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SYNOPSIS 

 

This thesis describes the chemistry developed during a study of novel transition metal-

catalysed reactions for the synthesis of carboxylic acid derivatives. 

 

Chapter 2 describes a novel protocol for the synthesis of primary amides from alcohols 

in one-pot where a metal complex mediates two fundamentally different catalytic 

processes. An iridium catalyst has been shown to be effective for the selective 

rearrangement of aldoximes into primary amides. In addition, an iridium-catalysed 

oxidation of activated alcohols via hydrogen transfer has been developed using an 

alkene as formal oxidant. These reactions have been combined in a sequential process 

affording good yields for a range of benzylic alcohols. 

 

An improved system for the rearrangement of aldoximes into amides using a new 

ruthenium catalyst is described in Chapter 3. Through a systematic program of 

optimisation excellent selectivity was achieved for a wide range of substrates at 

markedly reduced catalyst loading. 

 

Chapter 4 describes the development of a ruthenium-catalysed elimination reaction for 

the conversion of oxime ethers into nitriles. The application of this reaction to tandem 

and sequential reactions has been explored, albeit with limited success. Also, a method 

for the ruthenium-catalysed oxidation of alcohols using an electron-deficient alkene as 

hydrogen acceptor is described, and its application to a tandem oxidation process with a 

nitrogen nucleophile demonstrated. 

 

As an extension of the concept presented in Chapter 4, tandem oxidation processes with 

oxygen nucleophiles are the subject of Chapter 5. This strategy has been used for the 

oxidation of primary alcohols to their corresponding methyl esters in one-pot, with good 

yields obtained for a range of substrates. The use of water as a nucleophile in such a 

process has also been examined. 

 



  Abbreviations   

v 

ABBREVIATIONS 

 

Å Angstroms 

Ac Acetyl 

Ar Aryl 

BINAP 2,2’-Bis(diphenylphosphino)-1,1’-binapthyl 

b.p. Boiling point 

Bn Benzyl 

CI Chemical ionisation 

cod 1,5-Cyclooctadiene 

Cp* Pentamethylcyclopentadienyl 

CTH Crossover transfer hydrogenation 

DCC Dicyclohexylcarbodiimide 

DCM Dichloromethane 

dcpe 1,2-Bis(dicyclohexylphosphino)ethane 

DME Ethylene glycol dimethylether 

DMF Dimethylformamide 

DMP Dess-Martin Periodinane 

DMSO Dimethylsulfoxide 

DPE Diphenylether 

dippf 1,1′-Bis(diisopropylphosphino)ferrocene 

dppb 1,4-Bis(diphenylphosphino)butane 

dppe 1,2-Bis(diphenylphosphino)ethane 

dppf 1,1′-Bis(diphenylphosphino)ferrocene 

dppm Bis(diphenylphosphino)methane 

dppp 1,3-Bis(diphenylphosphino)propane 

eda Ethylenediamine 

ee Enantiomeric excess 

EI Electron impact 

GC Gas Chromatography 

h Hours 

Hz Hertz 

IBX 2-Iodoxybenzoic acid 



  Abbreviations   

vi 

IR Infrared 

i Iso 

J Coupling Constant 

LC Liquid chromatography 

m Meta 

Me Methyl 

Mes 1,3,5-Trimethylphenyl (mesityl) 

min Minutes 

m.p. Melting point 

MPV Meerwein-Ponndorf-Verley 

MS Mass Spectrometry 

NMO N-Methylmorpholine N-oxide 

NMR Nuclear Magnetic Resonance 

o Ortho 

p Para 

P Protecting group (in diagrams) 

PCC Pyridinium chlorochromate 

PDC Pyridinium dichromate 

PENDANT Polarisation enhancement during attached nucleus testing 

Ph Phenyl 

ppm Parts per million 

psi Pounds per square inch 

Py Pyridine 

RCM Ring-closing metathesis 

r.t. Room temperature 

SDS Sodium dodecylsulfate 

TEMPO 2,2,6,6-tetramethylpiperidin-1-oxyl 
tBu Tert-butyl 

Tf Trifluoromethanesulfonyl 

TFA Trifluoroacetic acid 

THF Tetrahydrofuran 

TMS Trimethylsilyl 

TOF Turnover frequency 



  Abbreviations   

vii 

Tol Tolyl (methylphenyl) 

TPAP Tetra-n-propylammonium perruthenate 

TPPTS Triphenylphosphane-3,3,3-trisulfonic acid trisodium salt 

TsDPEN N-(Toluenesulfonyl)diphenylethylenediamine 

TsOH Toluenesulfonic acid 

TLC Thin-layer chromatography 

UV Ultraviolet 



Chapter 1  Introduction   

1 

1     INTRODUCTION 

 
1.1    Sequential reactions 

Increasing synthetic efficiency is one the foremost challenges facing chemistry at 

present. A fundamental concern in any chemical process is the yield of a particular 

transformation – the effectiveness of converting given substrates into a single desired 

product. The conventional approach for the synthesis of organic molecules is the 

stepwise formation of individual bonds in the desired target. Such a process requires the 

purification and isolation of intermediates at each stage of the synthesis. As desired 

molecular complexity (and number of transformations) increases, efficiency is lost 

when such a stepwise approach is adopted. Major problems in chemical production on a 

large scale are the handling of waste, use of resources and consumption of energy, 

which are becoming more relevant in the face of tougher legislation regarding the 

impact of anthropogenic substances in the environment. As such the replacement of 

multistep chemical synthesis with efficient catalytic reactions with high atom-economy 

is having a significant impact on the manufacture of fine chemicals and 

pharmaceuticals.[1] 

 

The combination of multiple reactions in a single operation is a powerful tool in 

realising the goal of increased synthetic efficiency, and in recent times significant 

research has been focused on the development of new methodologies where two or 

more synthetic steps can be accomplished in one-pot. Sequential reactions offer a 

number of opportunities to improve chemical transformations. Along with increased 

operational simplicity comes minimisation of waste and use of solvents since isolation 

and purification of intermediates is not necessary, which in turn leads to diminished 

energy consumption. These advantages are attractive for both environmental and 

economic reasons and have served to generate much interest in the area of sequential 

transformations. This is reflected in the sheer number of publications concerning 

reactions of this type, which have been the subject of comprehensive reviews.[2-5] 

Although a detailed critique regarding classification of reactions is impractical here, it is 

convenient to distinguish between two main types of sequential reactions. 

 

 i) Tandem reactions 

 ii) Consecutive reactions 
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Tandem (also domino, cascade) reactions are defined by Tietze as “A process involving 

two or more consecutive reactions in which subsequent reactions result as a 

consequence of the functionality formed by bond formation or fragmentation in the 

previous step”.[2] Such a reaction is characterised by no further addition of reagents, 

catalysts or modification of reaction conditions (e.g. temperature) on commencement of 

reaction. For example, Robinson’s classic synthesis of tropinone 4 is an early example 

of such a reaction (Scheme 1).[6]  This reaction mirrors the biogenesis of the tropane 

motif, a constituent of numerous alkaloids. 

 

CHO

CHO

H2N Me

O

CO2HHO2C

N

O

Me

1 2 3 4

++

 

 

Scheme 1 – Robinson’s synthesis of tropinone 4 

 

Succinaldehyde 1, methylamine 2 and acetonedicarboxylic acid 3 undergo a double 

Mannich reaction followed by a double decarboxylation sequence to furnish tropinone 4 

in modest yield. 

 

Cascade reactions are common in Nature and are responsible in no small part for the 

extremely high efficiency and exquisite selectivity exhibited by biosynthetic reactions 

catalysed by enzymes. In the biosynthesis of cholesterol, protosterol 6 is formed via a 

carbocationic cascade reaction from squalene oxide 5, creating four carbon-carbon 

bonds in one stroke (Scheme 2). Such reactivity has been exploited in biomimetic 

syntheses,[7] for example Johnson’s landmark synthesis of progesterone.[8]  
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Scheme 2 – Cascade reaction in steroid biosynthesis  

 

Consecutive reactions differ from tandem reactions in that another reagent, mediator or 

catalyst is added after the first transformation without isolation of the first formed 

product; the subsequent reaction steps then lead to the final product. Whilst some 

operational simplicity is lost, such reactions still retain the practical benefits associated 

with tandem reactions. Consecutive reactions are especially useful for the preparation 

and subsequent reaction of inherently unstable species, for example Ireland’s[9] 

preparation of ethyl 3-silyl methacrylate 9 proceeds via a Swern oxidation (vide infra) 

of alcohol 7 to furnish the unstable aldehyde 8, which undergoes Wittig olefination to 

furnish the desired product (Scheme 3). 

 

TMS OH TMS O

Ph3P CO2Et

CH3

TMS
CO2Et

CH3

Swern

not isolated 54%

7 8 9

Wittig

 

 

Scheme 3 – Ireland’s consecutive oxidation-olefination reaction. 
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1.2    Sequential reactions mediated by transition metal catalysts 

Advances in metal catalysis have without doubt revolutionised organic synthesis, with 

the scope of such reactions encompassing virtually all areas of carbon-carbon, carbon-

hydrogen and carbon-heteroatom bond formation. Initially, emphasis was placed on 

development of catalysts that were highly selective for a single transformation. In this 

respect, metal catalysts have found considerable application in the sphere of sequential 

reactions. Many transformations where a single catalyst is used to conduct two or more 

mechanistically similar reactions have been reported and reviews published.[10,11] 

Unsurprisingly, the majority of sequential reactions of this type involving transition 

metals have been effected with palladium catalysts. 

    

An example of such a process reported by de Meijere is the use of a palladium catalyst 

to effect two cross-coupling reactions, the first a coupling of a vinyl triflate and the 

second of a vinyl bromide (Scheme 4).[12]  Such a transformation is an example of a 

consecutive reaction, as the protocol requires both sequential addition of reagents and 

also a change in reaction conditions in order to affect the Heck coupling in the second 

step. 

OTf

Br

Pd(OAc)2, PPh3, DMF

Bu3Sn

tBuO2C CO2t-Bu

, 25 °C, 20 hi)

ii) , NEt3, 80 °C, 48 h

67%  

 

Scheme 4 – Consecutive palladium-catalysed cross coupling reactions 

 

More recently, a new but related area of research has sought to employ a single catalyst 

for two or more transformations that are fundamentally different in nature.[13]  This area 

is one of great potential since there are many catalytic reactions which potentially can 

be linked in sequence. The first reported reactions of this nature were sequential 

transformations performed by a single catalyst in a single pot. In these cases, addition of 

a new reagent or a change of conditions causes the nature of catalyst to change, such 

that it may no longer mediate the first reaction but remains catalytically active as 

demanded by the next step. 
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The largest category of such reactions features the ruthenium metathesis catalysts 

developed by Grubbs and co-workers.[14] These alkylidene complexes are truly 

remarkable in terms of scope of their activity, so much so that an account of their non-

metathetic reactions has been recently published.[15] Of course, these species have also 

been used extensively in alkene metathesis and this reactivity has been exploited in 

sequential reactions, particularly with respect to sequential metathesis/hydrogenation.  

The first reaction of this type was reported by McLain and co-workers who showed that 

an ethylene/methacrylate copolymer formed by ring-opening metathesis polymerization 

with Grubbs’ “first generation” catalyst could be successfully hydrogenated simply by 

placing the reaction vessel under a pressure (400 psi) of hydrogen after polymerization 

was complete.[16] Studies by Fogg have shown that treatment of the catalyst with 

hydrogen forms the known hydrogenation catalyst RuCl2(H2)(PCy3)2.
[17] 

 

Grubbs was the first to demonstrate this methodology in small molecule synthesis in 

2001.[18] They showed that it was possible to use either first or second generation 10 

metathesis catalysts to mediate either ring-closing or cross metathesis followed by 

hydrogenation (Scheme 5). 

 

O Ru

NN MesMes

Cl
Cl

P(Cy)3
Ph

10

i)

DCM

ii) H2 (100 psi)

O

80%  

 

Scheme 5 – Grubbs’ sequential RCM / hydrogenation reaction 

 

In an extension of this concept, it was shown that these complexes also act as pre-

catalysts for both the oxidation of alcohols and the reduction of ketones via transfer 

hydrogenation. Addition of base and a suitable hydrogen donor (2-propanol) led to 

reduction of ketones, or a suitable acceptor (3-pentanone 11) to oxidation of secondary 

alcohols. An impressive display of this methodology was disclosed in a synthesis of 

(R)-(-)-muscone 12 via an unprecedented trifunctional catalysis, perhaps the best 

example of this chemistry to date (Scheme 6).[18] The rapid growth of tandem and 
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consecutive metathesis/non-metathesis catalytic processes as a new strategy in organic 

synthesis has been recognized by a recent review of the area.[19] 

 

OH

10

RCM

OH

O

NaOH

OO

H2

Oxidation

Hydrogenation

56% overall
12

11

 

  

Scheme 6 – Synthesis of (R)-(-)-muscone 12 via a novel trifunctional catalysis 

 

Several methods based on sequential catalysis by rhodium have been developed with 

one of the finest examples being reported by Evans and Robinson who applied the 

known ability of rhodium(I) complexes to effect both allylic alkylation and Pauson-

Khand reaction (PKR) to a one-pot process.[20] Alkylation of the methyl carbonate of 3-

buten-2-ol 13 with malonate anion 14 took place in an atmosphere of carbon monoxide 

and subsequent heating of the allylic substitution product 15 induced the Pauson-Khand 

cycloaddition to form the bicyclic cyclopentenone 16 in excellent yield (Scheme 7). 

 

OCO2Me
[RhCl(CO)(dppp)]2

CO, 30 oC

E

E

E
E

82 °C
OE

E

13 14

E = CO2Et

15 16

Na+
-

 

 

Scheme 7 – Rhodium-catalysed sequential alkylation-PKR 
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Whilst development of sequential reactions in this field has been relatively rapid, the 

development of tandem reactions involving concurrent catalysis has seen somewhat 

fewer advances. The development of methods for such processes is fundamentally more 

challenging than in a sequential process where a change in reaction conditions can 

initiate a new catalytic cycle by irreversibly altering the catalyst. Concurrent tandem 

catalysis[5] requires that a single catalyst can mediate two different transformations, 

preferably at comparable rates and under the strict condition that these processes do not 

interfere with each other. 

 

Catalytic transfer hydrogenation is a fundamental example of simultaneous catalysis in 

which a donor molecule provides the hydrogen for the reduction of a multiple bond 

(vide infra). Morimoto and co-workers have disclosed a conceptually similar variant of 

this in conjunction with a cycloaddition reaction.[21] Rhodium catalyses the 

decarbonylation of formaldehyde 18 liberating carbon monoxide, which undergoes 

rhodium-catalysed Pauson-Khand annelation with the enyne substrate 17 yielding 

cyclopentanone 19 (Scheme 8). A micellar reaction medium was found to accelerate the 

reaction, from this observation it was proposed that decarbonylation took place in the 

aqueous phase and PKR occurs in the micelle. 

 

OE
E

E

E

Ph

+
H H

O [Rh(cod)Cl]2, dppp

TPPTS, SDS, H2O

100 °C

Ph

E = CO2Et
17 18 19

 

 

Scheme 8 – Concurrent bifunctional catalysis mediated by a rhodium complex 

 

The rapidly increasing understanding regarding mechanisms of transition metal- 

catalysed reactions will certainly in future be responsible for development of more 

complex methods for both sequential and concurrent catalysis. Whilst there will always 

be limits on the molecular complexity that can be created in a single process, 

multifunctional catalysis provides an invaluable tool for increasing complexity whilst 

also conferring practical benefits. 
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1.3    Oxidation of alcohols 

Oxidation and reduction are fundamental chemical reactions and their involvement in a 

myriad of functional group transformations is central to organic chemistry, both in 

Nature and in the laboratory. One of the best known examples of this chemistry is the 

interconversion of alcohols to carbonyl compounds (Scheme 9). 

 

R1 R2

OH

R1 R2

O

R OH R O R OH

O

primary
alcohol

aldehyde carboxylic
acid

secondary
alcohol

ketone

 

 

Scheme 9 – Oxidation of alcohols to carbonyl compounds 

 

The development of new methods for alcohol oxidation has been driven by the need for 

control of reactivity and selectivity. Oxidation of a primary alcohol results in the 

formation of an aldehyde or further oxidation to a carboxylic acid. The synthetic utility 

of aldehydes has seen much effort directed into developing reactions for their reliable 

synthesis from alcohols. In addition to this, aldehydes (and to a lesser extent ketones) 

are reactive electrophiles that can undergo unwanted side reactions in the presence of 

nucleophiles (e.g. the alcohol starting material). Chemoselectivity also requires careful 

consideration - other functional groups, such as alkenes, amines and sulfides can also be 

oxidized.  

 

These issues mean that development of efficient oxidation methods remains an 

important goal in chemistry and is a topic of continued interest. Tandem oxidation 

protocols are of particular importance due to their application to functionalisation of 

challenging substrates in situ and the ability to access higher oxidation levels in one-pot.  

Some of the more important oxidation methods and their application to tandem 

processes will be discussed here. 
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Some of the first reliable oxidation methods developed involve transition metals in a 

high oxidation state. Chromium-mediated oxidation processes are routinely used in 

organic synthesis and remain among the most important class of reagents for small-

scale oxidation of alcohols. Chromium(VI) species in acidic media have been employed 

as oxidants since the beginning of the 20th century.[22] Reagents of this nature are 

generally very powerful oxidants, converting primary alcohols to carboxylic acids via 

the aldehyde hydrate and secondary alcohols to ketones. These early methods were 

hampered by poor solubility of organic substrates in the aqueous reagent and often 

harsh reaction conditions, resulting in several variations of this basic technique being 

developed subsequently.  

 

In 1946 Jones reported one of the most common protocols for oxidation using high 

oxidation state chromium – a standard solution of chromic acid in sulphuric acid  

titrated against an acetone solution of the alcohol.[23] Acetone is beneficial for two 

reasons - it is an excellent solvent for many organic compounds, and also protects the 

product from undesired side reactions by reacting with excess oxidant itself. Jones 

oxidation is routinely used for the conversion of primary alcohols to acids, although 

primary allylic and benzylic alcohols can often be selectively oxidized to aldehydes. 

Secondary alcohols routinely give good yields of the corresponding ketones. Carbon-

carbon multiple bonds are usually unaffected, but 1,2-diols and α-hydroxy ketones can 

sometimes be cleaved under these conditions.[24] Further development of acidic 

chromium oxidations have seen the use of biphasic systems to protect acid-sensitive 

substrates from prolonged exposure to strong acid conditions, thus avoiding product 

degradation and epimerisation of α-stereogenic centres.[25] 

 

Another common and well researched group of chromium oxidants are the complexes of 

basic nitrogen heterocycles with chromium(VI) oxide. These species are generally 

milder and offer greater selectivity than the acidic systems, with oxidation to aldehydes 

in particular being somewhat more facile. The first example of such a complex was 

described by Sarett, who prepared the bipyridine complex of the oxide and found it to 

be efficient for the preparation of ketones.[26] Collins and co-workers subsequently 

suggested an improved version of this oxidation which can be used for the preparation 

of carbonyl compounds in the presence of a wide range of functionalities.[27] The main 
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disadvantage of this protocol is the requirement for superstoichiometric (typically 6-10 

equivalents) amounts of reagent. 

 

Pyridinium chlorochromate (PCC), first reported by Corey in 1977[28] has many 

advantages over the earlier systems, and has been widely adopted by the synthetic 

community. Only slight excesses of reagent are required, the complex is air stable and 

reactions are typically fast at room temperature and over-oxidation of primary alcohols 

is rare. PCC has also seen use as a general oxidant, including oxidative cleavage of 

oximes to ketones, oxidation of activated methylene groups to carbonyl compounds and 

conversion of sulfides to sulfones.  One significant drawback of PCC is the slightly 

acidic nature of the species which precludes its use with acid-sensitive substrates. 

 

To overcome this problem Corey and Schmidt introduced pyridinium dichromate (PDC) 

as a near-neutral, non-aqueous chromium(VI) oxidant.[29] This species is probably 

present in the Sarett oxidising mixture, but the preformed reagent has emerged as a 

useful and versatile oxidant, especially for larger scale reactions. Primary alcohols can 

be selectively oxidized to aldehydes or carboxylic acids depending on choice of solvent 

(DCM and DMF respectively). PDC has also been used catalytically (10 mol %) with 

bis(trimethylsilyl) peroxide as co-oxidant added via syringe pump.[30] 

 

The milder chromium(VI) oxidation protocols have seen application to sequential 

reactions. Desai and co-workers have described a tandem oxidation-stabilized Wittig 

reaction with PCC as oxidant for a range of activated and unactivated primary alcohols 

(Scheme 10).[31]  

 

N

H
OH

EtO2C

PCC (1.5 eq.), NaOAc
Ph3P=CHCO2CH3

DCM, r.t., 5 h N

H

EtO2C O72%  

 

Scheme 10 – Tandem PCC oxidation – Wittig homologation 
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Despite their broad synthetic utility and widespread acceptance in academia, chromium-

mediated oxidation reactions have been employed sparsely in industry, due to certain 

inherent problems associated with their use. The high toxicity and mutagenicity of 

chromium(VI) compounds is well documented[32] and contamination of products is of 

particular concern. In addition, work up can be problematical on scale up and large 

amounts of chromium waste are generated. The comparively large amounts of oxidant 

required have also limited the use of these oxidations in production environments. 

 

The oxidizing nature of some manganese compounds has also been known for over a 

century. Potassium permanganate in aqueous acid solution is one of the most general 

and powerful oxidation reagents known. Alcohols are oxidized to carboxylic acids or 

ketones in such solutions, with manganese(III) and manganese(II) salts being produced. 

Basic solutions of permanganate are also strong oxidants, with manganese(IV) oxide the 

end product. Other important applications of permanganate oxidation include cleavage 

of olefins to 1,2-diols, side chain oxidation of aromatic compounds at the benzylic 

position, oxidative cleavage of aromatic rings and oxidation of terminal olefins and 

acetylenes to carboxylic acids.[33] As such, lack of chemoselectivity has limited its use 

as a reagent for the oxidation of alcohols somewhat. 

 

Activated manganese(IV) oxide is a comparatively mild oxidant which has found broad 

application in organic synthesis.[34] It is a selective oxidant for alcohols at acetylenic, 

allylic or benzylic postions to form saturated α,β-unsaturated carbonyl compounds 

without over oxidation, saturated alcohols react far more slowly. Reactions are routinely 

performed in hydrocarbon, chlorinated or ethereal solvents under essentially neutral 

conditions and at ambient temperatures. One significant drawback is the requirement of 

superstoichiometric (typically 10 equivalents) amounts of reagent for complete 

oxidation. Barium manganate in dichloromethane has been shown to have similar 

reactivity to activated manganese dioxide for the oxidation of alcohols.[35] 

 

Activated manganese(IV) oxide has been used extensively in tandem oxidation 

processes developed by Taylor and co-workers.[36] The mild, heterogeneous nature of 

the oxidant was exploited in order to affect a tandem oxidation-Wittig homologation of 

the alcohol 20 to dienoate 21 in good yield and in one-pot, circumventing problems 

associated with the highly reactive bromoenal intermediate. This methodology has been 
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extended to furnish a diverse range of products from activated primary alcohols via 

trapping of the intermediate aldehydes with various nucleophiles in one-pot, including 

alkenes[37] (Scheme 11), amines,[38] heterocycles[39] and cyclopropanes.[40] Matsuda has 

reported a conceptually similar tandem oxidation-Wittig homologation protocol using 

barium permanganate as the oxidant.[41] 

 

Br OH

MnO2, Ph3P=CHCO2Et
DCM, r.t., 24 h

78%, (E,E : Z,E = 7:1)
Br

O

O

20 21  

 

Scheme 11 – First tandem MnO2 oxidation-Wittig reaction reported by Taylor 

 

Ruthenium-catalysed oxidation of alcohols has been an area which has gained much 

impetus in the last 20 years. Ruthenium(VIII) oxide is a strong oxidant which is usually 

prepared in situ by oxidation of ruthenium(III) chloride or ruthenium(IV) oxide with 

periodate or hypochlorite. Whilst early systems were stoichiometric in metal, the 

development of systems catalytic in ruthenium with a stoichiometric co-oxidant in a 

biphasic solvent system saw these oxidations gain popularity as useful procedures, 

particularly for alcohol oxidation. 

 

The combination of ruthenium(III) chloride with strong co-oxidants (e.g. sodium 

periodate) yields carboxylic acids,[42] whilst use of milder oxidants such as calcium 

hypochlorite yields aldehydes[43]. Secondary alcohols are readily oxidized to ketones, 

even difficult substrates such as 22 (which is resistant to chromium or activated DMSO 

oxidation) can give excellent yields (Scheme 12).[44] Ruthenium-periodate systems also 

effect other types of oxidations, most notably oxidation of methylene groups α with 

respect to heteroatoms, and oxidative cleavage of carbon-carbon multiple bonds to yield 

carbonyl compounds and carboxylic acids. The oxidizing power of such systems can be 

tuned by addition of ligands such as bipyridine, which in conjunction with 

ruthenium(III) chloride and periodate is capable of epoxidation of alkenes without 

cleavage.[45] 
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Scheme 12 – Catalytic ruthenium/periodate oxidation 

 

Less reactive oxidants are obtained by lowering the oxidation state of ruthenium. 

