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Abstract 

Recyclable catalysts and oxidation chcmistry are two important areas in thc field of Green 

Chemistry. In this thesis. research efforts towards the development of a re-usable aerobic 

oxidation catalyst arc described. The background to this field and a review of relevant 

literature are presented in Chapter I. 

In Chapter 2, the prcparation and charaeteri7..ation of a series of six potentially tetrad en tate 

di(pyridyI-imine) ligands presented. In each case the pyridyl-imine groups were separated 

by a different linking unit (in Lt , CH2CH2CI#SiMe20hoSiMe2Ci-hCH2CI·12; in L2, 

CH2CH2Ci-12SiMC20SiMe2CH2CH2Clh in LJ, CI-12Ci-12; in L4, CH2(Cl-b)4Ci-h; in LS. 

CI#CH2nCl-b; in L6, Cl-bCH2CI·bOCI·12CI·hOCH2CI·12OCI·lzCl-bCI·b). The solubilities 

of Lt and L2 in supercriticaI carbon dioxide were detennined. The coordination 

chemistry of Lt -L2 with Cu(l) was studied by UV-Vis, multinuclear NM R and IR 

spectroscopies, MA LDI -TOF and ES I mass spectromctries and elcmental analysis. 

Dicoppcr complexes of L3-L6 were prepared for comparison. PGSE (pul sed-gradient 

spin-echo) NMR spectroscopy was used to determine the hydrodynamic radii of the 

species in solution and comparison of these data with computational models for thc 

complexes was made. Thcre is no evidence to support linear metallopolymer fonnalion 

but data suggest thaI (2+2] and I H IJ mclallomacrocy1cs were fonned , wilh siloxane 

linking groups encouraging the fonnalion of ]1+ 1] species. Sol id-state NM R data on 

lCu(Lt )](PFd indicate the presence of two different environments for the PF6· anions and 

this could be due to the location of PF6· anions both inside and outside thc 

mctallomacrocyelic species. 



In Chapter 3, an investigation into the abili ty of 1.. 1-L6 in catalytic oxidations of alcohols 

when combined with copper bromide (CUBT2) and 2,2,6,6-tetmmethylpipcridyl-l -oxy 

(TEMPO) is described. Analogous bidentate ligand (L 7) showed poorer catalytic activity 

than L 1- IA Also, the ratio of Cu:ligand was of crucial importance in maintaining high 

yields. The polydimethylsiloxane (PDMS) derived pyridyl-imine terminated ligand 11 

combined with copper (II) ions afforded an effective and selective catalyst for aerobic 

oxidations of primary and secondary alcohols under aqueous conditions. Preliminary 

mechanistic studies suggested that bimetallic complexes may be playing a role in the 

catalytictransfonnation. 

In Chapter 4, oxidation ofamines using a copper-containing catalytic system is described. 

CuBr2 with TEMPO was successfully employed for the aerobic oxidation of primary and 

secondary benzyl amines in aqueous acetonitrile. The same catalyst system was also used 

for ox idative cross-couplings of benzylamines with anilines. TIle electronic and steric 

properties of the aniline partner were found to be of crucial importance in dctennining 

reactivity or lack thereof. A mechanism for these reactions is proposed based on the data 

obtained to date. In the absence of benzyl amines, electron-rich ani lines were found \0 

undergo dehydrogenative coupling and yields of the resulting azo products could be 

increased by replacing CuBr2 with CuBT. No ligand (e.g. pyridine) is required for either 

reaction 10 proceed and presumably water and acetonitrile solvate the copper-containing 

intermediates 

Chapter 5 contains a summary of the thesis and suggestions for future research in this 

iii 
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Cha pter I 

Introduction 



1-1 Historic background of Green Chemis try and the importance of 
greener methods of ox idation 

Over the past decade, significant progress has been made in developing new chcmical 

methodologies that reduce risk to human health and the environment, Thi s new approach 

is associated with many names ineluding Atomic Econom ic and Benign By Design 

Chemistry, Clean Chemistry, Sustainable Chemistry, Environmentally Benign Chemistry 

and Green Chemistry. I Green Chemistry can be simply defined as the utilization of 

principles that reduce or eliminate the use or generation of hazardous substances in the 

design, manufacture and application of chemical products.1.) This definition of Green 

Chemistry was first introduced at the beginning of the I 990s. almost 20 years ago.4 Since 

then, widespread interest in Green Chemistry has been demonstrated allover the world 

in particular, many leading research progrllms and government initiatives have been 

established in the U.S.A. and Europe. In 1991, the U.S. Environmental Protection Agency 

(EPA) started the first research project of its Green Chemistry Program.~ In 1993, the 

name "U.S. Green Chemistry Program" was officially employed by the EPA. The U.S. 

Presidential Green Chemistry Challenge A wards and the annual Green Chemistry and 

Engineering Conference were established in 1995. The ACS (American Chemistry 

Society) Green Chemistry institute (GCI) was founded following this in 1997, and has 

grown to inelude 25 internlltional chapters up to the presenl.6 In the U.K., several initial 

research and education programs in Green Chemistry were launched in the early 1990s. 

The Green Chemistry Network CGCN) WllS started in 1998 with funding from the Royal 

Society of Chemistry which aimed to spread Green Chemistry in industry, government, to 



the public and in schools through education and training. The first volume of the Gn:cn 

Chemistry journal was published by the Royal Society of Chemistry in 1999.7 In [taly, a 

multi-university consortium (INCA) highlighted Green Chemistry research as its central 

theme. Meanwhile, Japan organized and officially launched the Green and Sustainable 

Chemistry Network (GSCN) in March 2000, with an emphasis on promoting research and 

development on green and sustainable chemistry. 

One of the important reasons for the rapid development of Green Chemistry was due to 

the awareness that environmentally benign products and processes would be more 

practical and economical in the long term. Green Chemistry focuses on pollution 

prevention, rather than waste treatment. Green Chemistry has demonstrated how 

fundamental methodologies can protect the environment and human health in an 

economical manner. It should be mentioned that the development of green processes and 

products requires benign design based on the principles of Green Chemistry. The twelve 

principles of Green Chemistry (Figure I-I) have played an important role in promoting 

the subject and in explaining its aims since they were introduced by Paul Anastas and 

John Warner in 1998.3 These principles have been broadly applied to all aspects of the 

process life-cycle. 1-1owever. the 12 principles are difficult to memorize, especially for 

those audiences who are non-native English speakers. Tang et a1. summarized a simpler 

statement and more convenient acronym of the 12 principles: "PRODUCTIVELY" 

(Figure 1_2).8 



I, Prcvcntion 
It is better to prevent waste than to treat or clean up waste after it has been 
created. 

2. Atom Economy 
Synthetic methods should be designed to maximize the incorporation of all 
materials used in the process into the final product. 

3. Less H3za rdous Chemical Syntheses 
Wherever practicable, synthetic methods should be designed to usc and generate 
substances that possess little or no toxicity to human health and the environment. 

4. Designing Safer Chemicals 
Chemical products should be designed to effect their desired function while 
minimizing their tox icity. 

S. Safer Solvents and Auxili:lr ies 
The use of auxiliary substances (e,g., solvents, separation agents, etc.) should be 
made unnecessary wherever possible and innocuous when used. 

6. Des ign for Energy Effic iency 
Energy requirements of chemical processes should be recognized for their 
environmental and economic impacts and should be minimized. lfposs iblc, 
synthetic methods should be conducted at ambient temperature and pressure. 

7 Use of Renewable Feedstocks 
A raw material or feedstoc k should be renewable rather than depleting whenever 
technically and economically practicable. 

8. Reduce Derivatives 
Unnecessary derivatization (usc of blocking groups, protection! deprotection, 
temporary modification ofphysical/chcmical processes) should be minimi7-cd or 
avoidcd if possible, because sueh steps require additional reagents and can 
generate waste. 

9. Catalysis 
Catalytic reagents (as selective as possible) are superior to stoichiometric 
reagents. 

10. Design fo r Degradation 
Chemical products should be designed so that at the end of their function they 
break dow'll into innocuous degradation products and do not persist in the 
environment. 

II. Real· time analysis for Pollution Prevention 
Analytical methodologies need to be further developed to allow for real-time, in
process monitoring and control prior 10 the fonnation of hazardous substances. 

12. In herent ly Sa fer Chemistry for Accident Prevention 
Substances and the fonn ofa substance used in a chemical process should be 
chosen to minimize the potential for chemical accidents, including rclcascs, 
explosions, and fires. 

Figure 1·1. Ibc twelve principles of Green Chemistry. 



Condensed Principles of Green Chemistry 

P- Prevent Waste 
R - Renewable materials 
0- Omit derivati;r..ation steps 
D . Degradable chemical products 
U - Usc safe synthetic methods 
C-Catalytiereagents 
T· Temperature, Pressure ambient 
/- In-Process Monitoring 
V - Very few auxiliary substances 
E - E-faelor, maximise feed in product 
L - Low toxicity of chemical products 
Y-Yes, it is safe 

Figure 1·2. Simper twelve principles of Green Chemistry: PRODUCTIVELY. 

The twelve principles of Green Chemistry arc "design rules" to help chemists achieve 

the international goal of sustainable development. As a consequence, the 12 principles of 

Green Chemistry mainly focus on the following: a) the process design, maximizing the 

amount of reactant that converts into the desired product. and decreasing the amount of 

waste products; b) the use of environmentally benign materials including renewable 

feedstocks , catalysIS and solvents; and c) energy savings by using efficient energy 

systems and designing suitable processes that minimize energy eonsumption.9 Significant 

progress has been made in several research areas, sueh as catalysis, the development of 

renewable feedstocks, the design of safer chemicals and the usc of environmentally 

benign solvents. 



In addition to the principles, there arc some other important concepts such as atom 

efficiency and Enviromental factors that must be understood in order to make progress in 

Green Chemistry. [n 1990 Barry Trost introduced the concept of Atom Economy (AE) 

which is also called Atom Efficicncy. IO·11 [t describes the conversion efficiency of a 

chemical process in terms of all atoms involved (desired products produced). Atom 

economy can be written as Equation I-I' 

% a/om economy 0; Molecular Weight of desired products X 100 (Equation I-I) 
Molecular Weight of aU reactants 

In an ideal chemical process, the amount of starting materials or reactants equals the 

amount of all products generated and no atom is wasted. For example. the AE of Diels-

Alder reaction is 100% (Scheme I- I). Atom economy is a theoretical value used to 

quickly assess how efficient a reaction will be. However, the method for calculating atom 

economy is simplified by several assumptions. It ignores reaction yield and molar 

excesses of reactants, and docs not account for solvents and co-reagents. 12 The 

Environmental (E) factor, in eontmst, takes those into account and is another important 

concept of Green Chemistry. [n 1992, Roger Sheldon defined the E factor as the mass 

ratio of waste to desired producl. lJ It can be wrillcn as Equation 1-2: 

:( + II - 0 AE = 100%] 

Scheme 1· 1. Diels·Alder reaction as an example of an atom-economical reaction. 



A theoretical E factor can be obtained from the atom economy, e.g., an atom economy of 

50% corresponds to an E factor of I (SO/SO). However, the E factor will generally be 

much higher in practice since it takes the chemical yield into account and includes 

reagents, solvent losses and process aids used in the work_up.14 Roger Sheldon 

summarized the different magnitudes of the waste problem in the various segments of the 

chemical industry in 2007 (Table 1_1).15 

Table I- I. E factors in the chemical industry. 

Industry segment Annual Production (t) E factor Waste Produced (t) 

Oil Refining 106_108 Ca. 0.1 105_107 

Bulk chemicals 104_106 <1-5 104_5)(106 

Fine chemical industry 102_104 5-50 5)(102_5)(105 

Phannaceutical industry 10-103 25-100 2.5)(102_105 

The E factor is a good metric to quickly assess the waste produced in a process. However. 

it may be difficult for an industry such as the pharmaceutical industry to routinely usc this 

metric in its operations. As shown in Table 1-1 , despite the high E-factor of the high 

profit phannaceutieal industry, it generates a much lower tonnage of waste than any other 

sector because of its lower production levels. Also, the specific hazard posed by different 

waste types is not taken into account. However, the E-factor concept draws somc 

attcntion to the fine chemicals and pharmaceutical industries to commence more green 

processes. 16 Beyond these approaches. life cycle assessment can be used as a powerful 

evaluation tool in assessing the "greenness" of a chemical reaction or process. 



Life cycle assessment (LCA) was first defined by the Society of Environmental 

Toxicology and Chemistry in 1993 as: "An objective process to evaluate the 

environmental burdens associated with a product, process or ac ti vity by identifying and 

quantifying energy and materials used and wastes released to the environment, and to 

evaluate and implement opportunities to effect environmental improvements. The 

assessment includes the entire life cycle of the product, process or activity, encompassing 

extracting and processing raw materials; manufacturing, transportation and distribution; 

usc; TC-use, maintenance; recycling and final disposal".1 7 There are a series of ISO 

standards for life cycle assessment to promote sustainable development. According to the 

IS014044:2006 standard, LeA includes 4 main stages: the goal and scope of the study, 

inventory analysis, impact assessment and interpretation Wigure 1_3).'8 

Interpretation 

Figure 1-3. l3asic stages in a Life Cycle Assessment 

The mllin goal of LeA is to provide a quantitative assessment of the environmental 

impact of products and services by guiding the decision-making process. For a chemical 



reaction, LCA can be used as a tool to evaluate and compare the different routes from an 

environmental point of view. Total inputs and emissions for production, distribution, usc 

and disposal will be taken into account in the method. LCA has been greatly involved in 

the development and promotion of Green Chemistry.9. 19·22 FurthemlOre, the combined 

usc of LCA with economic cvaluations is an important tool for the evaluation of industrial 

processes. 

Oxidation reactions arc very important for converting petroleum-based feedstocks to a 

wide range of useful oxygen-containing molecules such as epoxides. alcohols, ketones 

and carboxylic acids. Millions of tons of these compounds arc annually produced 

worldwide and find applications in all areas of the chemical industries, ranging from 

pharmaceutical to large-scale commodities such as plastics and synthetic fiber materials. 

However, from a Green Chemistry perspective, oxidation is among the most problematic 

of processes. For economic and environmental reasons, the development of benign 

oxidation processes for bulk chemical industries must satisfy the following issues: (I) 

high atom economy; (2) low E-factor and (3) low environmental load. Traditionally. 

oxidation is accomplished by addition of stoichiometric amounts of inorganic oxidants 

(e.g. KMn04, CrG), Se02, and HNOJ), which often generate environmentally ha7..ardous 

or toxic by-products.2J Such reactions have a low atom economy and high E-factor. Large 

amounts of organic solvents are often used as the reaction medium and in extractions 

during traditional oxidation processes. From LCA analysis, conventional oxidation 

processes will bring a lot of side-effects to the chemical table such as huge energy 

consumption and potential climatc change.24 Potential pollution and waste disposal issues 

arc not the only concerns. Therefore, from both economic and environmental points of 



view, it is important to develop more atom efficicnt and greener oxidation methods that 

cmploy clean oxidants and use a high efficiency (preferably recyclable) catalyst to replace 

conventional ones. 

Oxidation reactions employing inexpensive and non-toxic air and molecular oxygen as 

the sole terminal oxidant are ideal methods and this field has gained much interest in 

reccnt years?S.26 The high atom efficiency of the reaction and non-toxic by-products 

make aerobic o.xidation a promising and attractive synthetic method. One drawback for 

aerobic oxidation is that it is often difficult to control and sometimes results in 

combustion or ovcr-oxidation. Hydrogcn peroxide is also an ideal oxidant and produces 

water as a by-product. An advantage of H202 oxidation is thc high tunability of the 

reaction paramctcrs.27 It should be noted that it is not desirable to carry out an oxidation 

reaction with an I-h02 concentration of more than 50% due to safety concerns. Gcnerally, 

it is not possible to usc these clean oxidants alone. Normally, this type of oxidation 

reaction is facilitated with some sort of mctal catalyst. As onc of the important Green 

Chcmistry principles, the usc of catalysts, ralher than stoichiometric reagents, is often at 

the heart of new greener chemical processes. Furthermore, catalysts allow the reactions to 

be performed in a controlled manner and allow high conversions to be achicved whilst 

avoiding over-oxidation. Meanwhile, green solvents such as water and supercritical 

carbon dioxide (scC02), arc important in the development of greener oxidation methods. 

rhercfore, the idcal oxidation catalysts of the future should satisfy the following three 

criterion: high selectivity, environmentally benign and highly stable (Figure 1_4).28 
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Figure 1-4. The ideal homogeneous oxidation catalyst system.2X 

Many highly efficient metal-catalyzed oxidation reactions using air, O2 or H20 2 as the 

sole tenninal oxidant have been developed in recent years. Notably, Sheldon el al. 

reponed an efficient catalysl system for palladium catalyzed aerobic oxidation of primary 

and secondary alcohols to the corresponding aldehydes and ketones (Scheme 1_2).29 The 

palladium catalyst bearing a bathophenanthroline ligand was soluble and stable in water 

and could be reused several times. Funhennore, Ihis oxidation reaction system used air as 

the oxidant and water as the solvent. It ul ilized a\least fou r principles of Green Chemistry 

and proved \0 be an environmentally-friendly and economical green method. 

Schem e 1-2 . Pal ladium catalyzed aerobic oxidation ofa1cohols. 
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1-2 Polymeric ligands 

In accordance with the principles of Green Chcmistry, the usc of catalysts rather than 

stoiehiomctric reagents is often at the heart of new greener chemical processes. In 

particular, homogeneous catalysts, which are in the same phase as the reactants, have 

some advantages for optimizing catalytic systems, because they can be easily prepared 

and modified by ligand design. JO Moreover, their structures and reaction pathways can be 

characterized by various spectroscopic techniques, including NMR and IR. The major 

disadvantage of homogeneous catalysts is the difficulty of isolating and recovering thcm 

from the products. Homogeneous catalysts also decompose relatively easily. Thcse 

drawbacks limit their broader application, especially for industrial scale reactions 

Heterogeneous catalysts by contrast, may be separated from the product and therefore, 

can be easily recovered and recycled. Efficient recovery and reuse of catalysts has many 

environmental and economic benefits, including reduced solvent waste and reduced 

product purification costs. There arc many different ways to recycle catalyslS.JI Liquid 

polymers arc non-volatile and recyclable; this catalyst phase has shown much promise, 

especially when combined with scC02 as the solvcnt.32 Another effective approach to 

promote recyclability is to heterogeni ze the catalyst by attaching it to an insoluble 

polymeric support (inorganic or organic).31 Reccnt efforts in the development of 

environmentally benign synthesis have focused on the design and development of 

polymer-derived metal catalysts for organic synthesis. J3 Typically, polymer-supported 

metal complexes have several significant benefits for usc in catalysis, ineluding non

volatility, non-flammability, high acti vity and selectivity. Furthcrmorc, thcy can be used 

12 



and recycled in green solvents such as liquid polymers and SCe02. Therefore they arc 

easily separable from products and may be reused many times. 

In polymer-supported transition metal catalysts (Figure 1-5), the desired metal complex is 

generally attached to the functionalised polymer by a coordinate bond. The first step in 

the design of the complex is the selection of an end-functionalized polymeric ligand. End-

functionalized polymers are commercially available or they may be easily prepared. A 

polymeric ligand containing anchoring sites like N, 0 or P can be incorporated either by 

functiona lization of a polymer having coordinating ability, or by the polymerization of a 

monomer possessing the coordinating site. The synthesis results in an organic polymer 

with inorganic functionalities. 

I~~~~~I 
Figure ) -5. Modular approach to polymcrie homogeneous catalysts. 

By adjustment of the polymer properties, the metal catalyst's performance can also be 

tum:d. The catalyst behaviour is innuenced by the physical and chemical properties of the 

polymer support. For example, the polymer-supported catalyst can be designed to be 

water soluble or insoluble by using different polymer supports such as polycthylene 

glycol (PEG) or polystyrene (PS). [n addition, the choice of different donor end-groups 

e.g. N, 0, or P, can affect the activity and selectivity of the metal catalyst. The desired 

metal ion coordinates with the functionalizcd polymeric ligands to form the complex. 

Many synthetic, polymer-derivcd metal complexes have been found to possess high 

catalytic activity and selectivity.34.)6 
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1-2-1 Types of polymeric liga nds (PS, PEG. PDMS supported) 

In 1963, Merrifield reported the first solid phase peptide synthesis using a rigid 

hydrophobic resin.37 Since this time, polymer supports have been used extensively in 

other areas of chemistry. For example. versati le polymer supports, including those that 

are insoluble and soluble, have been used in organic chemistry for the synthesis of fine 

chemicals. Different types of polymers such as polyalkenes, polyethers and polysiloxanes 

can be used for the backbones of polymeric ligands. 

Polyalkene polymers have been the most widely used class ofmacromolccules in organic 

synthesis. Thi s is likely due to their ease of preparation. relative inertness, and low cos\. 

In particular, PS and its analogues havc been widely explored in this area. Many non

cross-linked and various hetcrogeneous divinylbenzene cross-linked PS are commercially 

available. Furthermore, strategies have been applied to modify them in order to improve 

their cfficiencies in synthetic organic chemistry (Figure 1_6).38 Several routes have been 

employed which include: using different heterogeneous cross-linked divinylbenzene 

polystyrene; modulating the physical and chemical properties of the PS resin by adding 

various cross-linkers other than divinylbenzene; functionalizing PS on the backbone in 

order to provide desired properties; and grafting polystyrene onlo a heterogeneous 

support such as PEG. These structural modifications greatly improve the performance of 

PS in synthetic applications. For example, Lee et al. reported the synthesis of core-shell 

N-heterocyclie carbene (NHC}-functionalizcd hctcrogeneous polystyrene.39 In this case. 

the ionic liquid monomer was immiscible in both the aqueous and styrene phases and was 

located between these two phascs during the polymcrization process. Thercfore, the NHC 
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1. Change melhod and formal of synthesis 

Figure 1-6. Routes 10 polystyrene modification. 

groups were incorporated on the surface of the polymer resin as the beads fonned. The 

polymeric (NI-IC) ligands were located in the shell of a resin bead, which reduced the 

necd for resin swelling (Scheme 1-3). The polymer-supported NHC palladium complex 

was effective for heterogeneous Suzuki, Heck and Sonogashira cross-coupling 

reactions.4Cl-42 

Scheme 1-3. Synthesis ofheterogencous polystyrene supJXlrted palladium catalyst. 
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Some other types ofpolyalkenes. viz. polyisobutylcne and polynorbomene have also been 

used as catalyst supports recently. Polyisobutylene, a non-polar hydrocarbon analogue of 

PEG supports, with an average molecular weight of 1000 or 2300 Oa, is commercially 

available. Polyisobutylene is e.'(clusively soluble in nonpolar solvcnts such as hcptanes. 

and thcrefore, can be recycled based on solubility. The tenninal C-C double bond can be 

transfonned to other functional groups for further use. For example, Bergbrciter and Li 

reported thc first synthesis and application of a polyisobutylene-supported Pd catalyst 

(Scheme 1-4).43 The terminal alkene was first converted to the carboxylic acid by a series 

of Iransfonnations, then the polyisobutylene-supported S-C-S Pd(ll) species was 

produced. which was highly efficicnt in catalyzing Heck reactions. More importantly, the 

catalyst could be recycled three times without any loss of activity, simply by separating 

the catalyst in the heptanes-rich phase from the polar phase containing the product. 

