efficient oxygen-activating agent and electron transfer mediator in the 
Ru-catalyzed aerobic oxidation of 1-phenylethanol. We therefore decided to 
investigate the wide scope of the oxidation of different alcohols by applying 
the dual catalytic cycle to oxidize a wide variety of secondary alcohols to the 
corresponding carbonyl compounds.  
 

6.1 Mechanism of the alcohol oxidation  
     To get a better understanding of the alcohol oxidation with the Shvo cata-
lyst it is important to know the mechanism of the reaction. The proposed 
mechanism for the dehydrogenation of alcohols proceeds by the monomeric 
ruthenium complex which is known to be one of the products after dissocia-
tion of Shvo, is depicted in Scheme 11.71 The alcohol is prone to coordinate 
to the complex 22 to give 79 (Scheme 26). 79 (an 18 e- complex, with η4) 
leads to complex 80 (an 16 e- complex, with η2) after ring slipping. Simulta-
neous β-elimination and proton transfer in 80 would lead to 81, which would 
dissociate ketone and give 23. Moreover, this mechanism is consistent with 
the combined isotope effect observed for the step and also for the reverse 
reaction.72  

                                                      
71 J. B. Johnson, J. E. Bäckvall, J. Org. Chem. 2003, 68, 7681 
72 An outer sphere addition has been proposed by Casey (see ref 50). 
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            Scheme 26. Proposed mechanism of the dehydrogenation of alcohol. 
 

6.2 Results and Discussion 
     Using a combination of the hybrid catalyst and the Shvo catalyst, a broad 
range of secondary alcohols could be oxidized. To find the optimum reaction 
conditions, 1-phenylethanol was used as a model substrate and different 
parameters such as catalyst loading, solvent effect, temperature, and oxygen 
atmosphere were varied (Table 6). In the first attempt, 1-phenylethanol was 
heated at 75 °C under oxygen for 12 h with a fairly high catalyst loading: an 
acceptable conversion (69%) to acetophenone was obtained (entry 1). How-
ever, in this experiment, full conversion to acetophenone was not observed. 
An explaination could be that the catalytic system is fairly rapidly deacti-
vated under an atmosphere of pure oxygen. When using air as terminal oxi-
dant together with Shvo (0.1 mol%) and the hybrid catalyst (1 mol%), a 
complete conversion was obtained after 14 h at 75 °C (entry 3). Decreasing 
the reaction temperature resulted in a decreased reaction rate. Nineteen hours 
reaction time was necessary to achieve full conversion at 65 °C (entry 4) and 
at 60 °C full conversion was not observed even after 38 h (entry 5). 
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Table 6. Oxidation of neat 1-phenylethanol.a 

Entry 
21 

(mol%) 
68 

(mol%) 
Atmosphere 

Temp. 
(°C) 

Time 
(h) 

Conv.
b
 

(%) 

1 1.0 3.0 O2 75 12 69 

2 0.1 0.5 Air 65 14 56 

3 0.1 1.0 Air 75 14 98 

4 0.1 1.0 Air 65 19 99 

5 0.1 1.0 Air 60 38 79 

6 0.05 1.0 Air 65 19 86 
aThe reaction was carried out on a 2 mmol scale. 
bDetermined by GC. 
 
     As neat alcohol may not always be the ideal medium for oxidation to 
ketones, experiments were also performed in a solvent. Three different sol-
vent were tested; toluene, o-xylene and sulfolane. Sulfolane appeared to be 
the best solvent, probably because the hybrid catalyst has limited solubility 
in the other two solvents. The results suggested that concentration of the 
Shvo could be as low as 0.5 mol% and 2.5 mol% of the hybrid was neces-
sary (Table 7). It thus seems that the re-oxidation of the Shvo is the rate de-
termineing step. As the air was introduced as a stream, some of product and 
starting material may have evaporated. To minimize the loss of product this 
way, we used a mixture of sulfolane and toluene and attached a condenser to 
the reaction flask. However, a very small amount of product appeared to be 
deposited in the condenser. 
 