Ruthenate ion, RuO4
2- oxidizes alcohols to ketones or acids in basic media, whilst 

carbon-carbon multiple bonds are unaffected at room temperature. Ley has introduced 

tetra-n-propylammonium perruthenate (TPAP) as a very mild oxidant for alcohol 

oxidation, employing N-methylmorpholine N-oxide (NMO) as co-oxidant.[46] The 

system has found much utility in natural product synthesis[47] due to its exceptional 

chemoselectivity. Jones has exploited this in the oxidation of a highly sensitive 

macrolide 23 (Scheme 13).[48] TPAP has also been used as an oxidant in a sequential 

oxidation-Wittig reaction with both stabilised and non-stabilised ylides.[49] The 

oxidation chemistry of TPAP is an area of ongoing interest and has recently been 

reviewed.[50] 
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Scheme 13 – TPAP oxidation of a macrolide 

 

An important advance was made by Markó,[51] and subsequently Ley,[52] who 

recognized that the TPAP reagent could be used with molecular oxygen as the 

stoichiometric oxidant. Other complexes of ruthenium such as Ru(PPh3)3Cl2 are capable 

of effecting oxidation of activated alcohols such as citronellol in the presence of 

oxygen.[53] Mizuno and co-workers have recently described a ruthenium/alumina system 

capable of oxidizing a variety of alcohols in the presence of oxygen or, perhaps more 

significantly, air.[54] Ruthenium complexes can also be used for oxidation of alcohols to 

carbonyl compounds by hydrogen transfer reactions in the presence of a suitable 

acceptor (vide infra). 
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Metal-catalysed aerobic oxidation of alcohols is a topic of considerable current interest 

as an environmentally benign alternative method of oxidation.[55] One of the first reports 

by Blackburn and Schwartz described the homogeneous oxidation of secondary 

alcohols to ketones by a palladium chloride-sodium acetate system.[56] Since this 

disclosure, many publications have appeared in this area and a variety of metals have 

been employed. Markó has developed a copper-phenanthroline system with broad 

substrate scope.[57] Sheldon and co-workers have developed a similar system using 

palladium and water-soluble ligands to accomplish aerobic oxidations with air in 

aqueous media.[58] Complementary to aerobic oxidation, hydrogen peroxide has also 

been used as an oxidant with metal catalysts.[59] Hutchings and co-workers have 

reported solvent-free oxidation of primary alcohols to aldehydes catalysed by mixed 

gold-palladium nanocrystals on titanium dioxide support, with impressive turnover 

frequencies (270000 h-1) being obtained.[60] 

 

Metal-catalysed dehydrogenation of alcohols is another promising method for the 

oxidation of alcohols with high atom economy. This “oxidant-free” reaction involves 

the production of molecular hydrogen, and as such some of the first reports in this area 

were concerned with generation of hydrogen gas from cheap, readily available 

feedstocks, such as low-molecular weight alcohols and sugars.[61] Cole-Hamilton first 

reported ruthenium hydride complexes as effective catalysts for this reaction in 1988[62]    

(Scheme 14) and since this disclosure many ruthenium-based systems have been 

published. Milstein has used sterically demanding, electron-rich “pincer” ligands to 

achieve dehydrogenation of secondary alcohols at lower temperatures.[63] More recently 

this reaction has been recognized as having significant potential as an efficient, 

synthetically useful procedure for oxidation of alcohols[64,65] Yamaguchi has reported a 

noteworthy variant of this reaction involving ligand-promoted dehydrogenation 

catalysed by iridium complexes.[66] 

 

OH
RuH2(N2)(PPh3)3

NaOH
(TOF = 523.5 h-1)

O H2+

 

 

Scheme 14 – Acceptorless dehydrogenation reported by Cole-Hamilton 
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Non-metal mediated oxidation reactions have attracted the attention of process chemists 

as they have the potential to alleviate some of the problems associated with 

stoichiometric metal-catalysed processes. Arguably the pre-eminent class of such 

oxidations is based on the activation of dimethylsulfoxide (DMSO). Pfitzner and 

Moffatt described the first reaction of this type in 1965, using dicyclohexylcarbodiimide 

(DCC) as activator.[67] This system generally gives good, if not excellent yields of 

carbonyl compounds from alcohols at room temperature, chemoselectivity is typically 

excellent, and over-oxidation to acids is avoided. One drawback is production of 

dicyclohexyl urea, removal of which can be problematic on large scale. Numerous other 

protocols have since been reported, the most popular modifications made by Swern, 

who first reported trifluoroacetic anhydride as an activating reagent in 1976,[68]  

followed by oxalyl chloride in 1978,[69]  which is the most widely used of the activated 

DMSO oxidations with typically short reaction times and excellent yields obtained for a 

wide range of substrates. The active reagent 24 is generated at low temperature, addition 

of the alcohol yields the alkoxysulfonium ion 25 which is deprotonated (typically with 

an amine base) yielding the carbonyl product by intramolecular proton abstraction 

(Scheme 15). 
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Scheme 15 – Swern oxidation of alcohols 

 

The sulfur trioxide-pyridine complex has been adopted by industry as an activator for 

DMSO oxidations. It has a major advantage over oxalyl chloride in that cryogenic 

temperatures are not required. This approach was used by Searle for the synthesis of 

aldehyde 26 from amino alcohol 27 on 190 kg scale and with no loss of enantiomeric 

purity as part of the synthesis of a HIV-1 protease inhibitor (Scheme 16).[70] 
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Scheme 16 – Searle’s large-scale DMSO oxidation 

 

More recently, hypervalent iodine reagents have gained popularity for chemoselective 

oxidation of alcohols. The best known example of these is the Dess-Martin 

periodinane[71] (DMP) 28 which is one of the mildest and most selective reagents known 

for this transformation. In the endgame of Evans’ synthesis of cytovaricin, DMP 

oxidized the only available alcohol function in macrolide 29 to the corresponding ketone 

30 in excellent yield. No problems with epimerization of the α-stereogenic centre or 

migration of the proximal olefin into conjugation were noted (Scheme 17).[72]  DMP is 

soluble in a range of organic solvents and anhydrous, inert atmosphere conditions are 

unnecessary.[73] The use of hypervalent iodine reagents for the oxidation of alcohols and 

its application to the synthesis of complex molecules has recently been reviewed.[74] 
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Scheme 17 – DMP oxidation in Evans’ cytovaricin synthesis 

 

The seminal works of Dess and Martin led to a renewed interest in hypervalent iodine 

reagents. 2-Iodoxybenzoic acid 31 (IBX), a precursor in the production of DMP 

(Scheme 17) was first described over a century ago[75] and like DMP is capable of the 

rapid oxidation of alcohols to carbonyl compounds at ambient temperature,[76] although 

poor solubility in solvents other than DMSO limits its use somewhat. IBX is also 

capable of converting amines to imines and oxidizing benzylic positions.[77] Perhaps 
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unsurprisingly, the impressive chemoselectivity of these reagents has been exploited in 

consecutive reactions. Huang was the first to report the tandem oxidation-Wittig 

reaction with DMP,[78] whilst Crich and Mo have reported that a similar process could 

be effected with IBX.[79] The cost and safety concerns associated with these reagents 

have however restricted their use in process environments. 
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Scheme 18 – Preparation of IBX and DMP 

 

A catalytic non-metal oxidant that has found great utility in industry is 2,2,6,6-

tetramethylpiperidin-1-oxyl (TEMPO).[80] This hydroxyl radical species can oxidize 

primary alcohols to aldehydes under mild conditions, using inexpensive co-oxidants 

such as sodium hypochlorite and often with less than 1 mol % of catalyst.[81] This 

method is particularly effective for the preparation of chiral α-amino and α-alkoxy 

aldehydes with mimimal racemisation (Scheme 19).[82] Secondary alcohols are oxidized 

to ketones, though this is often a slower process, hence allowing chemoselective 

oxidation of primary alcohols. Modifying the reaction conditions can also result in the 

formation of acids from alcohols/aldehydes.[83] 
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Scheme 19 – TEMPO-mediated oxidation 
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1.4    Transfer hydrogenation 

An important guiding principle governing oxidation reactions is that in a given system 

for every oxidation there is a corresponding reduction and vice versa. Whilst many 

metal-catalysed oxidations (e.g. Jones oxidation) are essentially irreversible processes, 

in some cases an equilibrium exists between oxidised and reduced forms. A classic 

example of such a reaction is the aluminium-mediated interconversion of alcohols and 

carbonyl compounds. The pioneering work in this area was carried out in the 1920’s 

when Meerwein and co-workers reported the reduction of chloral in the presence of 

aluminium ethoxide using ethanol as solvent.[84] This disclosure was rapidly followed 

by Verley[85] who showed that butyraldehyde was a feasible substrate, and later by 

Ponndorf who showed secondary alcohols could be furnished from ketones in the 

presence of aluminium isopropoxide.[86] As such, this reaction is known as the 

Meerwein-Pondorf-Verley (MPV) reduction. 

 

In 1937 Oppenauer reported that the reverse process (alcohol to carbonyl compound) 

was mediated by aluminium alkoxides – a reaction subsequently termed the Oppenauer 

oxidation.[87] In both reactions an excess of hydrogen donor (2-propanol) or hydrogen 

acceptor (acetone) is required to drive the equilibrium towards the desired product. 

(Scheme 20) This requirement is a consequence of the generally accepted reaction 

mechanism which is a fully reversible process (Scheme 21).[88] 
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Scheme 20 – Meerwein-Ponndorf-Verley reduction and Oppenauer oxidation 

 

The MPV reaction is thought to proceed via an intermediate in which the carbonyl 

compound and the alcohol are bound to the aluminium ion in such a manner that a 

weakly bound complex is formed. The alcohol is bound to the metal as an alkoxide and 

activation of the carbonyl group is achieved via coordination to the Lewis acidic 

aluminium(III) centre. This arrangement facilitates hydride transfer to the carbonyl via a 

six-membered transition state. Thus the aluminium alkoxide acts in a bifunctional 
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manner, playing a key role in both orientation of reactants and activation of the acceptor 

molecule. The alkoxide product may then be liberated from the complex via alcoholysis 

with accompanying proton abstraction from the bulk affording the product alcohol. This 

mechanism has been termed “direct hydride transfer”. The reaction is a fully reversible 

process, and if the metal has a marked affinity for the alcohol product ahead of the 

reactant, the equilibrium becomes unfavourable. Catalyst deactivation can also occur if 

the carbonyl compound is capable of forming a strongly bound complex with the metal. 

These problems, coupled with slow ligand exchange in the case of aluminium 

complexes often lead to stoichiometric amounts of catalyst being required. 
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Scheme 21 - Mechanism of the MPV/Oppenauer reaction 

 
 

The development of selective oxidants (vide supra) and metal hydride reducing agents 

somewhat diminished the utility of these classical reactions, but recently improved 

catalyst systems have addressed many of the problems and served to promote new 

interest in aluminium-mediated redox reactions. Maruoka and co-workers have 

described a series of well defined bidentate aluminium alkoxides which allow rapid 

MPV and Oppenauer reactions at low catalyst loading and ambient temperatures.[89,90] 

More recently Nguyen has reported efficient alcohol oxidation with catalytic 

trimethylaluminium employing benzaldehydes as hydrogen acceptors (Scheme 22).[91]  
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Scheme 22 – Trimethylaluminium-catalysed alcohol oxidation 

 

Transfer hydrogenation can be defined simply as “the reduction of multiple bonds with 

the aid of a hydrogen donor in the presence of a catalyst”. In comparison with catalytic 

reduction using hydrogen gas, transfer hydrogenation employing hydrogen donors 

presents real advantages, principally that the inherent hazards associated with the use of 

hydrogen gas such as flammability, containment and high pressures are avoided. In 

spite of transfer hydrogenation being observed as early as 1903 by Knoevenagel[92] and 

the seminal works concerning aluminium mediated hydrogen transfer (vide supra), 

development in this area was slow, particularly for donors other than alcohols. This 

observation can be attributed to some of the shortfalls which blighted the early methods 

– reactions were often of limited scope, extended reaction times were common and 

yields often less than satisfactory. These early heterogeneous transfer hydrogenation 

reactions have been reviewed in detail.[93]  

 

The work of Braude and Linstead in 1952 represented an important development in 

transfer hydrogenation chemistry. Using cyclohexene as a donor, a range of olefins and 

alkynes were reduced in the presence of a heterogeneous palladium catalyst, under 

relatively mild conditions (Scheme 23).[94] Subsequent studies showed that nitro and azo 

compounds could be reduced to amines in this manner. Significantly, carbonyl 

compounds, except when part of a potential aromatic system (e.g. quinones) were 

resistant to reduction using this protocol. This was significant as it was the first example 

whereby transfer hydrogenation of alkenes was shown to be a viable alternative to 

catalytic reduction with molecular hydrogen. 
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Pd black
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Scheme 23 - Heterogeneous transfer hydrogenation with an alkene donor 
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In 1965, Wilkinson reported the first example of catalytic hydrogenation using the 

homogeneous rhodium catalyst RhCl(PPh3)3.
[95] This pioneering research prompted 

investigations into whether transition metal complexes were feasible catalysts for 

homogeneous transfer hydrogenation. Two years later, Henbest reported the first 

example of such a reaction using an iridium hydride-DMSO complex with 2-propanol 

as hydrogen donor (Scheme 24).[96] This system was also found to be capable of 

reducing the C=C bond in a series of chalcones with excellent chemoselectivity. 
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Scheme 24 – First homogeneous metal-catalysed transfer hydrogenation 

 

This report served to promote interest in homogeneous transfer hydrogenation reactions 

using transition metal catalysts. Elements that form part of the second transition series 

have been studied extensively, with ruthenium, rhodium and palladium emerging as the 

pre-eminent metals for transformations of this type, although efforts have also been 

directed into finding catalysts from among the less rare metals, particularly nickel[97] 

and molybdenum.[98] Despite this, it is with ruthenium complexes that the most 

significant advances have been made. Pioneering work in this area was carried out by 

Blum, who reported the reduction of the olefinic bond of α,β-unsaturated ketones with 

Ru(PPh3)3Cl2.
[99] In 1981 Shvo reported the oxidation of secondary alcohols to ketones 

by Ru3(CO)12 with diphenylacetylene as a hydrogen acceptor. Primary alcohols formed 

dimeric esters under these conditions.[100] Murahashi subsequently reported formation of 

lactones from primary alcohols with Ru(PPh3)4H2 (vide infra).
[101,102] Although these 

early systems were not particularly synthetically useful due to the forcing conditions 

required, such as high reaction temperatures (typically 150-220 °C), they demonstrated 

the potential utility of metal-mediated hydrogen transfer reactions. 

 

A significant advance in transfer hydrogenation chemistry occurred in 1991 when 

Bäckvall and co-workers discovered that the addition of base to the transfer 

hydrogenation of cyclohexanone 32 catalysed by Ru(PPh3)3Cl2 33 resulted in a startling 
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rate enhancement.[103] Further investigations illustrated that base was necessary for the 

generation of the catalytically active species Ru(PPh3)3H2.
[104] Under these optimised 

conditions, total conversion could be rapidly achieved under mild conditions in 2-

propanol, which acts as both the hydrogen donor and solvent. (Scheme 25) 

 

O OH
Ru(PPh3)3Cl2 33 (0.1 mol %)

NaOH (2.4 mol %)
2-propanol, 82 °C, 1 h, 89%

32  

 

Scheme 25 – Effect of base in ruthenium-catalysed transfer hydrogenation 

 

Subsequently, the first practical oxidation of secondary alcohols via transfer 

hydrogenation to ketones was developed by simply replacing the donor (2-propanol) 

with an acceptor, acetone.[105] (Scheme 26) 
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Scheme 26 – Ruthenium-catalysed alcohol oxidation reported by Bäckvall 

 

These new, milder conditions made the reactions far more amenable to mechanistic 

studies. Bäckvall and co-workers used isotopic labelling experiments and NMR studies 

extensively to evaluate two pathways for transfer hydrogenation involving alcohol 

donors (Scheme 27); namely the metal monohydride mechanism (i) leading to highly 

selective carbon-carbon hydrogen transfer and the non-selective metal dihydride 

mechanism (ii).[106]     
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Scheme 27 – Proposed pathways for metal-catalysed hydrogen transfer 
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Racemisation studies confirmed that two competing pathways were indeed operating, 

and that the nature of the metal was significant in governing which. Iridium and 

rhodium complexes were found to favour the dihydride mechanism, whilst ruthenium- 

catalysed reactions proceeded via either the dihydride or monohydride pathway. The 

mechanism of reaction (Scheme 28) has been proposed.[107,108] 
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Scheme 28 – Mechanism of transfer hydrogenation via a metal dihydride 

 

Perhaps the most significant achievements in the field of transfer hydrogenation to date 

have been achieved by the group of Noyori, who in 1995 reported the use of a 

ruthenium pre-catalyst in combination with a chiral monotosylated diamine that reduces 

aromatic ketones to alcohols at room temperature with high enantiomeric excess.[109] 

(Scheme 29)  
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Scheme 29 – Noyori’s asymmetric transfer hydrogenation 
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Extensive mechanistic studies revealed the structure of the catalytically active species, a 

relatively stable 16-electron complex 34 which when isolated displayed excellent 

activity without use of base.[110] (Scheme 30) This was a significant advance, increasing 

the applicability of this process to substrates prone to epimerisation and those that are 

inherently base sensitive. This system immediately found utility in a kinetic resolution 

of secondary alcohols.[111] 
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Scheme 30 – Noyori’s transfer hydrogenation catalyst 

 

This system has also been used in conjunction with formic acid/triethylamine azeotrope 

as hydrogen donor, allowing the reduction of ketones to be achieved under essentially 

irreversible conditions with similarly excellent results. This system was subsequently 

shown to be effective for the enantioselective reduction of imines,[112] an area that had 

remained undeveloped in comparison to that of carbonyl compounds. 

 

Noyori has postulated that the reaction proceeds by direct hydrogen transfer, and has 

termed the mechanism “metal-ligand bifunctional catalysis”.[113] It is fundamentally 

different to the mechanisms proposed by Bäckvall in so much that the diamine ligand is 

involved in the transfer of hydride, which occurs in a concerted process via a cyclic 

transition state. This mechanism has been the subject of extensive experimental and 

computational analysis.[114,115] 

  

These catalysts represent arguably the most successful transfer hydrogenation systems 

reported to date. They have been shown to have an impressively broad scope of 

reactivity and functional group tolerance, are active at very low catalyst loadings at 

room temperature and offer practical simplicity. They have led to increased interest in 

asymmetric transfer hydrogenation, and will no doubt lead to further impressive 

developments in this rapidly moving area. 
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Whilst the efficient reduction of ketones (particularly enantioselective variants) has seen 

much development in the field of homogeneous transfer hydrogenation, the Oppenauer-

type oxidation of alcohols has remained somewhat undeveloped in comparison. Whilst 

ruthenium catalysts are generally applicable to the oxidation of secondary alcohols (vide 

supra), no examples of oxidation of primary alcohols to aldehydes have been 

reported.[116] This is a consequence of the incompatibility of the ruthenium complexes 

with the product aldehydes. Decarbonylation is a major problem, leading to catalyst 

deactivation via formation of the ruthenium bis-carbonyl complexes.[117] For example, 

De Vries has reported the decarbonylation of cinnamaldehyde with Ru(PPh3)4H2.
[118] In 

addition to this, further reactions of the product aldehydes are common, for example 

formation of esters by reaction with the alcohol starting material (vide infra).  

 

Examples of iridium-catalysed oxidation of alcohols via transfer hydrogenation are 

known, but again are relatively uncommon in comparison to the wealth of reduction 

chemistry reported. Significantly, some of the reported systems have been shown to be 

viable for the oxidation of primary as well as secondary alcohols, albeit usually at a 

slower rate. This suggests that some of the problems associated with aldehydes with 

ruthenium (particularly with respect to decarbonylation) are circumvented by the use of 

iridium complexes. Some significant results have been achieved, particularly by 

Yamaguchi, who has reported a cationic pentamethylcyclopentadienyl iridium N-

heterocyclic carbene complex 35 which catalyses the oxidation of both primary and 

secondary alcohols with turnover numbers approaching 200 and 1000 

respectively.[119,120] This is the most active iridium-based system reported for this 

transformation to date (Scheme 31). 

OH

Ir NCMe
NCMe

N

N

O

base, acetone, 40 °C

2+

86%

35

 

 

Scheme 31 – Oppenauer-type oxidation with an Ir-NHC catalyst 
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The reduction of alkenes via homogeneous transfer hydrogenation has also remained 

undeveloped in comparison with that of carbonyl compounds. Significant work in this 

area has been carried out by Nolan and co-workers who reported an iridium complex 

that reduces a wide range of alkenes in excellent yield using 2-propanol as hydrogen 

donor.[121] Crabtree has also used triazole-derived iridium(I) carbene complexes to 

achieve reduction of alkenes.[122] Interestingly, these complexes were found to have a 

wide substrate scope, with aldehydes, ketones and imines all being reduced under these 

conditions. 

 

Despite these reports, selective oxidation of alcohols using olefins as hydrogen 

acceptors has seldom been reported. A notable example was reported by Jensen, who 

used a novel PCP “pincer” complex 36 for the dehydrogenation of alcohols using an 

electron-rich alkene (tert-butyl vinyl ether) 37 as the hydrogen acceptor, albeit under 

rather forcing conditions and with a relatively large excess of olefin (Scheme 32). This 

method was applied to primary and secondary alcohols with equal success, the high 

yields of product and absence of side reactions are particularly impressive.[123] 
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Scheme 32 – Jensen’s iridium catalysed alcohol dehydrogenation 
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1.5    Beckmann rearrangement 

The Beckmann rearrangement is a fundamental reaction in which oximes are converted 

into amides by the use of acid, accomplishing in one stroke the cleavage of a carbon-

carbon bond and the formation of a carbon-nitrogen bond.[124] Classical reaction 

conditions involve the use of strongly acidic and dehydrating media, such as 

concentrated sulphuric acid or phosphorus pentachloride. These harsh conditions have 

found application in industrial processes, such as the synthesis of ε-caprolactam, a key 

intermediate in the manufacture of nylon, but preclude its application to sensitive 

substrates. Significant advancements have been made in developing more benign 

methods for Beckmann rearrangement, including the use of non-corrosive acidic clays, 

impregnation of these materials with Lewis acids[125] and using microwave 

irradiation.[126] Very recently, exceptionally mild conditions have been described by 

Giacomelli and co-workers who have reported Beckmann rearrangement of ketoximes 

using cyanuric chloride at ambient temperature.[127] Reports of true transition metal 

catalysed reactions are relatively uncommon, although a notable example recently 

disclosed utilises a rhodium complex.[128] 
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Scheme 33 -Mechanism of Beckmann rearrangement 

 

The mechanism of the rearrangement (Scheme 33) has been extensively studied. The 

generally accepted pathway involves protonation of the oxime hydroxyl group to a 

leaving group, subsequent migration and water loss occur as a concerted process to 

form a nitrilium ion which is captured by water acting as a nucleophile. Tautomerisation 

leads to the formation of the amide product. The group which migrates does so with 

retention of configuration, and is generally the one anti with respect to the hydroxyl 

group. Some reaction conditions can lead to syn-anti isomerisation occurring at a rate 

that exceeds that of rearrangement, leading to mixed products.[129] This is most common 

when both participating groups are alkyl in nature. The scope of the reaction is quite 

broad, both R groups can be aryl, alkyl or hydrogen, and in terms of migratory aptitude 
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of those groups that order is generally observed. Hence, hydrogen very seldom 

migrates, so the classical reaction is not a reliable method of converting aldoximes to 

primary amides. 

 

A common side reaction observed is the formation of nitriles via fragmentation, a 

process which has been termed the “abnormal” or second-order[130] Beckmann 

rearrangement (Scheme 34). The mechanism is thought to involve rearrangement to the 

common cationic intermediate followed by fragmentation. 

 

R

N

R'

OH

H
+

- H2O

C

R'

N

R

+

H2O

- R+

Rearrangement

R' N   +   R+

 

 

Scheme 34 – Alternative reaction pathway affording nitriles 

 

In substrates where a neighbouring group can assist removal of the group cleaving from 

the carbon, e.g. α-dialkylamino oximes, or in cases where cleavage liberates a very 

stable carbocation the nitrile can be the predominant product[131] (Scheme 35). 
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Scheme 35 – “abnormal” Beckmann rearrangement 

 

 

 

 

 

 

 

 

 

 



Chapter 1  Introduction   

29 

1.6    References 

[1] R. A. Sheldon, Pure Appl. Chem., 2000, 72, 1233. 

[2] L. F. Tietze, Chem. Rev., 1996, 96, 115. 

[3] L. F. Tietze, A. Modi, Med. Res. Rev., 2000, 20, 304. 

[4] H. Waldmann, Organic Synthesis Highlights, 1995, 2, 193. 

[5] J-C. Wasilke, S. J. Obrey, R. T. Baker, G. C. Bazan, Chem. Rev., 2005, 105, 

 1001. 

[6] R. Robinson, J. Chem. Soc., 1917, 762. 

[7] K. C. Nicolaou, T. Montagnon, S. A. Synder, Chem. Commun., 2003, 551.   

[8] W. S. Johnson, M. B. Gravestock, R. J. Parry, R. F. Myers, T. A. Bryson, D. H. 

 Miles, J. Am. Chem. Soc., 1971, 93, 4330.  

[9] R. E. Ireland, D. W. Norbeck, J. Org. Chem., 1985, 50, 2198. 

[10] G. A. Molander, C. R. Harris, Chem. Rev., 1996, 96, 307. 

[11] G. Poli, G. Giambastiani, A. Heumann, Tetrahedron, 2000, 56, 5959. 

[12] A. de Meijere, S. Brase, J. Organomet. Chem., 1999, 576, 88. 

[13] A. Ajamian, J. L. Gleason, Angew. Chem. Int. Ed., 2004, 43, 3754.  

[14] R. H. Grubbs, Acc. Chem. Res., 2001, 34, 18. 

[15] B. Alcaide, P. Almendros, Chem. Eur. J., 2003, 9, 1259. 

[16] S. J. McLain, S. D. Arthur, E. Hauptman, J. Feldman, W. A. Nugent, L. K. 

 Johnson, S. Mecking, M. Brookhart, Polym. Mater. Sci. Eng., 1997, 76, 246. 

[17] S. D. Drounin, G. P. A. Yapp, D. E. Fogg, Inorg. Chem., 2000, 39, 5412. 

[18] J. Louie, C. W. Bielawski, R. H. Grubbs, J. Am. Chem. Soc., 2001, 123, 11312. 

[19] V. Dragutan, I. Dragutan, J. Organomet. Chem., 2006, 691, 5129. 

[20] P. A. Evans, J. E. Robinson, J. Am. Chem. Soc., 2001, 123, 4609. 

[21]  K. Fuji, T. Morimoto, K. Tsutsumi, K. Kakiuchi, Angew. Chem. Int. Ed., 2003, 

 42, 2409. 

[22] H. Kiliani, B. Merk, Chem. Ber., 1901, 34, 3562. 

[23] K. Bowden, I. M. Heilbron, E. R. H. Jones, B. C. L. Weedon, J. Chem. Soc., 

 1946, 39. 

[24] R. A. Epifanio, W. Carnago, A. C. Pinto, Tetrahedron Lett., 1988, 29, 6403. 

[25] H. C. Brown, C. P. Garg, K.-T. Liu, J. Org. Chem., 1971, 36, 387. 

[26] G. I. Poos, G. E. Arth, R. E. Beyler, L. H. Sarett, J. Am. Chem. Soc., 1953, 75, 

 422. 

[27] J. C. Collins, W. W. Hess, J. F. Frank, Tetrahedron Lett., 1968, 30, 3363. 



Chapter 1  Introduction   

30 

[28] E. J. Corey, J. W. Suggs, Tetrahedron Lett., 1975, 2647. 

[29] E. J. Corey, G. Schmidt, Tetrahedron Lett., 1979, 399. 

[30] S. Kanemoto, K. Oshima, S. Matsubara, K. Takai, H. Nozaki, Tetrahedron Lett., 

1983, 24, 2185. 

[31]  J. Shet, V. Desai, S. Tilve, Synthesis, 2004, 1859. 

[32] D. Y. Cupo, K. E. Wetterhahn, Cancer Res., 1985, 45, 1146. 

[33] A. J. Fatiadi, Synthesis, 1987, 85.  

[34] S. Ball, T. W. Goodwin, R. A. Morton, Biochem. J., 1948, 42, 516. 

[35] H. Firouzabadi, E. Ghaderi, Tetrahedron Lett., 1978, 839. 

[36] R. J. K. Taylor, M. Reid, J. Foot, S. A. Raw, Acc. Chem. Res., 2005, 38, 851. 

[37] X. Wei , R. J. K. Taylor, J. Org. Chem., 2000, 65, 616. 

[38] H. Kanno, R. J. K. Taylor, Tetrahedron Lett., 2002, 43, 7337. 

[39] S. A. Raw, C. D. Wilfred, R. J. K. Taylor, Org. Biomol. Chem., 2004, 2, 788. 

[40] G. D. McAllister, M. F. Oswald, R. J. Paxton, S. A. Raw. R. J. K. Taylor, 

 Tetrahedron, 2006, 62, 6681. 

[41] S. Shuto, S. Niizuma, A. Matsuda, J. Org. Chem., 1998, 63, 4489. 

[42] A. K. Singh, R. S. Varma, Tetrahedron Lett., 1992, 33, 2307. 

[43] J. P. Genet, D. Pons, S. Juge, Synth. Comm., 1989, 19, 1721. 

[44]  R. M. Moriarty, H. Gopal, T. Adams, Tetrahedron Lett., 1970, 4003. 

[45] G. Balavoine, C. Eskenazi, F. Meunier, H. Riviere, Tetrahedron Lett., 1984, 25, 

 3187. 

[46] W. P. Griffith, S. V. Ley, G. P. Whitcombe, A. D. White, Chem. Commun., 

 1987, 1627. 

[47] S. V. Ley, J. Norman, W. P. Griffith, S. P. Marsden, Synthesis, 1994, 639-666. 

[48] A. B. Jones, J. Org. Chem., 1992, 57, 4361. 

[49] R. N. MacCoss, E. P. Balkus, S. V. Ley, Tetrahedron Lett., 2003, 44, 7779. 

[50] M. Pagliaro, S. Campestrini, R. Ciriminna, Chem. Soc. Rev., 2005, 34, 837. 