'" 1M l BH3 '" 1\1, I OH MsCI 

~~~--
commercially available 

polyisobutylene 
1. H2C(C02Elh. EIONa 

. I,V I OMs 2. NaOH - IV, I 
~ 3.H30'.t. ~C02H 

Scheme 1-4. Synthesisofpolyisobutylcne-supported Pd(lI) catalyst. 
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More reccntly, Bcrgbrcitcr ct al. reponed polyisobutylene-supported copper-catalyzcd 

cyclopropanation reactions44 and atom transfer radical polymerization (ATRP) 

reactions.4s A polyisobutylene-supported ruthenium ring-closing metathesis (ReM) 

eatalyst46 and a chromium-based polycarbonate polymeri7..ation catalyst have also been 

reported by the same group.47 All of these polyisobutylene supported catalysts were easily 

recovered and reused without detectable loss ofaetivity. 

Polyethcrs such as poly(ethylene glycol) (PEG) and polyglycerol havc also been 

extensively used as inexpensive and easily functionali7..ed supports to facilitate catalysis 

and synthesis.4~ Along with PS, PEG was one of the !irst soluble polymers used for the 

immobili7.ation of reagents and catalysts. PEG is a linear polymer that is highly soluble in 

water and a variety of polar organic solvents (e.g., acetonitrile, DMF, DMSO) and 

insoluble in less polar solvcnts (e.g., hexane, diethyl ether). It was determined from its 

solubility propenies that a PEG-supported catalyst can be used under homogeneous 

conditions and easily recovered and reused. Many PEG derivatives are commercially 

available and therefore, arc easily accessible supports for ligands and catalysts. Baycr et 

a!. !irst reported the usc of a PEG support for liquid-phase peptide synthesis.49•so The 

rapid solid-phase peptidc synthesis using graft copolymers of weakly cross-linked PS and 

linear PEG has also been reported by the same group.SI Polymer-bound organocatalysts 

have played an important role in the !ield of catalysis due to their advantages of 

performing catalytic reactions under metal-free conditions and the facile recovery of the 

catalyst. PEG-supported TEMPO (2,2,6,6-tetramethyl-I-piperidinyloxyl) proved to be an 

effective catalyst for the oxidation of alcohols with other stoichiometric oxidants such as 

sodium hypochlorite (Scheme 1-5). 
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r 1-5 mOI O/~ "PE~"-"T~MPO" 
Rl R2 stoichiometriC oXidant 

Scheme 1-5. Polymer-supported catalytic model for oxidation of alcohols. 

Bcnaglia et at investigated the eITect of PEG-bound TEMPO with a trimcthylcneoxy 

benzyl ether linker for oxidation of primary and secondary alcohols 10 aldehydes lind 

ketones with stoichiometric quantities of oxidants (Scheme 1_6).52 The PEG supported 

TEMPO organocatalysl proved \0 be highly effective and was casily recovered by 

precipitation with diclhyl ether. 

Scheme 1-6. Example of PEG-bound TEMPO catalyst 

PEG and its derivatives have also been widely used to immobilize transition-metal 

catalysIs. One notable example is the PEG-bound Grubbs-type catalyst. Grubbs cl al. 

reported a water-soluble ruthenium-based olefin metathesis catalyst supported by a PEG-

conjugated N-heterocyclic carbene ligand in 2005 (Scheme 1-7). ~) The desired PEG-

supported catalyst was highly active for aqueous ring-opening metathesis polymerization 

(ROM P) reactions. The second-generation of PEG-bound Grubbs catalyst was developed 

by the same group in 2006. ~ The modified water-soluble catalyst showed excellent 
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activity in ROMP, RCM , and CM (Cross-metathesis) reactions carried out in aqueous 

media. 

Scheme 1-7. PEG-Supported Grubbs-Type Catalyst. 

PEG can also be grafted onto a PS backbone to fonn a heterogeneous resin for peptide 

synthesis. Te/UaGel and ArgoGel arc two commercially available examples (Figure 1-

7).SS The incorporation of the PEG chains into the PS backbones significantly increases 

resin compatibility with polar solvents. Compared to the traditional Merrifield resin, this 

heterogeneous polymer support can overcome the drawback of the need for resin 

swel ling. 
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.' igurc 1-7. TentaGe! and ArgoGcl supports. 

Polydimcthylsi loxancs (POMS) arc thc most widely used, commercially avai lable. 

silicon-based organic polymers. They have found usc in a wide range of commercial 

applications from contact lenses and medical devices to elastomers due to their al1 ractivc 

fea tures. POMS has an extremely low glass transition (Tg) temperature (-123 0q, high 

flexibility, gas permeability, and thermal and oxidative stability. and low surface energy. 

[n addition 10 these desirable physical properties, PDMS is considered to be inert, low-

toxic and non-flammable. Furthennorc, POMS is inexpensive and simple to modify, 

allowing for its widespread application. With these features at hand, POMS and its 

derivatives have been widely used as membranes in catalytic reactions, as they enable 

homogeneous catalysts to be used in a hcterogem:ous fashion. 36 In this respect, the 

reagents dissolve in an aqueous solvent and diffuse into hydrophobic POMS slabs to react 

with catalysts. The water-insoluble occludcd catalysIs do not diffuse out of the 

hydrophobic POMS slab. The PDMS slab can act as an "activc membrane" to exclude 

polar reagents to alter the reactivity of occluded catalysts. Notable examples arc the 

20 



incorporation of Jacobs' catalysts in a POMS mcmbrane for a wide range of oxidation 

rcactions.SH>O Also, occludcd Grubbs- and Schrock-type catalysts in POMS have been 

rcportcd.61-6) 

Oespitc their use in membranes, thc catalytic application of functionalizcd POMS 

dcrivativcs has only been rcported recently by Kerton and co_workcrs.J4 ·Jbey described 

Ihe synthesis, characterization and application of phosphinc and phosphinite ligands 

containing POMS tags (Scheme 1-8). Generally, low molecular weight siloxane-based 

polymers are soluble in supcrcritical carbon dioxidc (scC02).1'>4 The POMS-supported 

phosphinc ligands and I'd complexes proved to be soluble in scC02 and were effective for 

the Heck, Stillc and Suzuki cross-coupling reactions in this green reaction medium. Also, 

I-BuMe2SiO[Me2SiOlnMe2SiOCH2CH2CH20CH2CH20H 

NEt" B,eOC,eH,),B, j THF, 25 °e 

I-BUMe2SiO[Me2SiOlnMe2SiOCH2CH2CH2~O~Br 
o 

Et,O 78 °e 0 Bol, I e lPRR ,,0 5 el,PR 

I BuMe2S O[Me2S IOlnMe2S'OCH2CH2CH2~O~p;R 
o R 

R-R:=ph R:=R:=tJ n:=15-20 
o 

Scheme 1-8. Synthctic routc to rOMS-tagged phosphine ligands. 
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PDMS and its metal complexes could be adsorbed onlO silica to form heterogeneous 

catalysts and could potentially be recovered and reused several times in catalysis. 6~ The 

Pd complexes of )Xllydimethylsiloxanc derived ligands were adsorbed onto silica and 

subsequently reduced in situ in seC02 to generate palladium nanoparticles.3s I'd 

nanoparticles on silica, genemted during C-C coupling reactions in scC02, could be 

recycled sevcraltimes without any loss in activity (Scheme 1-9). Montilla. Galindo and 

co-workers have also done some outstanding work on this area recently. In 2007, they 

re)Xlrted the syntheses and use of pyridinc-funclionalised )Xllydimelhylsiloxane )Xllymers 

as a supercritical carbon dioxide solubilising sUp)Xlrt for copper com)Xlunds (Scheme 1-

10).66 The PDMS derived pyridine ligands have been used for olefin e)Xlxidation and 

alcohol oxidation reactions.36.674J 

Catalytic C·C Bo.nd Fonnatlon 

scC02 

RECYCLABLE Pd/Sillca 

Schcmc 1-9. Silica sup)Xlrted Pd catalyzed C-C bond fonnation. 

22 



anti-Markovnikoff 

-lJi-01Ji-H insertion' 
,[" / 

Markovnikoff 
"'.,insertion 

J-G " N -lSi-otSi ~ /, 
I nl 2 

Scheme 1-10. Synthesis orlhe pyridinc-functionalised polydimclhylsiloxanc. 

1-2-2 Preparation and functi onalization of polymeric ligands and metal complexes 

Despite their broad range of applications in agriculture, medicine, industry and sports, 

many commercially available polymers are limited for chemical catalysis due to a lack of 

funct ional groups. The polymer support must be funclionaliscd with an N, 0 or phosphine 

group before exploiting them in chemical processes such as catalysis and metal ion 

separation. Funclionalization involves thc incorporation of a functional group to thc 

polymer support. Functionalizcd polymers, especially cnd-functionalizcd polymcrs, may 

be prcparcd by two general diffcrent methods including polymerisation of monomers with 

functional groups and post-polymerization polymer modification. The polymcrisation 

methods include step-growth polymerization, atom transfer radical polymerization or 

ring-opening mctllthcsis polymerization. Polymer modification is generally achieved by 

functional group transfornmtion. Typically, a combination of these two methods is used to 

make functionalised polymers. 

Many naturally occurring and some synthetic functional polymers, including polyesters 

and polyamidcs arc produced via step-gro\VIh polymerization. Armes el al. synthesized a 
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series of novel, well-defined dimethylsiloxane-2-(dimethylamino)ethyl methacrylate 

diblock and tribloek eopolymers.7o This was achieved by the oxyanion-initiated 

polymerization of 2-(dimcthylamino)ethyl methacrylate (OMA) using either 

monofunctional or bifunctional low molecular weight poly(dimethylsi loxane) (POMS) as 

maeroinitiators (Scheme 1-11). 

~ 
H3C~S'C~2K® 

j 25-35'C 0 

R-J-tD-J.~o ............... OeK® + H3CJLCHl 

, 1'12 j o'io~~' 
1 1 

R'~ifo'~i~O-..../"'-O~O 

; 
, N, 

Scheme 1-11 . Reaction scheme for the oxyanionic polymerization of 2-
(dimethylamino)ethyl methacrylate (DMA) using the monoearbinol PDMS 
macroimllator. 

Atom transfer radical polymerization (ATRP) is a controlled free radical process that 

provides an efficient method for the synthesis of polymers with well-defincd 

compositions, architectures, and functionalities. 71 Summers et al. prepared primary amine 
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functionalized polystyrcnes in quantitativc yiclds by ATRP using the adduct of 1-

(bromocthyl)benzcne and 1-(4-aminophenyl)- I-phenylethylene as the initiator for styrenc 

polymerization in the presence of a coppcr(l) bromidc! pcntamcthyldiethylenetriamine 

catalyst system (Scheme 1_ 12).72 l-Iaddleton et al. reported the synthcsis of a triblock 

polymer of methyl mcthacrylate and POMS with high molecular weight (29600 Dalton) 

and narrow molecular weight distribution (1.27).73 The difunctional bromo-2-

methylpropionamide poly(dimethylsiloxane) initiator could be easily prepared from thc 

reaction of commcrcially available diaminopropyl-tenninated rOMS with 2-

bromoisobutyryl bromidc (Scheme 1-13) 

CH, ~ 
~Br +0 Cl V NH2 

CoB, ~""" j 130 'CI dlph'"" "hoc 

CH3 Ph _ 

o-?-CH2-?V NH2 
H j B, 

Styrene 

Q" 
H A H 

H'C6CH'9CHo~CH'6B' 
NH, 

Scheme 1-12. Synthctic pathway for the ATRP polymcrization of styrene in the presence 
ofCuBr/PMOET A catalyst. 
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Scheme 1-13 , Synthesis ora Iriblock polymer of methyl methacrylate and rOMS period. 

The ring-opening polymerization (ROP) of cyclic oligomcrs is the primary route to Ihc 

majority of silicon-based polymers and copoJymcrs.74 This route includes lInionic. 

cationic and emulsion polymerization. Long and Elkins reponed thc Jiving anionic 

polymerization of hcxamcthylcyclotrisiloxanc using functionalizcd initiation.7S A series 

of POMS homopolymcrs were synthesized via living anionic polymerization using a 

protected amine functional izcd initiator. The secondury amine functionali;red POMS 

could be subsequently obtained by removing the protection group which was suitable for 

fUTthcrfunclionalization(Schcmc 1-14). 

Polymer modification can be considered the most common and easiest way to prepare the 

desired functionalized polymers. First, the commercially avai lable functional polymer 
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with desired support can be chosen. A series of funct ional group transformations enables 

the initial polymer to be transformed as desired. For example, commercially avai lable 

diaminopropyl-terminated rOMS can be transformed to the POMS-tagged phosphine 

ligand by amidation and subsequent nucleophil ic substitution (Scheme 1_15).76 

\ I 
O~Si -O 

::Si_O'S( 

9H3 e @ 
~N-(CH2)2CH2li 

V 

i') cyclohexane, 25°C , 4 h 
2) 10 wt% THF. 25°C. 43 h 
3) trimethyls ilyl chloride 

CH3 CH3 CH3 

ON-(CH2h+~)-o~4i-CH3 
- CH3 CH3 
~ ;, 

THF , 100'C I Pd/C, 150 P'; H, 

Hj~~CH2h+~i~~t::~i~CH3 
C"Hl xCHl 

Scheme 1-14. Synthetic pathway for secondary amine-functionalized POMS. 
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Scheme 1-15. Preparlltion ofPDMS-tagged phosphine ligand by polymer modification. 

The synthesis of polymer-supported metal complexes serves to provide an organic 

polymer with inorganic funetionalities. The properties of the inorganic moiety are greatly 

controlled by the polymer support. When a funetionalized polymeric ligand is mixed with 

a metal salt or metlll complex under suitable reaction conditions, a polymeric metal 

complex is fonned. Complex fommtion is typically achieved by mixing polymer-

containing ligands such as amine, phosphine. carboxylic acid and Schiff bases with a 

solution of the metal complex. This results in the formation of various types of 

coordination complexes with pendant. inter- or intramolecular bridged structures 

Moreover. a polymeric metal complcx can also be obtained by polymerising a low 

molecular weight metal eomplcx. 77 For example, Holbach and Week reported a modular 

approach toward polymer-supported, metalated, salen cutalysts.78 The polymer-supported 
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salen complexes were prepared by ROMP of the synthesized monofunctionalizcd Mn-

and Co-salcn complexes (Scheme 1-16). The obtained polymeric manganese and cobalt 

complexes wcre successfully employed as catalysts for the asymmetric epoxidation of 

olefins and the hydrolytic kinetic resolution of epoxidcs. 

Scheme 1-16. ROM P ofnorbomenc-funetionalizcd salen complexes 
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1-3 Selective polymer-supported catalysis in synthetic organic chemistry 

Polymer- metal complexes have captured the interest of researchers in light of their 

potential applications in various fields, which include: waste water treatment,79.S0 

electroluminescent devicess, and transition metal-catalyzed reactions.82 The use 01 

polymcr-supported catalysts, in general, offers several potential advantages. The main 

charactcristics of the catalyst resulting from the polymer structure arc the insolubility, 

increased activity, stability and selcctivity since the polymeric catalyst combines the 

advantages of both heterogeneous and homogeneous catalysts. Polymer-supported metal 

complexes have been broadly used in oxidation, cycloaddition and C-C cross-coupling 

reactions. 

Many polymer-bound o.xidation catalysis have been developed in the last dceadc.~] Toy et 

a!. developed a multi polymer reaction system for the selective aerobic oxidation of 

primary afcohols.84 A water-soluble polymer-supported 2,2··bipyridine group and a 

similarly immobilized TEMPO derivative were used as ligands to coordinate with copper. 

!l was the first reported example of using two differcnt polymcr-supportcd ligands 

together to fonn an organomctallic specics capable of catalyzing acrobic oxidation 

(Scheme 1-17). Very recently, Kung and co-workers reported bis(pyridyl)siloxanc-Pd(lI) 

complex carnlyzed oxidations of benzyl alcohol to benzaldchyde (Scheme 1_18).85 TIle 

steric bulk of the siloxane chain had a pronounced effcct on the catalytic activity. It was 

proposed that the longer chain of the ligand with the siloxane backbone could improve the 

stability of the I'd catalyst and prevent agglomeration more effectively. Pol ymcr-
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supported triphenylphosphine ligands have also been widely utilized as the ligands in 

transition-mctal based oxidation reaetions.86•s7 Polymer-supported Schiff base complexes 

of mctal ions have also demonstrated high catalytic activity in ox idation reactions. For 

example, Ram and co-workers reported the epox idalion of cis-cyclooctene to cyclooctene 

oxidc in thc presencc of a serics of supported Ru Schiff base catalysts (Figurc 1-8 ).u 

Bcnzcnc and styrenc have also becn oxidized to phcnol and benzaldchydc respecti vely by 

polymer-supported Schiff base complexcs of various metal ions.89 

MPEG :; MeO-(CHzCHzO)n-CHzCHz-
(Mw :; ca. 5000 Daltons, n :; ca.112) 

Scheme 1-17. Multipolymcr reaction systcm for selective aerobic aleohol oxidation. 

~OH Pd(OAc)?,L ~O 

V toluene, 1 aIm Oz. 80°C V 
L= ~J;-ot.~;-o~ 0' N~J;-O~~;--c'N 

\Nd'i nl - N '=I" 1 1 -

n = 1-9 

Scheme 1-18. Poly(pyridyl)siloxanc Pd(Il)-catalyzcd oxidation ofbcnzyl alcohol. 
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Figure 1-8. A scrics of polymer supported Ru(lJ) SchitThasc catalysts. 

Polymer-supported transition-metal complexes have also been developed for the catalysis 

of cycloaddition rcactions.82 Recently, Carretero et a1. prepared two Fcsulphos-bascd 

chim] ligands and immobilized them on a polystyrene backbonc.90 These supported chiral 

ligands with Cu(l) salt were very efficient catalysts in 1,3-dipolar cydoaddition with 

excellent activities and enantioselectivities (Scheme 1-19). The polymer-supported eu 

complex could be recycled several times without loss of catalytic activity. Furthermore, 

the Fcsulphos-bascd chiralligand attached to Merrifield resin was also used in palladium-

catalyzed asymmetric allylic substitution reactions with good rcsults. Chan ct al. 

dcveloped a Cu(I)-stabilized tristriazole ligand which was effective for "click" rcactions 

(azide-alkyne cycloaddition).91 Recently, thc tris-(benzyltriazolylmcthyl)aminc (TBTA) 

ligand has becn immobilized on a TentaGcI resin by the same research group.92 The 

supported ligand was also very efficient for the copper-catalyzed "click" reaction 
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(Scheme 1-20); leaching of copper was minimal, and the polymer-bound TBTA ligand 

could be recycled up to ten times with only a small decrease in efficiency. 

<N-Ph 
L (3 mol%) 

Cu(CH3CN)4CI04 (3 mol%) 

Et3N (18 mol%) 

CH2CI2.-10oC 

~h 
o N 0 

Phlfco'M' 
H o 

Y--
~s 

Fe PPh2 

~O~O~ 
.. lA /f'\ 

(Wang resin attached) 0 V (Merrifield resin attached) 

Schcme 1-19. Application of polymer-bound Fesulphos ligands in the cycloaddition. 

Scheme \ -20. A polymer-supported copper-tris(triazolyl) complex as a catalyst for the 
cycloaddition of an azide \0 an alkyne. 
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Carbon-carbon (C-C) cross coupling is a fundamental reaction in organic chcmistry. It 

has proven synthetic utility in materials chemistry and the line chemicals industry. 

Notably, the I'd-catalyzed Heck, Stille, Suzuki, Negishi, Hiyama, Kumada and 

Sonogashira type reactions have enabled C-C bond fonnation under mild conditions.91 

The significance of these reactions was acknowledged by the awarding of the 2010 

Nobel Prize in Chemistry to R. F. Heck, E. Negishi, and A. Suzuki.94 However, due to the 

high price and high toxicity of noble metals, it would be desirable to develop methods to 

perfonn these widely applicable and important transfonnations in more simple, atom

economical, and clean ways. Thus, it is not surprising that extensive efforts have been 

made to carry out cleaner and greener cross-coupling reactions through the use of 

polymers as supports. Polymers have served to make C-C cross-coupling reactions 

cleaner by acting as supports for reagents or catalysis, allowing for improved separations 

and catalyst recycling.9s Very recently, Bielawski et a1. reported a mechanical activation 

of catalysts for C-C bond fonnation and anionic polymerization reactions from a single 

macromolecular reagent.% First, they developed a cyclometalated dipal1adium complcx 

which they combincd with a pyridine-functionalized poly(methyl methacrylate) support 

(Scheme 1-21). A chain cleavage occurred selectively at the metal-pyridinc bond upon 

application of ultrasound. The scission cleavage process created active I'd species that 

could be effective for C-C coupling reactions. 
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~CN +H~ ~ 
U ~X 

Scheme 1-21. Ultrasound activation ora polymer-supported Pd catalyst. 

Compared to other types of cross-coupling reactions, the Stille reaction is an easier 

manipulation and there is no need for added base. The reaction has been extensively 
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employed in the fonnation of natural products, especially in the generation of cyclic 

structurcS.'H The main drawback of the Stille reaction is the toxicity of the organotin 

derivatives employed.97 This has limited the use of the Stille reaction for pharmaceutical 

applications, which require the complete separation of the tin by-product from the target 

coupling product. The utilisation of polymer-supported tin reagents has greatly improved 

this problem. For cxample, Quintard and co-workers rccently reported the use of 

polymer-supported dibutylphenyltin for Stille cross-coupling reactions.98 The biaryl 

products were isolated in good to high yields with very low contamination by tin and 

palladium residues after removal of the residual supported organotin halide. The 

regeneration and reeyelability of the supported dibutylphenyltin reagent was possible by 

treatment of the used polymer with 2,4,6-trimereaptos-triazine before the next cycle 

(Scheme 1-22). 

M9",(~S"""'Ph ~ O,N-o-"' 
THF. 45 °C, 18 h regeneration . Pd(PPh3)4 (5 moI%) 

PhMgBr cross-couphng tolunene. 110 °C 

48h 

PdLn washing 

nL ~snBuzBr 02N-o-D 
Scheme 1-22. Stille cross-coupling reaction using polymeric dibutylphenyltin. 
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Polymer-supported Pd-catalyzed cross-coupling reactions can also be perfonned in green 

reaction media, As previously reported, Kerton and co-workers developed PDMS-derived 