Table 7. Oxidation of 1-phenylethanol by air.a 

Entry 
21 

(mol%) 
68 

(mol%) 
Solvent 

Temp. 
(°C) 

Time 
(h) 

Conv.
b
 

(%) 

1 0.5 1.5 PhMe (1.0 mL) 75 31 35 

2 1.0 3.0 PhMe (1.0 mL) 75 31 62 

3 0.5 5.0 o-Xylene (0.5 mL) 65 20 99 

4 0.5 2.5 o-Xylene (0.5 mL) 65 20 76 
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5 0.3 3.0 o-Xylene (0.5 mL) 65 20 57 

6 0.1 1.0 Sulfolane (0.240 mL) 65 16 56 

7 0.3 1.5 Sulfolane (0.240 mL) 65 21 88 

8 0.3 1.5 Sulfolane (1.0 mL) 65 50 70 

9 0.5 2.5 Sulfolane/PhMe (3:2) 65 14 99 

aThe reactions were carried out on a 2 mmol scale. 
bDetermined by GC. 
 
 
     After optimizing the oxidation of 1-phenylethanol, two more substrates 
(2-octanol and cyclohexanol) were tested first under neat conditions as 
shown above and the results showed that the conversion of both substrates to 
the carbonyl compounds dropped remarkably (Table 8). However, in sul-
folane solution the conversions of 2-octanol and cyclohexanol to 2-octanone 
and cyclohexanone, respectively increased significantly. 
 

Table 8. Aerobic oxidation of 2-octanol and cyclohexanola
 

Entry Substrate 
21 

(mol%) 
68 

(mol%) 
Solvent 

Temp. 
(°C) 

Time 
(h) 

Conv.
b
 

(%) 

1 2-Octanol 0.1 1.0 Neat 70 17 3 

2 Cyclohexanol 0.1 1.0 Neat 70 17 22 

3 2-Octanol 0.1 1.0 Sulfolane 70 32 67 

4 Cyclohexanol 0.1 1.0 Sulfolane 70 32 69 
aThe reactions were carried out on a 2 mmol scale. 
bDetermined by GC. 
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Sceening of substrates. A vast number of substrates were investigated in 
aerobic oxidation employing the dual-coupled system and the results are 
summarized in Table 9.  

 

Table 9. Aerobic oxidation of different secondary alcoholsa 

Entry Substrate Product Time (h) 
Conversion

b
 

(%) 

1 
  

21 88 

2 
  

21 74 

3 
OH

O  

O

O  
21 91 

4 
  

21 72 

5 

  

21 61 

6 
  

21 72 

7 
  

21 3 

8 

  

21 72 

9 

  

21 58 
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10 

  

21 63 

11 

  

21 61 

12 

OH

 

O

 

21 55 

13 

OH

 

O

 

21 73 

aThe reactions were carried out on a 2 mmol scale. 
bDetermined by GC. 
 
From these results, it appears that electron donating groups such as a meth-
oxy group caused a slight increase in the conversion. By contrast, a decrease 
was observed with electron withdrawing group such as chloride and 
trifluoromethyl group. Replacement of the methyl group of 1-phenylethanol 
by an ethoxycarbonyl group resulted in a dramatic decrease in conversion 
(3%, entry 7). Finally, conversions of around 60% only were obtained for 
aliphatic alcohols (entries 9-12). 
 
 

6.3 Conclusions 
We have now shown that a combination of the hybrid catalyst and the Shvo 
catalyst could efficiently oxidizes a number of secondary alcohols. We have 
also determined the minimum catalyst loadings of both catalysts (0.1 mol% 
of Shvo and 1.5 mol% of hybrid) for these reactions. The aerobic alcohol 
oxidation could either be performed neat or with a mixture of solvent sul-
folane/toluene (3:2) but it is preferentially run in solvent. 



 56

7. Concluding Remarks 

     The theme of this thesis is the design and synthesis of different water 
oxidation catalysts and also hybrid catalysts that can be applied to aerobic 
oxidation. The new development of hybrid catalysts where an oxygen-
activating part is combined with hydroquinone to a single supermolecule, 
offers an efficient re-oxidation of both palladium and ruthenium catalysts in 
aerobic oxidation reactions. Finally, it can be concluded that further efforts 
must be devoted to the design of a more robust ligand for water oxidation.  
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