[51] I. E. Markó, P. R. Giles, M. Tsukazaki, I. Chelle-Regnaut, C. J. Urch, S. M. 

Brown, J. Am. Chem. Soc., 1997, 119, 12661. 

[52] R. Lenz, S. V. Ley, J. Chem. Soc. Perkin Trans. 1, 1997, 3291. 

[53] M. Matsumoto, S. Ito, Chem. Commun., 1981, 907. 

[54] K. Yamaguchi, N. Mizuno, Chem. Eur  J., 2003, 9, 4353 

[55] P. T. Anastas, M. M. Kirchhoff, Acc. Chem. Res., 2002, 35, 686. 

[56] T. F. Blackburn, J. Schwartz, Chem. Commun., 1977, 157 



Chapter 1  Introduction   

31 

[57] I. E. Markó, P. R. Giles, M. Tsukazaki, S. M. Brown, C. J. Urch, Science, 1996, 

274, 2044. 

[58] G-J. ten Brink, I. W. C. E. Arends, R. A. Sheldon, Science, 2000, 287, 1636. 

[59] R. A. Sheldon, I. W. C. E. Arends, A. Dijksman, Catalysis Today, 2000, 57, 

157. 

[60] D. I. Enache, J. K. Edwards, P. Landon, A. F. Carley, A. A. Herzing, M. 

Watanabe, C. J Kiely, D. W. Knight, G. J. Hutchings, Science, 2006, 311, 362. 

 [61] H. Junge, M. Beller, Tetrahedron Lett., 2005, 46, 1031.  

[62] D. Morton, D. J. Cole-Hamilton, Chem. Commun., 1988, 1154. 

[63] J. Zhang, M. Gandelman, L. J. W. Shimon, H. Rozenberg, D. Milstein, 

Organometallics, 2004, 23, 4026.  

[64] W.-H. Kim, I. S. Park, J. Park, Org. Lett., 2006, 8, 2543.  

[65] G. R. A. Adair, J. M. J. Williams, Tetrahedron Lett., 2005, 46, 8233. 

[66] K-i. Fujita, N. Tanino, R. Yamaguchi, Org. Lett., 2007, 9, 2006. 

[67] K. E. Pfitzner, J. G. Moffatt, J. Am. Chem. Soc., 1965, 87, 655. 

[68] K. Omura, A. K. Sharma, D. Swern, J. Org. Chem., 1976, 41, 957. 

[69] A. J. Mancuso, S.-L. Huang, D. Swern, J. Org. Chem., 1978, 43, 2840. 

[70] C. Liu, J. S. Ng, J. R. Behling, C. H. Yen, A. L. Campbell, K. S. Fuzail, E. E. 

Yonan, D. V. Mehrotra, Org. Process Res. Dev., 1997, 1, 45. 

[71]  D. B. Dess, J. C. Martin, J. Org. Chem., 1983, 48, 4155. 

[72] D. A. Evans, S. W. Kaldor, T. K. Jones, J. Clardy, T. J. Stout,  J. Am. Chem. 

Soc., 1990, 112, 7001. 

[73] S. D. Meyer, S. L. Schreiber,  J. Org. Chem., 1994, 59, 7549. 

[74] H. Tohma, Y. Kita, Adv. Synth. Catal., 2004, 346, 111. 

[75] C. Hartman, V. Meyer, Chem. Ber., 1893, 26, 1727. 

[76] M. Frigerio, M. Santagostino, S. Sputore, G. Palmisano, J. Org .Chem., 1995, 

60, 7272-7276. 

[77] K. C. Nicolaou, T. Montagnon, P. S. Baran, Y.-L. Zhong, J. Am. Chem. Soc., 

2002, 124, 2245. 

[78] C. C. Huang, J. Labelled Compd. Radiopharm., 1987, 24, 676. 

[79] D. Crich, X.-S. Mo, Synlett, 1999, 67. 

[80] E. G. Rozantsev, V. D. Sholle, Synthesis, 1971, 190.  

[81] P. L. Anelli, S. Banfi, F. Montanari, S. Quici, J. Org. Chem., 1989, 54, 2970. 

[82] M. R. Leanna, T. J. Sowin, H. E. Morton, Tetrahedron Lett., 1992, 33, 5029. 



Chapter 1  Introduction   

32 

[83] P. L. Anelli, C. Biffi, F. Montanari, S. Quici, J. Org. Chem., 1987, 52, 2559. 

[84] H. Meerwein, R. Schmidt, Liebigs. Ann. Chem., 1925, 444, 221.  

[85] A. Verley, Bull. Soc. Chim. Fr., 1925, 37, 537. 

[86] W. Ponndorf, Angew. Chem., 1926, 39, 138.  

[87] R. V. Oppenauer, Recl. Trav. Chim. Pay B., 1937, 56, 137. 

[88] C. F. de Graauw, J. A. Peters, H. van Bekkum, J. Huskens, Synthesis, 1994, 

 1007. 

[89] T. Ooi, T. Miura, Y. Itagaki, H. Ichikawa, K. Maruoka, Synthesis, 2002, 279. 

[90] T. Ooi, H. Otsuka, T. Miura, H. Ichikawa, K. Maruoka, Org. Lett., 2002, 4, 

2669. 

[91] C. R. Graves, B-S. Zheng, S. T. Nguyen, J. Am. Chem. Soc., 2006, 128, 12596. 

[92] E. Knoevenagel, B. Bergdolt, Chem. Ber., 1903, 36, 2857. 

[93] R. A. W. Johnstone, A. H. Wilby, I. D. Entwhistle, Chem. Rev., 1985, 85, 129. 

[94] R. P. Linstead, E. A. Braude, P. W. D. Mitchell, K. R. H. Wooldridge, L. M. 

 Jackman, Nature, 1952, 169, 100. 

[95] F. H. Jardine, J. A. Osborn, G. Wilkinson, G. F. Young, Chem. Ind. (London), 

 1965, 560 

[96] H. B. Henbest, J. Trocha-Grimshaw, Chem. Commun., 1967, 544. 

[97] M. D. Le Page, B. R. James, Chem. Commun., 2000, 1647. 

[98] T. Tatsumi, K. Kizawa, H. Tominaga, Chem. Lett., 1977, 191. 

[99] J. Blum, Y. Sasson, J. Org. Chem., 1975, 40, 1887. 

[100]  Y. Shvo, Y. Blum, D. Reshef, M. Menzin, J. Organomet. Chem., 1982, 226, 

 C21. 

[101]  S. I. Murahashi, K. I. Ito, T. Naota, Y. Maeda, Tetrahedron Lett., 1981, 22, 

 5327. 

[102] S. I. Murahashi, T. Naota, K. I. Ito, Y. Maeda, H. Taki, J. Org. Chem., 1987, 52, 

4319. 

[103] R. L. Chowdhury, J-E. Bäckvall, Chem. Commun., 1991, 1064. 

[104] M. L. S. Almeida, M. Beller, G-Z. Wang, Chem. Eur. J., 1996, 2, 1533. 

[105] G-Z. Wang, J-E. Bäckvall, Chem. Commun., 1992, 337.  

[106] O. Pamies, J-E. Bäckvall, Chem. Eur. J., 2001, 7, 5052. 

[107] Y. R. Santosh Laxmi, J. E. Bäckvall,  Chem. Commun., 2000, 611. 

[108] J. S. M. Samec, J-E. Bäckvall, P. G. Andersson, P. Brandt, Chem. Soc. Rev.. 

2005, 35, 237  



Chapter 1  Introduction   

33 

[109] S. Hashiguchi, A. Fujii, J. Takehara, T. Ikariya, R. Noyori, J. Am. Chem. Soc., 

 1995, 117, 7562. 

[110] K. J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori, Angew. Chem. Int. 

 Ed., 1997, 36, 285. 

[111] K. J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori, Angew. Chem. Int. 

 Ed., 1997, 36, 288. 

[112] N. Uematsu, A. Fujii, S. Hashiguchi, T. Ikariya, R. Noyori, J. Am. Chem. Soc., 

 1996, 118, 4916. 

[113] R. Noyori, M. Yamawaka, S. Hashiguchi, J. Org. Chem., 2001, 66, 7931.  

[114] R. Noyori, T. Okhuma, Angew. Chem. Int. Ed., 2001, 40, 40. 

[115] J-W. Handgraaf, J. N. H. Reek, E. J. Meijer,  Organometallics, 2003, 22, 3150. 

[116] K-i. Fujita, R. Yamaguchi, Synlett, 2005, 560 

[117] R. H. Prince, K. A. Raspin, J. Chem. Soc. (A), 1969, 612.  

[118] J. G. de Vries, G. Roelfes, R. Green,  Tetrahedron Lett., 1998, 39, 8329. 

[119] F. Hanasaka, K-i. Fujita, R. Yamaguchi, Organometallics, 2004, 23, 1490. 

[120] F. Hanasaka, K-i. Fujita, R. Yamaguchi, Organometallics, 2005, 24, 3422. 

[121] A. C. Hillier, H. M. Lee, E. D. Stevens, S. P. Nolan, Organometallics, 2001, 20, 

 4246. 

[122] D. Gnanamgari, A. Moores, E. Rajaseelan, R. H. Crabtree, Organometallics, 

 2007, 26, 1226. 

[123] D. Morales-Morales, R. Redon, Z. H. Wang, D. W. Lee, C. Yung, K. Magnuson, 

 C. M. Jensen, Can. J. Chem., 2001, 79, 823. 

[124] E. Beckmann, Chem. Ber., 1886, 19, 988. 

[125] S. G. Pai, A. R. Bajpai, A. B. Deshpande, Synth. Comm., 1997, 27, 370.  

[126] A. Loupy, S. Regnier, Tetrahedron Lett., 1999, 40, 6221. 

[127] L. De Luca, G. Giacomelli, A. Porcheddu, J. Org. Chem., 2002, 67, 6272. 

[128] M. Arisawa, M. Yamaguchi, Org. Lett., 2000, 2, 311.  

[129] P. T. Lansbury, N. R. Mancuso, Tetrahedron Lett., 1965, 7, 2445. 

[130] A. F. Ferris, J. Org. Chem., 1960, 25, 12.  

[131] A. Hassner, E. G. Nash, Tetrahedron Lett., 1965, 7, 525. 



Chapter 2  Results and Discussion I   

34 

2    RESULTS AND DISCUSSION I 

 

2.1    Background 

Previous research in the Williams group has seen the development of the concept of 

“Catalytic Electronic Activation”, whereby temporary enhancement of the electronic 

nature of a functional group allows an otherwise unfeasible reaction to take place. These 

reactions have utilised the inherent reversibility of transfer hydrogenation as a way to 

augment the reactivity of alcohols by temporary oxidation to the corresponding 

carbonyl compound, thus allowing access to the fundamentally different reactivity and 

wealth of chemistry that carbonyl compounds offer. Most significantly, the 

methodology has focussed on nucleophilic additions to carbonyls generated in situ. This 

principle was first applied to the addition of nucleophiles to allylic alcohols (Scheme 

33).[1] In this process, the alcohol 40 undergoes oxidation to furnish the reactive α,β-

unsaturated ketone 41 in situ, an excellent Michael acceptor which undergoes conjugate 

addition with the desired nucleophile to form the intermediate ketone 42. Subsequent 

restoration of the alcohol functionality via hydrogen transfer completes the indirect 

addition furnishing the product 43 in excellent yield (Scheme 34). 

 

OH OH

CN

CN

40 43

Al(OtBu)3 (100 mol %)
MeCH(CN)2 (1 eq.)

tBuOK (10 mol %)
2-cyclohexen-1-one (10 mol %)

DCM, 150 °C, 48 h, 90%
 

 

Scheme 33 – Indirect addition to allylic alcohols 

 



Chapter 2  Results and Discussion I   

35 

OH

O
MeCH(CN)2

O

CN

CN

OH

CN

CN
40

41 42

43

oxidation reduction

 

 

Scheme 34 – Pathway of indirect addition 

 

This concept was further extended to the indirect formation of carbon-carbon bonds 

from alcohols by using olefination methodology, utilising the Wittig and Horner-

Wadsworth-Emmons reactions.[2-4]  This differs from the previous example in that 

instead of the hydrogen transfer regenerating the alcohol functionality, it was harnessed 

to effect reduction of the alkene produced by the olefination step (Scheme 35). This 

chemistry illustrates the concept of “borrowing hydrogen”, a redox neutral process 

where the hydrogen removed in the oxidation reaction is returned in the reductive step. 

Key to the success of this chemistry is a catalyst which is able to remove, store and 

return hydrogen. 

[M]

[M]H2

R1 OH

R2

R1
R3

R2

R1 O

R2

R1
R3

R2
Ph3P R3

 

 

Scheme 35 – Indirect Wittig reaction 
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This methodology was extended to the analogous aza-Wittig reaction employing aza-

ylides, yielding amines from alcohols.[5] While this proved to be a viable method for the 

formation of secondary amines from alcohols, the reaction offers poor atom economy 

due to the production of triphenylphosphine oxide in the imine-forming step. This 

problem was addressed by using amines directly as nucleophiles.[6,7] In this process 

imine formation via dehydration means the only byproduct is water and the reaction is 

hence a more efficient and conceptually attractive process (Scheme 36). This strategy 

for the synthesis of amines has also been reported by other groups.[8-10] 

 

[M]

[M]H2

R1 OH R1 N
H

R2

R1 O R1 N
R2

R2-NH2

- H2O  

 

Scheme 36 – Indirect N-alkylation of amines 

 

As an extension of the concept of indirect formation of amines from alcohols we 

decided to investigate the possibility of using hydroxylamines as nucleophiles as an 

indirect route to amines from alcohols (Scheme 37). The rationale behind this concept 

was that the markedly enhanced nucleophilicity of these compounds[11] would lead to a 

rapid condensation reaction with the intermediate aldehyde to form an oxime, and thus 

possibly circumvent some of the problems previously encountered concerning 

incompatibility of aldehydes with ruthenium complexes (vide supra). 
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[M]

[M]H2

R OH R N
H

OH

R O R N
OH

HO-NH2

R NH2X

- H2O  

 

Scheme 37 – Hydroxylamines as nucleophiles 

 

 

2.2    Transfer hydrogenation of oximes 

An initial study assessed the potential intermediate oximes as substrates for reduction 

via catalytic transfer hydrogenation. The only precedent in the literature for such a 

reaction is a heterogeneous system employing palladium on carbon as catalyst with 

ammonium formate as hydrogen donor yielding amines, albeit with poor selectivity and 

yield (Scheme 38).[12] 

 

N
OH

MeOH, reflux  6 h, 42%
NH2

Pd/C (cat.)
HCO2NH4 (2 eq.)

44 45  

 
Scheme 38 - Heterogeneous transfer hydrogenation of oximes 

 
 

(E)-Benzaldehyde oxime 44 was chosen as the substrate for an initial screen of potential 

catalytic systems as it is inexpensive, commercially available and the potential products, 

benzylamine 45 and N-benzylhydroxylamine 46, could easily be differentiated from one 

another and the substrate by 1H NMR spectroscopy (Scheme 39). In keeping with 

previous work, iridium and rhodium catalysts were employed and used in combination 

with a catalytic amount of potassium carbonate as base (equimolar with respect to 

halide) in order to facilitate catalyst activation in the case of the metal halide complexes. 

2-Propanol was selected as the hydrogen donor, and used in excess (Scheme 40). 
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Ph

N
OH

H' Ph

HN
OH

H'
H'

Ph

NH2

H'
H'

δ (H') =  8.08 ppm (s, 1H) 3.98 ppm (s, 2H) 3.84 ppm (s, 2H)

44 45 46

 

 

Scheme 39 – Proton chemical shifts for benzaldehyde oxime and reduced products 

 

Unfortunately, none of the systems appeared to catalyse the reduction of the C=N bond 

(Scheme 40). Analysis of the 1H NMR spectrum of the crude reaction mixture revealed 

a doublet at 7.81 ppm, consistent with the ortho protons of benzamide 47. However, all 

complexes tested catalysed the rearrangement of the oxime 44 to amide 47 to some 

extent (Scheme 41, Table 1). 

 

N
OH

HN
X

Catalyst (5 mol % metal)
K2CO3 (0-10 mol %)

2-propanol (5 eq.)
PhMe, reflux, 24 h

44 X = OH 
H

45
46

+

47

NH2

O

 

 

Scheme 40 – Attempted transfer hydrogenation of benzaldehyde oxime 44 

 

Entry
[a] 

Catalyst K2CO3 (mol %) 44 (%)
[b] 

47 (%) 

1 [Ir(cod)Cl]2 48 5 2 98 

2 [Ir(Cp*)Cl2]2 49 10 0 100 

3 [Ir(cod)(PPh2Me)2]
+ [PF6]

- 50   0 47 53 

4 [Ir(cod)2]
+ [BF4]

- 51 0 0 100 

5 Ir(PPh3)2(CO)Cl 52 5 43 57 

6 RhH(PPh3)3(CO) 53 0 80 20 

7 [Rh(Cp*)Cl2]2 54 10 84 16 

8 None 0 97 3 

[a] Reactions carried out on 0.5 mmol scale in toluene (0.5 mL). 
[b] Percentages refer to conversion as determined by 1H NMR analysis. 

 

Table 1 – Attempted transfer hydrogenation of benzaldehyde oxime 44 
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Ph

N
OH

Ph

O

NH2

44 47

Ph

N
OH

Ph

O

NH2
PhMe, reflux, 24 h, 91%

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

2-propanol (5 eq.)

K2CO3 (10 mol %)

 

 

Scheme 41 – First iridium-catalysed oxime into amide rearrangement 

 

The iridium catalysts 48-52 mediated the conversion of the oxime into the amide under 

these conditions. In particular the dimeric pentamethylcyclopentadienyl complex 

[Ir(Cp*)Cl2]2 49 resulted in an exceptionally clean and high-yielding reaction. The 

rhodium precursors 53 and 54 were far less active in comparison. In the absence of a 

catalyst only very small amounts of amide were obtained.  

 

Subsequently, the O-benzyl derivative of (E)-benzaldehyde oxime 55 was prepared as it 

was felt that this may block the rearrangement reaction pathway and hence would 

provide a useful probe for the transfer hydrogenation of the C=N bond. The starting 

material was prepared from (E)-benzaldehyde oxime 44. Deprotonation of the oxime 

hydroxyl function with sodium hydride in THF followed by alkylation with benzyl 

bromide furnished O-benzyl benzaldehyde oxime 55 in good yield. This substrate was 

subjected to transfer hydrogenation conditions analogous to that employed for (E)-

benzaldehyde oxime 44 (Scheme 42). Again, a range of iridium and rhodium catalysts 

were examined. In addition, ruthenium complexes known to catalyse transfer 

hydrogenation were also employed (Scheme 43, Table 2). 

 

N
OH

N
OBn

i) NaH (1 eq.), THF
0 °C, 15 min

ii) BnBr (1.1 eq.)
82%

44 55  

 

Scheme 42 - Preparation of O-benzyl benzaldehyde oxime 55 
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Ph

N
OBn Catalyst (5 mol % metal)

K2CO3 (0-10 mol %)

2-propanol (5 eq.)
PhMe, reflux, 24 h

55

Ph

HN
OBn

 56

PhCN Ph OH+ +

60 61  

 

Scheme 43 – Attempted transfer hydrogenation of O-benzyl benzaldehyde oxime 55  

 

Entry
[a] 

Catalyst 55 (%)
[b] 

61 (%) 

1 [Ir(Cp*)Cl2]2 49 98 2 

2 [Ir(cod)Cl]2 48 98 2 

3 Ir(PPh3)2(CO)Cl 52 97 3 

4 [Ir(cod)2]
+ [BF4]

- 51 98 2 

5 [Rh(Cp*)Cl2]2 54 99 1 

6 Cl2(Cy3P)2Ru(=CHPh) 57 5 95 

7 Ru(PPh3)3Cl2 58 68 31 

8 Ru(PPh3)4H2 59 75 25 

9 None 100 0 

[a] Reactions carried out on 0.5 mmol scale in toluene (0.5 mL). 
[b] Conversion as determined by 1H NMR analysis. 

 

  

Table 2 – Results of transfer hydrogenation of O-benzyl benzaldehyde oxime 

 

 

Disappointingly, no reduction of the C=N bond again was observed in any case. No 

amide formation was observed for the iridium or rhodium complexes, confirming that 

the rearrangement pathway had been blocked. Interestingly, the ruthenium complexes 

appeared to mediate an elimination reaction. Analysis of the 1H NMR spectrum of the 

crude reaction mixture revealed a singlet at 4.60 ppm, consistent with the methylene 

protons of benzyl alcohol 61. GC analysis of the reaction mixture confirmed the 

presence of benzonitrile 60. Whilst the ruthenium triphenylphosphine dichloride 58 and 

dihydride 59 gave poor conversions, the Grubbs first generation metathesis catalyst[13] 

57 was found to mediate this reaction efficiently (Scheme 44). In comparison, the 

iridium complexes were catalytically inactive with respect to this process (< 5% 

conversion in all cases). Having received no encouragement regarding C=N reduction 
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with these systems, it was decided to investigate the iridium-catalysed rearrangement in 

more detail, with a view to using the reaction in a sequential process. 

 

Ph

N
OBn

Cl2(Cy3P)2Ru(=CHPh)

Ph OHPhCN

PhMe, reflux, 24 h
2-propanol (5 eq.)
K2CO3 (10 mol %)

(5 mol %)
+

55 60 61

57

 

 

Scheme 44 – First ruthenium-catalysed elimination reaction 

 

 

2.3    Iridium-catalysed rearrangement 

On examining the literature, the rearrangement of aldoximes to amides has been 

reported far less often than the analogous reaction with oximes derived from ketones 

(Beckmann rearrangement, vide supra). This is probably due to the tendency of the 

substrates to undergo dehydration to yield nitriles (vide infra) and the poor migratory 

aptitude of hydrogen, which often leads to a mixture of products. Most of the methods 

reported employ metal catalysts with varying degress of success. The reaction has been 

achieved using nickel acetate[14] at high temperatures (160-200 ºC) affording moderate 

yields. Loupy and Regnier[15] have reported a solvent free reaction mediated by 

stoichiometric zinc chloride under microwave conditions. Palladium catalysts have also 

been reported, but impart poor selectivity.[16] To our knowledge, No iridium-catalysed 

transformations of this type have been described. Chang and co-workers[17] have 

reported that Wilkinson’s complex[18] 62 catalyses such a reaction, albeit at higher 

temperature and with lower selectivity for amide over nitrile (Scheme 45). 

 

Ph

N
OH

Ph

O

NH2PhMe, sealed tube
150 °C, 2 h, 89%

RhCl(PPh3)3 62 (5 mol %)

44 47  
 

Scheme 45 – Rhodium-catalysed rearrangement of aldoximes 
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Given this precedent, it was decided to investigate the scope of the iridium-catalysed 

rearrangement. Subsequent optimisation experiments revealed that neither base nor 2-

propanol were necessary to induce the reaction. The reaction was subsequently shown 

to be relatively fast, extremely selective and furnished the product amide in excellent 

yield after simple purification (Scheme 46). Further experiments revealed that oximes 

(and O-alkylated oximes) derived from ketones were inert to reaction even on prolonged 

heating, as were the isomeric nitrones (Scheme 47). 

 

Ph

N
OH

PhMe, reflux, 6 h, 93%

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

Ph NH2

O

44 47  

Scheme 46 – Optimised iridium catalysed rearrangement 
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N
OH

PhMe, reflux, 24 h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

R
X
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H

O

R

R = Me, tBu  

 

O

Ph

N
R

X

Ph N
H

O

R
PhMe, reflux, 24 h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

R = Me, tBu

+
-

 
 
 

Scheme 47 – Reactivity of ketoximes and nitrones  

 
 

In order to investigate the influence of geometric isomerism on the reaction, 4-

methoxybenzaldehyde oxime was prepared from p-anisaldehyde 63 and hydroxylamine 

hydrochloride 64 and the crude oxime was separated into pure (E) and (Z) isomers by 

column chromatography (Scheme 48). On subjecting these substrates to the 

isomerisation reaction it was found that both compounds underwent complete 

conversion into 4-methoxybenzamide 74 in eight hours. Monitoring the reactions by 

thin-layer chromatography revealed that the (Z)-isomer 65 was rapidly isomerised (< 10 

minutes) to the (E)-form 66 under reaction conditions. An analogous result was obtained 

when (Z)-benzaldehyde oxime 67 was employed as substrate. 
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O

O

NH2OH.HCl  64 (2 eq.)
MeOH/pyridine (2:1)

r.t., 24 h
76% (27:49 Z 65:E 66)

N

O

OH

63  

 

Scheme 48 – Preparation of 4-methoxybenzaldehyde oxime 

 

In order to investigate the generality of this reaction, a range of aldoximes, including 

aromatic, alkenic, aliphatic and heterocyclic examples were subjected to the optimised 

reaction conditions (Scheme 49, Table 3). 

 
OH

R

N

R NH2

O

PhMe, reflux, t h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

 
 

 

Scheme 49 – Iridium catalysed rearrangement of aldoximes 

 
 

Entry
[a] R t (h)

 
Yield

[c] Product 

1 (Z)-C6H5 67 6 91 47 

2 (E)-C6H5 44 6 92 47 

3 (Z)-(4-MeO)C6H4 65 6 90 74 

4 (E)-(4-MeO)C6H4 66 6 92 74 

5 (2,4-Cl)C6H3 68 8 88 75 

6 (4-O2N)C6H4 69 8 85 76 

7 C3H7 70 4 97 77 

8 C6H5CH=CH 71 4 94 78 

9 2-furyl 72 12 82 79 

  10[d] 3-pyridyl 73 16 78 80 

[a] Reactions carried out on 1 mmol scale in toluene (2 mL). 
[b] Unless specified, oximes were used as mixed E/Z isomers. 
[c] Isolated yields after recrystallization or column chromatography. 

 [d] DMF as solvent, 111 °C. 

 
Table 3 – Iridium-catalysed rearrangement of aldoximes to amides 
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Gratifyingly, the reaction was shown to tolerate all of the substrates examined. 

Substituted aromatics, with both electron donating and withdrawing groups were well 

tolerated, affording excellent yields of amide. The aliphatic and alkenic substrates were 

converted into product more rapidly than the aromatic substrates and also afforded 

excellent yields. The heteroaromatic 2-furaldehyde oxime 72 required a slightly longer 

reaction time. This result can be attributed to the poor solubility of the substrate in 

toluene. Despite this, 2-furamide 79 was still isolated in good yield. 3-Pyridinealdoxime 

73 was converted into the corresponding amide 80 in good yield using DMF as the 

solvent, as this substrate is practically insoluble in toluene. 

 

The mechanism of the reaction has not yet been studied, but two reasonable pathways 

can be suggested. In some examples, trace amounts of the corresponding nitrile were 

observed in the products. In the case of (Z)-4-methoxybenzaldehyde oxime 65, 2% of        

4-methoxybenzonitrile 81 was obtained in addition to the amide 74. This suggests the 

potential involvement of a nitrile intermediate in the reaction. To test this hypothesis, 

benzonitrile 60 was reacted with a superstoichiometric amount of water in the presence 

of the iridium catalyst 49 under reaction conditions (Scheme 50). Interestingly, no 

amide 71 was observed, and only the benzonitrile 74 starting material was recovered. 

This observation offers indirect evidence against a free nitrile intermediate and implies 

that the reaction does not proceed via a dehydration/hydration pathway. This differs 

from the report of Chang (vide supra), who observed that Wilkinson’s complex 62 

catalyses hydration of benzonitrile 60 under these conditions to afford benzamide 47 in 

55% yield in toluene at 150 °C.[17] 

 

PhCN Ph NH2

O

X

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

PhMe, reflux, 24 h

H2O (3 eq.)