I'd complexes which were efficient for Heck and Suzuki react ions in SCC02•34-35 There is 

also a growing interest in developing supported palladium catalysts to pcrfonn cross-

coupling rcactions in wateT. Uozumi et al. reported the Suzuki and Cu-free Sonogashira 

cross-coupling reactions in w!lter using an amphiphilic resin-supported palladium 

catalyst.99• 101 The same group also reported an asymmetric Suzuki- Miyaura coupling for 

the synthesis of a variety ofaxially-chiral biaryl compounds with high stereoselectivity.lo2 

The cross-coupling reactions were carried out in water with a novel recyelable palladium 

complex of a PS-PEG-supportcd chiral phosphine ligand (Schcme 1-23). In addition, the 

recovered catalyst beads could be used for the next asymmetric coupling without further 

purification or additional charging with palladium salts. 

~+~~' 
~R ~ 

X 

Pd(OAc)2 (10 mo!%) 
PS-PEG-L (PdIP '" 1:1) 

nBU4NF, H20, 80 °c, 24 h 

R 

R' 

Scheme )·23. Polymer supported I'd-catalyzed Suzuki- Miyaura coupling in water. 
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Given their advantages, the use of polymer-supported catalysIS for future applications is 

foreseeable. Research involving the design, synthesis and recovery of effective polymer-

supported catalysts will undoubtedly continue to attract much interest. 

1-4 Brief introduction to reaclions in supercritical carbon dioxide 

According to the 12 principles of Green Chemistry, the design of green chemical 

processes includes selection of feedstocks, solvents, catalysts and reaction route. Organic 

solvents arc a major source of waste if not recycled, and their efficient control can 

produce a substantial improvement in the environmental impact ofa process. I OJ Ideally, 

the best solvent is no solvent at all. If a solvent is needed, green solvents or relatively 

green alternatives should be considered for the process. One important aspect of Green 

Chemistry is the scientific evaluation of potential replacements for volatile organic 

compounds (VOCs) as solvents and reaction media.104 The design of environmentally 

benign solvents systems has been one of the most active areas of Green Chemistry over 

the past 20 years. Jessop recently presented four criteria for searching for green solvents: 

finding a sufficient range of green solvents; recognizing an actual green solvent; finding 

an easily-removable polar aprotie solvent and eliminating solvent distillation. !Os 

Supereritical fluids (SCFs) arc gases that arc nearly as dense as liquids, and can act as 

good altcrnativc solvents. The cheapest supercritical fluid , scC02• which has solvent 

properties similar to those of light hydrocarbons, apart from an unusually high affinity for 

fluorocarbons, has been considered as one of the greenest solvents in the twenty-first 

century. 106 The first commercial deeaffeination process utilizing scC02 as the solvent can 

be tracked to the 1960s.1 07 As the phase diagram shows (Figure 1_9),108 scC02 has easily 
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accessible critical points (Pc: 72.9 atm, p: 0.47 g mL-1, T<: 31.1 0C).I 06 It possesses hybrid 

properties of both liquid and gas. Its gas·like viscosity and high diffusion is advantageous 

10 organic reactions, especially those involving gasC(Jus reagents. Its solvency is tuneable 

through control of its density by variation of temperature and pressure leading to unusual 

chemical effects not easily achieved in conventional solvents. Also, the addition of small 

amounts of modifier is very useful in extending SCCOl use in synthesis/extraction. In 

addition, CO2 is abundant, inexpensive, non-flammable, non-toxic and chemically inert 

under many conditions. For example, the carbon atom of CO2 has the highest oxidation 

state for carbon and therefore, cannot be oxidil..cd. Furthermore, separation of scC02 from 

the reaction mixture is simple and energy efficient. Due to these significant features. 

SCC02 has becn successfully used as an environmentally friendly solvcnt for extraction 

and reaction. 

Temperature 

CrlUcalllO)lnl 

~ 
~ 

Figure 1-9. Phase diagram of CO2. 
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1-4-1 Development of scC0 2-soluble catalysts 

Although metal-catalyzed homogeneous reactions in sceo2 would be attractive, the 

commonly uscd organomctallic complexes usually have poor solubilities in SCC02, which 

limits their catalysis applications using SCeOl as a reaction medium. Therefore, 

enhancing the solubility of such catalysts in SCe02 has been an important research target 

in recent years. Thc solubility of a solute in scC02 is extremely dependent on its 

structure. Normally, low polarity and high vapour pressure compounds arc more soluble 

than highly polar substances or salis. However. a more efficient and practical method to 

improve solubility of melal complcxes in scC02 is to introduce "COrphilic" groups into 

metal complexes including the use of "C02-philic" ligands. ScCOr philie functional 

groups, like pcrfluoroalkyl, polysiloxane substituents or polyether/polyearbonate 

copolymers give enhanced CO2 solubility.l09 Burk, Tumas and co-workers employed the 

lipophilic, fluorinated tetrakis-(3 ,S-bis(trifluoromethyl)phenyl)bomte (BARF) and 

trifluoromcthane-sulfonate counteranions 10 enhance the solubility of cationic rhodium 

complexes (Scheme 1_24).110 The corresponding Rh complexes provcd 10 be effective for 

asymmetric hydrogenation in scC02 medium with high enantioselectivities. At the same 

time, different kinds of C02-phi!ic ligands have been employed as solubilisers of meta! 

complexes in scC02• The most successful and broadly used approach is to insert 

pcrfluorinalcd chains into aryl phosphines (Figure 1-10). Leitner and co-workers 

introduced perfluoroalkyl-substituted arylphosphanes as ligands for homogeneous 

catalysis in scCOl . II I Erkey et al. reported a scries of homogeneous catalytic 

hydrofonnylations using Rh and fluorinated arylphosphine ligands in seC02. 11 2. II S 
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R"Yco~e [Rh] 

N(H)Ac ~ 

Scheme 1-24. Rh-catalyzed hydrogenation reaction in scCOz. 

CH2CH2~F13 

PM CH,CH,"'F,,), P~Oo-CH,cH,C.F"), P+O ), 

Figure )·10. COz-philic Ouonnated phosphines. 

Fluorinated materials have been found to be highly CO2-soluble and have been applied in 

the design of highly C02-soluble ligands in the last decade. However, from a 

sustainability and economy point of view, it is not desimble to utilize these fluorinated 

compounds in modem catalytic reactions. First, it is difficult and expensive to prepare 

ligands of this sort. In addition, thc strongly electron-withdmwing fluorine can have an 

effect on the activity of the catalyst. Furthermore, certain fluorinated compounds can 

persist in the environment and therefore, are harmful to the ellvironment and public health 

over a long period. For these reasons, the design of new, easily prepared and 
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environmentally friendly solubilisers. that do not alter the chemical properties of the 

catalyst, is highly desirable. A few nonfluorinated COr philes have been developed by 

different groups (Figure 1-11 ). Jessop and co-workers prepared analogues of 

triphenylphosphine with peracetylated sugar groups to enhance the solubility.11 6 Kerton34• 

35 and Montilla66. 117 rcJXlrted the usc of POMS and trimethylsilyl groups as seC0 2 

solubilisers. Tan and Copper prepared functional oligo(vinyl acetate) COr philes for 

solubilization and emulsification. lls 

Although the corresJXlnding metal complexes of CO2-philic ligands arc not always 

soluble in scCOl , it is still a promising method to develop CO2-soluble, especially 

nonnuorinated ligands and surfactants in the future . [I will greatly decrease Ihc 

temperature and pressure of the reaction process in seC02 and therefore, will decrease 

energy consumption and safety concerns. 

P1!) )3 

o 
W °--.../"'-oJlo_R 

;'0 
I' igurc 1-1 1. Nonfluorinatcd C01-philcs. 
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1-4-2 Select cata lytic reactions in scC02 

As mentioned above, scC02 has some significant features and can be utilized as a 

reaction medium for many catalytic reactions. Several reviews have reported on catalytic 

reactions in SCC02.1 08- 109. 11 9- 125 ScC02 has been used as a green reaction medium for 

polymerization, hydrogenation, hydroformylation and alcohol oxidation reactions. 

Recently, Schubert et al. reponed a review about recent developments in the util ization of 

green solvents like seC02 in polymer chemistry.I H Masdeu-Bult6, Leitner and co-

workers reported COllert-butylstyrene copolymerisation in SCC02 using soluble 

palladium complexes with pcrfl uorinatcd bipyridinc and phenanthroline ligands (Scheme 

1_25).1 26 Compared with conventional solvents, the polyketones obtained in scC02 are 

more syndiotactic with narrower polydispersities 

A [Pd(CH3l(NCCH3l(Ll]BARF X . co "CO, 1-5O"CO 

BARF 0 [B~): 1 
CF, 

C6F 17(CH2l4Z I ,N 

?' N 

,,' 
CSF17(CH2l4 

(; 
1_ ~ I L 
12)'/)10 

X 

Sc heme 1-25. I'd-catalyzed copolymerization in seC02_ 
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ScC02 has becn shown to be an excellent solvent for the replacement of conventional 

ones in hydrogenation reactions.m The enhanced solubility of hydrogen gas in scC02 

offers good process control in tenns of both selecti vity and overall efficiency. [t is 

possible to reduce the mass transport limitations which affect some conventional 

hydrogenation processes. In addition, hydrogenation is usually a highly exothennic 

reaction. The usc of organic solvents with highly flammable hydrogen gas is often a 

safety concern, and in such si tuations the substitution of organic solvents by seCOl is 

desimble. ScC02 can act as both reactant and solvent in hydrogenation. Notable examples 

have been reported by Jessop and Noyori. 127.1J1 Hydrogenation ofoJcfins is an important 

aspect in synthetic chemistry. Significant work has been done in the Clean Technology 

Group althc University of Nottingham. l ll. ll7 Since 1995, led by Dr. Poliakoff, this group 

has worked with Thomas Swan & Co. Ltd. to develop continuous flow hydrogenation in 

seeo2. As a successfu l collaboration result, the world's first, multi·reaction, supercritical 

flow reactor, capable of producing 1000 tons per annum, was commissioned in 2002.m 

]']ydrogcnation in scC02 has also been used in the pharmaccutical chemistry. Reccntly, 

Poliakoff et al. reponed the hydrogenation of a phannaccuticai intennediale. [4-(3.4-

dichlorophenyl)-3 ,4-dihydro-2H-naphthalenyidene]-methylamine using seCOl as a 

reaction medium. 1l7 As shown in Scheme \-26, the continuous flow hydrogenation of 

rac-sertraline imine has been perfonned ulilizing a Pd/CaCO) catalyst and hydrogen in 

seC02 with superior levels of selectivily. It was proposed Ihal high diaslcrcoselectivity 

obtaim.-d in the flow system was possibly due to the cfficient heat transfer properties of 

scCOl which assisted removing excess heat from the catalyst surface. Even though 

various types of hydrogenations (e.g. hctcrogeneously catalyzed hydrogenations, 
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homogeneous hydrogenations and asymmetric hydrogenations) have been extensively 

studied recently, it should be mentioned that the reaction conditions need to be carefully 

optimized. The reaction pressure and temperature ofscC02 can greatly impact the activity 

and selectivity. In addit ion, the reduction of C02 should be avoided because the reduction 

products, CO and 1-120, may poison the catalyst. 

HN/ 

o¢ 
~ 

cis:lrans"'95:5 

Scheme 1-26. Hydrogenation of pharmaceutical intcnnediate imine in scC02• 

Selective aerobic oxidation reactions using green solvents have been an important goal in 

Green Chemistry. Due to the properties of miscibility with molecular oxygen and 

excellent heat capacity, scCOl has attracted particular interest for utilii'..ation in oxidation 

reactions. Seki and Baiker have published a comprehensive review of these reactions 

recently.1 24 Aerobic oxidation reactions in scC02 have been reported by numerous 

groups. BaikerlJ9.147 and Leitner1u.m have done a lot of pioneering work in the field of 
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heterogeneous catalytic oxidation using scC01 as a reaction mcdium. The employment of 

I'd nanoparticles stabi lised on PEG-modified silica as catalysts for continuous-flow fixed-

bed alcohol oxidation in scC02 has been reported by Leitner and co-workers recently 

(Figure 1_12). "0 The covalently bound PEG chains led to excellent activity and prevented 

agglomeration of the I'd nanopanicles on the surface during the catalytic mcidation 

process. Also, it was found that singlet oxygen can be efficiently sensitized in scC01 with 

an extended lifetime compared to many conventional solvents. IS} Because of this feature, 

SCC02 proved to be a good solvent in which 10 carry out synthetic photosensitized 

oxidations.IS4.IS6 Very recently, Herbert, Montilla and Galindo reported the first copper

TEMPO catalyzed aerobic alcohol oxidation systcm in scC02(Scheme 1_27).68 Although 

solubilisation of the metal catalyst in scC02 was not necessary in their system. scCOl 

proved to be a green replacement for the conventional solvents used in aerobic alcohol 

oxidations. Without a doubt SCC02 will continue to be uscd as a grecn oxidation reaction 

medium in the futu re. The reaction conditions should be carefully optimized to avoid 

over-oxidation because of the high concentrations Oral in scC02. 
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Figure 1- 12. Palladium nanoparticles stabilised on PEG-modified silica for alcohol 
oxidation using SCC02 as mobile phase for reactants and products. 

Cll catalysVTEMPOI02 

SeC02 

Scheme 1-27. Cu-TEMPO catalyzed aerobic oxidation in seeOl. 

As an ambient gas, C02 can be casi ly recycled to reduce any possible new contributions 

to thc greenhouse clTeet. Furthermore, it will not generate new C02 when using SeeOl as 

a solvent, as thc CO2 used is a waste material from industrial processes including 

fermentation and combustion. The design, immobilization or recycling of 

environmentally friendly scCOrphilic catalysts will slill be a trend in the future 

Furthermore, it is important 10 develop morc general catalytic reactions using scC02 as 

the reaction medium by the introduction or co-solvents, liquid polymers or ionic liquids to 

thesystcm. 
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1-5 Copper-calalyzcd reactions 

1-5-1 Coppe r-cata lyzed reactions ofaleoho ls 

Catalysis can significantly improve the efficiency of a reaction by avoiding the usc of 

stoichiometric amounts of reagents. lowering the energy input required and increasing the 

sclectivity.l s] "Ibis leads to less feedstock, less energy consumption and less waste. 

Transition mctals have been broadly used as cfficient catalysts in various reactions c.g 

polymerization, oxidation and cross-coupling reactions.ls8.160 Noble metal catalysts arc 

particularly well known for their high catlilytie activities.93 A notable example is Pd 

catalysts in cross-coupling reactions, a topic which has been recognized with the Nobel 

Prizc for Chemistry 2010.94 Moreover, catalysis makes some chemical reactions possible 

which cannot be acccssed by traditional methods. However, the limited availability and 

high price of noble metals make their broad applications unafTordable and unsustainable. 

If the same catalytic activity can be achieved, it is desirable to usc cheap and readily 

available alternatives. By comparing the prices and abundances of Cu, Ru, Rh and Pd in 

the Earth 's crust obtaincd from the Sigma-Aldrich website in 2011. one can sec that Cu is 

much cheaper and morc easily available (Figure 1-13). Replacement ofnoblc mctals with 

Cu in some catalytic reaction is desireable. Cu catalysIs have been broadly used in cross

coupling, addition and oxidation reactions. 161-16-I Cu-catalyzed aerobic oxidations of 

alcohols havc becn cxtcnsively employed to replace traditional methods achicved by 

using stoichiometric amounts of toxic oxidants. Galactose oxidase (GOase), a natural 

mononuclear copper enzyme, is well known to oxidize benzylic and allylic alcohols to 
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aldehydes with O2 under mild reaction conditions and in aqueous solutions.1 6s. l66 

Semmelhack et al. reported the first practical CuCI-catalyzed aerobic oxidation of 

alcohols with TEMPO in 1984. 167 Since this pioneering work, Cu-catalY7..cd aerobic 

oxidation of alcohols has been greatly developed. Mark6 and co-workcrs developed three 

generations of alcohol oxidation catalysts with CuCI-Phenanthroline catalysts and di-tert-

butyl hydrazine-l,2-dicarboxylate (DBADH2).I 68.173 

44 101.01 .. 102.91 

Ru Rh Pd 
RUn£NIUM RH ODILN PAUADtIJA 

Crust abundance: 9.9x 1O-l% 7.0 x 10-~% 6.3x 10.7% 
Price (Aldrich): RuCI36Z S/g RhClj 31SS/g PdCI2 137 S1g 

2963.f>46 

CU 
COPPER 

Crust abundance: 7.0x 10""'% 
Price (Aldrich): CuCI2 0.70 S/g 

Figure 1-13. Crust abundance and pricc of select mctal sails in 2011. 

In addition, recent breakthroughs in Cu-catalyzed alcohol oxidation systems were also 

developed by Sheidon's,I74-177 Recdijk'sl78·1 8o and Rcpo's groups.III -II{> For these 

catalytic systems, TEMPO is an essential co-catalyst. The main functionality of TEMPO 

is to abstract one hydrogen atom from the alcohol and facilitate the regeneration of the Cu 

catalytic cycle.l!J· 187_192 Also, ligands play anothcr important role for eu-eatalyzed 
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oxidation reactions. Notably, various N-containing ligands (Figure 1-14) are used to pre-

or in situ generate the copper complexes which are emdent for the selective aerobic 

alcohol oxidation reactions. Various reaction mechanisms of Cu-catalyzed aerobic 

alcohol oxidation have been proposed by different groups. The mechanism reported by 

Sheldon et al. for CuBr2(bipyridine)-TEMPO catalyzed aerobic alcohol oxidation, based 

on galactose oxidasc-catalyzed oxidation of alcohols, dominates this field (Figure 1-

15).17$,176 Initially, the Cu" specics I, alcohol substrate and added strong base combine to 

give the coordinated alcoholate in intennediate complex II . Subsequent coordination of 

the H-acceptor TEMPO to Cu affords intermediate species III which is crucial to the 

catalytic cycle. The radical intennediate IV was fonncd via C-H abstmction from the 

alcoholate by the coordinated TEMPO molecule, which was stabilized by hydrogen 

bonding to the second p-hydrogen atom and the oxygen atom of TEM POll Then 

TEMPOH and the aldehyde dissociated from radical species IV and Cu(I) complex V was 

I N-Q 
l;N-H 

I '" N ~-O 
'" OH 

Figure 1-14. Commonly used N-containing ligands in eu-catalyzed oxidation rcactions. 
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Figure 1-15. Dominated Cu-eatalyzed oxidation mechanism proposed by Sheldon et al. 

formed. Cu(lI) complex I and TEMPO were regenerated by the oxidation of Cu(l) 

complex V and TEM POI·I with oxygen and thus the catalytic cycle was completed. 

I-Iowever, this mechanism is not appropriate for the oxidation of secondary alcohols. 

Cu-catalyzed aerobic oxidation can also be performed in non-conventional solvents. As 

described before, Herbert ct al. reported the first copper-TEMPO catalyzed aerobic 

alcohol oxidation system in SCCOl .68 A few examples of Cu-catalyzed aerobic oxidations 

of alcohols in ionic liquids have also been reported.19J-197 Various commercially avai lable 

ionic liquids such as IbmimJPF6 and [bmimlBF4 wcre emcicntly used (Figure 1-16). In 

these cases, the ionic liquids can be recycled and reused several times. Recently, Chrobak 

et al. reported a supported ionic liquid phase catalysis for aerobic oxidations of primary 

alcohols. 197 A large amount of ionic liquid, which is necessary for use in a homogenous 
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reaction system, is not nceded in the new supported ionic liquid phase (SI Ll') catalysis 

system. The Cu-TEMPO catalyst system based on S[LP can oxidize primary alcoho[s to 

the corresponding aldehydes with excel[ent yields. Furthennore, the catalysts can be 

recycled and reused over seven cycles without significlmt loss of activity. Water, the most 

cnvironmentally benign and accessible solvent, can be also employed as the oxidation 

reaction medium. Repo et a1. have developed ditTerent etTcctive catalyst systcms for Cu-

catalyzed aerobic oxidation in water. IS4. 186 

-N~N""""""'" PF6- -N~N""""""'" BF,-
\d \d 

[bmimlPF6 [bmim)BF, 

£J'~ -N~N""""""'" OS03Oc 
-

I"" 
PF~-

\d 

tbmpylPF~ (bmim]OS030c 

Figure 1-16. Commercially available ionic liquids which have been used in Cu-catalyzed 
oxidation reactions.IOSOlOc· "" n-octylsulfatc] 

1-5-2 Copper catalyzed reaction s oramines and anilines 

lmines are important intermediatcs in organic synthesis which can serve as clectrophilic 

reagents in many transformations such as condcnsations and additions (Sec Scheme 1-28 

for selective examples).198 Imines arc also versatile starting materials for the synthesis 

and racemisation of chiral amines, which arc important intennediates in the preparation of 

biologically-active compounds. I"».202 The traditional protocol for the synthesis of imines 
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involves the condensation of an amine with a carbonyl compound such as an aldehyde or 

ketone. Owing to the unstable and reactive nature of carbonyl compounds, alternative 

routes for the synthesis of imines would be more desirable. For example, the direct 

oxidation of amines to imines has attracted much attention recently. Largeron and co-

workers reported an environmentally friendly biomimetie electrocatalytie method for the 

oxidation of primary aliphatic amines to imines with high yields. 2GJ A few transition 