60 47  
 

Scheme 50 – Attempted hydration of benzonitrile 60 
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A further experiment was conducted where the rearrangement of (E)-benzaldehyde 

oxime 44 was attempted in the presence of a stoichiometric amount of 4-

methoxybenzonitrile 81 (Scheme 51). In conducting this experiment it were hoped that 

if a free nitrile was involved in the reaction pathway, then it would be exchanged for the 

competing substrate and therefore lead to 4-methoxybenzamide 74, which could easily 

be detected in the 1H NMR spectrum. However, the only products recovered from the 

reaction were benzamide 47, in excellent yield and 4-methoxybenzonitrile 81, again 

suggesting that a free nitrile is not an intermediate in the reaction. 

 

NH2

ON
OH

CN

MeO

CN

MeO

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

PhMe, reflux, 8 h
100 % conversion

44

81

47

81  
 

 
Scheme 51 – Attempted “crossover” reaction with a competing nitrile 

 

 

Several mechanisms could be conceived for this rearrangement, with one possibility 

outlined in Figure 1. The displacement of chloride from the iridium complex 49 by the 

oxime and resultant cleavage of the dimer would lead to a complex where the oxime is 

coordinated through oxygen. Removal of hydride from this species results in the 

formation of an oxo-iridium complex which is able to replace the oxygen and hydride in 

the isomeric form prior to the release of amide. 
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Figure 1 – Possible reaction pathway for the rearrangement of oximes into amides 
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2.4    Iridium-mediated sequential reactions 

Considering the tendency of oximes to undergo reactions of this nature, and the known 

ability of iridium complexes to mediate homogeneous transfer hydrogenation reactions 

(vide supra), our focus switched to development of a reaction which would utilise both 

transfer hydrogenation chemistry and metal-mediated rearrangement in one-pot. It was 

envisaged that the iridium catalyst could oxidise an alcohol to the corresponding 

aldehyde in the presence of an appropriate acceptor to form the aldehyde which could 

be trapped by hydroxylamine. This would form the desired aldoxime, which in turn 

would undergo iridium-catalysed rearrangement to furnish the amide in a one-pot 

process (Scheme 52). Only one report of the direct conversion of benzylic alcohols to 

primary amides is to be found in the literature. Taylor and co-workers have reported a 

tandem oxidation procedure with manganese(IV) oxide, sodium cyanide and amines 

affording amides in a one-pot, four step sequence, although the reaction is generally 

more efficient for the synthesis of secondary amides.[19]  

 

R OH

R O - H2O
R N

OH

[Ir]

R NH2

O

[Ir]

[Ir]H2

R X

R X

NH2OH

Catalytic
Oxidation

Metal-catalysed
Rearrangement

R

R

 
 
 

Scheme 52 – Conversion of alcohols into amides via a tandem process 

 

 

Such a reaction presents considerable synthetic challenges. A fundamental requirement 

is that all reactions must be compatible with each other – success can only be realised if 

each step does not interfere with previous or subsequent steps. The scheme outlined 

above considers three main processes – oxidation of a primary alcohol via transfer 

hydrogenation in the presence of a suitable acceptor, nucleophilic addition of 

hydroxylamine to the carbonyl group generated in situ followed by dehydration to yield 

the aldoxime and finally iridium-catalysed rearrangement to furnish the product amide. 
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The first reaction considered was the formation of an aldoxime under simulated reaction 

conditions. The reaction of hydroxylamine hydrochloride 64 with benzaldehyde 82 

furnishing benzaldehyde oxime (as mixed geometric isomers) was facile, with or 

without addition of triethylamine as stoichiometric base (Scheme 53). 

 

Ph O
Ph

N
OH

HONH2.HCl 64 (1 eq.)

PhMe, reflux, 8 h
90%, 93:7 E:Z82 44  

 
 

Scheme 53 – Formation of benzaldehyde oxime 44 in toluene 

 
 

The next process to be considered was the iridium catalysed transfer hydrogenation. The 

nature of the sacrificial hydrogen acceptor was of critical importance, the fundamental 

condition being that the chosen molecule exhibit compatibility with all steps in the 

concurrent process. For this reason, carbonyl compounds such as ketones and α,β-

unsaturated esters were dismissed as potential hydrogen acceptors, as nucleophilic 

addition of hydroxylamine to the acceptor molecule would inevitably be a competing 

reaction. This is unfortunate, as ketones have arguably found the greatest utility in this 

respect (vide supra). For this reason, it was decided initially that simple alkenes be 

investigated as acceptors. In order for an alkene to be an effective acceptor, numerous 

factors must be considered. The oxidant must not interfere with other reaction steps, or 

retard the activity of the catalyst. It must also be easily separable from the reaction 

mixture, as must the reduced (alkane) product. Finally, as a sacrificial entity it should be 

inexpensive, simple and ideally low hazard. 

 

The concept of transfer hydrogenation of an alkene by an alcohol substrate has been 

addressed previously in the group, and termed “crossover transfer hydrogenation” 

(CTH).[20,21] This concept was a key facet of the indirect Wittig olefination (vide supra). 

In an effective crossover process the oxidation and reduction steps must be compatible 

and the catalyst adept at initiating both simultaneously. In an ideal reaction an alcohol is 

dehydrogenated in the presence of an equimolar amount of olefin acceptor. The first 

example of such a reaction was reported by Armstrong and Hilditch who described the 

stoichiometric reaction of cyclohexanol with (E)-methyl cinnamate.[22] In addition to 
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this, there are examples of heterogeneous transfer hydrogenation where a small excess 

(2-3 equivalents) of acceptor has been employed. Krafft has reported the oxidation of 2-

octanol 83 with two equivalents of 1-octene 84 using Raney-nickel (Scheme 54).[23] 

 

OH O(2 eq.)

Ra-Ni (4 eq.)
benzene, reflux, 16 h83

84

 

 

Scheme 54 – Crossover transfer hydrogenation reported by Krafft 

 

Relatively few examples of iridium-catalysed transfer hydrogenation of alkenes using 

alcohols as donors have been reported in the literature (vide supra). A disclosure from 

the group of Ishii reported the catalyst system [Ir(cod)Cl]2/dppp/Cs2CO3 as effective for 

the transfer hydrogenation of α,β-unsaturated carbonyl compounds and simple alkenes, 

using 5 equivalents of 2-propanol as the hydrogen donor (Scheme 55).[24,25]  

 

O O
[Ir(cod)Cl2]2 48 (1 mol %)

dppp (1 mol %)
Cs2CO3 (1 mol %)

2-propanol (5 eq.)
PhMe, 80 °C, 4 h
96% conversion

[Ir(cod)Cl2]2 48 (1 mol %)
dppp (1 mol %)
Cs2CO3 (1 mol %)

2-propanol (5 eq.)
PhMe, 80 °C, 15 h
68% conversion  

 

Scheme 55 – Transfer hydrogenation of alkenes reported by Ishii 

 

A modification of the Ishii system employing dppf as the phosphine ligand has been 

employed previously in the Williams group for the indirect N-alkylation of amines.[6] 

Optimisation studies of this reaction revealed that the iridium complex [Ir(Cp*)Cl2]2 49 

was a superior catalyst for the N-alkylation of benzylamine with benzyl alcohol.[26] In 

addition, this complex has been shown by Yamaguchi and co-workers to be a useful 

catalyst for a variety of hydrogen transfer reactions,[27] including the Oppenauer-type 
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oxidation of primary alcohols to aldehydes with acetone[28] and the reduction of 

quinolines with 2-propanol.[29] 

 

With these precedents in mind, developing a system employing an alkene to act as an 

oxidant which was simple and could be used in only slight excess was a considerable 

challenge. It was thought prudent to employ an acceptor in slight excess (2.5 

equivalents) for initial screening reactions (Table 4). Indene 85 was chosen as the 

acceptor for these initial investigations with the modified Ishii system and [Ir(Cp*)Cl2]2 

49 as transfer hydrogenation catalysts  (Scheme 56).  

 

OH O

(2.5 eq.)

[Ir cat] (2.5 mol %)
dppf (0-5 mol %)
base (5 mol %)

PhMe, reflux, 24 h

85

61 82

 
 

Scheme 56 – Initial CTH screening conditions 

 

 

Entry
[a] 

Ir catalyst Base
 

Phosphine
 82 (%)

[b]
 

1 [Ir(cod)Cl]2  48 K2CO3 dppF 10 

2 [Ir(cod)Cl]2  48 Cs2CO3 dppF 11 

3 [Ir(Cp*)Cl2]2  49 K2CO3 - 19 

4 [Ir(Cp*)Cl2]2  49 Cs2CO3 - 27 

 [a] Reactions carried out on 1 mmol scale in toluene (2 mL). 
 [b] Conversion as determined by 1H-NMR analysis. 
 

 

Table 4 - Initial CTH Results 

 

 
This initial screen showed the superior reactivity of the [Ir(Cp*)Cl2]2/Cs2CO3 system 

although the conversions were somewhat disappointing. As such, it was decided to 

screen a number of alkenes 86-90 as acceptors. Alkynes 91-93 were also examined, as it 

was felt these could possibly confer an advantage in their ability to accept two 

equivalents of hydrogen per molecule, and hence are potentially more effective 

hydrogen sinks (Scheme 57, Table 5). Iridium-catalysed reduction of phenylacetylenes 

via transfer hydrogenation with methanol as a hydrogen donor has been reported by 
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Tani and co-workers, although selectivity is poor due to partial reduction of the 

intermediate alkenes.[30]  

 

OH O

PhMe, reflux, 24 h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

Cs2CO3 (5 mol %)
acceptor (2.5 eq.)61 82

 
 

Scheme 57 – Further CTH screening reactions 

 

 

Entry
[a] Acceptor 82 (%)

[b] 

1 2,3-dihydropyran 86 6 

2 cyclooctene 87 10 

3 indene 85   28 

4 1-hexene 88 27 

5 vinyltrimethylsilane 89 5 

6 styrene 90 100 

7 phenylacetylene 91 5 

8 diphenylacetylene 92 5 

9 1-hexyne 93 5 

10 none 2 

  [a] Reactions carried out on 1 mmol scale in toluene (2 mL). 
  [b] Conversion as determined by 1H-NMR analysis. 

 
Table 5 – Results of CTH screen with alternative acceptors 

 
Whilst a number of alternative alkenes showed no improvement on the result obtained 

with indene and alkynes were found to be ineffective oxidants, we were gratified to find 

that styrene 90 afforded complete conversion into benzaldehyde 82 in 24 hours. This 

was an enormous improvement on the oxidation reaction using indene, and offered 

encouragement that a working system using a benign oxidant was indeed feasible. 

Further optimisation (Scheme 58) revealed that total conversion could be attained in 24 

hours using less oxidant (1.5 equivalents). This advance makes the reaction more 

attractive, as waste is minimised. An additional advantage is ease of purification - 
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excess styrene 90 and the reduced product (ethylbenzene) are easily separated from the 

reaction by simple evaporation (b.p. 145 °C and 136 °C respectively). 

 

OH O

PhMe, reflux, 24 h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

Cs2CO3 (5 mol %)

styrene 90 (1.5 eq.)

61 82
100% conversion  

 
Scheme 58 – Optimised CTH reaction 

 
 

With the oxidation reaction optimised, the concept of forming oximes from alcohols 

was examined. For these initial experiments, O-benzylhydroxylamine 91 was chosen as 

a nucleophile (Scheme 59, Table 6). This is a useful tool compound for a number of 

reasons; the free base is commercially available, relatively stable and easily handled. 

Also, previous studies had shown the oxime ether 55 to be essentially inert to the 

iridium complex so that the tendency of any products formed to undergo further 

reaction would be minimised. 

 

PhMe, reflux, t h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

Cs2CO3 (5 mol %)

styrene 90 (1.5 eq.)

61

OH

55

BnONH2 91 (1.1 eq.)
N
OBn

 

 
Scheme 59 – Initial indirect formation of oxime ether 55 

 
 

Entry
[a] 

t (h) 55 (%)
[b] 

1 24 18 

2 48 37 

3[c] 48   54 

   [a] All reactions conducted on a 1 mmol scale in 
toluene (2 mL). 

   [b] Conversion as determined by 1H-NMR analysis. 
   [c] 4 Å molecular sieves added. 

 
Table 6 – Initial results of tandem oxidation – addition reaction 
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These results were encouraging, despite the long reaction times, as it satisfied the 

important condition that the concept of forming oximes under the reaction conditions 

was valid. The next step was to ascertain whether the reaction could be performed with 

the hydrochloride salt of the nucleophile, as this would be critical to the success of a 

tandem process. Taylor and co-workers have reported an analogous tandem oxidation 

process for the direct conversion of activated alcohols into oximes (and oxime ethers) 

using activated manganese(IV) oxide as oxidant (vide supra).[31]  A control experiment 

had shown the hydrochloride salt of O-benzyl hydroxylamine 92 to possess similar 

reactivity to hydroxylamine hydrochloride 64 on heating in toluene (Scheme 53). 

 

It was initially attempted to generate the nucleophile in situ by adding stoichiometric 

base. Numerous organic and inorganic bases were screened, and it was found that most 

tested were incompatible with the tandem process. However, the sterically hindered 

N,N-diisopropylethylamine (Hünig’s base) 93 when used in combination with O-benzyl 

hydroxylamine hydrochloride 92 produced similar results to that of the reaction using 

free base as the nucleophile (Scheme 60). 

 

OH

N
OBn

PhMe, reflux, 48 h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

Cs2CO3 (5 mol %)

styrene 90 (1.5 eq.)

61 55

BnONH2.HCl 92 (1.1 eq.)
Hünig's base 93 (1.1 eq.)

49% conversion  

 

Scheme 60 – Oxime ether formation using HCl salt of nucleophile 

 

The natural progression was to now apply this methodology using hydroxylamine 

hydrochloride 64 as nucleophile, hoping that this would lead to formation of amide via 

rearrangement of benzaldehyde oxime 65 generated in situ (Scheme 61). 
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OH

N
OH

O

NH2
XX

PhMe, reflux, 48 h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

Cs2CO3 (5 mol %)

styrene 90 (1.5 eq.)
61 44

NH2OH.HCl 64 (1.1 eq.)
Hünig's base 93 (1.1 eq.)

47
 

 

Scheme 61 – Attempted indirect amide formation via tandem reaction 

 

Unfortunately, NMR analysis of the reaction revealed no amide 47 or oxime 44, with 

only a trace of aldehyde produced. Despite modifications, it soon became apparent that 

hydroxylamine hydrochloride 64 was incompatible with a tandem process. 

 

It was thus decided to investigate the possibility of forming oximes from alcohols via a 

one pot consecutive process in which the iridium complex mediates two key steps. 

Whilst not offering the same operational simplicity, the reaction is still a conceptually 

attractive process. By adding hydroxylamine hydrochloride 64 with no additional 

stoichiometric base to the reaction after the initial oxidation, it was hoped that oxime 

formation would be successful. Crucially, the catalyst would still have to be capable of 

mediating the rearrangement and not have been rendered inactive by the previous steps. 

 

Pleasingly, this approach was successful, furnishing benzamide 47 from benzyl alcohol 

61 in excellent yield (Scheme 62). 

 

PhMe, reflux, 24 h

i) [Ir(Cp*)Cl2]2 49 (2.5 mol %)
Cs2CO3 (5 mol %)
styrene 90 (1.5 eq.)

61

OH

ii) NH2OH.HCl 64 (1.1 eq.)
reflux, 18 h, 87% 47

O

NH2

 

 

Scheme 62 – First conversion of alcohol into amide via sequential bifunctional catalysis 

 

With a successful process in hand, several benzylic alcohols were screened under the 

optimised conditions to examine the tolerance to substitution on the aromatic ring. 

(Scheme 63, Table 7). 
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OH

R1

R2 O

NH2

R2

R1

PhMe, reflux, t1 h

i) [Ir(Cp*)Cl2]2 49 (2.5 mol %)
Cs2CO3 (5 mol %)
styrene 90 (1.5 eq.)

ii) NH2OH.HCl 64 (1 eq.)
reflux, t2 h  

 

Scheme 63 – One-pot synthesis of amides from alcohols 

 

 
 

 

Entry
[a] 

 

R
1 

 

R
2
 

 

Alcohol 

 

t1 (h) 

 

t2 (h) 
 

Yield
[b]
 (%) 

 
Product 

1 H H 61 24 18 87 47 

 
2 

 
Me 

 
H   

 
94 

 
24 

 
18 

 
90 

 

105 

 
3 

 
OMe 

 
H 

 

95 
 

24 
 

18 
 

91 
 

74 

 
4 

 
OBn 

 
H 

 

96 
 

24 
 

18 
 

90 
 

106 

 
5 

 
NO2 

 
H 

 

97 
 

36 
 

18 
 

48 
 

76 

 
6 

 
Cl 

 
H 

 

98 
 

30 
 

18 
 

83 
 

107 

 
7 

 
F 

 
H 

 

99 
 

30 
 

18 
 

84 
 

108 

 
8 

 
Br 

 
H 

 

100 
 

30 
 

18 
 

79 
 

109 

 
9 

 
CF3 

 
H 

 

101 
 

36 
 

18 
 

58 
 

110 

 
10 

 
H 

 
Me 

 

102 
 

24 
 

18 
 

20[c] 
 

- 

 
11 

 
H 

 
OMe 

 

103 
 

24 
 

18 
 

20[c] 
 

- 

 
12 

 
Cl 

 
Cl 

 

104 
 

24 
 

18 
 

15[c] 
 

- 
[a] Reactions carried out on 1 mmol scale in toluene (2 mL) 
[b] Isolated yield after column chromatography or recrystallization. 
[c] Conversion as determined by 1H-NMR analysis. 

 
 

Table 7 – One-pot synthesis of amides from alcohols 

 

 

The reaction was shown to be effective for the conversion of a range of para-substituted 

alcohols to the corresponding amides. Electron-donating substituents gave rise to faster 

reactions and higher yields. Alcohols with strong electron-withdrawing substituents 
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gave lower yields. Oxidation of these substrates was somewhat slower, although 

halogens were well tolerated. Disappointingly, ortho-substituted alcohols proved to be 

poor substrates, undergoing very slow oxidation reactions. In order to gauge the 

generality of the reaction, other alcohols were examined as substrates, including 

aliphatic, allylic and heterocyclic examples. 

 
OH

OH

O

OH

N

OH OH

OH

116114 115

112111 113

 
 

Figure 2 – Alternative alcohol substrates examined in sequential amide formation 

 

Disappointingly, 2-phenylethanol 111 and 1-octanol 112 yielded no amide; subsequent 

experiments revealed that the CTH reaction is not effective for the oxidation of aliphatic 

alcohols, including the secondary alcohol cyclohexanone 113. Whilst this is 

disappointing, literature precedent suggests such a reaction may be viable in the 

presence of a more active iridium catalyst. Interestingly, this reactivity is in contrast 

with the indirect amination chemistry, where 2-phenylethanol 111 was a viable substrate 

for the indirect N-alkylation of benzylamine.[23] The heterocyclic alcohols 3-pyridyl-

methanol 114 and 2-furylmethanol 116  were also resistant to oxidation using this 

protocol, leading to complex mixtures. Cinnamyl alcohol 115 also led to a mixture of 

products, in addition some reduction of the C=C bond was observed, a not wholly 

unexpected result.  

 

Complementary to the use of hydroxylamine hydrochloride, it was found that 

hydroxylamine free base 117 (commercially available as a 50% wt. % solution in water) 

could also be used as a nucleophile in the consecutive process, demonstrating the water 

tolerance of both the reaction and catalyst (Scheme 64). 
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OH

O

NH2
PhMe, reflux, 24 h

i) [Ir(Cp*)Cl2]2 49 (2.5 mol %)
Cs2CO3 (5 mol %)
styrene 90 (1.5 eq.)

61
ii) NH2OH.H2O 117 (1.1 eq.)

reflux, 18 h, 86% 47  

 

Scheme 64 – Use of hydroxylamine free base as nucleophile 
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2.5    Chapter summary 

 

o Oximes and oxime ethers have been shown to be resistant to catalytic transfer 

hydrogenation with metal complexes and 2-propanol as donor 

 

o A novel iridium-catalysed rearrangement of aldoximes to primary amides has 

been developed. The reaction is general, highly selective and affords excellent 

yields. 

 

o The oxidation of benzylic alcohols to aldehydes via iridium-catalysed transfer 

hydrogenation has been accomplished using styrene as an efficient hydrogen 

acceptor. Aliphatic alcohols were found to be resistant to oxidation under these 

conditions. 

 

o These reactions have been applied to a novel strategy for the synthesis of amides 

from alcohols where the iridium complex fulfils a dual role, acting as a catalyst 

in the two key steps. This methodology has been used to convert a number of 

benzylic alcohols into primary amides via oximes in moderate to excellent yield, 

a single-step transformation difficult to achieve by classical means. The results 

of this study have been published.[32] 
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3    RESULTS AND DISCUSSION II 

 

3.1    Aim 

To develop an improved catalytic system for the selective rearrangement of aldoximes 

to primary amides. 

 

3.2    Background 

The success of the iridium chemistry described in Chapter 2 and the subsequent interest 

in the metal-catalysed rearrangement led us to examine the possibility of developing a 

new catalytic system for this reaction. As part of our studies into transfer hydrogenation 

of oximes, the treatment of (E)-benzaldehyde oxime 44 with ruthenium complexes had 

been found to afford a mixture of products, whilst oxime ethers had been shown to 

undergo an elimination reaction yielding alcohols and nitriles (vide supra).  

 

The conversion of aldoximes to nitriles with conventional dehydrating agents such as 

acetic anhydride is well established.[1] More recently, catalytic dehydration of nitriles 

has been performed in the presence of transition-metal complexes. The first example of 

such a process by Attenasi and co-workers[2] in 1982 employed copper(II) acetate 

monohydrate 118 (5-10 mol %) in acetonitrile at reflux. Some of the most active 

catalytic systems disclosed since include that from the group of Yamamoto,[3]  who used 

the rhenium(VII) complex, perrhenic acid 119 and Chang, who reported the ruthenium 

complex [RuCl2(p-cymene)]2 120 with molecular sieves as a very rapid and selective 

method for this transformation (Scheme 65).[4] 

 

Br

N
OH

Br

CN[RuCl2(p-cymene)]2 120 (2 mol %)

CH3CN, 80 °C, 10 min, 92%

molecular sieves 4 Å (200 wt. %)

 

 

Scheme 65 – Ruthenium-catalysed dehydration of nitriles reported by Chang 
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3.3    Initial studies 

Our interest in ruthenium catalysts for the conversion of oximes to amides began with 

the discovery that the complex Ru(PPh3)(Xantphos)(CO)H2 121 developed within the 

group[5] was selective for the rearrangement of 4-methoxybenzaldehyde oxime (mixed 

isomers, predominantly (E) isomer) 122 to the corresponding amide 74 over the 

dehydration reaction to yield 4-methoxybenzonitrile 81 (Scheme 66). This reaction was 

also fast in comparison with the iridium system previously developed at 2.5 mol % 

loading in metal (vide supra).  

 

O

N
OH

NH2

O

O

CN

O

Ru(PPh3)(Xantphos)(CO)H2 121
(2.5 mol %)

PhMe, reflux, 2 h
89% conversion

66% 23%
2.9:1 selectivity

+

122 74 81

 

 

Scheme 66 – First ruthenium-catalysed oxime to amide rearrangement 

 

Although this initial result was encouraging, the reaction proved to be somewhat 

capricious, often resulting in selectivity lower than that initially observed. We reasoned 

that the addition of water could be beneficial if the reaction proceeded via a sequential 

dehydration–hydration mechanism via an intermediate nitrile. Metal catalysed hydration 

of nitriles is well documented in the literature, particularly for mid-to-late transition 

series elements such as nickel,[6] palladium,[7] platinum[8] and rhodium.[9] Platinum in 

particular often confers high reactivity. In addition to these reports, ruthenium 

complexes have been found to effectively mediate this reaction. The first report of such 

a reaction by Murahashi and co-workers[10] used the ruthenium dihydride complex 

Ru(PPh3)4H2 59 under neutral conditions (Scheme 67). This reaction has found utility in 

the synthesis of ene-lactams from δ-ketonitriles[11] Further disclosures of alternative 

homogenous ruthenium catalysts have seen little improvement on this system. 

Heterogeneous systems have also showed promise, a notable example from the group of 

Mizuno employing ruthenium hydroxide on alumina to catalyse the hydration of various 

nitriles with excellent selectivity with water as the solvent.[12] 
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O

Ru(PPh3)4H2 59 (3 mol %)

DME, H2O (2 eq.), sealed tube
 120 °C, 24 h, 92%

CN
NH2

60 47  

 

Scheme 67 – Ruthenium-catalysed hydration of nitriles reported by Murahashi 

 

Despite this precedent, the addition of stoichiometric water (1-5 equivalents) to the 

reaction led to no increase in either conversion or selectivity. Further studies revealed 

that hydration of 4-methoxybenzonitrile 81 did not occur to a significant extent under 

the reaction conditions (Scheme 68). In addition to this, forming of the ruthenium 

catalyst in situ by heating the precursor complex Ru(PPh3)3(CO)H2 123 with Xantphos 

124 in toluene for one hour at 111 °C prior to addition of the oxime substrate was not 

found to have a significant effect on reactivity. 

 

Ru(PPh3)(Xantphos)(CO)H2 121
(2.5 mol%)

PhMe, H2O (3 eq.) reflux, 24 h
< 5% conversion

O

CN

O

NH2

O

81 74  

 

Scheme 68 – Attempted hydration of a nitrile with ruthenium complex 121 

 

 

3.4    Ruthenium-catalysed rearrangement 

We decided to screen a number of ruthenium complexes in order to establish whether 

the observed selectivity for amide over nitrile was indeed unique to the complex 

Ru(PPh3)(Xantphos)(CO)H2 121 (Scheme 69, Table 8). 

 

O

N
OH

NH2

O

O

CN

O

Ru catalyst (1 mol %)

PhMe, reflux, 2 h
+

122 74 81  

 

Scheme 69 – Conditions for screening of ruthenium complexes 
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Entry
[a] 

Ru catalyst 
Conversion 

(%)
[b] 

74 (%)
 

81 (%) Selectivity 

1 Ru(PPh3)3(CO)H2 123 44 23 21 1.1:1 

2[c] Ru(PPh3)(Xantphos)(CO)H2 121 54 32 22 1.5:1 

3 Ru(BINAP)2Cl 2 125 76 43 33 1.3:1 

4 Ru(PPh3)4H2 59 54 32 22 0.4:1 

5 Ru(DMSO)4Cl2 126 91 36 55 0.7:1 

6 Cl2(Cy3P)2Ru(=CHPh) 57 63 18 45 0.4:1 

7 Ru(PPh3)3Cl2 58 44 12 32 0.4:1 

8[d] RuCl3.H2O 127 100 43 57 0.8:1 

[a] Reactions carried out on 1 mmol scale in toluene (2 mL). 
[b] Percentages refer to conversion as determined by 1H NMR analysis 
[c] Catalyst formed in situ by heating complex 123 with Xantphos 124 (1 eq.) in toluene for  
1 hour prior to addition of oxime 122. 
[d] 5 mol % catalyst. 

 

Table 8 – Results of ruthenium catalyst screening 

 

Consistent with literature precedent, the majority of the catalysts screened were 

selective for the formation of nitrile. The Ru(PPh3)(Xantphos)(CO)H2 complex 121 was 

found to be only slightly more selective than the tris-monophosphine complex 

Ru(PPh3)3(CO)H2 123. The only other complex which proved to be selective for amide 

formation was the ruthenium(II)-BINAP complex 125, which also afforded increased 

conversion. With this in mind, it was thought pertinent to screen a number of bidentate 

phosphine ligands (Scheme 66) in conjunction with the Ru(PPh3)3(CO)H2 123 precursor 

(Scheme 70, Table 9). Treatment of this complex with bidentate phosphines is known to 

yield the Ru(PPh3)(diphosphine)(CO)H2 complexes.[13,14] For this reason, all catalysts 

were formed in situ by heating complex 123 with equimolar diphosphine in toluene for 

three hours in toluene, prior to the addition of the oxime substrate. 
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O

N
OH

NH2

O

O

CN

O

i) Ru(PPh3)3(CO)H2 123 (1 mol %)
diphosphine (1 mol %)
PhMe, reflux, 3 h

ii) 122, reflux, 2 h
+

122 74 81  
 

Scheme 70 – Screening of bidentate phosphine ligands 

 

 

Entry
[a] 

Diphosphine 
Conversion 

(%)
[b] 74 (%)

 
81 (%) Selectivity 

1 none 44 23 21 1.1:1 

2 Xantphos 124 49 27 22 1.2:1 

3 tBu-Xantphos 128 54 39 15 2.6:1 

4 Nixantphos 129 30 18 12 1.5:1 

5 DPEphos 130 55 31 24 1.3:1 

6 (R)-Phanephos 131 56 40 16 2.5:1 

7 (R)-BINAP 132 53 34 19 1.8:1 

8 (R)-Synphos 133 48 33 15 2.2:1 

9 (R)-Me-Duphos 134 43 33 10 3.3:1 

10 dppf 135 42 29 13 2.2:1 

11 dippf 136 38 16 22 0.7:1 

12 dppp 137 53 45 8 5.6:1 

13 dppe 138 47 41 6 6.8:1 

[a] Reactions carried out on 1 mmol scale. Catalysts were formed in situ by heating  
ruthenium precursor 123 with diphosphine (1 eq.) for 3 hours in toluene (2 mL) prior to 
addition of oxime 122. 
[b] Conversion as determined by 1H NMR analysis. 

 

Table 9 – Results of initial bidentate phosphine ligand screen 
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O

PPh2 PPh2

O

PtBu2 PtBu2

O

H
N

PPh2 PPh2

O

PPh2 PPh2

PPh2
PPh2

(R)-BINAP[18] 132

P

P
PPh2
PPh2

O

O

O

O

Fe PPh2P Ph2P PPh2Ph2

Xantphos[15] 124 tBu-Xantphos[16] 128 Nixantphos[16] 129 DPEphos 130

(R)-Phanephos[17] 131 (R)-Me-Duphos[20] 134(R)-Synphos[19] 133

dppf 135 dppp 137 dppe 138

PPh2

PPh2

PPh2

Ph2P

Fe

dippf 136

PiPr2

Pr2P
i

 

 

Figure 3 – Bidentate phosphine ligands employed in initial ligand screen 

 

The nature of the bidentate phosphine employed had a significant effect on imparting 

selectivity for amide over nitrile. We were particularly interested in the effect of the 

Xantphos family of wide bite angle diphosphines (entries 2-4) as the Xantphos complex 

121 had triggered our interest in the ruthenium-mediated rearrangement. Ligand bite 

angle[21] has been shown to have a significant effect in metal-mediated reactions, 

particularly hydroformylation[22] and cross-coupling[23] reactions. However, we found 

no positive correlation between bite angle and selectivity for amide (Table 10). Of the 

other Xantphos ligands tested, the nitrogen-containing Nixantphos 129 conferred poor 

reactivity, whilst the tert-butyl Xantphos 128 was found to be significantly more 

selective than Xantphos 124. Use of the axially chiral phosphines 131-134 did not result 

in a large increase in either conversion or selectivity (entries 6-9). Of all the ligands 

examined, only the 1,1'-bis(diisopropylphosphino)ferrocene 136 was found to be 

selective for the formation of nitrile, although interestingly the diphenyl derivative 135 

was found to favour the formation of amide (entries 10 and 11). 
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Diphosphine P-M-P/°
[a] Selectivity

 

dppe 135 85.0 6.8:1 

Me-Duphos 134 82.6 3.3:1 

dppp 136 91.1 5.6:1 

BINAP 132 92.4 1.8:1 

dppf 135 95.6 2.2:1 

DPEphos 130 102.5 1.3:1 

Xantphos 124 107.1 1.2:1 

[a] Standardised ligand bite angles taken from ref. 16. 

 

Table 10 – Bite angle and conversion for selected bidentate phosphines 

 

Gratifyingly, addition of the simple bidentate phosphines dppp 135 and dppe 136 

afforded a marked increase in selectivity for the desired amide. Although dppp 135 

offered slightly higher conversion, the more selective dppe 136 was selected as the 

ligand of choice for further optimisation studies. Subsequently, the effect of excess 

phosphine on reactivity was examined (Scheme 71, Table 11). 

 

O

N
OH

NH2

O

O

CN

O

Ru(PPh3)3(CO)H2 123 (1 mol %)
dppe 138 (1-2 mol %)

PhMe, reflux, 2 h
+

122 74 81  

 

Scheme 71 – Excess phosphine screen 
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Entry
[a] dppe  

(mol %) 

Conversion 

(%)
[b] 74 (%)

 
81 (%) Selectivity 

1 1 58 51 7 7.3:1 

2[c] 1 28 23 21 3.6:1 

3 1.25 36 31 5 6.2:1 

4 1.5 19 15 4 3.8:1 

5 1.75 21 16 5 3.2:1 

6 2 23 17 6 2.8:1 

[a] Reactions carried out on 1 mmol scale. Catalyst was formed in situ by heating ruthenium 
precursor 123 with diphosphine for 1 h in toluene (2 mL) prior to addition of amide. 
[b] Conversion as determined by 1H NMR analysis. 
[c] Water (100 mol %) added. 

 

Table 11 – Results of phosphine optimisation 

 

This screen illustrated clearly that the addition of more than one equivalent of 

phosphine with respect to ruthenium was detrimental to both the conversion and the 

selectivity of the reaction. It was thought that addition of water (entry 2) might have a 

positive effect by making dehydration of the substrate oxime less favourable, and also 

by converting any nitrile produced to amide via hydration, but this modification was 

also found to have a negative effect on both selectivity and conversion. This observation 

was confirmed by further experiments employing stoichiometric water. If additional 

water was detrimental to the selectivity, we reasoned that a small amount of a 

dehydrating agent may be beneficial. With an optimised catalyst-ligand system in hand, 

the effect of acids, bases and dehydrating agents was examined (Scheme 72, Table 12). 

 

O

N
OH

NH2

O

O

CN

O

Ru(PPh3)3(CO)H2 123 (1 mol %)
dppe 138 (1 mol %)

additive
PhMe, reflux, 2 h

+

122 74 81  

 

Scheme 72 – Conditions employed for additive screen 
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Entry
[a] 

Additive (mol %) 
Conversion 

(%)
[b] 74 (%)

 
81 (%) Selectivity 

1 None 47 41 6 6.8:1 

2 C2H5CO2H 139 (1) 46 41 5 8.2:1 

3 C2H5CO2H 139 (2) 31 26 5 5.2:1 

4 C2H5CO2H 139 (5) 21 17 4 4.3:1 

5 Ac2O 140 (1) 32 27 5 5.4:1 

6 p-TsOH.H2O 141 (1) 73 70 3 23.3:1 

7 Cs2CO3 142 (1) 61 53 8 6.6:1 

8 LiOH.H2O 143 (1) 64 56 8 7:1 

9 tBuOK 144 (1) 65 58 7 8.3:1 

10 MS 4 Å 145 [c] 33 26 7 3.7:1 

[a] Reactions carried out on 1 mmol scale in toluene (2 mL). 
[b] Conversion as determined by 1H NMR analysis. 
[c] 35 wt. % with respect to oxime. 

 

Table 12 – Results of additive screen 

 

We had earlier found that forming the ruthenium-dppe catalyst in situ prior to addition 

of the substrate oxime to be unnecessary (entry 1), and all optimisation reactions 

undertaken from this point onwards were undertaken without pre-forming the complex. 

The addition of bases (entries 7-9) made a modest improvement in conversion but with 

only a slight improvement in terms of selectivity, with potassium tert-butoxide 144 

being the most effective. The addition of propionic acid 139 (entry 2) offered a small 

increase in selectivity when used in equimolar quantities with respect to the ruthenium 

catalyst 120, whilst excess propionic acid (entries 3 and 4) led to a reduction in both 

conversion and selectivity. Acetic anhydride 140, which it was thought could influence 

the reaction by acting as both a dehydrating agent and acid catalyst also led to reduced 

reactivity (entry 5). The addition of activated molecular sieves 145 had a similar effect. 

Whilst propionic acid 139 had offered only a slight improvement, the addition of para-

toluenesulfonic acid monohydrate 141 (entry 6) had a marked positive effect on both the 

reaction conversion and selectivity. This was gratifying, as for the first time a 

ruthenium-based system was imparting a similar degree of selectivity to that of iridium-

catalysed reaction. With this result in mind, a more focussed screen of phosphine 
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ligands was undertaken in the presence of p-toluenesulfonic acid 141 (Scheme 73, Table 

13). Several simple diphosphines which were closely related to dppe 138 were examined 

(Figure 4). 
 

 

O

N
OH

NH2

O

O

CN

O

Ru(PPh3)3(CO)H2 123 (1 mol %)
diphosphine (1 mol %)

p-TsOH.H2O 141 (1 mol %)
PhMe, reflux, 2 h

+

122 74 81  

 

Scheme 73 – Conditions employed for second phosphine ligand screen 

 

 

Entry
[a] 

Diphosphine Conversion (%)
[b] 

74 (%)
 

81 (%) Selectivity 

1 none 70 56 14 4:1 

2 dppm 146 67 61 6 10.1:1 

3 dppe 138 73 70 3 23.3:1 

4 dppp 137 71 65 6 10.8:1 

5 dppb 147 27 23 4 5.8:1 

6 dcpe 148 28 24 4 6:1 

7 dpp-benzene 149 40 35 5 7:1 

8 dpp-ethene 150 38 34 4 8.5:1 

[a] Reactions carried out on 2 mmol scale in toluene (2 mL). 
[b] C onversion as determined by 1H NMR analysis. 

 

Table 13 - Results of second phosphine ligand screen 

 

 

Ph2P PPh2 PPh2 Cy2P PCy2 Ph2P PPh2 Ph2P PPh2Ph2P

dppm 146 dppb 147 dcpe 148 dpp-benzene 149 dpp-ethene 150

 

Figure 4 – Additional diphosphine ligands employed in second screen 
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Decreasing or increasing the chain length of the linker by one carbon atom offered 

broadly similar conversions but with lower selectivity (entries 2-4), whilst increasing 

the length of the linker by two in the case of dppb 147 led to dramatically lower 

conversion and selectivity (entry 5), as did the structurally more rigid dpp-benzene 149 

and dpp-ethene 150. Changing the other alkyl groups on phosphorus from phenyl in 

dppe 138 to the more sterically demanding cyclohexyl in dcpe 148 was also found to 

have a similarly detrimental effect. 

 

Having found no improvement on the dppe 138 ligand system, a final optimisation of 

the reaction conditions by varying the ratio of catalyst to p-toluenesulfonic acid 141, 

along with the catalyst loading was performed (Scheme 74, Table 14). These reactions 

were performed at a higher concentration (1.0 mol dm-3) as this had been previously 

been shown to offer improved conversions whilst having no detrimental effect on 

selectivity, although increasing the dilution to less than 0.5 mol dm-3 was found to have 

a negative effect. 
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Scheme 74 – Final optimisation of reaction conditions 
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Entry
[a] Ru cat 

(mol %) 

p-TsOH
[b]
 

(mol %) 

Conversion 

(%)
[c] 74 (%)

 
81 (%) Selectivity 

1 1 1 100 97.3 2.7 36:1 

2 0.5 0.5 72.5 70 2.5 28:1 

3 0.5 1 87.5 85.5 2.0 43:1 

4 0.5 2 100 97.7 2.3 43:1 

5 0.2 0.8 100 97.9 2.1 47:1 

   6[d] 0.1 0.4 100 98.5 1.5 66:1 

7 0 5 9 3 6 0.5:1 

8 0 0 < 1 < 1 0 n/a 

[a] Reactions carried out on 5 mmol scale in toluene (5 mL). 
[b] Monohydrate. 
[c] Percentages refer to conversion as determined by GC-MS analysis. 
[d] 6 h. 

 

Table 14 – Optimisation of catalyst/acid loading 

 

The use of 4 equivalents of p-toluenesulfonic acid 141 with respect to the ruthenium 

complex provided very high selectivity in favour of the amide 74, with 100% 

conversion achieved in 2 hours at a catalyst loading of 0.2 mol % (entry 5). Pleasingly, 

increasing the reaction time to 6 hours allowed even lower loadings (0.1 mol %) to be 

employed with marginally improved selectivity (entry 6). Very poor conversion was 

obtained with catalytic p-toluenesulfonic acid 141 in the absence of the ruthenium 

catalyst 123 (entry 7), whilst the absence of both metal and p-toluenesulfonic acid 141 

afforded only a trace of the product amide 47 (entry 8). The screening of alternative 

solvents afforded no additional benefits, although the reaction was found to be feasible 

in 1,4-dioxane with a slight reduction in selectivity. 

 

With an efficient catalytic system in hand, a range of aldoximes, including aromatic, 

olefinic, aliphatic and heterocyclic examples was subjected to the optimised reaction 

conditions (Scheme 75, Table 15).  
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Scheme 75 – Ru-catalysed oxime to amide rearrangement 

 

Entry
[a] 

R Ru (mol %) t (h)
 

Yield
[b] 

Product 

1 (Z)-C6H5 67 0.1 8 92 47 

2 (E)-C6H5 44 0.1 8 94 47 

3 (4-MeO)C6H4 65 0.1 8 93 74 

4 (4-CF3O)C6H4 151  0.2 6 95 155 

5 (4-O2N)C6H4 69 0.2 4 94 76 

6 (2-O2N)C6H4 152 0.5 6 82 156 

7 (2-HO)C6H4 153 1 6 85 157 

8 (2,4-Cl)C6H3 68 0.2 6 88 75 

9 C3H7 70 0.1 8 91 77 

10 C7H15 154 0.1 8 87 158 

   11[c] 2-furyl 72 0.2 6 80 79 

12 C6H5CH=CH 71 0.2 4 90 78 

[a] Reactions carried out on 5 mmol scale in toluene (5 mL), 1:1:4 ratio of Ru/dppe/TsOH.H2O. 
[b] Isolated yields after recrystallization or column chromatography. 
[c] 1,4-Dioxane used as solvent. 

 

Table 15 – Ru-catalysed rearrangement of aldoximes 

 

The reaction was found to tolerate most substrates examined. In common with the 

iridium-catalysed rearrangement, (E)- and (Z)-oximes afforded comparable results 

(entries 1 and 2). Both electron-donating (entry 3) and electron-withdrawing groups 

(entries 4 and 5) were well tolerated. Unsaturated (entry 12) and aliphatic oximes 

(entries 9 and 10) also proved to be very successful substrates at low catalyst loadings. 

Although the 2-furyl oxime (entry 11) was insoluble in toluene, the corresponding 

amide was obtained in good yield when 1,4-dioxane was employed as solvent. 

Interestingly, the presence of a hydroxyl group in the 2-position (entry 7) slowed the 
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reaction, presumably by acting as a chelating ligand. Despite this, the reaction could be 

driven to completion by using a slightly higher catalyst loading of 1.0 mol %. In most 

cases, the presence of small (< 3%) amounts of nitrile could be identified by analysis of 

the crude material by 1H-NMR spectroscopy, although facile purification by either 

recrystallization or column chromatography on silica gel readily afforded pure amide. 

 

Although the loadings of 0.1-1 mol % employed in table 14 represent a great 

improvement over the iridium-catalysed reaction, we were interested to see whether 

even lower loadings could be used in a favourable case. Gratifyingly, rearrangement of 

4-methoxybenzaldehyde oxime 122 with 0.04 mol % of catalyst led to complete 

conversion in 18 hours, with an 88% isolated yield of amide 74. The reaction was 

performed on a 10 mmol scale using 3.7 mg of ruthenium complex 123 (Scheme 76). 

 

O

N
OH

NH2

O

O

Ru(PPh3)3(CO)H2 123 (0.04 mol %)
dppe 138 (0.04 mol %)

p-TsOH.H2O 141 (0.16 mol %)
PhMe, reflux, 16 h

88%
122 74  

 

Scheme 76 – Use of lower catalyst loading 

 

Further experiments with this catalyst system revealed that analogous to the iridium 

system, oximes derived from ketones were inert under the reaction conditions, as were 

the isomeric nitrones. However, the attempted rearrangement of 4-

methoxybenzaldoxime 122 in the presence of a competing nitrile (4-nitrobenzonitrile 

159) afforded a mixture of four products - both amides 74 and 76 and the corresponding 

nitriles 81 and 160 (Scheme 77), suggesting that the reaction pathway involves 

dehydration of the oxime to a nitrile (or co-ordinated nitrile), followed by hydration to 

afford the amide. However, in the absence of the oxime, free nitriles were inert to 

hydration in the presence of water, although the catalytic hydration of nitriles with 

ruthenium complexes is well known (vide supra). 
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N
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O

CN

O2N

CN

O2N

CONH2

O2N

CN

O

Ru(PPh3)3(CO)H2 123 (0.5 mol %)
dppe 138 (0.5 mol %)

p-TsOH.H2O 141 (2 mol %)
PhMe, reflux, 6 h

122

159

74 81

76160

74    19%
76    29%
81    31%
160  21%  

 

Scheme 77 – “Crossover” experiment with a competing nitrile 

   

Therefore, the active catalyst must eliminate water from the oxime substrate to give an 

intermediate which is capable of hydrating the nitrile. One such possibility is the 

formation of a ruthenium hydride species of the type LnRuH(OH), which can potentially 

be formed from the oxime but cannot be formed from water. 

 

We were interested to know why the addition of p-toluenesulfonic acid 141 had such a 

marked effect on reactivity. Whilst we thought that the addition of an acid co-catalyst 

could result in protonation of the oxime, examination of the literature uncovered an 

interesting reaction between organic acids and ruthenium hydride complexes. Jung and 

Garrou have reported that treatment of complexes of the type Ru(CO)(PPh3)(L-L)H2 

(where L-L is a bidentate diphosphine or phosphine-arsine) with trifluoroacetic acid 

(TFA) 161 results in rapid evolution of hydrogen gas. The treatment of 

Ru(PPh3)(dppp)(CO)H2 162 with two equivalents of TFA led to the formation of the bis-

trifluoroacetato complex Ru(PPh3)(dppp)(CO)(CF3COO)2 by metathesis. When a large 

excess of TFA (10 equivalents) was used, loss of the triphenylphosphine ligand occured 

resulting in the formation of complex 164 containing a bidentate trifluoroacetate ligand 

(Scheme 78).[24] 
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Scheme 78 – Formation of ruthenium-trifluoroacetato complexes reported by Garrou 

 

We reasoned that an identical reaction occurred on addition of p-toluenesulfonic acid 

monohydrate 141 since it is a stronger acid than TFA 161. In an experiment conducted 

in a Young’s NMR tube, dppp complex 162 (Acknowledgement: Mr. S. P. Reade, 

University of Bath) was treated with p-toluenesulfonic acid 141 (2.5 equivalents) in 

deuteriobenzene (Figure 5). On addition of 141, evolution of gas occurred almost 

instantly, and the presence of hydrogen was confirmed in the 1H NMR spectrum by 

appearance of a characteristic sharp singlet at 4.5 ppm. After five minutes complex 162 

had begun to be converted to another hydride complex, as indicated by a new signal at 

5.49 ppm. This signal is consistent with a hydride coupled to three phosphorus atoms, 

with one large trans coupling (109.8 Hertz) and two smaller cis couplings observed 

(22.8 and 16.4 Hertz respectively). Upon subjecting the sample to a phosphorus-

decoupling experiment this signal collapsed to a broad singlet, indicative of a 

monohydride species. After a further five minutes the majority of complex 162 had been 

consumed. Heating the reaction mixture at 110 °C for five minutes resulted in the 

disappearance of all hydride signals, with a single complex being observed in the 

proton-decoupled 31P NMR spectrum. This species contains only two inequivalent 

phosphine signals, suggesting loss of triphenylphosphine upon heating.  
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Ru(PPh3)(dppp)(CO)H2 162  

-5.4 -5.6 -5.8 -6.0 -6.2 -6.4 -6.6 -6.8 -7.0 -7.2 ppm 

 

PPh3

P

H PPh2
H

CO
Ru

Ph2

162

p-TsOH.H2O 141
(2.5 eq.)

i) C6D6, r.t., 30 min
ii) 110 °C, 5 min

 

After 5 minutes at 25 °C 

 

-5.2 -5.4 -5.6 -5.8 -6.0 -6.2 -6.4 -6.6 -6.8 -7.0 -7.2 ppm 
 
 
After 10 minutes at 25 °C 
 
 

-5.4 -5.6 -5.8 -6.0 -6.2 -6.4 -6.6 -6.8 -7.0 -7.2 ppm 
 
 
After 30 minutes at 25 °C, followed by 5 minutes at 110 °C 
 
 
 

-5.4 -5.6 -5.8 -6.0 -6.2 -6.4 -6.6 -6.8 -7.0 -7.2 ppm 
 

 

Figure 5a – 
1
H-NMR analysis of hydride region after addition of acid 141 to complex 162 
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After 30 minutes at 25 °C, followed by 5 minutes at 110 °C 
 

 

60 55 50 45 40 35 30 25 20 15 10 5 0 ppm

343638404244464850 ppm

 
 

Figure 5b – 
31
P{

1
H} NMR spectrum of complex formed after heating 
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3.5    Chapter summary 

 

 

o A novel, highly efficient ruthenium-catalysed rearrangement of aldoximes into 

primary amides has been developed as result of a systematic optimisation study. 

This work has been published.[25,26] 

 

o This system is a significant improvement on the iridium-catalysed reaction, 

offering improved selectivity at markedly reduced catalyst loading (as low as 

0.04 mol %). 

 

o The role of p-toluenesulfonic acid is critical in imparting high selectivity. A 

short NMR study has demonstrated the role of acid in reacting with a ruthenium 

hydride complex at ambient temperature. 
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4    RESULTS AND DISCUSSION III 

 

4.1    Aim 

To develop a sequential reaction for the conversion of alcohols into non-homologated 

nitriles via oxime ethers. 

 

4.2    Background 

During our studies into transfer hydrogenation of oxime ethers, we had noticed the 

tendency of the O-benzyl benzaldehyde oxime 55 to undergo an elimination reaction to 

produce benzonitrile 60 and benzyl alcohol 61 in the presence of ruthenium complexes 

(Scheme 44). Of the complexes tested, the first generation Grubbs metathesis catalyst 57 

was found to be particularly active for this transformation. Subsequent experiments 

revealed that in the presence of complex 57 catalytic base and excess 2-propanol were 

not necessary in order to accomplish the reaction (Scheme 79). 

 

Ph

N
OBn

Cl2(Cy3P)2Ru(=CHPh) 57

Ph OHPhCN
PhMe, reflux, 24 h
100% conversion

(5 mol %)
+

55 60 61  

 
Scheme 79 – Ruthenium-catalysed formation of nitrile from oxime ether 

 

 

On examination of the literature, there are few reports of reactions of this type. The 

base-promoted elimination of alkoxides from (E)-O-arylbenzaldehyde oximes in DMSO 

has been reported by Cho and co-workers.[1] The only metal-catalysed reaction of this 

type is a disclosure from the group of Nishimura, who used [Ir(cod)Cl]2 48 to induce 

ring cleavage of the strained cyclobutanone O-benzoyloximes to produce nitriles.[2] 

Whilst no catalytic eliminations with ruthenium complexes have been reported, the 

tendency of ruthenium(II) species to react with aldoximes to yield both free and metal-

bonded nitriles is well known.[3-5] In a related process, Geno and Dawson have reported 

the stoichiometric reaction of O-alkyl aldoximes with the ruthenium species 

Ru(NH3)5(H2O) to afford a ruthenium-nitrile complex with the elimination of alcohol. 

The proposed mechanism of this reaction involves co-ordination of the O-alkylated 

oxime to the metal centre through nitrogen, and that back-bonding facilitates the rupture 

of the N-O bond.[6] 
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4.3    Initial studies 

We decided to investigate this reaction further, with a view to using in a sequential 

process. In a process conceptually similar to the iridium-catalysed conversion of 

alcohols into amides, it was envisaged that the ruthenium catalyst could mediate the 

oxidation of a primary alcohol to the corresponding aldehyde which could be trapped in 

situ with an O-alkylhydroxylamine nucleophile yielding the oxime ether. This would 

then undergo the ruthenium-catalysed elimination reaction to yield the nitrile product 

with loss of alcohol (Scheme 80). It was felt that oxidation of the alcohol could be 

achieved in the presence of a sacrificial hydrogen acceptor (analogous to the iridium 

chemistry), or via acceptorless dehydrogenation with no formal oxidant, a reaction for 

which there is literature precedent with a variety of ruthenium complexes (vide infra). A 

key consideration in this strategy is the nature of the alcohol produced in the elimination 

step, which would ideally be inert to oxidation under reaction conditions to prevent the 

formation of multiple products. 

 

R1 OH

R1 O R1 N
OR2

R1CN

NH2OR
2

- H2O

Oxidation EliminationRu cat. - R2OH- H2

 

 

Scheme 80 – Strategy for the conversion of primary alcohols to non-homologated nitriles 

 

Considering the limited literature precedent for the metal-catalysed elimination, we 

decided to examine the reaction further, initially screening a number of complexes to 

ascertain whether this reactivity was unique to ruthenium, or whether other metals were 

capable of mediating the reaction. (Scheme 81, Table 16). 
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Ph

N
OBn

Ph OH
PhMe, reflux, 18 h

Catalyst (5 mol %)
+

55 60 61

Ph O

82

PhCN

 

  

Scheme 81 – Screening of metal catalysts 

 

Entry
[a] 

Catalyst Conversion (%)
[b] 

1 [Ir(cod)Cl]2 48 2 

2 [Ir(Cp*)Cl2]2 49 1 

3 [Rh(Cp*)Cl2]2 54 0 

4 NiCl2 165 0 

5 ZnCl2 166 0 

6 InCl3 167 0 

7 Cl2(Cy3P)2Ru(=CHPh) 57 98 

8 Ru(PPh3)3Cl2 58 20 

9 Ru(PPh3)4H2 59 12 

10 [Ru(p-cymene)Cl2]2 120 100 

11 Ru(DMSO)4Cl2 168 82 

12 Ru(PPh3)3(CO)H2 123 19 

13 Ru(PPh3)(Xantphos)(CO)H2 121 74 

[a] Reactions carried out on 0.5 mmol scale in toluene (1 mL) 
 [b] Percentages refer to conversion as determined by GC analysis. 

 

Table 16 – Results of catalyst screen 

 

No reaction occurred in the presence of the iridium and rhodium complexes (entries 1-

3) or Lewis acidic metal chlorides 165-167 (entries 4-6), whilst all of the ruthenium 

complexes examined mediated this transformation to some extent. Whilst the ruthenium 

triphenylphosphine dichloride 58 and dihydride 59 complexes proved to be poor 

catalysts (entries 8 and 9), high conversions were achieved with both Grubbs’ complex 

57 (entry 7) and the ruthenium p-cymene dichloride dimer 120 (entry 10). In the case of 

catalysts 120 and 57, a significant quantity (c. 10 %) of benzaldehyde 82 was observed 
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in the 1H NMR spectrum of the crude reaction mixture. This was unsurprising, as 

previous work in the group had identified complexes 120 and 57 as capable of oxidising 

secondary alcohols to ketones in the presence of no formal oxidant via loss of hydrogen 

gas (acceptorless dehydrogenation).[7] The ruthenium complex 123 succesfully 

employed in the rearrangement chemistry (vide supra) proved to be a poor catalyst for 

this reaction (entry 13), although the Xantphos analogue 121 was found to be 

considerably more active (entry 14).  