metal-catalY7..cd oxidations of amines with stoichiometric amounts of various oxidants 

have also been reponed.2(1.t.20!1 In addition, a few highly efficient catalysts for the aerobic 

Scheme 1-28. Examples of imines as intermediates: I) hydrogenation;206 2) addition;201 
3) condensation/os 4) aza-Dicls-Alder;209 5) Mannieh addition;2lo 6) Strecker;211 7) 
imino-cne;2i2 8) aza-BayJis-J·liliman.2IJ 
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oxidation of amines have been developed recently using eobalt ,213 gold,214-2!8 

palladium214, ruthenium2ls.219 and vanadium220 complexes. As described above, copper 

complexes can serve as efficient catalysts for the aerobic oxidation of alcohols. A few 

copper complexes have also been employed for the catalysis of aerobic dehydrogenation 

of amines to imines.221 •224 Very recently, Adimurthy and Patil reported a simple Cu-

catalytic system for the aerobic oxidation of amines to imines (Scheme 1_29)?24 Notably. 

the catal ytic reactions can be carried out under neat conditions with low catalyst loading. 

~NH2 O.Smo/%CuCUair ~N~ ~O 
2R- V neat, 100°C RV V R+R ··V 

Scheme 1-29. CuCI catalyzed oxidation of amines to imines under neat conditions 

Azo derivatives have been widely utilized in industry as organic dyes, indicators and 

radical reaction initiators.m .m Two examples of Cu.catalyzed aerobic oxidative 

dehydrogenative coupling of ani lines to azo compounds have been reported by Xi's and 

Jiao' s groups.228.229 In the research by Zhang and Jiao, Cullr and pyridine were highly 

efficient in preparing symmetric and asymmetric aromatic azo compounds by aerobic 

oxidative dehydrogcnative coupling of anilines (Scheme I_JO)?29 A wide range of 

functional groups, whether electron-donating or electron-withdrawing, could be tolerated 

and therefore, could be used for further transfommtions. 
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R, can be the same or different as the R2 group 

Scheme 1-30 . CuBr catalyzed oxidative dehydrogenative coupling of ani lines. 

1-6 Summa ry and structure of thesis 

A brief historic background of Green Chemistry has been presented in Chapter I. From 

the principles of Green Chemistry, it is desirable to develop green synthetic routes 

including the utilization of environmentally benign reagents, catalysts and solvents. As 

one of the most important functional group transfornllltions, the importance of greener 

oxidation methods was described. The preparation and application of polymeric ligands 

and metal complexes has also been presented followed by a description of their 

advantages. The dcvelopmcnt of c3t31ysts 3nd selcctive c3t31ytic re3ctions in scCOz, 3 

green re3ction medium in the 21'( century, was discussed. At the end of this Chapter, 

oxidation reactions of alcohols and amines catalyzed by Cu, which is readily avai lable 

and che3p, were presented. 

Chapter 2 presents the synthesis and ch3racterization of polydimcthylsiloxane-supported 

ligands and copper complexcs and their analogues. The solubility experiments of the 

I'OMS derived lig3nds and copper complexes in scCOz arc also presented. 

Chapter 3 discusses thc room tempemturc aerobic oxidation of alcohols using Cu13r2 with 

TEMPO and a tetmdentate polymer-based pyridyl-imine ligand. 
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Chapter 4 presents Cu-TEMPO-catalyzed aerobic dehydrogenation of amines and 

anilines. 

Finally, Chapter 5 contains the conclusion of this thesis and some proposed future 

research. 
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2-1 Introduction 

A number of research groups have previously used mono end-capped 

polydimethylsiloxane (POMS) in green chemistry and other applications,1.9 including the 

preparation of COrphilie molecules with potential uses in green catalysis. I, S-6 

Oifunetional POMS, containing ligating groups at ei ther end of a POMS chain, has been 

explored to a lesser extent in the field of coordination chemistry and catalysis. [n such a 

situation, the ligands could bind to metal centres in a number of ways (Figure 2-1) 

Tritopic ligands separated by short polydimethylsiloxane chains have been used by Lehn 

and co· workers to prepare metal-containing extended polymers that can be processed into 

films with potential sensor applications. lo Pyridyl-imine based ligands have recently 

found applications in the field of catalytic water oxidation, II and have also been used 

extensively in olefin dimcri)'.at ion, 0ligomcri7.ation and polymerization catalysis. 12. I S 

o 
(ll+1M) Metailocyclo 

]IL+2M) Comj>Iex 

n 
U 

[2L.2MjMelallocycle 

(nl+nM) Mllla~mer 

Figure 2-1. Schematic representation of possible binding modes for bridging/linked 
ligands. 
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In the course of studying PDMS-derived ligands, evidencc has becn obtained for a large

sized [I +lJ metallocyclic species [Cu(LI )[PF6 that is diseussed herein, which although 

able 10 form crystalline domllins, is not amenable to single-crystal X-ray crystallographic 

analysis. Therefore, other analytical methods were pursued and a series of other ligands 

and complexes prepared for comparison. Recently, Constable and co-workers have shown 

that PGSE NMR spectroscopy is a valuable technique to use in determining the size and, 

therefore, the major species in solution for [ConLnHPF6hn metallomaerocyles. 16 Use of 

rigid linkers between two ligands has allowed chemists to isolate [2+2] metallocycles and 

other molecules with larger numbers of metal ions. 17•20 However, there arc very few 

examples of [1 + 11 metallocycles,21.24 and if the ligands arc separated by flexible, long 

bridging groups, there is a tendency for mixtures to form. In the study presented here, the 

formation of [2+2] species cannot be ruled out, as common analytical methods are not 

able to easily distinguish between [1 +1[ and [2+2"] complexes in solution (UV-Vis and 

NMR spectroscopy) or the gas-phase (mass spectrometry). A combination of methods is 

required to confirm their formation. 
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2-2 Results a nd Discussion 

2~O ll,~ 

THF, 1 rt 
drying 12-24h 
agent 

Scheme 2-1. General reaction route for the ligand prcpamtion. 

n ~ 20.1; L= L ,. L. n _ l. 5.8;l _ L •. L •. L. 

Figure 2-2 . Ligands used in this study. 

Amino tenninated PDMS (PDMS-N I·h), 1,3-bis(aminopropyl)tetmmcthyldisiloxl1ne, 

ethylenediamine, \ ,6-diaminohexane, 1,9-diaminononane and 4,7, I O-trioxl1- l, \3-

tridccancdiamine react readily via a Schiff-base condensation with two equiv. 2-

pyridinecarboxl1ldehyde in the presence of drying l1gents to give L1 -L6 (Scheme 2-1, 

Figure 2-2). L3 has been widcly studied by others (sec below) lind was included in this 
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work for compar'dtive purposes. The polymeric starting material PDMS-N H2 and ligands 

wcre charactcrizcd using 11'1 NMR, DC NMR, IT-IR, MALD I-TOF mass spectrometric 

(MS) data and elemental analyses. GPC analysis confirmcd that no polymer degradation 

or coupling occurred during the synthesis of L.J as its retention volume was nearly 

identical to PDMS-NHl . The number of dimethyls iloxane repeat units (n) was determined 

using end-group analysis of the 11-1 NMR spectrum, elemental analysis and MS data. MS 

analysis revealed that ll had MM' 1567, Mn 1317 and a resulting polydispersity of 1.19. 

Overall, the spectrum had a similar appearance 10 that of its coordination complex in that 

the peak separations (74 mass units), their intensities and isotope patterns arc typical for 

monodisperse PDMS chains.2S [n previous studies, monodentate PDMS-derived ligands 

and their Pd complexes were found to be soluble in supcrcritical carbon dioxide (sCCOl).1 

Therefore, the solubilities of L I and L2 in scC02 were assessed. L2 was miscible in 

liquid COl at room temperature. Cloud point data for LI over the temperature range 60-

100°C were measurcd (Figure 2.3). Copper complexes of these ligands were prepared, 

sec below, and their solubility in scCOl gauged. Significantly higher temperatures and 

pressures were needed to dissolve [Cu(L2)](PF6) compared with the uncoordinated parent 

ligand L2, presumably due to the ionic nature of the metal complex. Unfortunately, 

[Cu(LI )](PF6) was insoluble in CO2 at alltcmpcratures and pressures studied (25·120 "C, 

4000-7500 psi). 
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Figure 2-3. Cloud point dllta for L1 and [Cu(L2)](PF6), measurements made using using 
a SFT Phase Monitor 11 . 

Initial investigations into the coordination chemistry of LI were perfonned via UV-Vis 

spectroscopy (Figure 2-4). The spectra of [Cu(OhCN)41(PF6) and L1 show no 

absorbances in the visible region. However, a MLCT band was seen to grow in intensity 

- 0 .• 
- 00 

- 1.0 .... ' _ jCu(CH,CN).J'I', 

Figure 2-4. UV-Vis spectra for the titration of L1 with [Cu(OhCN)4](PF6) in CH2Cb; 
Cu = [Cu(CH)CN)4J(PF6) only, L1 = LI only, molarequiv. ofCu with respect to L1 from 
0.2 to 1.0. 
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relative to an increasc in concentration of copper(I) ions. This band reached a maximum 

intensity (i.. = 465 nm, (; = 21000 L morlcm-I) when there was one copper(I) ion per each 

1..1 corresponding to a [1+11 complex fonning where each copper ion is surrounded by 

two chelaling pyridyl-imine groups. This initial titration was perfonned in air but all 

further coordination chemistry experiments were perfonned under strictly air- and 

moisture-free conditions to avoid oxidation of the copper ion. The reaction was then 

perfonned on a synthetic scale and the resulting solid characterized using FT-IR, NMR, 

MALDI-TOF MS, GPC and elemental analyses. These data support the self-assembly of 

a [1 +11 metallocyelopolymeric complex, [Cu( U )](PF6). The GPC chromatogram (using 

RI detcction) contained a single peak at a retention volume nearly identical to U and 

PDMS-N I·12. However, in contrast to previously characterized [I + I[ 

metallocyelopolymers,21 MS analyses show no evidence for larger [2+2] or other species. 

MALDI -Tor MS data revealed that the [Cu(U )]' cations had M", 1710, M~ 1382 and a 

polydispersity of 1.24 (Figure 2-5). Low molecular weight region mlz 500-2500 was 

shown for elarity in Figure 2-5, although a spectral window from 100-10,000 was 

analyzed. Modeling of ESf MS data also supported this fonnulation. On comparing the 

Un valucs of the complex ion with 1..1, a difference of 65 mass units that is close to the 

molecular weight ofCu is obtained. Also, inspection of individual peaks within the mass 

speetmm showed an isotopic match corresponding to the prescnce of one copper atom 

and not two per polymer chain. However, at this stage, the possibility of either a gas

phase rearrangement/fragmentation within the mass 
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-', 

Figu re- 2-5. MALD I-TOF Mass spectrum of [Cu(LI )J(PF6). 

spectrometer or the possibili ty of equilibration to yield the [I+IJ complex from larger 

[n+n] species in solution during chromatographic analysis cannot be overlooked. 

As very few wcll -characterizcd [1+1] complexes had been prepared to date,21.24 the 

synthesis of a low molecular weight analog using L2 was undertaken. Spectral data for 

the resulting compound agreed with the fonnulation [Cu(L2)](PF6). For example, Ihe 

mass spectrum (positive mode) contained a single peak at an mlz and isotope malch 

corresponding to ICu + L2 1+ (Figure 2-6). Furthennore, UV-Vis analysis showed a 

MLCT band al 475 nm (£ = 16000 L mor1cm"\ The frequenc y of this absorbance is 

similar to that reported for the known dicoppcr(J) helicute complexes of 
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Theoretical 

493 

Figure 2-6, MALD I-TOF Mass spectrum of lCu(L2)J(PF6), inset experimental and 

theoretical isotope pattern for [Cu(L2)J'. 

L3,26 but the molar extinction coefficient for the MLCl of the LI and L2 complexes is 

much greater, FT- IR data for these complexes are similar to structurally-verified 

coppcr(l) and nickcl(lI) complexes of bidentate and tetradentate pyridyl-imine ligands 

(Figure 2_7).27-29 I-lowe vcr, both the electronic and vibrational spectroscopic data would 

be alike for [1 +1] and [2+2] species. II-[ and 13C solution NMR data for [Cu( LI )](PF6) 

and [Cu(L2)](PF6) show the expected number of resommces, which arc moderately 

shifted compared 10 the frcc ligands. I H _ I H coupling observable for the pyridyl protons in 

the free ligand was not observed in the complexes presumably due to the nuxionality of 
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coordinate covalent bonds in solution leading to signal broadening. Through parallels 

with known eopper(l) pyridyl-imine complexes,JO-J2 processes ineluding inter- and 

intramolecular ligand exchange through twisting at the metal or ligand dissociation arc 

thought tooceur. 

,~"r-~rr'r'f\, / 
il / / Vlj !l l C=N, 1649 em' I I 
l I li1l" 1 '., 

Figure 2-7. IR spectra of (a ) PDMS-N H2, (b) L2 and (c) [Cu(L2)J(PF6) . 

Unfortunately to date, single crystals of the model complex, [Cu(L2)J(PF6), have not been 

obtained which could unambiguously eonlinn the cyclic [I + I J nature of the L 1 and L2 

complexes in the solid-statc. Howcvcr, over the course of these studies. it was noticed 

that during solvent evaporation from solutions of [Cu(1I)](I'F6) regions of dark intensity 

fonned on the surface of the glassware. Upon further inspection under a microscope. 
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crystalline domains were apparent which became more visible under cross-polarized light 

(Figure 2-8). At room temperature, powder X-ray diffraction analysis of [Cu(U )](PF6) 

showed two intense, sharp peaks at a constant Bragg angle 20 of 0.42° and 1.44°. These 

correspond to d-spacings of210.1 A and 61.3 A. Both are significantly longer than the 

predicted diameter of the metallocyclopolymer, which is calculated to be 24.6 A for a 

[1+1] complex and 48.0 A for a bimetallic [2+2] complex. Therefore, bimolecular (or 

greater) aggregration must exist within the layers of the crystalli ne phase (with one of 

these d-spacings corresponding to the distance between layers within the crystall ine 

phase). Recently, Gloe and co-workers reported the remarkable self-assembly of three 

Figure 2-8. Photomicrographs of [Cu(LI )](PF6) under cross-polarized light obtained 
u~ing a Leica OM 2500 microscope (20)( magnification), top left : 298 K, top right: 318 K, 
bottom left: 333 K, bottom right: 373 K. 
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hexametallie copper(H) meso-he!icates, [CuL(S04)16· 24H20 (where L is a linked bis

pyridyl-imine ligand), that were circular in shape.)) The self-assembl y was controlled by 

the coordination of sulfate ions with the copper(l l) centres. The diameter of these 

structures in the solid-state was dctermined to be 31-32 A by single-crystal X-ray 

diffraction llilalysis. At this stage, a multimetallic structure similar to these cannot be 

ruled out for [Cu(LI )ln(PF6)n in the solid-state. However, the crystalline nature of the 

complex does rule out a supramolecular linear metallopolymer, as by analogy to Lehn and 

Chow's results an e!astomeric polymer would be expected due to the flexible nature of 

the PDMS linking group.lO 

L.3-L6 were prepared and their reactions with [Cu(CH)CN)41(l'Fd investigatcd in order to 

obtain greater insight into the chemistry of 1I and L2 . L4 has been explored to some 

extent previously,34 and L3 studied extensively by other chemists?s.3o. 32. lS-4 1 

9). "'·» The central dieopper(l) helicllte Clition was determined to be 13.7 A in diameter. A 

[lL +2Cu] complex, [Cu2(LJ)(PPh)h I2j, has also been structurally characterized.39 An 

extensive study of copper complexes of L3 and related ligands has been performcd by 

Fabbrizzi and co-workers involving spectrocleetTochemistry and mass spectrometric 

monitoring of the assembly and disassembly of the copper hclicIIICS.26 Thcy propose the 

fommtion of [Cul(L)t complexes upon reduction of the analogous eopperCIl) ion and 

prior to the sclf-lIsscmbly of the typical copper(l) bimetallic bis(1igand) hclicates. The 

lifetimes of the intermediate [Cul(L)r species were assessed to be less than 20 ms, 

however, their presence in this cycle shows that the formation of such complexes is not 
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thennodynamically barred rather that there is a kinetic preference for the hclicate 

structures with these particular ligands. 

Figure 2-9. Molecular structure of the [Cu2(L3)2[H cation prepared by Wild and co
workers.32 Repri nted with pennissions from Ref. 32. Copyright 2006 American Chemical 
Society. 

In 1984, van Koten and co-workers reported extensive NMR studies on the dynamic 

behavior and solution-state structures of pyridyl-imine complexes of Ag(l) and Cu(l) 

109 Ag NMR experiments. Where present, the nature oflhc bridging C2 chain between the 

pyridyl-imine ligands was determined to be the major innuence on intramolecular 

nux ional processes. JO FD mass spectra for the complexes in that study confirmed the 

fonnation of dimetallic dications including [Cu2(L3)2f'. More recently, ES I mass spectra 
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for [CuJl(L3)](CFlSOlh showed a peak at m/z 450 corresponding to lICu( LJ)]CFlSOlr' 

and for [CuI2(L3)2](CI04h showed a peak at m/z 701 corresponding to 

(tCu2(L3)2]Cl04} +?6 In ES[ experiments, the mass spectrum for the capper(l) complex of 

L3 contained a peak at m/z 747 corresponding to {[Cu2(L3h ]PF6}+. However, cven with 

the fragmentor voltage set to [ow, all coordination compounds reported in thi s chapter 

afforded spectra containing 100% intensity peaks which could be assigned to [Cu + I t 

on the basis of m/z and isotope patterns. It should be noted that [Cu2(L)lt species would 

appear at the same m/z positions as ICu + Lr ions but would possess significantly 

different isotope patterns. It should also be noted that care was taken to avoid oxidation of 

the eopper(l) complexes in this study and therefore, the peaks in the mass spectra are not 

from copper( ll) species. For L2, L4-6, ESI mass spectra showed no peaks that could be 

assigned to bimetallic species. Mass spectra for thc po[ymerie ligand LI and its copper 

complex were discusscd above. These data wcre obtained using a MALDI -TOF mass 

spectrometer. Therefore, we studied the complexes of L2-L6 using this method. Using 

this type of ionization, bimetallic ions wcrc observed for L4-L6. The molecular ion 

region of thc mass spectra and theoretical isotope patterns for {lCu2(L)ljPF6) + (L = lA, 

l S or L6) arc available in Appendix I. Numerous MS spectra of LI -U complexes were 

obtained but none showed evidence of bimetallic species. These results highlight that, if 

numerous related coordination comp[cxes (monometallic, bimetallic, trimetallic etc.) 

could potentially be fanned, it would be advisable to pcrfonn as broad a range of mass 

spectrometric experiments as possible to conlinn initial results and data obtained using 

one technique 
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Pulse-field gradient spin-echo (POSE) diffusion NMR spectroscopy can be used to obtain 

diffusion coefficicnts of solution-state species and in tum thi s data can be used to obtain 

molecular sizes.42 -1J This method has been successfully applied to a range of coordination 

compounds including metallomacrocycles. In the absence of structural data, and for 

comparison with NM R data, MMFF- and semi-empirical PMJ-calculations were 

perfonned using SPARTAN '08 software to obtain approximate r.ld ii for the compounds 

in thcir gcometry optimized equilibrium [1 + 1 J and [2+2J fonns (Figure 2-10 and Table 2-

1). 

Table 2-1. Measured solution viseosity (n) and solution diffusion coefficients (D). 
calculated hydrodynamic radii from NMR data, rll. calculated MMFI:- and semi
empirical PM3-calculations, for copper coordination compounds and calculatcd or known 
radii for f1 + I] and [2+2] spc<:ies. 

Complexes n/ lO'] kg S·1 m·1 DI I0·\! m1s·1 rillA II+IJ /A 12+2J /A 

[Cu(LI )](PF6) 0.70 0.54± 0.06 IJ.7± 0.1 12 .3 24.0 

IC,( L2)J(PF,) OAI 2.50 ± 0.12 4.1 ± 0.2 6.4 10.5 
[Cu2( L..2h ](BF4)2 0.29 J.44±0.21 4.0 ± 0.5 6.4 10.5 

[Cu2(L..3hJ(PF6)2 0.28 2.94 ± 0.06 7.9 ± 0.1 4.8 6.8' 
[Cul(L4hJ(PF6)2 0.35 1.96 ± 0.07 9.6 ± 0.4 5.1 9.9 

[CU2(L..S)2](PF6h 0.38 l.l8 ± 0.02 14.8 ± O.J 5.6 10.5 

lCU2(L..6)1[(PF6h 0.34 2.06 ± 0.25 9.7 ± I.J 6.4 10.4 

;2 The radius for ICU2(LJ)2f' in the solid-state from crystallographic data reported in ref. 

The hydrodynamic radii , rll, of the [Cu"L.."t+ species in solution were detemlined from 

the sample diffusion coefficients, Table I, once a proper model (spherical model, 

ellipsoidal-prolate or ellipsoidal-oblate model) and equation hlld been chosen. Typically, 

the hydrodynamic radius (rll) of the diffusing species can be cstimated from the diffusion 

coefficient using the Stokes-Einstein equation (2- 1). 
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For equation (I), k is the Boltzmann constant, T is the absolute temperature and IJ is the 

fluid viscosity. However, equation (1) has some limitations in deriving rll from D, for 

some species, especially for small ur medium-sized particles.4J Therefore, equation (I) is 

modified to allow radii to be detennined for a broader range of particle size, equation (2-

2). 

D,~~ (2·2) 
811rll 

The numerical coeOicient B can be in the range of 2 to 6n. 44•45 The B value depends on 

the sample size, shape and NMR methods used. Herein, pure ehloroform-d and 

acetonitrile-d) were used as the internal standards to obtain the appropriate B value. The 

viscosity of deuterated chloroform or acetonitrile, 11(25 0c) = 0.542 or 0.342 cp, was 

measured. The hydrodynamic radii of the solvents, rH(CDCI)) = 2.65 A and rH(CD)CN) = 

4.09 A wcre used according to the literature.4f>.47 The corresponding B value was 

determined to be 9.9 and 6.2. According to the modified numerical coefficient, the 