 

Since oxidation of benzyl alcohol to benzaldehyde was occurring under these 

conditions, we decided to examine the feasibility of a tandem oxidation-addition-

elimination process. Fortuitously, the most active complexes for the elimination 

reaction 120 and 57 were also the best systems tested for acceptorless dehydrogenation 

of secondary alcohols in the presence of catalytic base; although in the case of 120 the 

addition of  triphenylphosphine was essential for good activity (Scheme 82).[7] 

 

OH

O

O

O
PhMe, reflux, 48 h

Flow of Ar(g)
84%

Cl2(Cy3P)2Ru(=CHPh) 57
(5 mol %)

LiOH.H2O 143 (15 mol %)

 
 

OH

O

O

O
PhMe, reflux, 48 h

Flow of Ar(g)
97%

[Ru(p-cymene)Cl2]2 120
(5 mol %)

PPh3 (20 mol %)
LiOH.H2O 143 (15 mol %)

 

 

Scheme 82 – “Oxidant-free” oxidation of secondary alcohols  

 

Although these catalyst systems are effective for the oxidation of secondary alcohols, 

oxidation of primary alcohols fails, presumably due to decarbonylation of the product 

aldehyde yielding a catalytically inactive ruthenium-carbonyl complex.[8] However, if 

the reaction is performed on a 1:1 mixture of primary and secondary alcohols, crossed 

aldol products (and reduced crossed aldol products) are obtained. The rationale behind 

this is that the first-formed aldehyde and ketone products undergo an aldol condensation 

reaction to form an α,β-unsaturated ketone, removing the aldehyde from the system and 
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thus preventing catalyst deactivation. The α,β-unsaturated ketone then undergoes 

reduction to yield the product(s). Cho and Shim have reported similar reactions, both in 

an “oxidant-free” reaction[9] and in the presence of a sacrificial hydrogen acceptor[10] 

 

As the reaction of aldehydes with O-benzylhydroxylamine 91 had previously been 

found to be facile (vide supra), we hoped that oxime ether formation would be faster 

than decarbonylation, allowing catalyst turnover (Scheme 83).  

 

R1 OH

R1 O Ph N
OR2

[Ru cat.]

R1CN

NH2OR
2

- H2O

- H2 (g)

N2 stream
- R2OH[Ru cat.]

 

 

Scheme 83 – Tandem oxidant-free oxidation-addition-elimination strategy 

 

The initial attempt at a tandem reaction was performed using the Grubbs’ catalyst 57 

and lithium hydroxide monohydrate 143 (three equivalents with respect to ruthenium) 

oxidation system, with O-benzylhydroxylamine 91 as the nucleophile (Scheme 84). 

 

BnONH2 91 (1 eq.)

PhMe, reflux, 48 h

Flow of N2(g)

Cl2(Cy3P)2Ru(=CHPh) 57
(5 mol %)

LiOH.H2O 143 (15 mol %)
OHPh OHPhPhCN +

61 6160
 

 

Scheme 84 – First tandem oxidation-elimination reaction 

 

This initial result was promising, with roughly equivalent amounts of benzonitrile 60 

(47%) and benzyl alcohol 61 (45%) detected by GC analysis. In addition to this, small 

amounts of both the intermediate oxime ether 55 (4%) and benzaldehyde 82 (3%) were 

observed, whilst O-benzylhydroxylamine 91 had been completely consumed. These 

observations suggest that the catalytic pathway suggested above was in operation, 
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although some ambiguity remained since benzyl alcohol is both a reactant and product 

in the reaction. Despite this positive result, repeat experiments revealed the reaction to 

be extremely capricious, with incomplete conversion common. Subsequent work 

revealed the ruthenium p-cymene dichloride dimer 120/triphenylphosphine oxidation 

system to be ineffective for this transformation. These observations, coupled with the 

problems associated with further oxidation of benzyl alcohol 61 produced in the 

elimination led us to abandon this approach and to consider alternative nucleophiles. 

 

O-t-Butylhydroxylamine 169 was identified as a potentially useful nucleophile for a 

tandem reaction as crucially the alcohol liberated in the elimination reaction (t-butanol) 

cannot be further oxidised. In addition, the compound is commercially available as the 

hydrochloride salt. The free base O-t-butylhydroxylamine 169 (b.p. 70 °C)[11] could be 

obtained by distillation from sodium hydroxide and stored at -10 °C under an 

atmosphere of argon for several months without noticeable decomposition. The use of 

this nucleophile would require that the O-t-butylbenzaldehyde oxime 170 be able to 

undergo the metal-catalysed elimination reaction. As such, the ruthenium complexes 

which had been proven to be active employing O-benzylbenzaldehyde oxime 55 as 

substrate were tested with the more sterically demanding O-t-butylbenzaldehyde 

oxime[12] 170 (Scheme 85, Table 17). 

 

Ph

N
OtBu

PhCN tBuOH
PhMe, reflux, 18 h

Ru catalyst (5 mol %)
+

170 60  
 

 

Scheme 85 – Elimination with O-t-butyl substrate 
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Entry
[a] 

Ru catalyst Conversion (%)
[b] 

1 Cl2(Cy3P)2Ru(=CHPh) 57 1 

2 Ru(PPh3)3Cl2 58 0 

3 Ru(PPh3)4H2 59 0 

4 [Ru(p-cymene)Cl2]2 120 0 

5 Ru(PPh3)3(CO)H2 123 11 

6 Ru(PPh3)(Xantphos)(CO)H2 121 90 

[a] Reactions carried out on 0.5 mmol scale in toluene (1 mL) 
 [b] Percentages refer to conversion as determined by GC analysis. 

 
Table 17 – Results of catalyst screen 

 

We were surprised to discover that this substrate was inert when treated with the Grubbs 

catalyst 57 or [Ru(p-cymene)Cl2]2 120 under conditions analogous to that employed 

with substrate 55 (entries 1 and 4). The ruthenium triphenylphosphine dichloride 58 and 

dihydride 59 (entries 1 and 2) were also found to be totally inactive. Interestingly, the 

Ru(PPh3)(Xantphos)(CO)H2 121 complex proved to be more active with this substrate 

than with the O-benzyl derivative 55 (entry 6), although the tris-triphenylphosphine 

analogue 123 was found to have similarly poor activity (entry 5). 

 

4.4    Optimisation of ruthenium-catalysed elimination 

Since we had observed dramatic effects in varying the bidentate phosphine ligands in 

the ruthenium-catalysed rearrangement of aldoximes (vide supra), it was considered 

pertinent to examine the effect of the ligand in the elimination reaction. In conjunction 

with a visiting researcher (Dr. Naveen Anand, Regional Research Laboratory, Jammu, 

India), a study concerning the optimisation and scope of the reaction was undertaken. 

The O-methyl (4-methoxy)benzaldehyde oxime 171 was chosen as the substrate for the 

study, due to the ease of differentiating between the starting material and product by 1H-

NMR spectroscopy. Previous work had shown the O-methyl benzaldehyde oxime to 

undergo the elimination reaction when treated with ruthenium complexes. Initially the 

effect of catalyst loading was examined in order to establish conditions where a 

benchmark figure of catalyst performance (c. 50% conversion) could be achieved 

(Scheme 86, Table 18).  
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+

Ru(PPh3)3(CO)H2 123 
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Scheme 86 – Optimisation of catalyst loading 

 

Entry
[a] 

123 (mol %) t (h) 81 (%)
[b] 

1 1 12 51 

2 1 24 74 

3 2.5 24 89 

4 3.5 24 99 

5 5 24 100 

6 5 8 76 

7[c] 5 8 75 

 [a] Reactions carried out on 1 mmol scale in toluene (0.5 mL), 1:1 ratio 
 123:124. 
 [b] Conversion as determined by 1H NMR analysis. 
 [c] Catalyst formed in situ by heating ruthenium complex 123 with 
 Xantphos 124 prior to addition of oxime ether 171. 
 
 

Table 18 – Results of catalyst loading screen 

 

 

The elimination of methanol was shown to be facile, requiring 3.5 mol % catalyst 

loading in 24 hours at reflux in toluene to achieve essentially complete conversion 

(entry 4). Significantly, it was illustrated that forming the catalyst in situ prior to 

addition of amide had no effect on reactivity (entry 7). Having identified reaction 

conditions resulting in ~50% conversion (entry 1), further bidentate phosphine ligands 

were screened for activity in the elimination reaction (Scheme 87, Table 19).  

 

N
OMe

PhMe, reflux, 14 h
+

Ru(PPh3)3(CO)H2 123 (1 mol %)
diphosphine (1 mol %)

CN

MeOH

O

171

O

81  
 

Scheme 87 – Screening of diphosphine ligands 
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Entry
[a] 

Diphosphine 81 (%)
[b] 

1 none 46 

2 Xantphos 124 60 

3 tBu-Xantphos 128 34 

4 Nixantphos 129 27 

5 DPEphos 130 3 

6 (R)-BINAP 132 9 

7 dppf 135 7 

8 dippf 136 0 

9 dppb 137 13 

10 dppe 138 25 

 [a] Reactions carried out on 1 mmol scale in toluene (0.5 mL). 
 [b] Conversion as determined by 1H NMR analysis. 
  

 
Table 19 – Results of phosphine ligand screen 

 

 
The use of alternative phosphine ligands was found to confer no benefit. Whilst 

Xantphos 124 was found to be the best ligand, good activity was also achieved with the 

precursor complex 123 in the absence of ligand, in contrast to the result observed with 

the O-t-butyl substrate 170. All other bidentate phosphines tested resulted in diminished 

catalytic activity, including the other Xantphos-type ligands 128 and 129. DPEphos 130 

was found to be a very poor ligand, as were the ferrocenyl species 135 and 136. The 

simple bidentate phosphines 137 and 138 were found to impart greater selectivity in the 

ruthenium-catalysed rearrangement reaction (vide supra) and were also found to inhibit 

the elimination reaction relative to Xantphos 124. Having found no improvement on the 

original system the effect of catalytic acids and bases was then examined (Scheme 88, 

Table 20). 

N
OMe

Additive (1 mol %)
PhMe, reflux, 14 h

+

Ru(PPh3)3(CO)H2 123 (1 mol %)
Xantphos 124 (1 mol %)

CN

MeOH

O

171

O

81  
 

Scheme 88 – Effect of acids/bases 
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Entry
[a] 

Additive 81 (%)
[b] 

1 none 63 

2 C2H5CO2H 139 0 

3 p-TsOH.H2O 141 0 

4[c] p-TsOH.H2O 141 0 

5 Cs2CO3 142 32 

6 LiOH.H2O 143
 31 

7 tBuOK 144 48 

8[c] tBuOK 144 0 

 [a] Reactions carried out on 1 mmol scale in toluene (0.5 mL). 
 [b] Conversion as determined by 1H NMR analysis. 
 [c] Reaction performed in the absence of ruthenium complex 123 and 
  Xantphos 124. 
 

Table 20 – Results of acid/base screen 

 

The addition of propionic 139 or p-toluenesulfonic acid 141 resulted in no catalytic 

activity (entries 1-3), whilst addition of bases 142-144 led to reduced conversions 

(entries 5-7). Further experiments revealed that the use of solvents other than toluene 

provided no additional benefits, although the reaction could be conducted in DMF with 

almost identical results. The use of 1,4-dioxane led to reduced conversion, whilst 

acetonitrile and 2-propanol yielded no product. In the case of 2-propanol, this is most 

probably due to the insolubility of the ruthenium complex 123, even at elevated 

temperatures.  

 

In order to examine the generality of the reaction a series of O-methyl oxime ethers was 

prepared in good yields from the from the corresponding aldehyde and O-methyl-

hydroxylamine hydrochloride.[13] The conversion of these substrates into nitriles was 

examined under the optimised reaction conditions (Scheme 89). 

 

R

N
OMe

PhMe, reflux, 24 h
+

Ru(PPh3)3(CO)H2 123 
Xantphos 124

RCN MeOH

 

 

Scheme 89 – Conversion of O-methyl oxime ethers into nitriles 
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Entry
[a] 

R 123 (mol %) Yield
[b] (%) Product 

1 (4-MeO)C6H4 171 3.5 98 (81) 81 

2 (4-Me2N)C6H4 172 3.5 89 (80) 182 

3 (4-Me)C6H4 173 3.5 94 183 

4 (4-CN)C6H4 174 5 99 (80) 184 

5 (4-F)C6H4 175 3.5 96 185 

6 (4-NO2)C6H4 176 5 28 160 

7 (2-Me)C6H4 177
 3.5 98 (83) 186 

8 C6H5 178 5 95 60 

9 4-pyridyl 179 5 73 187 

10 2-naphthyl 180 5 99 (85) 188 

11 C7H15 181 3.5 75 189 

[a] Reactions carried out on 1 mmol scale in toluene (0.5 mL). 
[b] Conversion as determined by 1H NMR analysis. 
      (isolated yields in parentheses). 

  
Table 21 – Conversion of O-methyl oxime ethers into nitriles 

 

We were pleased to find that the majority of the substrates tested were cleanly converted 

into the corresponding nitriles under the optimised conditions with good isolated yields 

following column chromatography on silica gel (Table 21). The reaction was successful 

for a variety of 4-substituted aryl groups (entries 1-5), both electron-donating and 

electron-withdrawing. The presence of a nitro group resulted in a considerably lower 

conversion (entry 6), a not unexpected result, as incompatibility of the nitro 

functionality had previously been observed in oxidation reactions with ruthenium 

complexes due to catalyst deactivation.[14] The presence of a substituent in the 2-

position did not appear to compromise reactivity (entry 7). Good yields of the 

corresponding nitriles were obtained for both the aliphatic and 2-naphthyl oxime ethers 

(entries 11 and 9). A slightly lower conversion was obtained for the pyridyl-containing 

substrate (entry 10); it is likely that this is due to inhibition of the catalyst by co-

ordination. 
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4.5    Ruthenium-catalysed oxidation 

Having identified the ruthenium-Xantphos system as a useful catalyst for the 

elimination reaction the possibility of using it in a tandem reaction was examined. Such 

a process would require a suitable oxidation system for the conversion of primary 

alcohols into aldehydes. Previous work in the group had identified complex 121 as a 

very efficient catalyst for the alkylation of active methylene compounds with a range of 

alcohols (Scheme 90).[15] 

 

Ph OH

CN

O

Bu

CN

O

Bu

Ph

Ru(Xantphos)(PPh3)(CO)H2 121

PhMe, reflux, 4 h
78%

(0.5 mol %)
piperidinium acetate (5 mol %)

t

t

(1 eq.)

 
 

Scheme 90 – Ruthenium-catalysed C-C bond formation from alcohols 

 

Such a reaction requires a catalyst which is capable of oxidation of the substrate alcohol 

and reduction of the alkene produced via Knoevenagel reaction of the ketonitrile with 

the first-formed aldehyde. As the oxidation of a primary alcohol to an aldehyde had 

been shown to be feasible with an iridium complex (vide supra), we examined a range 

of alkenes and alkynes as potential hydrogen acceptors in a ruthenium-catalysed 

oxidation reaction (Scheme 91, Table 22) 

 

Ph Ph

PhMe, reflux, 2 h

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

Acceptor (2 eq.)
OH O

61 82  

 
Scheme 91 – Ruthenium-catalysed oxidation of benzyl alcohol 61 
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Entry
[a] 

Acceptor 82 (%)
[b] 

1 2,3-dihydropyran 86 2 

2 cyclooctene 87 3 

3 1-hexene 88 2 

4 vinyltrimethylsilane 89 1 

5 styrene 90 2 

6 phenylacetylene 91 4 

7 diphenylacetylene 92 1 

8 1-hexyne 93 5 

9 
COtBu

Ph

CN 190 
67 

10 
CN

Ph

CN 191 
95 

   11[c] CN
 192 72 

12 CN
 193 n.d. 

13 none 2 

[a] Reactions carried out on 0.5 mmol scale in toluene (0.5 mL). 
 Catalyst formed in situ by heating ruthenium complex 123 with 
 Xantphos 124 prior to addition of alcohol/alkene. 
[b] Conversion as determined by 1H NMR analysis. 

 [c] 4 h. 
 

 
Table 22 – Results of acceptor screen 

 
 
 
Whilst a range of simple alkenes and alkynes 86-93 (entries 1-9) did not prove to be 

useful for such a process, the use of electron-deficient alkenes proved to successful for 

this oxidation reaction. Perhaps unsurprisingly, alkene 190 proved to be an efficient 

oxidant, being the intermediate olefin in the indirect alkylation reaction shown in 

Scheme 90. Excellent conversion was also obtained when the more electron-deficient 

alkene 191 was employed. Although these alkenes are efficient oxidants, a more simple 

alkene is attractive in terms of atom-economy, cost and ease of separation from the 

crude reaction mixture. Although the oxidation reaction proceeded to some extent with 

acrylonitrile 193, significant amounts of the substrate alcohol were consumed in a 
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competing conjugate addition reaction to yield PhCH2O(CH3)CHCH2CN.
[16] 

Gratifyingly, crotononitrile 192 was found to be an effective oxidant with negligible 

conjugate addition being observed. Crotononitrile is an attractive oxidant as it is 

inexpensive and both excess alkene and the reduced product (butyronitrile) are easily 

removed by rotary evaporation (b.p. 120 °C and 116 °C respectively). This oxidation 

protocol is unusual as the product benzaldehyde does not appear to result in deactivation 

of the catalyst via decarbonylation as has been consistently reported in the literature 

(vide supra). In a subsequent experiment, 4-methoxybenzyl alcohol 95 was shown to 

undergo complete oxidation to 4-methoxybenzaldehyde 63 in 8 hours under these 

conditions.[14] 

 

4.6    Application to a tandem process 

With a successful oxidation system in hand the tandem oxidation-addition-elimination 

protocol with O-t-butylhydroxylamine 169 as nucleophile was examined (Scheme 92). 

 

R OH

R O R N
OtBu

[Ru cat.]

RCN

NH2O
tBu

[Ru cat.]

- H2O

- tBuOH

CN

CN

 

 

Scheme 92 – Strategy for tandem Ru-catalysed oxidation-addition-elimination 

 

 

Ph OH Ph

NRu(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (1 eq.)

PhMe, reflux, 24 h

tBuONH2 169 (1.1 eq.)
crotononitrile 192 (2 eq.)

OtBu

89%

X PhCN

61 60170

 
 
 

Scheme 93 – Attempted Ru-catalysed oxidation-addition-elimination reaction 
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Disappointingly, only a trace of the product benzonitrile 60 was observed by GC 

analysis of the crude reaction mixture. However, the reaction had resulted in clean 

conversion of benzyl alcohol 61 into O-t-butylbenzaldehyde oxime 170, illustrating that 

the concept of a tandem oxidation-oxime ether formation was valid under these 

conditions, although the elimination reaction did not take place (Scheme 93). 

Importantly, no conjugate addition products of either the alcohol 61 or O-t-

butylhydroxylamine 169 with the alkene 192 were observed in the 1H NMR spectrum of 

the crude product. Disappointingly, modification of the reaction conditions to encourage 

the elimination reaction was unsuccessful.  

 

Chromatographic separation of the oxime ether product from the reaction mixture led to 

the isolation (5%) of another product, which was identified as the hydroxamic acid 

ester, N-t-butoxybenzamide 194.[17] We reasoned that the formation of this compound 

arose from oxidation of the benzyl alcohol 61 to benzaldehyde 82, which reacts with the 

O-t-butylhydroxylamine 169 nucleophile to give the hemi-aminal intermediate 195. The 

hemi-aminal can then undergo a further oxidation reaction in the presence of 

crotononitrile 192 to furnish the product 194 (Scheme 94). To test this hypothesis, a 

reaction was performed in the presence of stoichiometric water, which it was hoped 

would discourage dehydration of the hemiaminal to form the oxime ether, and hence 

bias the formation of N-t-butoxybenzamide 194. 

 

Ph OH

Ph O Ph N
H

OtBu

[Ru cat.]

NH2O
tBu

[Ru cat.]

CN

CN

OH

NC

NC

Ph N
H

OtBu

O
61 194

82 195  

 

Scheme 94 – Tandem oxidation reaction leading to N-t-butoxybenzamide 194 
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After some optimisation it was found that in the presence of a slight excess of both 

water and crotononitrile 192, N-t-butoxybenzamide 194 could be isolated in moderate 

yield (Scheme 95), whilst large excesses of water and/or alkene were found to be 

detrimental to conversion and selectivity. Conversely, if the reaction were run in the 

presence of activated 4 Å molecular sieves, O-t-butylbenzaldehyde oxime 170 was the 

sole product, with only a trace of N-t-butoxybenzamide 194 formed (Scheme 96). 

 

Ph OH Ph

NRu(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

H2O (2 eq.)
PhMe, reflux, 24 h

100% conversion, 74:26 194:170

tBuONH2 169 (1.1 eq.)

crotononitrile 192 (2.5 eq.)

OtBu

61 170

Ph

O

N
H

OtBu
+

194

71%

 

 

Scheme 95 – Conversion of benzyl alcohol into N-t-butoxybenzamide 194 

 

Ph OH Ph

N
OtBu

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

PhMe, reflux, 24 h
96% conversion

tBuONH2 169 (1.1 eq.)
crotononitrile 192 (1.5 eq.)

4 Å molecular sieves (100 wt. %)
61 170

 

 

 

Scheme 96 – Conversion of benzyl alcohol into O-t-butylbenzaldehyde oxime 170 
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N
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Scheme 97 – Alternative reaction pathways for the formation of 170 and 194 
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Precedent for a tandem oxidation reaction of this type using a nitrogen nucleophile is 

limited, and no examples furnishing a hydroxamic acid ester have been reported. 

However, a similar pathway of reactivity has been exploited for the formation of 

lactams by Murahashi and Naota using benzylacetone as a hydrogen acceptor at 140 °C, 

although the reaction was limited in terms of substrate scope.[18] Fujita and co-workers 

have reported the same oxidative N-heterocyclization process with a rhodium complex 

and with acetone as hydrogen acceptor.[19] In a very recent report, Milstein and co-

workers have disclosed the first direct synthesis of amides from alcohols and amines 

with the liberation of hydrogen gas using a novel dearomatized PNN pincer complex 

(Scheme 98).[20] The low catalyst loadings, high selectivity for the product amides and 

the lack of a formal oxidant are particularly impressive. 

 

Ru
PtBu2

N

NH2
HO

(0.1 mol %)
+

H
N

OPhMe, reflux
97%

N H

CO

 

 

Scheme 98 –  Amidation of alcohols with loss of H2 reported by Milstein 

 

A related protocol for the synthesis of amides is the catalytic acylation of amines by 

aldehydes in the presence of a transition metal catalyst and oxidant. Such a reaction has 

been reported by Beller, who employed a rhodium complex and N-methylmorpholine-

N-oxide, although the reaction was limited to a small range of secondary amines, with 

morpholine particularly effective.[21]  

 

We wondered whether such a reaction could be applied to the synthesis of Weinreb 

amides, a class of compounds whose tendency to form stable tetrahedral intermediates 

when treated with organometallic reagents make them useful synthetic 

intermediates.[22,23] The required N,O-dimethylhydroxylamine 196 is commercially 

available as the hydrochloride salt and is easily obtained by distillation from sodium 

hydroxide (b.p. 40 °C).[24] However, employing this nucleophile led to none of the 

desired product, and the reaction was not clean (Scheme 99). 
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Ph OH Ph

O

N
O

X

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

H2O (2 eq.)
PhMe, reflux, 24 h

MeONHMe 196 (1.1 eq.)

crotononitrile 192 (2.5 eq.)61

 

 

Scheme 99 – Attempted synthesis of a Weinreb amide via tandem catalytic oxidation 

 
 
Despite having received no encouragement regarding the tandem reaction as a method 

for the synthesis of nitriles from alcohols, we were successful in realising this reaction 

for a favourable substrate via a sequential reaction. Using a protocol similar to the 

iridium-catalysed synthesis of amides from alcohols (vide supra), 4-methoxybenzyl 

alcohol 95 was readily converted into the corresponding aldehyde using crotononitile as 

oxidant. Addition of O-methylhydroxylamine hydrochloride 197 on completion of 

oxidation followed by further heating resulted in the formation of the product 4-

methoxybenzonitrile 81 with good conversion (Scheme 100). The success of this 

reaction is due to the stability of the aldehyde under reaction conditions. This approach 

failed for the aliphatic and heterocyclic alcohols tested, although little work was 

performed on developing this process. 

 

OH

O

CN

O

i) Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

PhMe, reflux, 48 h
94% conversion

ii) MeONH2.HCl 197 (1.1 eq.)

crotononitrile 192 (2.5 eq.)

95

PhMe, reflux, 5 h

81  

 

Scheme 100 – Conversion of alcohol into nitrile via a consecutive process 

 

 



Chapter 4  Results and Discussion III   

99 

4.7    Chapter summary 

 

o A novel ruthenium-catalysed elimination reaction converting oxime ethers into 

nitriles and alcohols has been developed. The results of this study have been 

published.[25] 

 

o A method for ruthenium-catalysed oxidation of primary alcohols to aldehydes 

using an electron deficient alkene has been developed. This reaction is 

noteworthy due to the stability of the product aldehydes under the reaction 

conditions. 

 

o These reactions have been applied to both tandem and sequential reactions for 

the conversion of primary alcohols into non-homologatednitriles, but with 

limited success. 

 

o A proof of concept has been illustrated whereby catalytic oxidation has been 

used as a strategy to convert both a primary alcohol into the corresponding 

aldehyde and subsequently a hemiaminal intermediate into a hydroxamic ester in 

a tandem process. 
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5    RESULTS AND DISCUSSION IV 

 
 

5.1    Aim 

To use oxygen nucleophiles in tandem oxidation reactions, particularly towards the 

synthesis of unsymmetrical esters directly from primary alcohols. 

 

5.2    Background 

Having had some success with a nitrogen nucleophile (tBuONH2 169) in a tandem 

oxidation process (vide supra), we wished to extend this methodology to oxygen 

nucleophiles, initially focussing on oxidation of alcohols to their corresponding methyl 

esters by hydrogen transfer. 

 

The oxidative dimerisation of primary alcohols to afford esters has been reported using 

hydrogen transfer reactions. Shvo reported the first example of such a process in 1981, 

using the ruthenium cluster Ru3(CO)12 as catalyst and diphenylacetylene 92 as hydrogen 

acceptor.[1] In this chemistry, an alcohol is initially oxidised to the corresponding 

aldehyde which reacts (reversibly) with another molecule of alcohol to form a 

hemiacetal. Further oxidation of this intermediate leads to the formation of the dimeric 

ester. Following this initial disclosure, the first systematic study of the reaction was 

reported by Murahashi and co-workers.[2] Employing Ru(PPh3)4H2 59 as catalyst 

various hydrogen acceptors were examined, with acetone and methyl vinyl ketone 

proven to be most useful. This methodology was also applied to the analogous reaction 

of converting diols into lactones. Since this disclosure many other systems have been 

reported for reactions of this type, with ruthenium and iridium complexes particularly 

well studied. One of the most efficient systems for lactonization of diols reported by 

Suzuki and co-workers employs an iridium amino alcohol complex with acetone (or 2-

butanone) as acceptor for a variety of substrates at ambient temperature and with low 

catalyst loading (0.5 mol %).[3,4] More recently, the formation of dimeric esters from 

alcohols with molecular oxygen as oxidant has been reported[5,6] 

 

Whilst acceptorless dehydrogenation as a strategy for oxidative dimerisation of alcohols 

was reported as feasible by both Shvo[7] and Murahashi,[2] homogeneous systems for 

this reaction are relatively rare, although recently significant advances have been made 
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in this area. Milstein and co-workers have reported the conversion of primary alcohols 

into esters and dihydrogen with a ruthenium pincer complex (vide supra).[8] Hartwig 

and Zhao have reported a ruthenium bis-phosphine diamine catalyst  which has been 

employed in the acceptorless dehydrogenative cyclization of 1,4-butanediol 198 to γ-

butyrolactone 199 with high turnover number (Scheme 101).[9] 

 

HO
OH

cis-(PMe3)2RuCl2(eda)
O

O

+ H2
205 °C, 48 h, N2
TON = 17000

198 199  

 

Scheme 101 – Hartwig’s ruthenium-catalysed oxidative cyclization of diols 

 

Considering this precedent, the aliphatic alcohol 2-phenylethanol 200 was subjected to 

the ruthenium-Xantphos oxidation conditions developed previously in hope of forming 

the dimeric ester. We were pleased to find that phenethyl phenacetate 201 was obtained 

in good conversion (Scheme 102). 

 

Ph
crotononitrile 192 (2.5 eq.)

PhMe, reflux, 24 h
86% conversion

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)OH

O

O
Ph Ph

200 201  

 

Scheme 102 – Formation of a dimeric ester from an aliphatic substrate 

 

The reaction of two different alcohols to form an ester selectively by oxidative coupling 

is somewhat more problematic due to the potential to form a mixture of products. The 

conversion of activated alcohols into their corresponding methyl esters has been 

reported by Taylor and co-workers using activated manganese dioxide with cyanide, 

which is capable of oxidising the substrate alcohol and intermediate cyanohydrin, but 

not methanol.[10,11] A similar strategy has been employed by the group of Kita using 

iodosobenzene as the oxidant.[12] 
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5.3    Oxidation of primary alcohols to methyl esters 

Initial efforts focussed on the direct conversion of primary alcohols into methyl esters 

using this methodology (Scheme 103). By using methanol as a co-solvent in the 

oxidation reaction, we hoped to form methyl esters selectively (Scheme 104). Methanol 

is more difficult to oxidise than most primary alcohols due to the high oxidation 

potential of methanal.[13] We reasoned that attack of the intermediate aldehyde by 

methanol would be favoured over attack by the substrate alcohol on steric grounds.  

Also, by having methanol present in a large excess we hoped than any dimeric product 

would be converted into the methyl ester by transesterification. Crucial to the success of 

this strategy would be the ability of the catalyst to perform the desired oxidation 

reactions in the presence of methanol, and not become deactivated (vide supra). 

 

R OH

R O R O

[Ru cat.]

MeOH

[Ru cat.]

CN

CN

OH

NC

NC

R O

O

 

 

Scheme 103 – Strategy for the formation of methyl esters directly from alcohols 

 

 

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (2 eq.)
1:1 PhMe:MeOH, reflux, 12 h

30% conversion

OH O

O

Ph Ph

200 202  

 

Scheme 104 – Initial attempt at forming a methyl ester from a primary alcohol 
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Pleasingly, this approach proved to be successful, producing methyl phenacetate 202, 

albeit in modest conversion in 12 hours (Scheme 104). In addition to the desired methyl 

ester, significant amounts of the product arising from the conjugate addition of 

methanol to crotononitrile 192 (MeOCH(CH3)CH2CN)
[14] were detected in the 1H NMR 

spectrum of the crude reaction mixture. Subsequent optimisatation experiments revealed 

the addition of stoichiometric water (2 equivalents) to be beneficial, resulting in reduced 

conjugate addition to the alkene and affording slightly increased conversions. Addition 

of large amounts of water (5-10 equivalents) was shown to be detrimental, as was 

addition of catalytic (5 mol %) propionic 139 or p-toluenesulfonic 141 acids. 

 

Significantly, formation of the ruthenium-Xantphos catalyst in situ by heating the 

precursor complex 123 with the ligand 124 prior to addition of further reagents was 

found to be essential for good activity. In addition to this, the reaction was shown to be 

sluggish at a catalyst loading of 2.5 mol %. Following these initial findings, a short 

optimisation study was undertaken in order to determine the optimum quantities of both 

methanol and crotononitrile 192 required. Firstly, the ratio of toluene to methanol was 

examined (Scheme 105, Table 23). 

 

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (2.5 eq.)
H2O (2 eq.)

PhMe:MeOH, reflux, 24 h

OH O

O

Ph Ph

200 202
 

 

Scheme 105 – Optimisation of methanol concentration 
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Entry
[a] MeOH (mL) MeOH (eq.) 202 (%)

[b] 

1 0.05 2.47 63 

2 0.1 4.94 64 

4 0.2 9.88 67 

5 0.3 14.81 71 

6 0.4 19.75 77 

7 0.5 24.69 78 

8 0.75 37.03 71 

9 1 49.38 23 

[a] Reactions carried out on 0.5 mmol scale. Catalyst was formed in situ  
by heating ruthenium precursor 123 with Xantphos 124 for 1 h in  
toluene (0.5 mL) prior to addition of 200, 192, water and methanol (0.5 mL). 
[b] Conversion as determined by 1H NMR analysis. 

 

Table 23 – Results of varying methanol concentration 

 

This screening illustrated that a 1:1 mixture of toluene and methanol was found to give 

the optimum conversion (entry 7). Increasing the amount of methanol beyond this was 

found to be detrimental (entry 8) and when the ratio was increased to 2:1 the conversion 

dropped dramatically (entry 9). Perhaps surprisingly, even a small excess of methanol 

gives rise to a respectable conversion (entry 1). Having optimised the solvent 

composition, the effect of the amount of oxidant on conversion was examined (Scheme 

106, Table 24). 

 

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (1-6 eq.)
H2O (2 eq.)

1:1 PhMe:MeOH, reflux, 24 h

OH O

O

Ph Ph

200 202
 

 

Scheme 106 – Optimisation of oxidant loading 
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Entry
[a] 192 (eq.) 202 (%)

[b] 

1 1 47 

2 1.5 55 

3 2 70 

4 2.5 77 

5 3 82 

6 3.5 82 

7 4 81 

8 6 23 

[a] Reactions carried out on 0.5 mmol scale. Catalyst was formed in situ  
  by heating ruthenium precursor 123 with Xantphos 124 for 1 h in 
 toluene (0.5 mL) prior to addition of 200, 192, water and methanol. 

[b] Conversion as determined by 1H NMR analysis. 
 

Table 24 – Results of oxidant screen 

 

 

It was found that three equivalents of crotononitrile 192 were necessary in order to 

obtain maximum conversion (entry 6), whilst a large excess was found to be 

detrimental, leading to the formation of side products. A range of substrate alcohols was 

subsequently examined under the optimised reaction conditions in order to gauge the 

generality of the process (Scheme 107, Table 25). 

 

R

1:1 PhMe:MeOH, reflux, 24 h

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (3 eq.)
H2O (2 eq.)

OH R O

O

 
 

Scheme 107 – Ruthenium-catalysed conversion of alcohols into methyl esters 
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Entry
[a] 

Alcohol Yield
[b] 

Product 

1 PhCH2 200 (82) 202 

   2[c] PhCH2 200 (95) 83 202 

3 (4-HO)C6H4CH2 203 84 209 

4 (4-Me2N)C6H4CH2 204 87 210 

5 Ph 61 (70) 211 

6 (4-NO2)C6H4 97 74 212 

7 PhCH=CH 115 76 213 

8 C7H15 112 86 214 

   9[d] C15H31 205 84 215 

10 Cyclohexyl 206 (76) 216 

11 
207 

(95) 217 

12 

N 208 

79 218 

 [a] Reactions carried out on 2 mmol scale. Catalyst was formed in situ by heating 
 ruthenium precursor 123 with Xantphos 124 for 1 h in toluene (2 mL) prior to 
 addition of 200, 192, water and methanol (2 mL). 

[b] Isolated yield following column chromatography. Figures in parentheses 
indicate conversion only. 
[c] 48 h. 

 [d] 36 h. 

 

Table 25 – Conversion of primary alcohols into methyl esters by hydrogen transfer 

 

Gratifyingly, the reaction was shown to tolerate all substrates examined, and was 

particularly successful for aliphatic alcohols. Phenethyl alcohols (entries 2-4) and the 

linear aliphatic alcohols 1-octanol 112 and 1-hexadecanol 205 (entries 8 and 9) afforded 

excellent isolated yields at >95% conversion. Use of the more sterically demanding 

cyclohexylmethanol 206 (entry 10) resulted in reduced conversion. 

 

Benzylic alcohols were also found to be more challenging substrates. The use of benzyl 

alcohol 61 (entry 5) resulted in incomplete conversion after 24 hours. Under these 

conditions, benzylic alcohols would normally be expected to undergo oxidation more 
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readily than aliphatic alcohols, and we wondered whether disfavourable hemiacetal 

formation from the intermediate aldehyde was responsible for the reduced conversion. 

However, the appearance of both benzyl alcohol 61 and benzaldehyde 82 (~ 1:1) in the 
1H NMR spectrum of the crude product suggested that both the initial oxidation and 

hemiacetal formation/oxidation were disfavoured relative to the aliphatic examples. 

However, when 4-nitrobenzyl alcohol 97 was employed as a substrate, the reaction 

proceeded with essentially complete conversion, with only a trace of the corresponding 

aldehyde being detected. The reduced yield in this case can be attributed to the 

formation of significant amounts of the conjugate addition product obtained via the 

reaction of the substrate alcohol with crotononitrile 192 (~15%) detected in the 1H NMR 

spectrum of the crude reaction mixture. 

 

 The alkene-containing alcohols cinnamyl alcohol 115 and citronellol 207 underwent 

clean conversion without noticeable reduction or isomerisation of the alkene in either 

case (entries 6 and 11). In addition, the heterocyclic example 3-(2-hydroxyethyl)indole 

208 was well tolerated (entry 12). In all cases, small amounts of the product arising from 

the conjugate addition of methanol to crotononitrile 192 (vide supra) were observed. 

This by-product could readily be removed by either column chromatography or by 

evaporation under high vacuum (b.p. = 170 °C). 

 

This methodology was subsequently applied to the conversion of octanal 219 into 

methyl octanoate 214, employing half the amount of oxidant (Scheme 108). This 

reaction proved to be facile, resulting in excellent conversion in just 4 hours. On 

examination of the literature, Murahashi has previously reported the reaction of octanal 

219 with methanol in the presence of mesityl oxide as hydrogen acceptor, although the 

reaction was sluggish, giving 66% methyl octanoate after 4 days at 140 °C using 10 mol 

% Ru(PPh3)4H2 59 as catalyst.
[2] 

 

R O R O

O

1:1 PhMe:MeOH, reflux, 4 h

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (1.5 eq.)
H2O (2 eq.)

R = C7H15

219 214
 

 

Scheme 108 – Direct conversion of aldehyde into methyl ester
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Whilst this protocol was successful for the direct conversion of a range of primary 

alcohols to their corresponding methyl esters, the reaction was not a reliable method for 

the synthesis of other unsymmetrical esters. The use of ethanol resulted in negligible 

conversion to the corresponding ethyl esters. Under these conditions, ethanol undergoes 

oxidation far more readily than methanol, resulting in the preferential formation of ethyl 

acetate and rapid consumption of the oxidant. It was hoped that the use of 2,2,2-

trifluoroethanol 221 and 2,2,2-trichloroethanol 222 would be successful, as these 

alcohols are more resistant to oxidation relative to ethanol.[14] However, these reactions 

also proved unsuccessful when 5 or 10 equivalents of the halogenated alcohols were 

employed in place of methanol, resulting in poor conversions (Scheme 109). 

 

Ph OH R O

O

CX3

X3C OH

PhMe, reflux, 24 h
<10% conversion

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (3 eq.)
H2O (2 eq.)

(5-10 eq.)

X = F

= Cl

200 221

222

 

 

Scheme 109 – Attempted synthesis of esters with trihalogenated alcohols 

 

The use of hydrogen acceptors other than crotononitrile also afforded no benefits. When 

styrene 90, 1-hexyne 93, 1-dodecene 223, allylbenzene 224 or 1,3-cyclooctadiene 225 

were substituted for crotononitrile 192 conversion plummeted to less than 5% in all 

cases. Substitution of the ruthenium-crotononitrile 192 system for the iridium-styrene 90 

oxidation procedure developed previously (vide supra) in place of the ruthenium-

crotononitrile system was similarly unsuccessful (Scheme 110). 

 

OH O

O

Ph Ph

200 2021:1 PhMe:MeOH, reflux, 24 h
< 5% conversion

[Ir(Cp*)Cl2]2 49 (2.5 mol %)
Cs2CO3 (5 mol %)

styrene 90 (3 eq.)
H2O (2 eq.)

 

 

Scheme 110 – Use of iridium-styrene oxidation protocol 
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An attempt to use acetone as the hydrogen acceptor with 2-propanol as the alcohol 

nucleophile (Scheme 111) also resulted in failure, with only a trace of the desired iso-

propyl ester formed (Scheme 112). Repeating the experiment under rigorously 

anhydrous conditions proved to be similarly unsuccessful. 

 

R OH

R O R O

OH

[Ru cat.] [Ru cat.]

R O

O

OH

O

OH

OH

O

 

 

 

Scheme 111 – Strategy for the formation of iso-propyl esters 

 

 

OH
Ph

O

O

PhX

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

H2O (2 eq.)
1:1:2 acetone:2-propanol:PhMe 

reflux, 24 h
200

 

 

Scheme 112 – Attempted use of acetone/2-propanol system 
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5.4    Towards the synthesis of carboxylic acids and unsymmetrical esters 

Having proven the direct conversion of primary alcohols to methyl esters to be a 

feasible process, we focussed our efforts on the synthesis of carboxylic acids by an 

analogous route, employing water as the nucleophile. 

 

Previous studies towards a synthesis of amides via catalytic oxidation had resulted in 

the discovery of an unusual reaction whereby a primary alcohol was cleanly converted 

into a hygroscopic white solid, which was subsequently identified as to be the t-butyl-

amine salt of phenylacetic acid 227 (Scheme 113). 
 

 

OH
Ph

O

O

Ph

NH2  226 (5 eq.)

H3N

227

crotononitrile 192 (2.5 eq.)
H2O (2 eq.)

PhMe, reflux, 24 h
84% conversion

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %) +

200

 
 

Scheme 113 – First conversion of primary alcohol into carboxylate salt 

 

 

A subsequent program of optimisation revealed that the reaction was facile and rapid in 

comparison to the methyl ester chemistry. The reaction proceeds to essentially complete 

conversion in 4 hours when 2.5 mol % of the ruthenium catalyst is used. In addition to 

this, a large excess of t-butylamine 226 was found to be detrimental, with 1.2 

equivalents found to be optimal. Interestingly, when the reaction was attempted in the 

absence of t-butylamine 226, only a small amount (< 5%) of the free acid was produced. 

Further optimisation revealed that the reaction requires slightly less crotononitrile 192 

compared with the esterification reaction, probably due to the observation that no 

significant amount products arising from conjugate addition to the alkene are generated. 

Increasing the amount of water in the reaction was also found to be beneficial. Three 

equivalents were found to afford complete conversion, although up to six equivalents 

could be employed with no apparent negative effect. 
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OH
Ph

O

O

Ph
H3N

227

crotononitrile 192 (2.5 eq.)
t-butylamine 226 (1.2 eq.)

H2O (3 eq.)
PhMe, reflux, 4 h
100% conversion

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %) +

200

83% isolated yield

 

 

Scheme 114 – Optimised reaction conditions for conversion of alcohol into carboxylate salt 

 

In this chemistry we assume that water is acting as a nucleophile in a process similar to 

the oxidation reaction with methanol. A similar mechanism to that illustrated in Figure 

6 can be postulated whereby the alcohol substrate is first oxidised to the corresponding 

aldehyde by the ruthenium catalyst, followed by nucleophilic addition of water to form 

the hydrate (gem-diol). The hydrate is subsequently oxidised to the carboxylic acid 

which reacts rapidly with t-butylamine 226 generating the product salt 227. Such a 

mechanism may also explain the increase in conversion observed when stoichiometric 

water was added to the indirect esterification reaction, whereby generation of a 

carboxylic acid followed by ester formation with methanol could offer an alternative 

pathway through to the observed methyl ester products. 

 

R OH

R O R OH

OH

[Ru cat.]

H2O

[Ru cat.]

CN

CN NC

R OH

O

R O

O

H3N

tBuNH2 +

NC

 
 

 

Scheme 115 – Possible reaction pathway for the conversion of alcohol into carboxylate salt 

 

The use of water as a nucleophile in a such a tandem oxidation process has not been 

reported in the literature to the best of our knowledge, although Murahashi has reported 

the reaction of aldehydes with water in the presence of a hydrogen acceptor to yield 

carboxylic acids.[2] 
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As in the indirect esterification chemistry, we found that an aldehyde could be rapidly 

converted using these conditions into the corresponding acid salt using half the amount 

of oxidant. 

 

O
Ph

O

O

Ph
H3N

227

crotononitrile 192 (1.25 eq.)
t-butylamine 226 (1.2 eq.)

H2O (3 eq.)
PhMe, reflux, 2 h
100 % conversion

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %) +

228

 

 

Scheme 115 – Conversion of aldehyde into carboxlate salt 

 

We were interested to know whether these salts could be converted into esters by 

reaction with alcohols in one-pot. Reaction of the crude t-butylamine salt 227 with 

anhydrous methanol in the presence of acid allowed isolation of the corresponding 

methyl ester in modest yield (Scheme 116). The use of alternative alcohols may allow 

access to other unsymmetrical esters in a similar fashion. 

 

 

OH
Ph

O

O

Ph
H3N

227

crotononitrile 192 (2.5 eq.)
t-butylamine 226 (1.2 eq.)

H2O (3 eq.)
PhMe, reflux, 2 h

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %) +

228

HCl/Et2O
MeOH

57% overall yield

O

O

Ph

202  

 

Scheme 116 – Conversion of alcohol into methyl ester via carboxylate salt 
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5.5    Chapter summary 

 

 

o The ruthenium-Xantphos catalytic oxidation protocol has been shown to be 

effective for the oxidation of primary alcohols into dimeric esters. 

 

o A ruthenium-catalysed tandem oxidation strategy for the conversion of primary 

alcohols into methyl esters has been developed. The reaction is general and has 

been shown to afford good yields for a range of substrates. The results of this 

study have been published.[15] 

 

o A novel reaction whereby alcohols can be converted into carboxylates using 

water as a nucleophile in a tandem oxidation process has been developed. 

Studies into the scope and application of this transformation are an ongoing 

concern. 
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6    EXPERIMENTAL 

 

6.1    General experimental methods  

Reactions which required the use of anhydrous, inert atmosphere techniques were 

carried out under an atmosphere of nitrogen or argon. In all cases, solvents were 

distilled or obtained by passing through anhydrous alumina columns using an 

Innovative Technology Inc. PS-400-7 solvent purification system or by distillation. 

Diethyl ether and tetrahydrofuran were distilled from the anion of benzophenone ketyl 

radical. Hexane and toluene were distilled from sodium wire. Acetonitrile, 2-propanol 

and dichloromethane were distilled from calcium hydride Where stated, apparatus was 

oven dried or flame dried under vacuum and purged with inert gas by three cycles of 

removal under vacuum and replacement with inert gas where appropriate. Toluene, 

methanol and 2-propanol were stored in sealed Young’s ampoules and dispensed using 

inert atmosphere techniques.  

 

TLC using polythene, aluminium or glass backed plates precoated with Macherey-

Nagel Sil G/UV254nm neutral silica were used to monitor reactions where appropriate. 

Visualisation of these plates was by 254nm UV light and/or KMnO4 or 2,4-DNP dips 

followed by gentle warming. TLC data quoted for specific compounds indicate the most 

suitable method of visualisation. Organic layers were routinely dried with anhydrous 

MgSO4 or Na2SO4 and concentrated in vacuo using a Büchi rotary evaporator. Where 

necessary, further drying was facilitated by high vacuum. Flash column 

chromatography was carried out using Davisil LC 60 Å silica gel (35-70 micron) 

purchased from Fluorochem. 

 

NMR spectra were run in CDCl3, d
8-PhMe, d6-DMSO, d6-benzene or d4-methanol on 

either a Bruker Avance 250 (250 MHz), Bruker Avance 300 (300 MHz) or Bruker 

Avance 400 (400 MHz) instrument and recorded at the following frequencies: proton 

(1H – 250/300/400 MHz), carbon (13C – 75.5/100.5 MHz). Chemical shifts are reported 

relative to the residual solvent peak where possible or alternatively to SiMe4 (δ = 0.00 

ppm) as internal standard. Coupling constants (J) are given in Hz and multiplicities 

denoted as singlet (s), doublet (d), triplet (t), quartet (q), pentet (pent), septet (sep), 

unresolved multiplet (m) or broad (br.). All structural assignments were achieved with 
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comparisons from analogous literature compounds where possible. Protons that possess 

chemical but not magnetic equivalence (AA’BB’ systems) as in the case of 1,4-

disubstituted aromatics are reported as multiplets or doublets, depending on their 

appearance in spectra. 

 

Melting points were carried out on a Gallenkamp MF-370 hot stage melting point 

apparatus and are uncorrected. 

 

GC was performed using a Fisons Instruments 8000GC Series instrument fitted with a 

30 m x 0.32 mm HP-Innowax column where a detector temperature of 250 °C and 

injector temperature of 250 °C were routinely used. GC-MS was performed using a 

Hewlett-Packard 5890 Series II instrument. 

 

IR spectra were recorded as nujol mulls, liquid films or KBr discs using a Nicolet 

NEXUS FT-IR spectrometer (with internal background scan). Absorption maxima 

(νmax) are recorded in wavenumbers (cm-1).  

 

Mass spectra, including high resolution spectra, were recorded using electron impact 

(EI+) ionisation, chemical ionisation (CI+ using ammonia) at the EPSRC national mass 

spectrometry service centre, University of Wales, Swansea, or at the University of Bath, 

using a micrOTOF electrospray time-of-flight (ESI-TOF) mass spectrometer (Bruker 

Daltonik GmbH, Bremen, Germany); this was coupled to an Agilent 1200 LC system 

(Agilent Technologies, Waldbronn, Germany). The LC system was used as an 

autosampler only. 10 µL of sample were injected into a 30:70 flow of water:acetonitrile 

at 0.3 mL/min to the mass spectrometer.  For each acquisition 10 µL of a calibrant of 5 

mM sodium formate were injected after the sample. 

 

Unless preparative details are provided, all reagents were commercially available and 

purchased from Acros Organics, Sigma-Aldrich, Alfa Aesar, Avocado, Fluka, 

Lancaster, Maybridge or Strem chemical companies. 
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6.2    Experimental procedures: Chapter 2 

6.2.1 Preparation of iridium pentamethylcyclopentadienyl dichloride dimer 49
[1,2] 

 

Ir
Cl

Cl Cl
Ir
Cl

1

49  

 

To an oven-dried, nitrogen-purged round-bottomed flask charged with iridium 

trichloride hydrate (2.0 g, 5.4 mmol) was added degassed anhydrous methanol (50 mL) 

and pentamethylcyclopentadiene (1.5 mL, 8.4 mmol). The mixture was heated at reflux 

for 36 hours under an atmosphere of nitrogen, allowed to cool to room temperature and 

the orange precipitate collected by filtration. The filtrate was concentrated in vacuo to 

yield a further crop of crystals which were collected by filtration. The product was 

purified by recrystallisation from chloroform/hexane to yield the title compound 49 

(1.73 g, 73%) as an orange solid. m.p. 245 °C (dec) (Lit.[2] m.p. >230 °C); 1H NMR 

(300 MHz, CDCl3, 25 °C): δ = 1.60 (s). 

 

6.2.2 Representative procedure for attempted transfer hydrogenation of oximes 

 

To an oven-dried, nitrogen purged Schlenk tube containing (E)-benzaldehyde oxime 44 

(0.5 mmol) and [Ir(cod)Cl]2 48 (8.4 mg, 0.0125 mmol) and potassium carbonate (3.4 

mg, 0.025 mmol)  was added degassed anhydrous toluene (0.5 mL), 2-propanol (150 

mg, 191 µL, 5 eq.) and the mixture heated at reflux for 24 hours. On completion the 

reaction was allowed to cool to room temperature, diluted with dichloromethane, 

filtered through a short plug of silica gel and the solvent removed in vacuo. Conversion 

was determined by analysis of the peak integral ratios characteristic of (E)-

benzaldehyde oxime 44 and benzamide 47 in the 1H NMR spectrum of the crude 

reaction mixture. 
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6.2.3 Catalyst screening - transfer hydrogenation of benzaldehyde oxime 44 

 

N
OH

HN
X

Catalyst (5 mol % metal)
K2CO3 (0-10 mol %)

2-propanol (5 eq.)
PhMe, reflux, 24 h

44 X = OH 
H

45
46

+

47

NH2

O

 

 

According to representative procedure 6.2.2, metal catalysts 49-54 were employed in 

place of [Ir(cod)Cl]2 48  with potassium carbonate (equimolar with respect to chloride). 

Conversions, as illustrated in Table 1 were determined by analysis of the peak integral 

ratios characteristic of benzaldehyde oxime 44 and benzamide 47 in the 1H NMR 

spectrum of the crude reaction mixture. 

 

6.2.4 Preparation of O-benzyl benzaldehyde oxime 55
 

 

N
1

2

3

4
55

5

O

6
7 8

9

10

11

12

 

 

To an ice-cooled solution of (E)-benzaldehyde oxime 44 (2.5 g, 20.6 mmol) in THF (15 

mL) was added sodium hydride (0.96 g, 22.7 mmol) over a period of 10 minutes and the 

resultant slurry was stirred for 15 minutes. Benzyl bromide (3.55 g, 2.48 mL, 22.7 

mmol) was added dropwise to the reaction mixture over a period of 15 minutes, the 

reaction allowed to warm to ambient temperature and stirred for 16 hours. The reaction 

was diluted with dichloromethane, filtered through a plug of Celite and solvent removed 

in vacuo to afford the title compound 55 as a colourless oil (3.78 g, 87%). 1H NMR (300 

MHz, CDCl3, 25 °C): δ = 5.20 (2H, s, H7), 7.35-7.49 (8H, m, H2,3,4,8-12), 7.59-7.66 (2H, 

m, H1,5), 8.18 (1H, s, H6); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 76.6, 127.3, 128.2, 

128.6, 128.8, 130.0, 132.4, 137.7, 149.2. This is consistent with literature data.[3] 
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6.2.5 Catalyst screening - transfer hydrogenation of O-benzylbenzaldehyde oxime 55 

 

Ph

N
OBn Catalyst (5 mol % metal)

K2CO3 (0-10 mol %)

2-propanol (5 eq.)
PhMe, reflux, 24 h

55

Ph

HN
OBn

 56

PhCN Ph OH+ +

60 61  

 

According to representative procedure 6.2.2 using O-benzylbenzaldehyde oxime 55 

(106 mg, 0.5 mmol) as substrate, metal catalysts 48, 49, 51, 52, 54, 57-59 were employed 

with potassium carbonate (equimolar with respect to chloride). Conversions, as 

illustrated in Table 2 were determined by analysis of the peak integral ratios 

characteristic of O-benzylbenzaldehyde oxime 55 and benzyl alcohol 61 in the 1H NMR 

spectrum of the crude reaction mixture. GC analysis of the crude reaction mixture in 

comparison with commercially available material confirmed the presence of 

benzonitrile 60. 

 

6.2.6 Optimised iridium-catalysed rearrangement 

 

OH
N

NH2

O

PhMe, reflux

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

44 47

1

2

3

4

5

 

 

To an oven-dried, nitrogen-purged Schlenk tube containing (E)-benzaldehyde oxime 44 

(1 mmol) and [Ir(Cp*)Cl2]2 49 (19.9 mg, 0.025 mmol) was added degassed anhydrous 

toluene (2 mL) and the mixture heated at reflux for 6 hours. On completion the reaction 

was allowed to cool to room temperature, diluted with dichloromethane and the solvent 

removed in vacuo. The crude product was purified by recrystallization from 

dichloromethane/methanol, furnishing benzamide 47 as a white solid (113 mg, 93%). 

m.p. 128-130 °C (Lit.[4] m.p. 124-126 °C); IR (KBr disc) 3366, 3170, 1657, 1623, 1576, 

1449, 1401, 1121, 1024 cm-1; 1H NMR (300 MHz, CDCl3, 25 °C): δ = 5.72 (2H, br. s, 

NH2), 7.43 (1H, t, J = 7.2 Hz, H3), 7.51 (2H, m, J = 7.1 Hz, H2,4), 7.81 (2H, d, J = 6.9 

Hz, H1,5); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 127.7, 129.0, 132.5, 133.8, 170.0. 
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6.2.7 Reactivity of ketoximes and nitrones 

 

According to representative procedure 6.2.6, ketoximes and nitrones were employed as 

substrates as illustrated in Scheme 47. 