hydrodynamic radii of the copper coordination compounds were calculated and arc 

presented in Table 2- 1. Data from these difTusion studies, alongside computational 

studies, clearly suggest that LI and L2 form [1+1] metallic complexes. The radius 

extracted from NMR data for the cupper(l) complex with LJ showed a good agreement 

with that derived from X-ray difTraction data for thc [2+2] species. Similarly, 

hydrodynamic radii data and computational studies clearly suggest that L4, LS and L6 

form bimetallic dicationic complexes in solution. Furthermore, the NMR-dcrived radii for 
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the copper complcxes with all ligands showcd good agrcement with thc fonnulation 

dctcnnined from mass spectromctric evidencc. 

Figure 2-10. Molccular models of[Cun(LI ),,](PF6 )n (n '" I and 2) and [Cu2(L..6h](PF6)2 . 
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Figure 2-11. Solid-slale NMR speclra for (a) [Cu(LI)J(PF6), 19F_NMR I) -65 (v.br) 
(deconvoluted as two environments I) -67 (FI 35%), --60 (F2 65%), IIp_NMR I) -139 
(v.br) , JI·.P == 685 Hz, 1"2 = 0.46 ms, 1"2* = 0.34 ms; (b) [Cu(L2)J(PF6), 19F_NM R I) -70 
(br), Jl p_NMR I) -141 (seplet), J;-.r == 711 Hz, 1 2 == 2.81 ms, 1 2* = 1.26 ms. (+ == spinn ing 
side bands). 

[n an attempt 10 confirm Ihe presence of cyclic species in Ihe solid-slate, MAS NM R 

experiments were performed (Figure 2-11). For lCu(CH)CN)4J(PF6) , the 19F NMR 

spectrum in solution exhibits a doublet at - 75 ppm, JI'_~' == 711 Hz with a relaxation time 

72* of 72.0 ms. In the solid-st<lte, the signal shifts to higher frequency , -67 ppm, Jr.r 

rcmains unchanged and 12+ dccreases to 2.0 ms. The solid-stale li p NMR spectrum of 

[Cu(CI'bCN)4](PF6) exhibits a septet at -142 ppm. J p_F == 709 Hz and T2+ of 5.2 ms. This 

frequenc y and coupling constant is typical for a non-constrained hexafluorophosphate 
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anion.48-49 19F NMR spectra of ICu(1I )](PF6) and [Cu(L2)](PF6) in solution display the 

expected doublet resonance, but in the solid state [Cu{LI )]{PF6) is significantly different 

to the other species studied. The rela.xation time for the 31 1' environment is significantly 

shorter for the 1I complex (0.34 ms) compared with the L2 complex and 

[Cu{CII)CNh]{PF6) (1.26 ms and 5.2 ms). This leads to significant broadening of thc 

resonances for the LI species. Thc dramatically shorter T2' and T2 values suggest that the 

anions are held in a much more rigid environment in the eyelopolymcr complex 

Furthermore, for [Cu{L I)]{PF6) the broad 19F resonance, --65 ppm, can be modelled as 

t .... ·o 19F environments, -67 and -60 ppm, with occupancies of 35% and 65% respectively. 

TIlese unusual differences in NMR data could be interpreted in a number of ways. It is 

proposed that in [Cu(L1 )]{PF6) some of thc anions are held within the cyelie structures 

like a metal ion within a crown ether and therefore, have restricted motion compared with 

the small molecule L2 analog where the anion cannot fit inside the macrocycle. 

Hydrolysis of the I'F6· anion or oxidation of the copper ion were ruled out as the reasons 

for the signal broadening and thc presence of two environments in the 19F MAS NMR 

spectrum, because (i) if the same sample is dissolved and solution NMR data is obtained a 

single environment is observed, and (ii) ESJ MS showed no evidence ofPF6-hydrolysis or 

copper oxidation 
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2-3 Experimental 

2·3-1 General information 

All reactions were carried out under dry nitrogen using standard Sch lenk-line techniques. 

THF was dricd and distilled over sodium benzophenone ketyl, whilst CH2CI2 was dried 

and distilled over Cal·12. 2-Pyridinecarboxaldehyde, tetrakis(acetonitrilc)copper(I) 

hexaOuorophosphate and other reagents unless specified were purchased from Aldrich 

and used as received. PDMS-NI-I2 (1-I2N(CH2h(SiMe20hoSiMe2(CI·hh NI·h) and 1,3-

Bis(aminopropyl)tetramethyldisiloxane were purchased from Gelest. Elemental analyses 

were pcrformed by Canadian Microanalytical Service Ltd. (Delta. BC). I H-NMR spectra 

were acquired on a Bruker AVANCE 500 MHz spectrometer. I)C_, 19F_ and II p_NMR 

spectra were acquired on a Bruker AVANCE 300 MHz spectrometer. 19F_NMR and I Ip_ 

NMR solid-state (and some solution) spectra were acquired on a Bruker AVANCE II 600 

MHz spt"Ctrome\er. Chemical shifts wcre reported in ppm u~ing the rcsidual protons of 

the deuterated CDCll or tetramcthylsilane as an internal refcrcnee. Tetramethylsilane-free 

deuterated solvents were used in the collection ofNMR spectra for all siloxane containing 

species. For polymeric samples in solution, delays were increased to allow complete 

relaxation of all protons and to obtain more accurate integration. For Lt , t2 and their 

copper complexes, MALDI-TOF mass spectral data were obtaincd using an Applied 

Biosystems Voyager mass spectrometer. Dithranol was used as the matrix. For copper 

complexes of L2, L4- L6, mass spectral data were obtained using an ABl QST AR XL 

(Applied Biosystems/MDS Scies, Foster City, USA) hybrid quadrupole Tor MSfMS 

system equipped with an oMALDI 2 ion source. Dihydroxybcnzoic acid (0118) was used 
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as the matrix. Also, for copper complexes of LI -L6, ESI-MS spectra were recorded using 

direct injection into an Agilen! 1100 LCIMSD (GI946A) instrument in ESI mode 

(solvent: acetonitrile, concentration: I mg/mL). The capillary voltage of the instrument 

was 3000 V and the fragmentor voltage was varied through low, medium and high 

settings for all samples. X-Ray Powder Diffraction data were obtained on a Rigaku Ru-

200 12KW Automated Powder Diffractometer. Polarized microphotographs were 

obtained using a Leica OM 2500 microscope. A Bruker TENSOR 27 spectrometer was 

used to record FT-I R spectra. Gel permeation chromatographs (GPC) were obtained using 

a Viscotek VE 2001 instrument equipped with Rl detector using the following condition: 

column type: Poly[AnalytikJn, PAS-106M-H, 8.0 mm (10) x 300 mm (L); flow rate: 1.0 

mUmin; solvent: chlorobenzcne. UV-Vis spectra were recorded using an Ocean Optics 

UV-Vis spectrometer. TGA was performed on a Universal V4.5A TA instrument. The 

solubility of ligands and complexes in supercritical carbon dioxide was stud ied using a 

Supercritical Fluids Technologies Phase Monitor II (SFT PM H). 

2-3-2 Genera l procedure for Schiff Base condensation reactions to yield L1-L6 

For Ll: 2-Pyridineearboxaldehyde (1.04 g, 9.71 mmol) was added to a mixture ofPDMS

NI b (4.60 g, 3.00 mmol) and anhydrous sodium sulfate (5.02 g, 35.3 mmol) in 50 mL dry 

THF. The mixture was stirred at room temperature and the reaction was judged to be 

complete after 12 h by monitoring the disappearance of the C=O absorption band and the 

appearance of the newly fomled C=N bond using infrared spectroscopy. Thc mixture was 

filtered via cannula. Solvent and unreacted starting materials were evaporated under 

vacuum. The product Ll was isolated as an orange oil. Yield: 86%. 
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Ligands L2 to L 7 were prepared in a similar way bUI reactions were complete after 6 h. 

L2, orange oil. Yield: 92%. L3, yellow powder. Yield: 94%. lA, yel low powder. Yield: 

94%. LS, yellow powder. Yield: 92%. L6, orange oi l. Yield: 9 1% Yellow solids were 

recrystallized from hexane to yield colorless crystals. 

Hd 

H'~N'R 
Hb~N 

Ha 

Figure 2- 12. Lettering scheme used to distinguish ' H_' H coupling constants 

Lt. lH NMR (500 MHz, COCl), 298 K): J 8.61 (d, JlI •. llb =0 4.4 I-Iz, 2H), 8.35 (s, 2H), 

7.97 (d, J llo_Hd =0 7.9 Hz, 21·1), 7.70 (Id, J Hb.Ho , 1l •• lIo =0 7.5, \.5 I-Iz, 21-1), 7.28 (ddd. J llb.II " 

Ib.llb, Ilb.lld =0 7.5, 4.4,1.1 l-Iz, 21-1), 3.65 (Id, J =0 7.1, l.l I-Iz. 41-1),1.78-1.72 (m, 41-1), 

0.59-0.56 (m, 41-1), 0. 17 to -0.02 (br, 1261-1). 1lC{11-l} NM R (75 MHz, CDCb, 298 K): J 

161.8,154.8, 149.5,136.6,124.6,121.3,64.8,24.7, 16.0,1.3, 1.1 , 0.3, IR (KBr): vlcm· 1 

2962,2360, 1650, 1588, 1469, 1437, 1258, 10 13,789,703,668. MS (MALOI-TOF, 

Matrix = Dithranol): Mw: 1567, Mn: 13l7, polydispcrsily: 1.19. Found: C 39.78, H 7.79, 

L2 . 11-1 NMR (500 MHz, CDCI], 298 K): J 8.62 (ddd, .fli a•llb , 11 •• 110, 11.-IId =0 4.8, 1.6,0.9 Hz, 

21-1),8.35 (s, 2 1-1), 7.97 (d, .Illo_lld = 7.9 Hz, 21-1), 7.71 (td, )111>-110, II.-lie =0 7.5, 1.6 Hz, 21-1), 

7.28 (ddd, .Il1b•llc , H •• llb, IIl>-lId = 7.5, 4.8, 1.2 I-Iz, 21-1), 3.64 (td,.I = 7.1, 1.1 Hz. 41-1), 1.77-

1.70 (m, 411), 0.59-0.54 (m, 41-1), 0.05 (s, 1211). 13C{1 11} NMR (75 Mll z, COCI3, 298 K): 
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J 161.6, 154.6, 149.3 , 136.4, 124.5, 121.1,64.6,24.6,15.9, 0.3. 1R (KBr): v/cm-I 2929, 

1649,1588,1568, 1469,1437,1265,1045, 839,774,734, 704. Found: C 61.51, H 8.37, 

N 12. 85; Cnl-h 4N40Sh requires C 61.92, H 8.03, N 13.13%. 

L3. m.p. 66-67 0c. I H NMR (500 MJ lz, CDCI), 298 K): J 8.62 (ddd, J lb.llb, 11 •• 110, 1I • • lId = 

4.8, 1.6, 0.9 Hz, 2H), 8.42 (5, 2H), 7. 98 (d, J llo.lld = 7.9 Hz, 21-1), 7.71 (\d, Jllb.llo.II •. IIO = 

7.5, 1.6 Hz, 2H), 7.29 (ddd, Alb-lie, 1I.-lIb, lib-lid = 7.5, 4.8, 1.2 Hz, 2H), 4.06 (5, 4 ]-{). 

11C{1 ]-{} NMR (75 MHz, CDCll , 298 K): J 163.4, 154.4, 149.4, 136.5, 124.8, 12\.3,6\.3. 

IR (KBr): v!cm-I 2884, 1649, 1562, 1468, 1428, 1330, 1041,969,912.863,767. Found: 

C 70.22, !1 5.74, N 23.43; C I4HI4 N4 requires C 70.57, H 5.92, N 23.5 1 %. 

L4. IH NM R (500 MHz, CDCi}, 298 K): J 8.63 (ddd, JIII.llb, 1I •. lIe. lIa-lid = 4.8, 1.6,0.9 I-Iz, 

21-1), 8.36 (s, 2H), 7.97 (d, J lle.lld = 7.9 Hz, 2H), 7.72 (td, J llb.llc, 1I1.11e = 7.5, 1.6 I-iz, 21-1), 

7.29 (ddd, Jllb-IIC. 1I •. lIb, IIb.lld = 7.5, 4.8. 1.2 Hz, 2H), 3.67 (td, J = 7.0, 1.1 I-iz, 41-1 ), 1.85-

1.72 (m, 411),1.45- 1.42 (m, 41-1). 13C{ IH } NMR (75 MHz, CDCb, 298 K): J 16 1.6, 154.5. 

149.3,136.4,124.4, 121.0, 6\.3,30.5,27.0. IR (KBr): v/cm·1 2929,2853, 1642. 1563, 

1465, 1430, 1378, 1034, 988, 946,768. Found: C 73.15, H 7.45, N 18.79; CI8Hn N4 

requires C 73.44, 1-1 7.53, N 19.03%. 

LS. IH NMR (500 MHz, CDClj, 298 K): J 8.63 (ddd, J lla.lib, 1I •. lIe. 1I •. lId = 4.8, 1.6,0.9 I-Iz. 

2H), 8.36 (s, 21-1), 7.98 (d, J lle.lld = 7.9 I-Iz, 2H), 7.73 (td, Jlib.lle , 1I •• He = 7.5, 1.6 Hz, 21-1), 

7.30 (ddd, J llb•lk, 1I •• lIb, lib-lid = 7.5, 4.8, 1.1 Hz, 2H), 3.66 (td, J = 7.0, \.3 I-Iz. 4H), 1.76-

1.68 (m, 4H), \.37- \.32 (m, 101-1 ). BC{IH} NMR (75 MHz, Acetone-d6• 298 K): J 162.5, 
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156.0, 150.2, 137.2,125.5,121.2,61.8,31.6,28.0. lR (KBr): v/cm-I 2921,2849,1646, 

1563,1464, 1434, 1345, 1046,953,946,773 . Found: C 74.82, H 8.36, N 16.64; C2I H28N4 

requires C 74.96, H 8.39, N 16.65% 

L6. I n NMR (500 MHz, CDCb, 298 K): J 8.64 (ddd,JII'.l lb.II~lIc. H •• lld= 4.9, 1.6, 0.9 1·lz, 

21-1),8.40 (s, 21-1), 7.97 (d, JHc.lld = 7.9 Hz, 2H), 7.73 (td, JIlb-lIc, lIa-lIc= 7.5, 1.6 Hz, 21·1), 

7.30 (ddd, Jllb.llc, 1I •. lIb, lib-lid = 7.5, 4.9, 1.2 Hz, 21-1), 3.77 (td, J = 6.8, 1.2 Hz, 4H), 3.67-

3.60 (m, 8H), 3.58 (t, J = 6.5 Hz, 4H), 2.03 (p,J = 6.5 Hz, 4H). 1lC{IH} NMR (75 MHz, 

CDCI), 298 K): J 162.1 , 154.5, 149.4, 136.4, 124.6. 121.2,5 8.0,30.5. IR (Kl3r): v/cm-I 

2860, 1647, 1465. 1436. 1355, 1102,984,877,773. Found: C 65.96, 1·1 7.48, N 13.87; 

C22 1-1 30N403 requires C 66.31, H 7.59, N 14.06%. 

2·3·3 Genera l procedure for preparation of C u(I) complexes : [Cu(Lt )](PF6), 

ICu(U )](PF6), [Cu(L2)l(BF4), [CU2(LJ)2](PF6n. [Cu2(L4)2](PF6h. [Cu2(LSh](PF6l2, 

rCu2(L6hl(PF6h 

For lCu(LI }](PF6): Tetrakis(acetonitrile)copper(l) hexafluorophosphate (0.744 g, 2.00 

mmol) was added \0 a Schknk flask containing THF (50 mL). This mixture was lell to 

stir until all of the copper salt had dissolved. LI (3.64 g, 2.00 mmol) was dissolved in 

THF (5 mL) and transferred to the flask containing the copper salt via cannula. The 

solution was stirred at room temperature for 24 h. The solvent was removed under 

vacuum and the product was isolated as a dark brown sticky solid. Yield: 52% 

96 



For the remaining complexes, reactions were perfonned in CI-I 2CI2 and stirred at room 

temperature for 12 h. rCu(l.2)](BF4), [Cu2(L3h ](PF6)2, [Cu2(L4hJ(PF6)2, 

[Cu2(LShJ(PF6)2 were isolated as dark brown powders. Yields: 83-88%. ICU1(L6)1](PF6)2 

was isolated as a black powder. Yield: 90% 

rCu(LI )J(PF6). 11-1 NMR (500 MHz. CDCh, 298 K): J 8.61 (s, 2H), 8044 (s, 2H), 8.01 (s, 

21-1), 7.89 (s, 21-1), 7.58 (s, 21-1), 3.80 (s, 41-1), 1.67 (s, 41-1), 0.53 (s, 4H), -0.05 to +0.08 (br, 

1261-1). 19F NMR (565 MHz, solid state, 298 K): J -61, -67. 311' NMR (243 MHz, solid 

statc, 298 K): J -140 (v.br). IR(Kllr): dem-I 2963, 2359,1592, 1437,1301,1258, !O17, 

835,793,705 , 668. MS (MA LDI-TOF, Matrix = Dithranol): Mw = 1710, Mn = 1382, 

polydispersity 1.24. Found : C 35.10, 1-1 7.01, N 2.91; C601-114SN401f)Sh ICuPF6 requires C 

35.25, H 7.30. N 2.74% 

ICu(l.2)](PF6). III NMR (500 Mllz, CDCb, 298 K): J 8.59 (s, 211), 8.38 (s, 21-1), 8.01 (s, 

211),7.88 (s, 2H), 7.59 (s, 21-1), 3.84 (s, 4H), l.81 (s, 41-1), 0042 (s, 4H), 0.02 (s, 12 1-1). 

IJC{IH} NMR (75 MHz, CDCb, 298 K): Ii 161.3, 150.7, 148.7, 138.5, 128.0, 127.2,63.6, 

24.9, 15.3,004. 19F NMR (565 MHz, solid state, 298 K): J -70 (br). 31 p NMR (243 MHz, 

solid state, 298 K): J -141 (septct, iF_f' = 711 I-Iz). IR (Kllr): dcm-I 2954, 1594, 144), 

1265, 1058, 843 , 772, 734, 703. MALD I-TOF MS (Matrix = Dithranol or 

Dihydroxyben7..0ic acid): m/z 489.3 ]L2+Cut ESI MS (CH)CN): m/z 489.2 (100) 

[L2+Cur. Found: C 41.22, H 5.29, N 8.54; Cn l-l,l4N40Si2CuPF6 requires C 41.60, H SAO, 

N 8.82%. 
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[Cu(L2)](BF4). IJ-l NMR (500 MHz, CDCI], 298 K): J 8.59 (s. 2H), 839 (s, 21·1), 8.01 (s. 

21-1),7.8 7 (s, 2H), 7.58 (s, 21'1), 3.84 (s, 41-1), 1.81 (s, 41-1), 0.41 (s, 41-1), 0.03 (s. 121'1). 

uet IH}_NMR(75 MJ-Iz,COCI), 298 K): J 161.3, 150.7, 148.7, 138.5, 128.0, 127.2,77.6, 

77.2,76.7,63 .6,24.9, 15.3,0.4. MALOI-TOF MS (Matrix = Dihydroxybenzoic acid): 

mlz 4893 (L2+Cu( ESI MS (C HlCN): mlz 489.2 (100) IL2+Cur. Found: C 45 .97, H 

5.87, N 9.48; Cll l-ll4N40ShCuBF4 requires C 45.79, 1·1 5.94, N 9.71 %. 

ICu2(L3hl(PF6b I] [ NMR (500 MHz, COlCN, 298 K): J 8.48 (s, 21 1), 8.24 (d, 21-1), 7.93 

(dd, 21-1), 7.64 (dd, 21-1), 7.46 (d, 2H), 4.20 (5, 41-1). Ilet lH } NMR (75 MHz. COlCN. 298 

K): Ii 163.7, 151.0, 149.7, 139.4, 129.2, 127.5, 60.9. 19F NM R (282 MHz, C0 3CN, 298 K): 

J -72.66 (d,JF_r '" 707 Hz). II p NM R (122 MHz, COlCN, 298 K): J -144.5 (scptct,kr = 

707 Hz). JR (KBr): v/cm-l 2913 , 1593. 147\. 1436, 1306, 1260, 1155.828,773 . ESI MS 

(CI-i1CN): mlz 747.0 (40) 12 L3 + 2Cu + PF6T', 301.1 (100) [L3+Cut. Found: C 37.05. I-I 

3. 14, N 12 .26; CI4 J-i 14N4CUPF6 requires C 37.63, 1-1 3.16, N 12.54%. 

[Cu2(L4h](PF6h. lH_NMR (500 MHz, COlCN, 298 K): J 8.58 (s, 2H), 8.37 (s, 2H), 8.07 

(s, 2H), 7.81 (s, 21-1), 7.62 (s, 21-1), 3.73(s, 4H), 1.57 (s, 21-1),1.19 (s, 21-1). UC{I I-l} NMR 

(75 MHz. Acctonc-d6, 298 K): J 162.6, 151.8, 150.0. 139.5, 129.1 . 127.8.60.4,31.8,27.4 

19F NMR (282 Ml-lz. Acetone-d6. 298 K): Ii _ 73.00 (d. kr = 708 Hz). IIp NMR (1 22 

MHz. Acctonc-d6, 298 K): Ii - 144.1 (septet. .her = 708 I-I z). lR (Kl3r): v!cm· l 2928, 2857. 

1592, 1441,1302, 1254,1 157, 828,770. MAL01-TOF MS (Matrix = Oihydroxybenzoic 

acid): mlz 859.2 [2 l..4 + 2Cu + PF61+. ES I MS (CI-I)CN): mlz 357.4 (100) fL4+Cuj'. 

Found: C 42.7 1, 1-14.35, N 10.97; ClSl-l22N4CUPF6 requires C 42.99, H 4.41, N 11.14%. 
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[Cu2(l 5h](PF6k IH NMR (500 MI·lz, Acetone-d6, 298 K): J 8.91 (s, 2H), 8.62 (5, 2H), 

8.23 (s, 21-1), 8.07 (s. 21-1), 7.78 (5, 21-1), 3.91 (s, 41-1), 1.71 (s, 41-1), 1.48 - 0.78 (m, 101-1). 

IJq I H} NMR (75 MHz, Acetone-d6, 298 K); J 162.5, 15l.9, 150.1, 139.5, 129.2, 127.9, 

60.7, 31.8,27.7. !9F NMR (282 MHz, Acctone-d6, 298 K): J -72.33 (d, JF-P '" 708 Hz). 31p 

NMR (122 MHz, Acetone-d6, 298 K): J -144.1 (septet, k,. '" 708 Hz). IR (KBr): ~-!cm-I 

2925,2854,1592,1466, 1441,1302, 1218,1154, 830, 771. MAlOI-TOF MS (Matrix == 

Oihydroxybenzoic acid): mlz 943.3 [2l S + 2Cu + PF6]' . ESI MS (ObCN): mlz 399.5 

(100) [l5+Cur . Found: C 45.84. I-I 5.07. N 10.59; C2! 1-i2sN4Cu1'F6 requires C 46.28. 1-1 

5.18,N 10. 28% 

rCu2(L6)2J(PF6)2. !I-! NMR (500 MHz, COlCN, 298 K): (j 8.66 (s, 2H), 8.46 (s, 21-1), 8.09 

(s, 2H), 7.88 (s, 2/-1) , 7.66 (s, 21-1), 3,89 (s, 41-1), 3.43 (s, 81-1), 3.37 (s, 41-1), 1.85 (s, 41-1) 

!3q !H} NMR (75 MHz, COlCN, 298 K): (j 162.5, 151.9, 150.0, 139.3 , 129.1 , 127.7, 

71.4,70.5,68.5,57.6,3 1.7. !9F NMR (282 MHz, COlCN, 298 K): J -72.71 (d, J f : (, '" 707 

]·Iz). )1 " NMR (243 MHz, CO)CN, 298 K): J -144.5 (septet, J f'.,. '" 707 Hz). JR (KBr); 

vlcm· 1 2862, 1592, 1466, 1444, 1301, 1260, \099, 828, 771. MALOI-TOF MS (Matrix = 

Oihydroxybcnzoic acid): mlz 1067.3 [2 l6 + 2Cu + PF6t . ESI-MS (CH)CN): mlz 461.4 

(100) IL6+Cuf Found: C 43.75, H 4.8 1, N 9.07; C22 1-i)oN40 lCuPF6 requires C 43.53, II 

4.98, N 9.23%. 
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2-3-4 ) GSE NM R spectroscopy 

Diffusion NMR measurements were performed on a l3rukcr Avance I[ 600 NMR 

spectrometer equipped with a 5 mm TXI probe and a z-gradient coil with a maximum 

strength of 5.35 G.em·1 at 298 K. Samples were run in COCb and in COlCN. The 90' 

pulse lengths were determined for each sample. A standard 20 sequence with stimulated 

ccho and spoil gradient (STEG P) was used. A gradient recovery delay of 2 ms was used 

and the relaxation delay was set at 10 s. lbe gradient strength was calibrated by using the 

self-diffusion coefficient of residual HOD in 0 20 (1.9xlO·9 m2 S· I). For each experiment. 

the gradient strength was increased from 2 - 95% in 32 equally spaced steps with 16 

scans per increment. Values of .s (gradient pulse length) and I:J. (diffusion time) were 

optimized on the sample BU-l (coordination complex of l..l ) to give an intensity of 

between 5 and 10% of the initial intensity at 95% gradient strength and were set to 1.5 ms 

and 100 ms respectively for ull subsequent samples. 

The solvent peak was used as un internal standard to measure the viscosity of each 

sample. To that end, the diffusion coefficient of the pure solvent (COCh and COlCN) 

was first measured. This diffusion coefficient Do corresponds to the known viscosity 110 of 

the pure solvent according to the Stokes-Einstein equation (2-3): 

/)0 = 8~:O (2-3) 

·fbcrcfore for the solvcnt peak the diffusion eocfficient in solution, DsoI , is afforded by (2-
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D " sol = BrlJ.ol 
(2-4) 

Consequently thc viscosity of each solution is obtained from (2-5): 

1]SOI=~'10 (2-5) 

rhe numerical coefficient B has been shown to vary from 2 to 671,44 and can be calculated 

from the purc solvent diffusion coefficient \00. 

The data were ploued using McstRcNova as Peak lI TCa vs. Qo=g2,s20 2(6, - 8/3) and the 

diffusion coefficient (D) was extracted by fitting a mono exponential function (I= [ocxp(_ 

D'Q) ) with thc data analysis component of thc software. 

2-4 Conclusions 

In summary, chc1ating pyridyl-iminc ligands separated by a low molecular weight 

si loxanc or polymeric siloxanc group can fonn [1+1] mclaJlocyclcs, although 12+2] 

mClallocyclcs cannot be conclusively ruled ouL Some of these compounds arc soluble in 

sceo2• POSE NMR spectroscopy was useful in ascertaining the size of these and related 

complexes in solution and in confirming the format ion of [l+1} or [2+2J species 

suggested from mass spectrometric data. Solid-state 19F NMR data for the polymeric 

metallocycie suggests that the hexafluorophosphate anion resides both inside and outside 

the cycle, which is feasible g iven the size and resulting cavity in both [l+I] and [2+2[ 

species. These observations confirm the importance of the linking groups in such self-
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assembly processes and it is likely Ihal a serendipitous choice of ligand and metal led to 

the formation of the proposed metallocyclopolymer, [Cu(LI )[(PF6). Further experiments, 

such as preparing the analogous silver(l) complex, are required 10 rule out formation of 

larger melallocycles (2+2 or larger). 
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Chapler 3 

Room Temperature Aerobic Oxidation of Alcohols Using CuBr2 with 
TEMPO and a Tetradentate Polymer Based PyridyJ-lmine Ligand 

A version of this chapter has been accepted by Applied Catalysis A: General in 
November 2011. 
Some modifications were made to the original paper for inclusion as a chapter in this 
thesi s. 
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3- 1 Introdu ction 

The selective oxidation of primary and secondary alcohols to their corresponding 

aldehydes and ketones is an important functional group transformation in organic 

synthesis. I-) Traditionally, this is accomplished by addition of stoichiomctric lImounts of 

inorganic oxidants (e_g. KMnO~, CrO), Se02, and Brl), which often generate 

environmentally hazardous or toxic by_produets.4 There is a growing trend \0 develop 

safer and more environmentally friendly chemistry. From this perspective, it is not 

surprising thllt aerobic oxidation of alcohols using incxpensive and non-toxic air, O2 or 

H20 2 as thc sole terminal oxidant has continued to gain much interest in recent years. ~-7 

The high atom efficiency of the reaction lind non-toxic by-products makc aerobic alcohol 

oxidlltions 1I promising and atlmetive synthetic method. 

MlIny highly efficient catalysts for the lIerobie oxidlltion of alcohols have been developed 

recentl y using palladium,g- II platinum,1 2 ruthenium 13 and rhodium complcxes. 14-17 In the 

interest of sustainability. there hlls becn significant development in the use of more 

abundant and cheaper transition metals such as iron 18-19 and copper as active clltalysts. 

Following thc first reported lIcrobic oxidation of activated primary alcohols by 

Semmelhaek et al. in 1984,20 inexpensive and abundant copper has anracted much 

attention in the field of alcohol oxidations. Mark6 et al. have done pioneering work in this 

field and dcveloped three geneTlltions of CuCI-phenanthroline catalytic systems, 

associated with di-Ierl-butyl hydrazine-l ,2-dicarboxylate (DBADJ-I1 ) and strong base, for 

aerobic oxidlltion of alcohols_ll -2S Also, thcrc has been significant interest in using the 

free radical TEMPO (2,2,6,6-tetramethyl-pipcridinyl-l-oxy) or analogucs as efficient co-
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catalysIs in the aerobic oxidlltion of aleohols.26-5(I Sheldon and Reedijk et al. have 

reported Ihe efficient usc of eopper-bipyridine and eopper-pyrazolerrEMPO systems in 

oxidation reaetions under air.sl.~ Velusamy et al. have reporled a TEMPO/Copper-salen 

syslem that eould efficiently o.xidizc a wide range of benzylic and heterocyclic alcohols 

(e.g. 2-furylmethllnol) under an oxygen lItmosphere.ss Repo et al. recently reported II 

highly efficient catalytic system based on TEMPO/Copper-diimine (9.9 atm oxygen) and 

2-N-llrylpyrrolecarbllldimino (1 atm oxygen) systems for alcohol oxidation. S6-H In recent 

studies, Koskinen el al. and Stahl et al. have described improved bipyridine-Cu-TEM PO 

catalytic systems for the effective oxidlltion of a1cohols.sa.s9 In both of these studies, 

trifluoromethanesulfonate copper salts were found to lIfTord greater lIctivity eompllred 

with copper halides, lind usc of N-methyl-imida7..olc as the base was advantageous 

Furthermore, detailed kinetic studies performed by Koskinen lind Kumpulllinen indicate 

thaI bimetallic copper species playa crucial role in these transfommtions .58 

Siloxane-derived ligands contllining phosphorus donor atoms have been prepared 

previously and these ligands have been used in C-C coupling reactions.6Q.t.i1 More recently, 

pyridine terminated siloxane-derived ligands have been uscd in a variety of applications 

including oxidation clltlllysis.62-67 This approach hlls been extended herein to prepare a 

bis(pyridyl-imine) terminated siloxane ligand and the first use of a series of tetradentate 

N-donor ligands in the aerobic oxidation of alcohols is reported. 
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3-2 Results and Discussion 

3-2-1 Ligand effeet 

In order to funher improve catalytic activity and strive towards a heterogeneous 

CwTEMPO based system, new ehelating N-donor ligands were employed to substitute 

the classical bipyridine and salen-typc ligands used in these homogeneous oxidation 

reactions. A series of (l-W pyridyl-imine temlinated ligands were prepared (Figure 3-1). 

These ligands can be easily synthesized by the condensation reactions between pyridine-

2-carboxylaldehyde and different diamines. This simple synthetic approach means that 

the ligand synthesis is amenable to fomling heterogeneous sol id-supponed catalytic 

systems.68 The resulting ligands contain backbones of differing chemical type and length 

attached to the donor groups. LJ-L6 are potentially tetmdentate ligands whereas L7 is 

bidentate. 
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n= 1,5,8; L ::: L3, L4, L5 

H H 

~N~O~O~O~N~ 
L~ ~~ 

L = L6 

Figure 3-1. Schematic structures orthe ligands used in this catalytic study. 

The oxidation of benzyl alcohol was chosen as a model reaction to investigate the utility 

of these ligands and any ligand effects (Scheme 3-1), As previously reported by Sheldon 

ct aI., TEMPO is crucial for the CuBr2 catalyzed aerobic oxidation.52 Furthermore, bases 

arc used as co-catalYSIS to deprotonate the alcohol [lnd increase the reaction rate. Catalysis 

using CuBr2 with L1 -L.7 also required TEMPO and basco Therefore, 5 mol% TEMPO and 

5 11101% potassium tcrl-butoxide (/-BuOK) were chosen for screening ligand effects on 

the oxidation of benzyl alcohol to benzaldehyde Crable 3-1), The same results arc 

obtained if potassium hydroxide is used as the base co-catalyst, however, I-BuOK was 

used as it can be more accurately weighed on a laboratory scale. Furthermore, it should be 
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noted thllt in the absence of added base, the reaction still progresses albeit at a slower 

reaction mte. For entry 2, Table 3-1, a yield of40% is obtained after 2 h reliction time in 

the absence of base and we presume that the organic basic groups within the ligand act as 

dcprotonating co-catalysts. A quantitative yield or benzaldehyde was obtained after 8 h 

in the absence of added base. [t should be notcd that organic bllscs, c.g. N-mcthyl-

imidazo[c, have been used in recent studies by other groups .SS.W 

OH 6 5 mo/% CuBr2, 2.5 mol% tetradentale N-donor ligand 

I 4 5 mo/% TEMPO; 5 mol% t-BuOK. 

CH3CNIH20 ; Air: 25 °C: 2 h 

Schem e 3-[ . CuBr2-catalY7.cd aerobic alcohol oxidation model reaction. 

Encoumged by previous reports that some aerobic oxidation copper clltlllysts can be 

easily prepared in silu by mixing the copper salt lind ligllnd in the reaction medium,S7·6<J 

an in silll approach 10 yield copper(II) complexes was used in this work. As revealed in 

Table 3-1 , the yield of benzyl alcohol to benzaldehyde was very low in the lIbsence or 

ligand Cfable 3-1, entry I). N-donor ligands arc essential for thc catalytic oxidation 

process. The POMS derived tetradentate N-donor ligmlds (L1 and Ll) afforded very good 

yields whcn they wcre employed with CuBr] at 2:1 metal:L mole ratio Crable 3-1, entries 

2 and 3). L6 and the other tetradentate ligands cmploycd also showed excellent activity 

Crable 3-1, cntries 4-7). By comparing yields using these similar a-()J pyridyl-imine 

tenninated ligands, the ehllin length orthc ligand appeared to have some influence on the 

activity of the clltalytic system. The ligands where donor groups wcre separated by a long 
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chain led to greater catalytic activity than those containing short chains. These differences 

are possibly associated with freedom of movement and steric effects within the [Cu2L] 

catalytic system. When provided with a long chain ligand, thc copper coordination sphere 

has more space (less stcric congestion). Therefore, it is easier for the substrate to enter the 

coordination sphere of the copper and become activated. These findings may be 

significant whcn designing heterogeneous tethered-Cu catalyst systems for aerobic 

oxidation processes, as two linked copper centres appear to be superior to copper centres 

that behave independently. It should be noted that replacement of tetradentate ligands 

(LI -L6) with a closely related pyridyl-imine bidentate ligand (L7) resulted in a much 

lower yield (Table 3-1 , entry 9). Also, under the chosen reaction conditions, the 

employment of 1,IO-phemlfithroline (phen) and 2,2'-bipyridine ligands (Table 3-1, entries 

10-11) gave lower yields than tetradentale ligands L1 -L6. However, when TON arc taken 

into account, commercially available ligands such as phen and 2.2'-bipyridine give very 

good results and would be more useful than tetradentate ligands U -L6 at the present time 

for practical chemistry applications. 

The ratio of tetradentate ligand to copper was also important. When the amount of 

tetradentate ligand was increased to an equimolar amount with respect to CUBr2, the yield 

dramatically dropped down to 12% Crable 3-1, entry 8). This can be explained by strong 

coordination of four N-donors to the copper centre and a difficulty in dissociating thcse to 

yield a vacant site. Cyclic coordination oligomers might be fonning as previously 

reported for bis(pyridyl)siloxanc ligands with palladium acetule.66 Fonnation of such 
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cyclic specics would mean that coordination of the alcoholate group with the metal centre 

would be challenging. 

Table 3-1. Influence of the ligand structure on the oxidation of benzyl alcohol to 
benzaldehyde.& 

Entry Catalytic System Yield 6 (%) TON 
(mols product/mol ofCu) 

CuBr2 1 

CuBr2+ 1I (2:1) 91 ' 19 

CuBr2 + L2 (2:1) 89 IS 

CuBr2 + L3 (2:1) 78 16 

CuBr2 + L4 (2:1) 83 17 

CuBr2 + L5(2:1) 86 17 

CuBr2 + L6 (2: 1) 90 IS 

CuBr2 + L I (1:1) 12 

CuBr2 + L7 (1:1) 37 

10 CuBr2 + phcn (1:1) 72 14 

II CuBr2 + bipyridine (1: I) 85 17 

• Reaction conditions: 5 mmol benzyl alcohol in the solvent mixture o f 1 0 mL CI hCN 
and 5 rnL H20. 5 mol% catalyst (Cu) loading, air, 2 h. 

b GC yields (rnols of bcnzaldehyddlOO mols of benzyl alcohol) using dodecane as an 
internal standard; in all cases selectivity was >99%. Yields were averaged for fivc runs 
under identical conditions, all values ± 2%. 

' As per rcaction conditions (a) but in the absence oft-BuOK , 40% yield obtained. 
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3-2-2 Solvent effect 

Acetonitrile has been broadly used as a solvent in oxidation reactions. Gamez et al. has 

reported the great effect or acetonitri le on the Cu(II)-catalyzed oxidative coupling or2,6-

dimethylphenol.69 The aerobic Cu(II)-catalyzcd oxidation or primary alcohols has also 

been reported using a similar catalytic system.Sl In comparison with these results, the 

catalytic system reported here can tolerate a greater proportion of water in the solvcnt 

mixture and also achieved modcrate yield levels in pure acetonitri le when the 

poly(dimethylsiloxane) derived LI was used, Table 3-2. Probably due to the insolubility 

or {-BuOK base in pure acetonitrile, water is essential to obtain catalytic activity when 

using 2,2'-bipyridine as the ligand. As shown in Table 2, using LI a modemte yield can 

be achieved in neat acetonitrile (Table 3-2, entry I). Recently, Repo and co-workers 

reported the aerobic oxidation or alcohols using copper(I l) 2-N-arylpyrrolecarbaldimino 

complexes under aqueous conditions (no added organic co-solvent), they achieved 100% 

yield in 2 hours under an O2 atmosphere and 17% using air. ~7 Thcy also round that upon 

addition or co-solvcnts yields decreased. For the current catalytic system, 28% yield was 

obtained in water after 12 h using air (Table 3-2, entry 2). However, improvcd yields 

could be achieved when the amount or water was increased in acetonitrile/water solvcnt 

mixtures. 90% yield was obtained in 12 h with a 1:15 (v/v) acetonitrile/water solvcnt 

mixture (Table 3-2. entry 6). This reversal in activity trends compared with the results or 

other researchers may imply that catalytic system based on LI operates via a different 

mechanism to theirs. Also, at this stage, the presence or water assisted in solubilising /

BuOK and the presence or an organic solvent assisted in solubilising the substrates. Two 
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other water-miscible co-solvents were also tested in place of acetonitrile for the oxidation 

of benzyl alcohol (Table 3-2, entry 7-8). A lower yield wa~ obtained using acetone Crable 

3-2, entry 7), but a good yield was achieved with a dioxane/water solven! mixture (Table 

3-2, entry 8). An attempt at biphasic catalysis using a waterltoluene system afforded a 

yield of 8% (TON 1.6) using conditions similar to those in Table 2 (Table 3-2, entries 7 

and 8). The low TON in this case was likely due to the inefficient mixing of the 

reaetants,52 and the catalyst and co-catalyst residing in separate phases (TEMPO in the 

toluene phase and the copper-species in the aqueous phase). Furthermore, when two equiv. 

CuBr2 were mixed with LI in toluene, LI formed a homogeneous solution but the CuUr2 

remained insoluble (black precipitate) and the organic phase remained colourless. 

Even though LI is soluble in scCOl (a single continuous phase is observed at pressures 

exceeding 6000 psi between 50-90 0c), oxidation reactions wcre not studied in this 

reaction medium, as under the conditions studied (25-120 "C, 4000-7500 psi) 

homogeneity for a mixture ofCuUrVL I (2:1) was not achieved. [t should also be noted 

that due to the high pressures and moderate temperatures required to achieve a 

homogeneous supereritieal phase, and that the reaction could be performed effectively in 

aqueous solution, studies using co-solvents and reagents to encourage solubilisation of the 

CuBr2/LI catalyst system in see02 were not performed. However, it should be noted that 

the alcohol substrates may be ab[e to act as co-solvents and yield a homogeneous reaction 

system inthe future. 
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Table 3-2. Optimization of the reaction medium for aerobic oxidation of benzyl 
alcohol .lot 

Entry Solvent mixture (v/v) Time (h) Yield 6 (%) roN 
(mols product/mol ofeu) 

Acetonitrile 76 15 

Water 12 28 

i\cetonitrile/Water (2/1) 2 91 18 

i\cetonitrile/Water (1 /2) 2 93 19 

Acetonitrilc!Water (1/3) 2 82 16 

Acetonitrile/Water (III 5) 12 90 18 

Acetone/Water (1 /2) 52 10 

Dioxane/water (1 12) 8' 17 

• Reaclion conditions: 5 mmol benzyl alcohol. 5 mol% CuBrz.. 2.5 mol% L I, 5 mol% 
TEM PO, 5 mol% I-BuOK, air, 2 h. 

b GC yields (mols of benzaldehydcllOO mols of benzyl alcohol) using dodecane as an 
internal standard; in all cases selecti vity was >99%. 

3-2-3 Acrobic ox idation or bcnzylic a lcohol.~ 

rhrough the studies reponed above and in order 10 compare results with a future 

heterogeneous catalyst system, the in sill/ CuBr2/L.1 (2:1) complex in combination with 

TEMPO and base was chosen for an investigation of substrate seope. The oxidation 

reactions of a varicty of benzylic alcohols were carried out in a 2:1 (v/v) 

water/acetonitrile solvent mixture Crable 3-3). As shown in Table 3-3, a range ofbenzylic 

primary alcohols was converted into the desired aldehydes with high yields and 

selectivities. The electronic property of the substituent on the benzene ring had no 
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significant effect on the yields and selectivities. All thc benzylic primary aleohols 

whether containing elcctron-donating or -withdrawing groups wcre smoothly oxidized to 

the corresponding aldehydes. llenzyl alcohols with eleetfon-donating groups, e.g. entry 9 

in Table 3-3, achieved slightly raster reaction rates compared with substratcs bearing 

electron-withdrawing groups (Table 3-3, entries 10-12). 

3-2-4 Acrobie oxidation of other primary and secondary aleohols into aldehydes and 

ketones 

Thc L1 -bascd catalytic system was also examined ror aerobic oxidations or other alcohols 

(Table 3-4). 2-Furylmethanol, geraniol and citronellol were oxidized to their 

corresponding aldehydes with high yields (Table 3-4, entries 1-3). Also. aryl-aliphatic and 

aliphatic primary !llcohols could also be convened to the aldehydes with moderate to 

good yields (Table 3-4, entries 4-6). However, the reaction rates were much slower in 

comparison with the oxidation or benzylic and allylic alcohols. This is most likc!y due to 

strongcr Co-I'I bond strengths in these species compared with those in benzylic and allylic 

alcohols.10 Even when the reaction time was increased to 24 h, the yields did not improve 

significantly. lmponantly, benzylic secondary alcohols could also be oxidized to ketones. 

However, in order to achieve high yields, longer times were essential (Table 3-4, entries 

7-8). Also, the reactions or non-benzylic alcohols proceeded well in the presence or 

increased water content hut longer reaction times were required Crable 3-4, entries 2, 3. 

6-8).Unrortunatc!y, the L1 -based catalytic system was unable to oxidize secondary 

aliphatic alcohols Crab1c 3-4. cntry 9) 
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Table 3-3 . CuBr21L1ffEMPO-catalyzed aerobic oxidation of benzylic alcohols. " 

Entry Substrate 

U OH 

HO~OH 

~OH HO '" 
C2HsO iYOH 

yOH 
OM. 
1Y'0H 

MaO .4 Q:0H 
,,-:; OMe OM. 

Cr°H 
10 

II 

12 

Product 

V O I ", 

O~O I", 

JYO 0" 1 .4 

~O 
C2H50 14-

I ", yO 
OM. £)0 

MeO .4 

Q:0 
4- OMe OM. 

()O I ", 

~O 
~ 

(Y"'0 
CI~ 
~O 

M B, 

Yield6(%) Selectivitl 
{%~ 

100 (96~ >99 

100 >99 

100 >99 

100 >99 

100 >99 

99 >99 

98 >99 

100 >99 

100 >99 

>99 

>99 

>99 

a Reaclion conditions: 5 mmol benzyl alcohol in 5 mL CH)CN and 10 mL lbO. 5 mol% 
CuBr2, 2.5 mol% Lt , 5 mol% TEMPO,S mol% I-BuOK, air, 4 h. 

:ta~~aJN:~~~e~W~ill~e~fw~~c~rs~cJ~~~s~gds b~f G~~~l? -1!3i~~ ~~~\~~~~eI8a( c~~r;n:1~n;~ 
nitro benzyl alcohol) and 20 (entries 1-10). 

' Isolated yield. 
d6h. 
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Table 3-4. CuBr2fLl ffEM PO-eatalyzed aerobic oxidation of other selected alcohols." 

Enlry Substrate Product Time Yicld D(%) 
(h) 

OH 0 4 100(20) 

tr <Y ' /, 
~OH ~O 91(\8) 

95«19)24 h 

~OH ~O 88(\8) 

89" (18)36 h 

~OH ~O I A 
75(15) 

~OH ~O 59(12) 

24 61(12) 

~OH ~O 8 64 (Il) 

60C (12) 36 h 

OH 0 12 88 (18) 

~ ci' 71 C (14)36h 

OH 0 12 87 d (17) 

if if 68c (14) 36h 
MeO ~ MeO ~ 

OH 0 24 J (0.6) 

6 6 
10 OH 100/0C(20) 

()OH.~ U O IA 

• Neaelion eondilions: 5 mrnol alcohol in 5 rnL ClhCN and 10 rnL H20. 5 mol% Cu13r2. 
2.5 mol% L1 . 5 mol% TEMPO, 5 mol% f-13uOK, air. 
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b GC yields (mols of aldehyde/ IOO mols of alcohol) using dodecane as an intermll 
standard; selectivities were also measured by GC-MS. TON values (mols product/mol of 
Cu) in parentheses. 

C Reaction conditions same as other entries but I mL CJ-I)CN and 15 mL l·hO. 

d Reaction conditions same as othcrcntries but 4 mL CI-i)CN and 12 mL H20 . 

• Competitive oxidation experiment, 100% selectivity for 10 benzyl alcohol ox idation 
shown in4 h. 

3-2-5 Comparison with known eu-ligand-TEMPO catalyst systems for th(' oxidation 

of benzyl alcohol and some oth('r alcohols 

In order to more clearly present the activity of the Cu-LI fl"EM PO system, Table 3-5 

compares it with some other reported Cu-ligandr rEM PO catalyt ic systcms. As shown in 

Table 3-5, entry I, one of the early Cu-bipyridinefrEM PO systems ox idized benzyl 

alcohol to benzaldehyde smoothly at room temperature and under atmospheric air. 

However, this system was unable to oxidize secondary alcohols. For a Cu-

pyrazolefrEM PO system (Table 3-5 , entry 2), only the oxidation of benzyl alcohol to 

benzaldehyde was reported. For the Cu-DABCOfrEMPO system, oxidation of aliphatic 

alcohols was much less ellicient compared with the oxidation of benzyl alcohol Crable 3-

5, entry 3). Coppcr( l1) 2-N-arylpyrroleearbaldimino complexes combined with TEMPO 

have been shown to efficiently oxidize benzyl alcohol with low catalyst loadings in water 

Crablc 3-5, entry 4). llowever, aliphatic alcohols could not be converted under these 

conditions. Compared to the selceted literature catalytic systems described above, the L 1-

CufTEMPO system was more general for the aerobic oxidation of alcohols at room 

temperature and under atmospheric air (Table 3-5 , entry 5), as moderate to good 
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conversions ror primary aliphatic and secondary benzylic alcohols could be obtained in 

shorter reaction times compared with those reported in the literature. 

TlIblc 3-5. Comparison or literature catalysts and our catalytic system ror the aerobic 
oxidation or benzyl alcohol, I-phcnylethanol, I -decanol and I-hexanol. 

Entry Catalytic systcm Reaction conditions ror BnOH oxidation Yicld(%) 

Sheldonct al.51 5 mol% CuBr2, 5 mol% I-BuOK , 5 mol% 100 

2.2'-bipyridine, 5 mol% TEMPO, air, 25 "C. 
O· CI·IJCNIl·hO (2: 1),2.5 h 

Recdijk eta1. j ) 5 rnol% CuBr2, 5 mol% '-BuOK . 5 mol% 2- 89 
(I-mcthyl-IH-pyrazol-5-yl)pyridinc, 5 mol% 
TEM PO. air, 25 "C, Cl·13CNIH20 (2 : 1),24 h 

Sckarctal.37 5 mol% CuCL 5mol% TEMPO, 5 mol% 1,4- 85 
diazabicyclo[2.2.2]octane (OABCO), 5 mol% 
TEMPO, I atm O2, 80 "C, toluene, 2 h 20b(72 h) 

Repoct al.n I mol% orCuS04, 2 mol%N.«IH-pyrrol-2- 100 
yl)mcthylcnc)-4-nuoroani line, 0.1 M K2CO), 
5 mol% TEM PO, I aim O2, 80 "c, water, 2 h 

6'(20 h) 

This lI'{)rk 5 mol% CuBr2, 5 mol% I-BuOK, 2.5 mol% 100 
L.I , 5 mol% TEMPO, ai r, 25 "c, CH)CN/I·hO 
("'), 4 h ,,' ( 12 h) 

64b (8 h) 

56' (8 h) 

' Oxidation or l-phenylcthanol to acetophenone. 

b Oxidation or I-dL'Canol to dccan-l-al. 

C Oxidation or I-hcxanol to hexan-l-al 

12 1 

TON 

20 

O· 

19 

17 

4 

100 

20 

19 

13 
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3-2-6 Prelimina ry mechanistic insights 

In order to investigute the selectivity of the catalytic system towards primary and 

secondary alcohols, a competitivc oxidation experimcnt with equal amounts of benzyl 

alcohol and I-phenylcthanol wus performcd (Table 3-4. cntry 10). The result shows the 

specificity of the CuBrllLl frEMPO catalytic system towards the primary alcohol since 

100% of the benzyl alcohol was converted into ben7.J1ldehyde, whereas l-phenylethanol 

remained unrcacted within 4 h. This ehcmoselectivity is consistent with one of the typical 

characteristics of the natural copper protein galactose oxidase (GOase) and can be used 

for the selective oxidation of different alcohols.71 •7s Also, this potentially offers some 

insight into the reaction mechanism in this system and the increased yields seen for L1. 

L6 compared with L 7. L3 is known to form a di-copper complex 76 and it is proposed that 

the tetradentate ligands shown here are efficient in forming such species (Figure 3-2). 

Although density functional theory (OF!") calculations by Wu ct al. show that 

monometallic mechanisms arc favored. 77 there is some precedent for highly active 

bimetal lic species. 7s Recently, a kinetic dependency for copper of 2.25 was identified for 

Cu-bipyridinerrEMPO complexes in aerobic alcohol oxidation reactions.ss Also. it 

should be noted that given the differences in reactivity obscrvcd for the 

CuBr2/L1 rrEMPO catalyst system compared with those in the literature Crable 3-5), Cu-

1.1 is likely to perform such oxidation reactions via a different mechanism compared with 

bipyridine-derived systems. The metal-centred reaction process was monitored by 

MALO I-TOF mass spectrometry using L2 as an example. MALDI-TOF 

spectrometry is developing as a useful method for probing metal-centred reactions, 
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CU2(L3hBr •• Harris and McKenzie, 1969 
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RO .............. CUIl~O ___ CUIi/""'s 

s/ ~O/ "-.... 
I OR 

R 

Chaudhuri, Wieghardl and co-workers, 1998 

"Cuz(L2)6r" observed by MALDI-TOF MS 

t' igure 3-2. Dimctallic eu-species of relevance to this study. 

especially when the paramagnetic nature of a metal centre thwarts NMR based methods 

of interrogation.,I-79 An aliquot of the reaction mixture was mixed with malrix (dithranol) 

and Ihe solution was spoiled onlO the MALO! plale and allowed to evaporate. The 

resulting mass spectrum showed two main peaks al IIIlz = 493 and 633. By inspection of 

their isotope distribution and on the basis of their mass, they could be assigned \0 species 

containing one eu atom and onc equivalent of l2 (m/z = 493) and two copper atoms, one 
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equivalent of L2 (mlz = 493) and two copper atoms, one ligand and one Br atom (mlz = 

633) (sec Appendix 2). This data provides some evidence to support the presence of a 

bimetallic species in the catalytic cycle but further experiments are needed in the future to 

confirm this possibility. Another option that cannot be overlooked lit this stage is 1I 

mechanism that involves reaction of the imine ligand. However, similar imine ligands 

once coordinated to metals have been shown to be stable in wateT. 80 No evidence of 

ligand decomposition was seen in the mass spectra of reaction mixtures. 

In order to understllnd Ihe limitations of the eatlllyst system under investigation here, 

some catalyst deactivation studies were performed. For the model reaction studied, after 

benzyl lIleohol oxidlltion was complete (slime as tllble 3-3, entry I), the lIcetonitrile 

solvent and benzaldehyde produced were removed under vacuum. AdditiOlllll llmounts of 

benzyl alcohol (5 mmol) and acetonitrile (10 mL) were added 10 the lIqueous residuc 

rClnllining from thc inililll reaction. If lin lIdditional 5 mol% of TEMPO was added lit this 

timc, 86% yield ofbenzaldehydc was obtained in 4 h (c.f. 100% in 4 h for initial reaction). 

For II similar Cu-LI catalyst recycling study, only 7% yield was obtained when additionlll 

TEMPO was not used. Therefore, the activity of the copper complex is maintllined after 

the reaction but the TEMPO has degraded and is the limiting reagent/factor with regards 

to clItalystre-use. 
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3·3 Experimental 

3·3-1 Materials and methods 

All functionalized silicon-containing chemicals were purchased from Gelesl. Alcohols 

and other chem icals were purchased from Aldrich and Alfa Aesar and were used without 

further purification. The 11-1 NMR spectra of the pyridyl-imine ligands were acquired on a 

Broker AVANCE 500 MHz spectrometer. The BC NM R spectra were obtained on a 

Broker AVANCE III 300 MHz spectrometer equipped with a BBFO probe. Chemical 

shifts arc reported in ppm using the residual protons of the deuterated solvent as an 

internal reference. All solution-state spectra of L I and L2 were obtained in 

tetramethylsilane-free CDCb due to any overlap with -OSiMe2- resonances that might 

occur. Yield and selectivity for catalytic reactions were determined by GC-MS (Gas 

Chromatography Mass Spectrometry) analyscs using an Agilent Technologies 7890 GC 

system coupled to an Agilent Technologies S975C mass selective detector (MSD). 

Dodecane was used as an internal standard. The GC system was equipped with cleetronie 

pressure control, splitlsplitless and on-column injectors, and an HPS-MS column. 

MALDI-TOF MS spectra were recorded on an Applied Biosystems Voyager DE-PRO 

Observations of cloud point data and reaction homogeneity in supercritical carbon 

dioxide (scC02) were performed using a Supercritical Fluid Technologies Phase Monitor 

II . (40 mg of 1.1 was placed in the variable volume view cell and the mixture was allowed 

to equilibrate for approximately 15 minutes under each temperature/pressure condition 

prior 10 observations being made). 
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3-3-2 I...igand Synthesis 

For l..l : 2-Pyridinccarboxaldehyde (1.04 g, 9.71 mmol) was added to a mixture of 

diamino terminated PDMS (5.00 g, approx. 3.00 mmol) and anhydrous sodium sulfate 

(5.02 g, 35.3 mmol) in 50 mL dry THF. The mixture was stirred at room temperature. The 

reaction was judged to be complete aftcr 12 h by monitoring the disappearance of the 

C=O absorption band and the fomtation of thc newly formed C=N bond using infrared 

spectroscopy. Thc mixture was filtcred via cannula. Solvent and unreacted starting 

materials were evaporated under vacuum. The product L1 was isolatcd as an orange oil, 

91% yield. The other ligands 1...2-1...6 were synthesized following the same method. 

Characterization data have been reported in Chapter 2. 

For 1...7: 2-Pyridinecarboxaldehyde (0.70 g, 6.0 mmol) was added to a mixture of 3-

aminopropylpentamethyldisiloxane (1.02 g, 5.00 mmol) and anhydrous sodium sulfate 

(5.02 g, 35.3 mmol) in 50ml dry n ·IF. Thc mixturc was stirred at room temperature. The 

reaction was judged to be complete after 6 h by reaction monitoring using infrared 

spectroscopy. The mixture was filtered via cannula. Solvent and unreaeted starting 

materials were evaporated under vacuum. Thc product 1...7 was isolated as an orange oil. 

Yield: 82%.I H-NMR (500 MHz, CDCi], 25 "C): &= 8.57 (dd, J = 3.5, 1.2 Hz, ]H), 8.31 (s, 

I H), 8.00 - 7.88 (m, 11·1),7.66 (td, J = 7.7, 1.7 l iz, 11-1),7.27 - 7.19 (m, 11-1), 3.67 - 3.54 

(m, 21·]), 1.86 - 1.57 (m, 21·]), 0.51 (dt, J = 8.4, 6.2 liz, 21-1), 0.18 - -0.21 (m, 15H). 13C_ 

NM R (75 Mllz, CDCI}, 25°C): &=159.73, 152.76, 147.40,134.52,122.59,119.36,62.7 1. 

22.93, 14.00, 0.39. Anal. Calcd for (%) for C14H26N20Si2: C. 57.09: ].], 8.90; N, 9.5 1 

Found: C, 57.40; H, 8.77; N. 10.02. 
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3-3-3 Oxidation of alcohols 

The oxidation reactions were carried out under air in a 25.0 mL three-necked round-

boltom flask equipped with a magnetic stirrer. Typically, 5.00 mmol alcohol and 1.67 

mmol dodecane (GC internal standard) were dissolved in 10 mL acetonitrile. 0.25 mmol 

(56 mg) ofCullr2 (from a stock solution of22.4 mg/m L in water) and 0.25 mmol (28 mg) 

of potassium lerl-butoxide (from a stock solution of 11.2 mg/mL in water) were then 

added leading to the formation ofa grcen suspension. 0.125 mmol (232 mg) LI was then 

added and the reaction mixture turned dark-blue. Finall y, 0.25 mmol (39 mg) TEMPO 

was introduced and the reaction mixture immediately turned brown and ultimately a red 

solution formed. The progress of the oxidation reaction was monitored by GC analysis. 

Upon completion, the reaction mixture was extracted with diethyl ether. The organic layer 

was washed with water and brine. Prior to GC-MS analysis, the organic phase was dried 

with anhydrous magnesium sulfate and filtered through a short silica column. As an 

example, afier concentrating under vacuum the product of the reaction from benzyl 

alcohol oxidation, benzaldehyde was obtained without further purification as a pale 

yellow liquid, 96% yield, IH NMR (500 MHz. CDCb. 25°C): oS = 10.02 (s. IH). 8.35 (s, 

2H). 7.89-7.87 (m, 2 H). 7.64-7.61 (m, IH), 7.54-7.5I(m, 2H). The NM R spectroscopic 

data were in good agreement with those reported in the literature.sl It should be noted that 

the isolated products were not contaminated with the PDMS-derived ligand. as evidenced 

by the absence of - SiMe20- resonances. Also, all I H resonances of the proouct were 

sharp and well-defined indicating that the product was likely not contaminated with any 

paramagnetic Cu(ll) residues. 
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3-4 Co ncl usio ns 

In conclusion, a new catalyst system has been developed for room tempemture CuBrr 

TEMPO catalyzed aerobic ox idation of alcohols based on known and novel tetradentate 

pyridyl-imine ligands. The polydimethylsiloxane (POMS) derived pyridyl-imine ligand 

and other tetradentate ligands studied showed catalytic activity as good as 2,2'-bipyridinc 

based systems. However, the bidentate pyridyl-imine ligands studied showed poor 

catalytic activity and for tetradentate ligands a ratio of 2Cu: L was crucial in maintaining 

good catalyst TON. A number of primary and somc secondary alcohols could be oxidized 

to the corresponding aldehydes and ketones with high yields and selectivities. The exact 

mechanistic detai ls arc still under investigation, but likely involve a di-copper species. 

With these initial homogeneous catalyst based results as a starting point, in thc future. 

pyridyl-imine ligands within heterogcneous or recyclable homogeneous catalyst systcms 

will be studied for aerobic oxidation reaclions.82A combination of PEG-modified Cu 

catalyst and PEG-modified TEMPO catalyst have previously been used to good cffect,8J 

and therefore, there is the potential to usc Cu-Ll with a modified-TEMPO or other stable 

radical co-catalyst in future studics. 
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Chaptcr 4 

Simplc copperrrEMPO catalyzed aerobic dehydrogenation of benzylic 
amincs and anilincs 

A version of this chapter has becn accepted by Organic and BiomoleclIlar Chemistry in 
November 20 II. 
Some modifications were made to the original paper for inclusion as a chapter in this 
thesis. 
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4-1 Introduction 

lmincs arc important intenncdiatcs which can be uscd as electrophilic reagents in many 

transfonnations such as alkylations, condcnsations and cyeloadditions ineluding aza

Diels-Aldcr reactions. 1 lmines also scrve as versatile starting m!lterials for thc synthesis 

and racemisation of chiral amines, which arc important intcnnediates in the preparation of 

biologically activc compounds.2.(i The traditional protocol for the synthesis of imines 

involves the condensation of an amine with a carbonyl compound such as an aldehyde or 

a kctone but alternative routes arc desimble. For cxample, the syntheses of some imines 

through the reaction ofaleohols and amines have been reported during the past decade. 7- 11 

Recently, direct oxidations ofamines to imines havc attracted much attcntion. Nicolaou et 

al. developed stoichiometric oxidations of secondary amines to imines using 2-

iodoxybenzoic acid, and excellent yields were obtained. 12.1J Largcron at al. reported an 

environmentally-friendly biomimctic elcctrocatalytic method for the oxidation of primary 

aliphatic amines to imines. 14 A few transition mctal-catalyzed oxidations of amines with 

PhI0,ls-16 K2S20 g,17 Mn021s and 'l3uOOI-l I9-20 have also been reported. Significant 

progress has been made in the development of mild and green methods for the synthesis 

of imines ineluding metal-catalyzed dehydrogenation of amincs,21-23 acrobic oxidation of 

amines using cobah,24 copper/ 5.28 gold,29.n palladiumJ4, ruthcniumJS-J9 and vanadium40 

complexes. Very recently. Zhao et al. reported the selective aerobic photocatalytic 

oxidation of amines to imines on Ti02.41 However. many of these catalytic systems have 

limited substrate scope and arc only active for secondary amines. 

As an eOicient hydrogen abstraction rcagent, 2,2,6,6-tctramcthylpiperidinyl-l-oxy 

IJ5 



(TEMPO) has been broadly used in catalytic oxidation reactions of aleohols.42-49 

However, TEMPO has been used to a much lesser extent in oxidation reactions ofamines. 

Semmelhack and Schmid reported TEMPO-assisted electro-oxidat ion of amines to 

nitriles and carbonyl compounds in [983,w and this is the only example to date. In the 

study presented here, a simple CuBr2-TEMPO catalytic system for aerobic oxidations of 

primary and secondary benzyl amines is reported. A[so, CuBr-TEM PO catalyzed 

dchydrogenativc coupling of electron-rich ani lines, which yield azo compounds, is 

reported. 

4-2 Results and discussion 

4-2-1 Optimization of the reaction conditions 

The oxidative self-coupling of benzylamine was chosen as a model reaction to optimize 

the reaction conditions (Scheme 4-1). Both copper salt and TEMPO were crucial for the 

oxidation of benzyl amine ( rable 4-[, entries [ and 2). The ligands described in Chapter 3 

were also used in these reactions. However, lower conversions were obtained when they 

were used and higher conversions were obtai ned without the addition of any ligands. 

Different copper salts were tested for catalytic oxidation activity. Copper (II) bromide 

gave the best activity with 86% conversion of benzylamine to N-benzy[idene-

benzylaminc in 8 h (Table 4-1, entry 3). 

U NH2 5 mo/% catalyst 
2 I 

h- s o lvent,a ir, 25 °c 

Scheme 4-1. Catalyzed aerobic dehydrogenation model reaction. 
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Copper(I1) chloride and copper(lI) acetate led to only 58% and 62% conversion 

respectively under the same reaction conditions (Table 4-1, entries 4 and 5). These 

differences are possibly associated with a ligand dissociation step in the reaction 

mechanism, as the bromide anion would be weakly coordinated to the copper centre 

compared with chloride and acetate anions. This means that for the CuBrl system it is 

easier for the substrate to enter the coordination sphere of the copper and become 

activated. Good conversion was also achieved when coppcr(l) bromide was used_ No 

conversion was obtained when CuBr2 was replaced with FeCi). Acetonitri le has been 

broadly used as a solvent in Cu(Il)-catalyzed oxidation reactions.s,-s2 86% conversion 

was obtained in 8 h with a 2: 1 (v/v) acetonitri le/water solvent mixturc (Table 4-1 , entry 3). 

No conversion was achieved in neat CH)CN due to the fonnation of a green precipitate 

(Table 4-1, entry 7) that is presumably a coordination polymer of copper. Conversion was 

decreased when the amount of CI-13CN was decreased in acetonitrile/watcr solvent 

mixtures, probably because of a decrease in thc solubi lity of the organic substrate (Table 

4-1 , entry 8). Only 8% conversion was obtained whcn a biphasic solvent mixture was 

used (Table 4-1 , entry 9). This may be explained by unsatisfactory mixing of the 

reactants, catalysts and co-catalysts. 
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Table 4- 1. Optimi7..ation of the reaction conditions for aerobic dehydrogenation of 
bcnzylamine to iminc." 

Entry Catalyst Solvent mixture (VN) Conversionb (%) 

CUBr2 CI-13CN/H20 (2/ 1) trace 

TEMPO CI-llCN/I·hO (2/ 1) 

Cu8r2 + TEMPO CHl CN/H20 (2/ 1) 86(10Q') 

CuCb + TEMPO CHlCN/H20 (2/ 1) " 
Cu(CI·hCOOh .I·hO + TEMPO CI·bCN/I-hO (2/1) 62 

FeCb + TEMPO CHjCNfI-bO (211) 

CuBrz + TEM PO CH]CN 

CuBr + TEMPO CHl CN/H20 (1 12) 53 

CuBr2+ TEM PO Toluene/ l·hO (211) 

a Reaction conditions: bcnzylamine (2 mmol), catalyst (0.05 mmol), solvent (9 ml)_ air (1 
atm), Sh. 

b Selcctivity in imine > 98%, detennined by GC using dodecane as an internlll standard. 
n.f. = no reaction. 

c 12 h reaction time. 

4-2-2 Aerobic dehydrogenation of primary and seconda ry benzylic amines 

With the optimized rcaction conditions above in hand, a wide range of primary and 

secondary benzylic amine aerobic dchydrogenations were investigated using the CuBr2-

TEMPO catalytic systcm Crable 4-2). The electronic properties of substituents had no 

significant effect on the conversions and selectivities. This differs from a previously 

reported CuCI-catalY7..ed reaction where reaction selectivity was affected by 
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substituents.2S All the benzyl ic amines studied whether containing electron-withdrawing 

or ekctron-donating groups were smoothly oxidized to the corresponding imines (Table 

4-2, entries 1-5). This contrasts with a recently reported V20 S-1-1202 catalytic system, 

where significantly different reaction conditions were needed for the lwo elasses of 

substrate with benzyl amines bearing ekctron donating groups being significantly less 

reactive than those containing ekctron withdrawing groups. S) Also, when using this 

Cu(ll)rrEMPO catalytic system. the p-methoxy benzylamine substrates achieved slightly 

faster reaction rates compared with p-ehloro benzylamine Crable 4-2, entries 4 and 5). 

80% GC-MS conversion was achieved in 8 h for the oxidation of p-methoxy 

benzylamine, whereas 72% conversion was obtained for the oxidation of p-chloro 

benzylamine in 8 h. 'Ibis is possibly due to a faster transamination for the 

phenylmethanimine intermediate when a more basic (electron-donating) amine is used 

(Figure 4-1). Unfortunately, the CuBrz-TEMPO catalyst system was inactive for the 

oxidation of (R)-I-pheny1cthanamine (Table 4-2, enlry 6). This could be explained by the 

steric demands of the ~-methyl group of the amine. which would hinder the formation of 

the crucial species III in the proposed catalytic cyele (Figure 4-1). For such a substrate, it 

would be challenging for C,,-I-I abstraction by the coordinated TEMPO to occur. 

However, some secondary amines could be converted to their corresponding imines in 

good to excellent yields. However, the reaction conditions were more demanding than for 

the self-condensation of benzylic amines. In order to achieve high conversions, higher 

catalyst loadings and reaction temperatures were essential (Table 4-2, entries 7 and 8). If 

the catalyst loading was decreased to 5 mol% for the oxidation of dibenzylamine, the 

conversion dramatically dropped to 50% (sce Appendix 3), From Ihis graph of catalyst 
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loading and convcrsion (see Appendix 3), the reaction appears to be first order in CUBr2-

TEMPO but more studies are needed to confirm this and to determine the relative reaction 

orders for both catalyst and co-catalyst. Also, dibenzylamine could not be transformed to 

thc imine at room temperature. Kinetic studies showed a first-order dependence for the 

reaction rate on the dibenzylamine concentration at 45 DC (sec Appendix 3). Under 

optimised conditions, N-bcnzylidene-bcnzylamine could be isolated in 94% yield from 

dibenzylamine (Table 4-2, entry 7), wherea~ only 66% yield is obtained under ncat 

reaction conditions using CuCl. 2H However, the CuBrrTEMPO catalytic system rcported 

herein was not effective for the self-coupling of non-activated aliphatic amines, only a 

small amount of the resulting iminc was detected (Table 4-2, entry 9). No reactions were 

observed for some functional amines studied such as 2-picolylaminc Crable 4-2, entry 

10). 'Ibis could be explained by strong coordination of N-donors 10 the copper centre and 

a difficulty in dissociating these to yield a vacant site at the metal centre for subsequent 

TEMPO coordination (Figure 4-1 , I[---jo ll!). 

Very recently, Patil and Adimurthy reported CuCI-catalyzed aerobic oxidation of amines 

to imines under neat conditions with 0.5 mol% catalyst 10ading.28 Thc simple CuC! 

catalyst system could oxidizc benzylic amines to imines efficiently and moderately 

oxidize aliphatic and functiona l amines to the corresponding imines. However, a higher 

reaction temperature was required compared with the system reported here. Also, for the 

oxidation of electron-donating benzyl amincs. the selectivities for the imine products 

were not notablc. As shown in Table 4-2, entry 4, only 78% selectivity was obtained due 

to thc formation of p-methoxy benzaldehydc as a by-product. No benzaldehyde by-

products were observed in the reactions reportcd hcre. Howcvcr, this catalytic system 
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Table 4·2. Cul3rrTEMPO catalyzed primary and sccondary bcnzylic aminesQ 

Entry Substrate 
I VN~ 

CC'" ~~ 

~'" 

1)"'" ~ ~ 

ff '" a ~ 

~H, 

U 
V~U 
0:), 
~NH, 

v,'" 

Product 

CJ'U 

~,~ 

~'~ 
~'~ Me(} h ..? 0M<t 

aff'~a 

C/'\) 
CJ'U 

C() 
~N~ 

v,'»J /.N N h 

Yield (%) b 

94 

93 

76(72~ 

5' 
(set. NMR yicld) 

o 
(32d) 

a Rcaction conditions, unless othcrwise stated: bcnzylamine (4 mmol), catalyst (0.10 
mmol), solvent (9 ml), airel aim), 25 DC, 12 h. 

h Isolated yield 

cac convcrsion, 8 h. 

J Undcr conditions reported in ref. 28; entry 4, 78% sclect ivity (92% combincd yield of 
iminc and aldchyde). 

e 7.5 mol% catalyslloading. 

f 45 DC reaction tcmperature. 
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uses TEMPO as a co-catalyst. This is a disadvantage. as TEMPO is the most expensive 

component in the catalytic system. [I would be desirable if TEMPO could be efficiently 

recyeled tlnd reused. Chung and Toy reported tl reeyeltlblc PEG-modified CulTEMPO 

eatalysl for selective aerobic alcohol oxidalion. H The developmenl of a recyclable 

CuffEMPO catalyst system or another reusable non-precious metal-based catulyst system 

for aerobic oxidation reactions ofumines is underway. 

Figure 4-1. Proposed mechanism for CuBrrTEMPO calalyzed oxidation of benzyl 
amines, postulated loss and coordination of L throughout the cycle omitted from imuge 
foreltlrity. 
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Through the studies reported above, a reaction mechanism is proposed for the 

condensation of benzyl amines using Cu(lI)fTEMPO catalysts (Figure 4-1), The 

mechanism is very similar to that reported by Sheldon et al. for CuBr2(bipyridine)

TEMPO catalyzed aerobic alcohol oxidation.~2 Initially, a CUll species I coordinates with 

the amine and the intermediate complex II is formed, Complex II coordinates with 

rEMI'O to form species III, which is crucial for the catalytic cyelc. C-H abstraction from 

the amine by the coordinated TEMPO molecule is the next step and the radical 

intermediate IV is formed which is stabilized by hydrogen bonding to the second 13-

hydrogen atom and the oxygen atom of TEMPO-H. 'Iben TEMPO-H and intermediate 

imine, RCH=NH, dissociate fTom the radical species IV by single proton transfer. 111is 

results in the formation of a Cu(l) complex V. The product is obtained by transaminatiun 

of RCII1Nllz and the imine intermediatc RCH=NH. The Cu(lI) complex I and TEMPO 

are regenerated hy the oxidation of Cu(l) complex V and TEMPOI·! with oxygcn and thus 

the catalytic cyele is completed. It should be noted that Patil and Adimunhy propose two 

possible mechanisms for their related CuCl-catalyzed amine oxidation reHctions.u Given 

the furmation of benzaldehyde by-products in some of their reactions and the lack of a 

more significant differencc in reactivity betwccn amincs bearing electron-donating and -

withdrawing groups, it was proposed that path 2 in their mechanism dominates and that 

path I (reaction of the methanimine intermediate with an amine) occurs to a lesser extent 

The methanimine intermediates in the proposcd cycle, Figure 4-1, must be short-lived, as 

no benzaldehydc products were observed despite the use of water as a co-solvent in the 

reactions. Therefore, the two catalytic systems (CuCI cf. Cu(lor rEMI'O) likely involvc 

diffcrent catalytic cycles and most definitely different rate determining steps. It should be 
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noted that some biomimetie approaches to amine oxidation (models for copper amine 

oxidase enzymes) have also been reported,14. IS llild may share some mechanistic details 

with the system reported here. However, further studies arc needed to elucidate the 

mechanism in more detail and with greater accuracy. Especially in light of recent studies 

concerning alcohol oxidation using CuBr:JbipyridinefrEM PO and mechanistic insights 

thercin,s6 a bimetallic catalytic mechllilism cannot be excluded at this stage. 

4-2-3 Oxidative coupling of benzy lamines with anilincs 

Benzylamines also reacted with anilines to fonn N-benzylidcne-!milim:s with moderate to 

good conversions under optimized reaction conditions (Scheme 4-2. Table 4-3). 

Generally, the oxidative coupling reactions proceeded smoothly with 7.5 mol% catalyst 

loading at 45°C under air. As previously reported by Torok,S7 it is likely that the homo-

coupling products benzylidene-benzylamines were fonned first and then reacted with the 

anilines by transamination to form N-benzylidene-anilines. The reaction rates for 

bcnzylamines bearing electron-donating groups with aniline were slightly faster in 

comparison with electron-withdrawing variants Crablc 4-3, entries 1-4). This is 

7.5 mo/% CuBr2 
7.5 mo/% TEMPO 

CH3CN/H20 (2: 1) 

air,4SoC 

Sc heme 4-2 .Cu13rr 'Il::MPO catalyzed ox idative coupling ofbenzylamines with anilines. 
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Table 4-3. CuBr2-TEMPO catalyzed oxidative coupling ofbcnzylamines with anilines. I' 1 

Entry R, R, Time (h) Conv.(%)6 

H H 12 48 

(18') 

p-Me 12 58 

p-OMe H 12 64 

o-Cl H 18 44 

a-Gil 12 66 

(p-GI3 14') 

o-Cl O-CH3 12 55 

H p-OMe 12 73 

(74') 

p-Me p-OMe 12 78 

a-OMc p-Br 24 3'" 

10 a-OMc p-N02 24 16' 

11 2,6-CH3 24 

~ Reaction conditions, unless otherwise stated: bcnzylamine (4 mmol), aniline (4 mmol), 
CuBr2 (0.3 mmol), TEMPO (OJ mmol), solvent (6 ml CHlCN and 3 mll'hO), air(1 atm). 
45 "c. 

b Conversion determined by GC using dodecane as an internal standard. n.r. = no rcaction. 

C Yields of unsymmetrical imine under conditions reported in ref. 28: entry I, 23% 
selectivity (78% combined yield ofsymmctrical and unsymmetrical imines); entry 5, 17% 
selectivity (82% combined yield of symmetrical and unsymmetrical imines). 

d 75 DC reaction tempcrature. 
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probably due to faster fonnation of the homo-coupling benzylidene-benzylamine 

intermediatcs. [n these reactions, the electronic propenies of the ani lines used had a 

significant cffect on the catalytic activities (Table 4-3, entries 5-10). The reaction rates for 

electron-rich anilines with benzylamines wcre much faster than for others. For p

bromoaniline and p-nitroaniline, only 38% and 16% conversions were achieved even at 

75°C after 24 h Crable 4-3 , entries 9 and 10). This is likely due to the reduced basicity of 

the anilines containing electron-withdrawing moieties, which makes Ihe transamination 

step challenging. In addition to such electronic effcets, strong steric eflects were also seen 

and no conversion was observed when 2,6-dimethylaniline was uscd as a partner in thc 

reaction (Table 4-3, entry II). It should also be noted that aner prolonged reaction times, 

some benZllldehyde and benzonitrile by-products were seen to form via GC-MS analysis. 

This contrasts with the se1f~coupHng of benzyl-a mines reported hcrein Crable 2) wherc no 

benzaldehyde products were observed. In general , although isolated yields were nOl 

obtained in this study, the selectivity towards the cross-coupled product appears to be 

moderately better than reactions catalyzed using CuCI with identical or similar substrates 

Crable 4-3 , entries I and 5). A more diverse study of substmtc scope and determination of 

isolated yields arc needed in order to funher understand this interesting reaction. 

4· 2·4 C uRr·TEMPO catalyzed cross-dchydrogcnative cooplin g of anilines 

Cross-dehydrogenativc coupling is an efficient method for C-C bond fomllltions beyond 

functional group transfonnations.5g It has also been recognized as an important method to 

form N·N bonds. Notablc examplcs have been developed for the aerobic oxidative 

coupling of anilines to a7.O derivatives.s9.(j j The CuBr2-TEMPO catalytic system is also 
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active for the oxidative homo-coupling of ani lines to diphenyldiazenes to some extent but 

ifCuBr2 is replaced with CuBr the catalyst system becomes more active (Scheme 4-3). 

~' 7.5 mo/% CuSr (CuSr2) N T R 
~NH2 7.5 mo/% TEMPO ~ '-N ~ 

2 RV solvent,air,60 oC RV 
Scheme 4-3.CuBr (CuBr2)-TEM PO catalyzed oxidative coupling of benzylamines with 
ani lines. 

CuBr-TEM PO catalyzed aerobic oxidative dehydrogenative coupling of some 

representative anilines was investigated. As shown in Table 4-4, some electron-donating 

ani lines could be smoothly oxidizcd to form thc self-coupling a7..0 compounds (Table 4-4, 

entrics 2-4). Howcvcr, the homocoupling of anilines with electron-withdrawing 

substituents proceeded to a very limited extcnt (Tablc 4-4, entrics 5 and 6). Furthermore, 

sterically-demanding substituents in thc 2-position or di-substituted 2,6-anilincs led 10 

lower or no yield of the oxidative coupling products (Table 4-4, entries 7 and 8). [n the 

previous research by Zhang and l iao/' I CuHr was used with 3 equiv pyridinc in tolucnc 

using air or O2 (I atm) as the oxidant. In contrast to their work, in this study high yields 

were observed for the dehydrogcnative coupling of p-methoxy aniline (66% cf 91 %). 

rherefore, the mechanisms at play in the two systems arc likely different and a radical 

mechanism is likely to dominate in the method described here. Howcver. further 

mechanistic studics arc required to understand and further develop Cu-catalyzed 

dehydrogcnalivc couplings of anilincs. 
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Table 4·4. Cuilr·TEMPO catalyzed aerobic oxidative dehydrogenative coupling of 
anilincs." 

Entry R Time (h) Yicldb (%) 

II 24 86 

O-CH3 24 89 

3.5·dimelhyl " 92 

p-OCH3 IS 91' 

p·Br 48 8" 

p·N02 48 n.r'< 

o-C(CH3)3 48 n.r." 

2.6-dimethyl 48 n.r.° 

a Standard reaction conditions: anilines (4 mmol), aniline (4 mmol), CuBr (0.15 mmol), 
TEMPO (0.1 5 mmol), solvent (9 rnl CH)CN), air (\ atm), 60°C. 

h Isolated yield. n.r. '" no reaction. 

c 60% yield when using Cuilrz. 

"75 °c reaction tempcrature . 

• 85°C reaction temperature. 
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4-3 Experimental 

4-3-1 General experimental information 

Amines and other chemicals were purchased from Aldrich and Alfa and were used 

without further purification. The 11-1 NMR spectra of the imines and azo compounds were 

acquired on a Bruker A VANCE 500 MHz spectrometer. The I3C NMR spectra were 

obtained on a Bruker AVANCE III 300 MHz spectrometer equipped with a BBFO probe. 

Chemical shifts wcrc reported in ppm using the tctnUllethylsilanc (0 = 0 ppm) in CDCI) or 

AcelOne-d6 as an internal standard. Conversions were detennined by GC-MS (Gas 

Chromatography Mass Spectrometry) analyses using an Agilent Technologies 7890 GC 

system coupled to an Agilent Technologies 5975C mass selective detector (MSD). 

Dodeeane was used as an internal standard. The GC system was cquipped with electronic 

prcssure control, splitlsplitless and on-column injectors, and an HP5-MS column. IIRMS 

is equipped with Watcrs GC system and GCT Premier Micromass systcm. IR spectra 

were acquired with a I3ruker-A lfa spectrometer. 

4·3·2 General procedure for the synthesis of imines 

The oxidation rcactions were earricd out under air in a 25 ml three-necked round·bottom 

nask equipped with a magnetic stirrer. Typically, 4.0 mmol bcnzylaminc was dissolved in 

6 ml acetonitrile and 3 ml water. 0.10 mmol (22 mg) ofCuBr2 and 0.10 mmol (16 mg) 

TEMPO were then added leading to a blue solution. The reaction mixture was stirred 

vigorously at room temperature for 12 h. After rcaetion completion, thc mixturc was 

extracted with diethyl cther. Then thc organic layer was washed with water and brine. The 
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organic phase was dried with anhydrous magnesium sulfate and fi ltered through a short 

si lica column. After conccntmting under vacuum, the product was obtained without 

further purification. 

N-(benzylid enc)bcnzyla min c. 11-1 NMR (CDCI}, 500 MHz): /) '" 8.33 (s, 11-1),7.77-7.74 

(m, 21-1), 7.39-7.35 (m, 31-1), 7.34-7.26 (m, 41-1), 7.25-7.21 (m, 11-1),4.78 (s, 2H); IlC NMR 

(CDCI), 75 MHz): 0 = 161.84, 139.16, 136.00, 130.65, 128.50, 128.40. 128.18, 127.88, 

126.88,64.93 ppm. 

2-Methoxy-N-(2-methoxybenzylidenc)bcnzylaminc. 11-1 NMR (CDCI), 500 MHz): 0 '" 

8.84 (s, 11-1), 8.03 (d, J '" 7.3 H7.., 11-1), 7.40-7.28 (m, 21-1), 7.22 (I, J '" 7.3 Hz, 11-1), 7.03-

6.81 (m, 41-1), 4.82 (s, 21-1), 3.84 (s, 3/-1), 3.82 (s, 31-1); DC NMR (CDCh, 75 Ml·]z) : 0 '" 

155.73, 155.24, 154.01 , 128.82,126.09,125.12, 124.94, 124.46, [21.85, 1[7.77.117.53, 

108.04,107.20,56.65,52.75 , 52.51 ppm. 

3-Mclhoxy-N-(3-methoxy bcnzylidcne)bcnzylamine. 11-1 NMR (CDCb, 500 Ml-lz): 0 == 

8.33 (s, I H), 7.38 (5,1 1-1),7.34-7.22 (m, 31-1), 6.98-6.90 (m, 31-1), 6.80 (d,) '" 8.3 Hz, 11·1), 

4.78 (s, 21-1), 3.82 (s, 31-1), 3.79 (s, 31-1); HC NMR (CDCI), 75 Mllz): /) '" 160.36, 158.24. 

158.11 ,139. 17, 135.92,127.94,127.86,120.01,118.68, 115.93, 111.99. 110.80, llO.D2. 

63.25,53.81,53.64 ppm. 

4-Melhoxy-N-(4-mcthoxybcnzylidcne)benzylam ine. 11-1 NMR (Acclonc-d6, 500 MHz): 

0 '" 8.36 (5, I H), 7.74 (d,.! = 8.4 Hz. 2H), 7.25 (d, J = 8.3 Hz, 21-1), 6.97 (d, J '" 8.4 Hz, 

21-1),6.88 (d,.! = 8.3 Hz, 2H), 3.83 (s, 21-1). 3.76(s, 2H); IlC NMR (Acclonc-d", 75 MJiz): 
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0 = 162.77, 161.27. 159.72, 133.21 , 130.67, 130.07, 114.96, 114.71 ,65. 11 ,56.05.55.78 

ppm 

4-Melhyl-N-(4-mel hylbcnl.ylid l'" nc)bcnl.ylam inc. IH NM R (CDCb. 500 MHz): I) = 8.34 

(s, IH), 7.66 (d,) = 8.0 Hz, 211), 7.25-7.13 (m, 61·1), 4.76 (s, 21-1); BC NMR (CDCI3, 75 

MHz): 0 = 161.68, 140.96, 136.51, 136.36, 133.63, 129.30, 129.15. 128.24, 127.95,64.8 1. 

21.51 ,2 1.10 ppm. 

2-Cbloro-N-(2-chlorobcnl.ylidcnc)bcn1.ylaminc. IH NM R (CDct), 500 MHz):5 = 8.86 

(s, 1 H), 8.II(d,) = 7.5 1-11., I H), 7.43-7.20 (m, 7H), 4.94 (s, 2H); I3C NM R (CDCI), 75 

MHz): 0 = 158.84. 135.94, 134.42. 132.53, 13 2.22. 130.89, 128.97. 128.80. 128.48. 

127.59, 127.46, 126.17, 126.06,61.32 ppm. 

4-Chloro-N-(4-chlorobenzy lidcne) bcnl.yla min c. II-I NMR (CDCb. 500 MI'lz):o = 8.33 

(s, 11-1),7.70 (d,) = 8.5 1·lz, 21-1), 7.38 (d,) = 8.5 Hz. 21-1), 7.32-7.25 (m. 41-1), 4.76 (s. 2\-1); 

HC NMR (CDCI), 75 MHz): 5 = 160.81 , 137.60, 136.86, 134.44, 132.81 , 129.44, 129.24, 

128.91 , 128.62, 64.15 ppm. 

3,4-l>ihydroisoquinolinc. 11-\ NMR (C DCI), 500 MHz): I) = 8.33 (s. IH). 7.35 (td.) = 7.2. 

1.1 Hz, 11-1),7.31-7.26 (m, 2H), 7.15 (d,) = 7.3 Hz, IH), 3.79-3.76 (m,2H), 2.75 (1,) = 

7.5 Hz, 2H); DC NMR (CDCb, 75 MHz): 0 = 160.33. 136.30. 131.05. 128.49, 127.43. 

127.20, 127.09.47.41.25.04 ppm 
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4-3-3 Gen('ra l pro('('dure for the preparation of benzylideneani lines 

'rbe oxidative coupling reactions were carried out under air in a 25 ml reaction tube using 

a Radleys Carousel RcactorTM equipped with a magnetic stirrer. Typically, 2.0 mmol 

bcnzylamine and aniline were dissolved in 6 ml acetonitri le and 3 ml water. 0.15 mmol 

(33 mg) of CuBr2 and 0.15 mmol (23 mg) TEM PO were then added leading to a blue 

solution. The reaction mixture was stirred vigorously at 45 "c for 12 h. After completion, 

the relIction mixture was e .... tracted with diethyl ether. Then the organic layer was washed 

with water and brine. The conversion was determined by GC-MS based on aniline. 

4-3-4 General procedure for the synthesis of diuz('n('s 

The oxidative homo-coupling of ani lines to diphenyldiazenes were carried out under air 

in a 25 ml reaction tube using a Radleys Carousel ReactorTM equipped with a magnetic 

stirrer. Typically, 4-methoxybcnzenamine (548 mg, 4.00 mmol) was dissolved in 9 ml 

acetonitrile; CuBr (21 mg, 0. 15 mmol) and TEMPO (23 mg, 0.15 mmol) were then added. 

The reaction mixture was stirred vigorously at 60 "c for 18 h. After completing. the 

reaction mixture was extracted with diethyl ether. Then the organic layer was washed 

with water and brine. The organic phase was dried with anhydrous magnesium sulfate and 

filtered through a short silica column. After concentrating under vacuum, the product was 

obtained without further purification. 

(E}-1 ,2-))iphenyldiuune. IH NMR (CDCI), 500 MHz):.5 = 7.97-7.87 (m, 4H), 7.55-7.44 

(m, 6H); IlC NMR (CDCI), 75 MHz):.5 = 152.65. 130.97. 129.08, 122.83 ppm; lR (neat): 
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v = 3061. 1581. 1482. 1452. 1298. 1220.925,77 1, 685 em· l. HRMS (TOF MS EI+) mJz 

ealed fo r CI2HlON2 182.0845, found 182.0844. 

(E)-1,2-l>i-o-tolyldiu7.ene. 11-1 NMR (COCh, 500 MHz): 1) = 7.62 (d, J == 8.0 Hz,. 2H). 

7.38-7.29 (m. 4J/), 7.28-7.23 (m, 21-1). 2.74 (s. 6H); DC NMR (COCI). 75 Ml-lz): 1) "" 

151.10,137.97.131.27.130.69.126.37.115.85,17.63 ppm; IR (neat): v == 2924,1596, 

1477, 1192, 1150, \039, 768, 715 cm· l. HRMS (TOF MS EI+) mJz caled for CI4HI4Nl 

2\0.1157, found 210. 1156 

(E)-1 ,2-11is(3,S-dimcthylphenyl)diazcn e. 11-1 NMR (COCh, 500 MI-lz): 1) = 7.52 (s. 41-1). 

7.11 (s, 21-1), 2.44 (s, 12B); DC NMR (COCI), 75 MHz): 1) == 152.90. 138.74. 132.51. 

120.54,21.26 ppm: IR (neat): v = 2914,1608,1442, 1292,1038,903,853 cm' l. HRMS 

(TOF MS EI+) mJzcaled forC I6HIsN2 238.1470, found 238.1469. 

(E)-1 ,2-11is(4-melhoxyphenyl)diazcne. IH NMR (CDCI), 500 MHz): 1) = 7.88 (d, J = 9.0 

I-Iz, 21-1), 7.70 (d. J = 9.0 Hz, 41-1). 3.89 (s. 61-1); DC NMR (CDCI), 75 MHz): 1) "" 161.56, 

147.07, 124.34,114.16,55.57 ppm; IR (neat): v == 3413,1592,1579,1496,1249, 

841 cm'l. I·IRMS (TOF MS EI+) mJz calcd for CI4HI4N2 242.1059, found 242.1055. 

4-4 Conclusions 

In conclusion. a simple catalyst system for CUi3r2-TEMPO catalyzcd aerobic oxidation of 

amines has becn dcveloped. Primary and secondary benzylic amines Clln be oxidizcd to 

the corresponding imines in excellent yields. A possible reliction mechanism has been 

proposed. The samc catalytic system is also emcient for oxidative cross-coupling of 
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bcnzylamincs and anilincs. Notably, CuBr-TEMI'O is an efficient catalyst system for 

aerobic oxidative dehydrogenative couplings of electron-donating anilines to yield azo 

compounds in good yields. 
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Chapter 5 

Conclusions and proposed future work 
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5- 1 Conclusions 

Chapter 1 ineluded an overview of the background chemistry and literature reviews 

related to the research reported in this thesis. The main purpose of the research was to 

develop a green chemical process based on the principles of Green Chemistry. The 

application of polymer-supported catalysts. scCOl as a green reaction medium and Cu

catalyzed aerobic oxidations were highlighted. 

A series of tetradentale pyridyl-imine ligands and the corresponding copper compounds 

were synthesized and characterized. PDMS-derived pyridyl-imine ligands and the copper 

complex with a low molecular weight siloxane group proved to be soluble in scCO l • The 

results of PGSE NMR experiments and computational studies rcvealed that the ehclating 

pyridyl-imine ligands with siloxane groups could form [1 + 1] metallocyc1cs, although 

[2+2] meta!locyelcs could not be conclusively ruled out 

A nmge of primary and secondary alcohols were effectively oxidized to the 

corresponding aldehydes and ketones using CuBr2 with TEMPO and the tetradentale 

PDMS derived pyridyl-imine ligand. The aerobic oxidation reactions could be carried out 

in pure water to some extent. However, the catalytic system did not ox idize cyelic 

secondary alcohols efficiently. 

CuBrrTEMPO was found to be an efficient catalyst system for the aerobic 

dehydrogenation of primary and secondary benzylic amines to the corresponding imines. 

CuBr-TEMPO proved 10 be effective for aerobic oxidative dehydrogenative couplings of 

electron-donating anilines 10 yield azo compounds. 
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5-2 Proposed future work 

As reported in Chapters 2 and 3, the rDMS-derived ligand LI was soluble in SCCOl. LI 

showed the best activity with Cu13r2 and TEMPO for the aerobic oxidation of alcohols in 

aqueous media. l'lowever, [Cu(L.. l )[(PF6) was insoluble in pure SCC02. [t would be worth 

testing the solubility of [Cu(L..l )[(l'F6) and some other meta! complexcs of L..l in scC02 

with co-solvents such as acetonitrile and methanoL If soluble, the [Cu(L..1)](PF6)-

catalyzed reactions such as aleohol oxidation reaction could be performed in scCOl with 

a co-solvent media. Then, it might be possible to recycle the homogeneous catalyst 

through adjusting pressure. In addition, it might also be possible to prepare heterogeneous 

catalysts using the current ligands and copper complexes. As previously reported by 

Kcrton and co-workers, rDM S-derived phosphine-containing ligands and their resulting 

I'd complexes could be readily absorbed on silica and formed heterogeneous catalysts 

which cuuld be easily rceycled and reused. 1•2 

rhe ligands presented in Chapters 2 and 3 could be modified as well (Figure 5-1). For 

example, if ketones arc used in the place of aldehydes during their synthesis, the carbon 

of the imine would bear a substituent. Also, polymeric ligand LI could be modified to 

contain a different bal.:kbone such as PEG. The wrresponding PEG-derived ligand should 

be water soluble, which would be useful for reactions using water as a reaction medium 
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Figurc 5-1, Modified ligands whieh can be used in the future. 

As shown in Chapters 3 and 4, TEMPO playcd an important role in Cu-catalyzed aerobic 

oxidation reactions of alcohols and amines. TEMPO is the most expensive component in 

those catalyst systems. [t would be desirable if TEMPO could be efficiently recycled and 

reused. Great progress has been made in heterogeneous catalysis using supported 

TEMI'O/M including polymer-supported TEMPOIM and si lica-supported TEMPO/M,l It 

may be effective to use these approaches within the Cu-catalyzed oxidation system. Ionic 

liquid (lL)-supported TEMPO has been reported for alcohol oxidation reactions.4-6 [\ 

should be promising \0 develop and employ an IL-supported TEMPO systcm for the 

oxidative dehydrogenation of amines and anilines. In such cascs, it might be possible to 

recycle the TEMPO. A CuiTEMPO catalytic system has recently been used in aerobic 

oxidation of lignin model compounds.1 Therefore, a recyclable CufrEMPO/IL system 

might be useful in future biomass transfonnations. 

162 



5-3 References 

s. Saffarzadeh-Matin, C. J. Chuck, F. M. Kerton and C. M. Rayner, 
Organome/allics, 2004, 23, 5176-5181. 

2. S. SaITar.ladch-Matin, F. M. Kerton, J. M. Lynam and C. M. Rayner, Green 
Chem., 2006, 8, 965-971 

3. B.-Z. Zhan and A. ·Jbompson, Tetrahedron, 2004, 60, 2917-2935. 

4. X.-E. Wu, L. Ma, M.-X . Ding and L.-X. Gao, Synlett, 2005, 2005, 607,610. 

w. Qian, E. Jin, W. Bao and Y. Zhang, Tetrahedron, 2006, 62, 556-562. 

6. W. Miao and T. 1-1 . Chan, Acc. Chem. Res., 2006, 39, 897-908. 

7. B. Sedai, C. Diaz-Urrutia, R. T. Baker, R. Wu, I... A. P. Silks and S. K. Hanson, 
ACSCatai., 2011, I , 794-804. 

163 



Appendix I 

164 





J 

"-----



.-; om 
Z 
+ 

~ 
~ 

'l< 
~ ~ 

...... -

~ '~~"'-·'I rn il il 
w ~I ____ _ 



i -

".,,-, .. 

" 

i 
- .. 

" 

• ':,.:"': , • • • ••• . .1 



~ 
~ 
..l 

~ 
~ 
~ 
a 
f 
"8 

] 

~ 
~ I··················· 
~ 
E 
~ 

~ 
§ 
<: 

~ 
g 
'w 

" 

i I 

~ !--r-r-aT"1--r-~--r~-r-fT-\l~'-'~-;--; ;-;-;-"Ii-:- ~ ~ 

~ = 



:--

• 
i , 

.' 



8 ! . :: 







~ 
~ 
~ 
~ 

'" i 
'" :E z 
.~ 
"£ 
~ 

I; 

1~~~~~~ 
h~~~~~ 

'l 





Appendix 2 

176 



i 
!_o 
i - i 

;~ i 



!I ~ 
o 
o 

:g 
.~ 

'6 

! 
~-

1-

!-

- ~ 

I-------=: ! 
j' 



Appendix 3 

179 



Screening with different catalyst loading for ox idation of dibcnzylaminc 

120 r------------------------------------, 

100 

~ 
"' 80 
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catalyst loading (moI%) 

The effect of catalyst to substrate ration on the conversion for the oxidation of 
dibcnzylaminc. Reaclion conditions: dibcnzylaminc (4 mmol), 9 ml CHlCN, air (I atm), 
45°C, 12 h. Conversions were determined by GC using dodecane as all internal standard. 

180 



Kinetic st udy of the ox idation of dibcnzylam inc 

3.5 
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R'=O.9926 
2. 5 

• 
~ 

2.0 

1. 5 

1.0 • 
0.5 • 

• 
00 

0 10 12 14 16 1. 
t(h) 

Time-dependence of substrate concentration for the oxidation of dibenzylamine. Reaction 
conditions: dibenzyiaminc (4 mmol), Cu13r2 (0.3 mmol), TEMPO (OJ mmoi), 9 ml 
CI-ilCN, airel atm), 45°C. 

Kinetic studies showed a first-order dependence for the reaction rate on the 
dibenzylaminc concentration. koo. = 0.17 hoi. 
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