 

6.2.8 Preparation of (Z)-
 
and (E)-

 
4-methoxybenzaldehyde oxime 65

[5] 
and 66

[6]
 

 

N
HO

O

1

2

3

4

N

O

1

2

3

4

OH

65 66

5 5

6 6

 

 

To a solution of p-anisaldehyde (5.60 g, 5 mL, 0.034 mol) in methanol (20 mL) was 

added pyridine (10 mL) followed by hydroxylamine hydrochloride (3.57 g, 0.051 mol, 

1.5 eq.) and the mixture stirred for 24 hours at ambient temperature. Solvents were 

removed in vacuo and the residual oil taken up in diethyl ether, washed with water (2 x 

15 mL), dried with anhydrous magnesium sulfate, filtered and solvent removed in 

vacuo. The crude product was purified by column chromatography using petroleum 

ether (b.p. 40-60 °C):diethyl ether as eluent to afford (E)-4-methoxybenzaldehyde 

oxime 66 (2.51 g, 49%) as the first fraction and (Z)-4-methoxybenzaldehyde oxime 65 

(1.39 g, 27%) as the second fraction (Total yield 76%). (E)-4-methoxybenzaldehyde 

oxime 66: m.p. 63-66 °C (Lit.[6] m.p. 73-74 °C); Rf = 0.25 (8:2 petroleum ether (b.p. 40-

60 °C):diethyl ether, det: UV); 1H NMR (300 MHz, CD3OD, 25 °C): δ =  3.85 (3H, s, 

H6), 6.96 (2H, d, J = 8.8 Hz, H2,3), 7.54 (2H, d, J = 8.8 Hz, H1,4), 8.06 (1H, s, H5). (Z)-4-

methoxy-benzaldehyde oxime 65: m.p. 135-137 °C (Lit.[5] m.p. 128-130 °C); Rf = 0.20 

(8:2 petroleum ether (b.p. 40-60 °C):diethyl ether, det: UV); 1H NMR (300 MHz, 

CD3OD, 25 °C): δ = 3.87 (3H, s, H6), 6.99 (2H, d, J = 8.8 Hz, H2,3), 7.25 (1H, s, H5), 

8.01 (2H, d, J = 8.8 Hz, H1,4). 
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6.2.9 Preparation of (Z)-benzaldehyde oxime 67
[4]   

 

N

67

1

2

3

4

5

HO

6

 

 

(E)-Benzaldehyde oxime 44 (3.0 g, 24.8 mmol) was added portionwise to an excess 

(~15 mL) of ice-cold concentrated hydrochloric acid with vigorous stirring (Caution: 

exothermic reaction). The mixture was further cooled to 5 °C and the precipitate 

filtered. The solid product was slowly added to a stirred solution of aqueous sodium 

bicarbonate and the resulting slurry filtered again to yield the crude product. This was 

recrystallized from dichloromethane/hexane to yield (Z)-benzaldehyde oxime 67 as 

colourless needles (1.77 g, 59%). m.p. 130-132 °C (Lit.[6] m.p. 128-130 °C); Rf = 0.27 

(8:2 petroleum ether (b.p. 40-60 °C):diethyl ether, det: UV); 1H NMR (300 MHz, 

CD3OD, 25 °C): δ =  7.30 (1H, s, H6), 7.33-7.40 (3H, m, H2,3,4), 7.97-8.01 (2H, m, H1,5). 

 

6.2.10 Representative procedure for rearrangement of oximes to amides 

 

OH

R

N

R NH2

O

PhMe, reflux, t h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

 

 

To an oven-dried, nitrogen-purged Schlenk tube containing oxime (1 mmol) and 

[Ir(Cp*)Cl2]2 49 (19.9 mg, 0.025 mmol) was added degassed anhydrous toluene (2 mL) 

and the mixture heated at reflux. On completion the reaction was allowed to cool to 

room temperature, diluted with dichloromethane, and the solvent removed in vacuo. 

The crude product was purified by column chromatography on silica gel 

(methanol/dichloromethane as eluent) or recrystallization from suitable solvent(s), 

furnishing the corresponding amide. 

 

6.2.11 Iridium-catalysed rearrangement of aldoximes to amides 

 

According to representative procedure 6.2.10, a range of aldoximes was employed as 

substrates as illustrated in Table 3. 
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Benzamide 47 (Entry 1, Table 3) 

NH2

O

47

1

2

3

4

5

 

 

According to representative procedure 6.2.10 using (Z)-benzaldehyde oxime 67 (121 

mg, 1 mmol), the product was obtained and purified by recrystallization affording the 

title compound as a white solid (110 mg, 91%). Analytical data were consistent with 

that reported in procedure 6.2.6. 

 

Benzamide 47 (Entry 2, Table 3) 

 

According to representative procedure 6.2.10 using (E)-benzaldehyde oxime 44 (121 

mg, 1 mmol), the product was obtained and purified by recrystallization affording the 

title compound as a white solid (111 mg, 92%). Analytical data were consistent with 

that reported in procedure 6.2.6. 

 

4-Methoxybenzamide 74 (Entry 3, Table 3) 

 

NH2

O

74

1

2

3

4
5

O

 

 

According to representative procedure 6.2.10 using (Z)-4-methoxybenzaldehyde oxime 

65 (151 mg, 1 mmol), the product was obtained and purified by column chromatography 

using methanol/dichloromethane as the eluent, affording the title compound 74 as a 

white solid (136 mg, 90%). m.p. 166-168 °C (Lit.[7] m.p. 165-167 °C); IR (KBr) 3390, 

3171, 1661, 1620, 1574, 1443, 1392, 1252, 1148 cm-1; 1H NMR (300 MHz, CDCl3, 25 

°C): δ =  3.86 (3H, s, H5), 5.95 (2H, br. s, NH2), 6.94 (2H, d, J = 8.8 Hz, H2,3), 7.79 (2H, 

d, J = 8.8 Hz, H1,4); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 55.9, 114.2, 129.7, 163.1. 
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4-Methoxybenzamide 74 (Entry 4, Table 3) 

 

According to representative procedure 6.2.10 using (E)-4-methoxybenzaldehyde oxime 

66 (151 mg, 1 mmol), the product was obtained and purified by column chromatography 

using methanol/dichloromethane as the eluent, affording the title compound 74 as a 

white solid (139 mg, 92%). Analytical data were consistent with that reported above. 

 

2,4-Dichlorobenzamide 75 (Entry 5, Table 3) 

 

NH2

O

75

1

2

3
Cl Cl

 
 

According to representative procedure 6.2.10 using 2,4-dichlorobenzaldehyde oxime 68 

(190 mg,  1 mmol), the product was obtained and purified by recrystallization affording 

the title compound 75 as a white solid (167 mg, 88%). m.p. 190-192 °C (Lit.[8] m.p. 

186-190 °C); IR (KBr) 3378, 3187, 1663, 1620, 1587, 1460, 1370, 1144 cm-1; 1H NMR 

(300 MHz, CDCl3, 25 °C): δ = 5.93 (1H, br. s, NH), 6.37 (1H, br. s, NH), 7.35 (1H, dd, 

J = 8.4, 1.9 Hz, H2), 7.46 (1H, d,  J = 1.9 Hz, H3), 7.79 (1H, d, J = 8.4 Hz, H1); 
13C 

NMR (75.5 MHz, CDCl3, 25 °C): δ = 128.1, 130.7, 132.4, 169.8. 

 

4-Nitrobenzamide 76 (Entry 6, Table 3) 
 

NH2

O

76

1

2

3

4O2N

 

 

According to representative procedure 6.2.10 using 4-nitrobenzaldehyde oxime 69 (166 

mg, 1 mmol), the product was obtained and purified by recrystallization affording the 

title compound 76 as a white solid (141 mg, 85%). m.p. 198-200 °C (Lit.[9] m.p. 201-

202 °C); IR (KBr) 3367, 3187, 1663, 1623, 1578, 1440, 1379, 1144 cm-1; 1H NMR (300 

MHz, DMSO-d6, 25 °C): δ = 7.76 (1H, br. s, NH), 8.12 (2H, d, J = 8.6 Hz, H2,3),  8.30 

(2H, d, J = 8.6 Hz, H1,4), 8.45 (1H, br. s, NH); 
13C NMR (75.5 MHz, DMSO-d6, 25 °C): 

δ = 123.8, 129.3, 140.3, 149.4, 165.0. 



Chapter 6  Experimental   

125 

Butyramide 77 (Entry 7, Table 3) 

 

O

NH21

2

3

77  

 

According to representative procedure 6.2.10 using butyraldehyde oxime 70  (87 mg, 96 

µL, 1 mmol), the product was obtained and purified by recrystallization affording the 

title compound 77 as a white solid (84 mg, 97%). m.p. 114-116 °C (Lit.[10] m.p. 115-116 

°C); IR (KBr) 3365, 3182, 1663, 1632, 1458, 1460, 1379, 1144 cm-1; 1H NMR (300 

MHz, CDCl3, 25 °C): δ = 0.96 (3H, t, J = 7.4 Hz, H1), 1.66 (2H, sextet, J =  7.4 Hz, H2), 

2.20 (2H, t, J = 7.4 Hz, H3), 5.56 (1H, br. s, NH), 5.82 (1H, br. s, NH); 
13C NMR (75.5 

MHz, CDCl3, 25 °C): δ = 14.1, 19.3, 38.2, 176.2. 

 

Cinnamamide 78 (Entry 8, Table 3) 

 

78

1

2

3

4

5

NH2

O6

7

 

 

According to representative procedure 6.2.10 using cinnamaldehyde oxime 71 (147 mg, 

1 mmol), the product was obtained and purified by recrystallization affording the title 

compound 78 as an off-white solid (132 mg, 90%). m.p. 148-150 °C (Lit.[11] m.p. 147-

150 °C); IR (KBr) 3374, 3172, 1663, 1632, 1601, 1458, 1401, 1250, 1115, 984 cm-1; 1H 

NMR (300 MHz, CDCl3, 25 °C): δ =  5.76 (2H, br. s, NH2), 6.47 (1H, d, J = 15.6 Hz, 

H7) 7.35-7.45 (3H, m, H2,3,4) 7.52 (2H, dd, J = 8.1, 1.8 Hz, H1,5), 7.66 (1H, d, J = 15.6 

Hz, H6); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 119.3, 128.0, 128.9, 130.1, 134.4, 

142.7, 167.8. 

 

 

 

 

 



Chapter 6  Experimental   

126 

2-Furamide 79 (Entry 9, Table 3) 

 

O
NH2

O
79

12

3

 

 

According to representative procedure 6.2.10 using 2-furaldehyde oxime 72 (111 mg, 1 

mmol), the product was obtained and purified by recrystallization affording title 

compound 79 as an off-white solid (91 mg, 82%). m.p. 141-142 °C (Lit.[12] m.p. 142-

143 °C); IR (KBr) 3364, 3174, 1663, 1626, 1488, 1411, 1377, 1025 cm-1; 1H NMR (300 

MHz, CDCl3, 25 °C): δ = 5.64 (1H, br. s, NH), 6.25 (1H, br. s, NH), 6.53 (1H, dd, J = 

3.6, 1.7 Hz, H2), 7.17 (1H, dd, J = 3.6, 0.8 Hz, H1), 7.48 (1H, dd, J = 1.7, 0.8 Hz, H3); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 112.7, 115.6, 144.8, 147.8, 167.0. 

 

Nicotinamide 80 (Entry 10, Table 3) 

 

NH2

O

80

N

1

2

3 4

 

 

According to representative procedure 6.2.10 using 3-pyridylaldoxime 73 (122 mg, 1 

mmol) and degassed, anhydrous DMF (2 mL) in place of toluene, the product was 

obtained and purified by recrystallization affording the title compound 80 as an off-

white solid (94 mg, 77%). m.p. 131-132 °C (Lit.[13] m.p. 129-130 °C); IR (KBr) 3366, 

3160, 1698, 1680, 1621, 1593, 1421, 1405, 1201, 1039 cm-1; 1H NMR (300 MHz, 

DMSO-d6, 25 °C): δ = 7.51 (1H, dd, J = 7.6, 4.8 Hz, H2), 7.58 (1H, br. s, NH), 8.08 

(1H, br. s, NH), 8.13-8.21 (1H, m, H1), 8.70-8.76 (1H, m, H3) 9.07 (1H, d, J = 1.8 Hz, 

H4); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 123.8, 130.0, 135.5, 149.0, 152.3, 166.8. 
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6.2.12 Representative procedure for initial CTH reaction with indene 85 

 

OH O

(2.5 eq.)

[Ir(Cp*)Cl2]2 (2.5 mol %)
Cs2CO3 (5 mol %)
2-propanol (5 eq.)
PhMe, reflux, 24 h

85

61 82

 

 

To an oven-dried, nitrogen-purged Schlenk tube charged with [Ir(Cp*)Cl2]2 49 (19.9 mg, 

0.025 mmol) and caesium carbonate (16.4 mg, 0.05 mmol) was added benzyl alcohol 61 

(108 mg, 104 µL, 1 mmol), indene 85 (290 mg, 293 µL, 2.5 mmol), degassed anhydrous 

toluene (2 mL) and the mixture heated at reflux for 24 hours. The reaction was allowed 

to cool to room temperature, diluted with dichloromethane and the solvent carefully 

removed in vacuo. Reaction conversion was determined by analysis of the peak integral 

ratios characteristic of benzyl alcohol 61 and benzaldehyde 82 in the 1H NMR spectrum 

of the crude reaction mixture. 

 

6.2.13 Screening of transfer hydrogenation systems for CTH reaction with indene 85 

 

According to representative procedure 6.2.12, different combinations of iridium 

precursor, phosphine and base were employed as illustrated in Table 4. 

 

6.2.14 Screening of acceptors for CTH reaction with [Ir(Cp*)Cl2]2 49/Cs2CO3 system 

 

According to representative procedure 6.2.12, different alkenes 86-90 and alkynes 91-93 

were employed as illustrated in Table 5. 
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6.2.15 Optimised iridium-catalysed oxidation of benzyl alcohol 61 to benzaldehyde 62
 

 

OH O

PhMe, reflux

[Ir(Cp*)Cl2]2 49, Cs2CO3

styrene 90

61 82

1

2

3

4

5

 

 

To an oven-dried, nitrogen-purged Schlenk tube charged with [Ir(Cp*)Cl2]2 49 (19.9 mg, 

0.025 mmol) and caesium carbonate (16.4 mg, 0.05 mmol) was added benzyl alcohol 61 

(108 mg, 104 µL, 1 mmol), styrene 90 (156 mg, 172 µL, 1.5 mmol), degassed anhydrous 

toluene (2 mL) and the mixture heated at reflux for 24 hours. The reaction was allowed 

to cool to room temperature, diluted with dichloromethane and the solvent carefully 

removed in vacuo. Reaction conversion was determined by analysis of the peak integral 

ratios characteristic of benzyl alcohol 61 and benzaldehyde 82 in the 1H NMR spectrum 

of the crude reaction mixture. The crude product was purified by Kugelröhr distillation 

to furnish benzaldehyde 82 as a colourless liquid (89 mg, 85%). Rf = 0.30 (8:2 

petroleum ether (b.p. 40-60 °C):diethyl ether, det: UV); 1H NMR (300 MHz, CDCl3, 25 

°C): δ =  7.51 (2H, t, J = 7.4 Hz, H2,4), 7.61 (1H, t, J = 7.2 Hz, H3), 7.89 (2H, d, J = 8.2 

Hz, H1,5), 10.01 (1H, s). This is consistent with literature data.
[14] 

 

6.2.16 Representative procedure for indirect formation of O-benzylbenzaldehyde oxime 

 55 from benzyl alcohol 61 

 

PhMe, reflux, t h

[Ir(Cp*)Cl2]2 49 (2.5 mol %)

Cs2CO3 (5 mol %)

styrene 90 (1.5 eq.)

61

OH

55

BnONH2 91 (1.1 eq.)
N
OBn

 

 

To an oven-dried, nitrogen-purged Schlenk tube charged with [Ir(Cp*)Cl2]2 49 (19.9 mg, 

0.025 mmol) and caesium carbonate (16.4 mg, 0.05 mmol) was added benzyl alcohol 61 

(108 mg, 104 µL, 1 mmol), styrene 90 (156 mg, 172 µL, 1.5 mmol), O-

benzylhydroxylamine 91 (135 mg, 1.1 mmol), degassed anhydrous toluene (2 mL) and 

the mixture heated at reflux for 24 hours. The reaction was allowed to cool to room 

temperature, diluted with dichloromethane and the solvent carefully removed in vacuo. 

Reaction conversion was determined by analysis of the peak integral ratios 
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characteristic of benzyl alcohol 61 and O-benzylbenzaldehyde oxime 55 in the 1H NMR 

spectrum of the crude reaction mixture. 

 

6.2.17 Effect of time/dessicant on indirect oxime ether formation 

 

According to representative procedure 6.2.16, reaction time and addition of molecular 

sieves were varied as illustrated in Table 6. 

 

6.2.18 Indirect oxime ether formation with O-benzylhydroxylamine hydrochloride 92 

 

According to representative procedure 6.2.16, O-benzylhydroxylamine hydrochloride 92 

(176 mg, 1.1 mmol) and N,N-diisopropylethylamine 93 (142 mg, 192 µL, 1.1 mmol) 

were used in place of O-benzylhydroxylamine 91 as illustrated by Scheme 60. 

 

6.2.19 Attempted indirect amide formation via tandem reaction 

 

According to representative procedure 6.2.16, hydroxylamine hydrochloride 64 (76 mg, 

1.1 mmol) and N,N-diisopropylethylamine 93 (142 mg, 192 µL, 1.1 mmol) were used in 

place of O-benzylhydroxylamine 91 as illustrated by Scheme 61. 

 

6.2.20 Representative procedure for formation of amides from alcohols via a consecutive 

 process 

 

OH

R1

R2 O

NH2

R2

R1

i) [Ir(Cp*)Cl2]2 49, Cs2CO3
styrene 90, PhMe, reflux

ii) NH2OH.HCl 64, reflux  

 

To an oven-dried, nitrogen-purged Schlenk tube charged with [Ir(Cp*)Cl2]2 (0.025 

mmol) and caesium carbonate (16.4 mg, 0.05 mmol) was added alcohol (1 mmol), 

styrene  (156 mg, 172 µL, 1.5 mmol) and degassed anhydrous toluene (2 mL) and the 

mixture heated at reflux. The reaction was allowed to cool to room temperature and 

hydroxylamine hydrochloride (78 mg, 1 mmol) added. The vessel was flushed with 

nitrogen and the mixture heated at reflux. The reaction was allowed to cool to room 

temperature, diluted with dichloromethane, and the solvent removed in vacuo. The 
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crude product was purified by column chromatography on silica gel or recrystallization 

from suitable solvent(s). 

 

6.2.21 One-pot iridium-catalysed synthesis of amides from alcohols 

 

Benzamide 47 (Entry 1, Table 7) 

 

According to representative procedure 6.2.20 using benzyl alcohol 61 (108 mg, 104 µL, 

1 mmol), the product was obtained and purified by recrystallization affording the title 

compound 47 as a white solid (111 mg, 92%). Analytical data were consistent with that 

reported in procedure 6.2.6. 

 

4-Methylbenzamide 105 (Entry 2, Table 7) 

 

NH2

O

105

1

2

3

4

 

 

According to representative procedure 6.2.20 using 4-methylbenzyl alcohol 94 (122 mg, 

1 mmol), the product was obtained and purified by recrystallization affording the title 

compound 105 as a white solid (121 mg, 90%). m.p. 159-160 °C (Lit.[15] m.p. 158-160 

°C); IR (KBr) 3339, 3170, 1668, 1612, 1569, 1412, 1397, 1181, 1143 cm-1; 1H NMR 

(300 MHz, CDCl3, 25 °C): δ =  5.80 (2H, br. s, NH2) 7.26 (2H, d, J = 7.8 Hz, H2,3), 7.72 

(2H, d, J = 7.8 Hz, H1,4); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 21.5, 127.4, 129.3, 

165.7. 

 

4-Methoxybenzamide 74 (Entry 3, Table 7) 

 

According to representative procedure 6.2.20 using 4-methoxybenzyl alcohol 95 (138 

mg,  1 mmol), the product was obtained and purified by column chromatography using 

methanol/dichloromethane as eluent affording the title compound 74 as a white solid 

(138 mg, 91%). Analytical data were consistent with that reported in procedure 6.2.11. 
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4-(Benzyloxy)benzamide 106 (Entry 4, Table 7) 

 

106

1

2

3

4

5

O

NH2

O

6

7

8

9

10

 

 

According to representative procedure 6.2.20 using 4-benzyloxybenzyl alcohol 96 (214 

mg, 1 mmol), the product was obtained and purified by recrystallization affording the 

title compound 105 as a white solid (204 mg, 90%). m.p. 185-187 °C (Lit.[16] m.p. 186-

187 °C);   1H NMR (300 MHz, CDCl3, 25 °C): δ = 5.12 (2H, s, H6), 5.80 (2H, br. s, 

NH2), 7.02 (2H, d, J = 9.0 Hz, H7,8), 7.40 (5H, m, H1-5), 7.78 (2H, d, J = 9.0 Hz, H9,10); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 70.5, 115.1, 127.9, 128.6, 129.1. 129.7, 162.2. 

 

4-Nitrobenzamide 76 (Entry 5, Table 7) 

 

According to representative procedure 6.2.20 using 4-nitrobenzyl alcohol 97 (153 mg, 1 

mmol), the product was obtained and purified by recrystallization affording the title 

compound 76 as a white solid (80 mg, 48%). Analytical data were consistent with that 

reported in procedure 6.2.11. 

 

4-Chlorobenzamide 107 (Entry 6, Table 7) 

 

NH2

O

107

1

2

3

4Cl

 

 

According to representative procedure 6.2.20 using 4-chlorobenzyl alcohol 98 (143 mg, 

1 mmol), the product was obtained and purified by recrystallization affording the title 

compound 107 as a white solid (130 mg, 83%). m.p. 178-180°C (Lit.[8] m.p. 170-174 

°C); IR (KBr) 3370, 3179, 1661, 1623, 1571, 1509, 1390, 1090, 1015 cm-1; 1H NMR 

(300 MHz, CDCl3, 25 °C): δ = 5.85 (2H, br. s, NH2), 7.44 (2H, d, J = 8.7 Hz, H2,3), 7.76 
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(2H, d, J = 8.7 Hz, H1,4); 
13C NMR (75.5 MHz, DMSO-d6, 25 °C): δ = 128.6, 129.2, 

129.3, 164.9. 

 

4-Fluorobenzamide 108 (Entry 7, Table 7)  

 

NH2

O

108

1

2

3

4F

 

 

According to representative procedure 6.2.20 using 4-fluorobenzyl alcohol 99 (126 mg, 

1 mmol), the product was obtained and purified by recrystallization affording the title 

compound 108 as a white solid (117 mg, 84%). m.p. 153-154 °C (Lit.[17] m.p. 150-152 

°C); IR (KBr) 3362, 3179, 1662, 1623, 1590, 1410, 1389, 1147, 1129, 1071, 1011 cm-1; 

1H NMR (300 MHz, d6-DMSO, 25 °C): δ = 7.29 (2H, t, J = 9.0 Hz, H2,3), 7.32 (br. s, 

1H, NH), 7.96 (3H, m, H1,4, NH); 
13C NMR (75.5 MHz, d6-DMSO, 25 °C): δ = 115.5 

(d, JC-F = 21.7 Hz), 130.5 (d, JC-F = 9.0 Hz), 131.1 (d, JC-F = 2.9 Hz), 131.3, 167.2. 

 

4-Bromobenzamide 109 (Entry 7, Table 7)  

 

NH2

O

109

1

2

3

4Br

 

 

According to representative procedure 6.2.20 using 4-bromobenzyl alcohol 100 (187 

mg, 1 mmol), the product was obtained and purified by recrystallization affording the 

title compound 109 as a white solid (158 mg, 79%). m.p. 190-192 °C (Lit.[18] m.p. 192-

193 °C); IR (KBr) 3325, 3150, 1674, 1623, 1588, 1513, 1416, 1400, 1225, 1161, 1125 

cm-1; 1H NMR (300 MHz, CDCl3, 25 °C): δ = 5.85 (2H, br. s, NH), 7.60 (2H, d, J = 8.4 

Hz, H2,3), 7.69 (2H, d, J = 8.4 Hz, H1,4); 
13C NMR (75.5 MHz, DMSO-d6, 25 °C): δ = 

126.0, 129.0, 131.9, 165.0. 
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4-(Trifluoromethyl)benzamide 110 (Entry 7, Table 7) 

 

NH2

O

110

1

2

3

4F3C

 

According to representative procedure 6.2.20 using 4-(trifluoromethyl)benzyl alcohol 

101 (176 mg, 135 µL, 1 mmol), the product was obtained and purified by 

recrystallization affording the title compound 110 as a white solid (105 mg, 56%). m.p. 

182-183 °C (Lit.[19] m.p. 182-183 °C); 1H NMR (300 MHz, DMSO-d6. 25 °C): δ = 7.64 

(1H, br. s, NH), 7.83 (2H, d, J = 8.1 Hz, H1,4), 8.10 (2H, d, J = 8.1 Hz, H2,3), 8.29 (1H, 

br. s, NH); 13C NMR (75.5 MHz, DMSO-d6, 25 °C): δ =  167.0, 138.4, 131.1 (q, JC-F = 

31.9 Hz), 128.7, 125.5 (q, JC-F = 3.7 Hz), 122.5. 

 

6.2.22 Use of hydroxylamine free base 117 as nucleophile 

 

According to representative procedure 6.2.20 hydroxylamine (50 wt. % solution in 

water) 117 (73 µL, 1.1 mmol) was used in place of hydroxylamine hydrochloride 64 as 

illustrated by Scheme 64. 
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6.3    Experimental procedures: Chapter 3 

6.3.1 Preparation of carbonyl(dihydrido)tris(triphenylphosphine)ruthenium(II); 

 Ru(PPh3)3(CO)H2 123
[20] 

 

Ru
OC Hb

Ph3Pd Ha

PcPh3

PcPh3  

 

To a nitrogen-purged, 3-necked round bottomed flask charged with triphenylphosphine 

(6.28 g, 23.9 mmol) was added degassed anhydrous methanol (200 mL). The mixture 

was heated at reflux for 10 minutes, forming a solution. In quick succession, ruthenium 

trichloride hydrate (1.04 g, 4.0 mmol) in methanol (40 mL), aqueous formaldehyde 

(37% w/w) (40 mL) and potassium hydroxide (1.20 g, 21.4 mmol) in methanol (40 mL) 

were added. The resulting solution was heated for 30 minutes at reflux and then cooled 

in an ice bath with stirring for a further 30 minutes. The grey precipitate was collected 

by vacuum filtration and washed with absolute ethanol (50 mL), water (50 mL), 

absolute ethanol (50 mL) and finally hexane (50 mL). The crude product was dissolved 

in toluene and filtered through a column of neutral alumina and washed through 

thoroughly with toluene. The toluene solution was concentrated in vacuo to 

approximately 20 mL and layered with anhydrous methanol producing a precipitate 

which was collected by vacuum filtration yielding the title compound 123 as a white 

solid (2.50 g, 68%). 1H NMR (300 MHz, C6D6, 25 °C): δ = -6.53 (1H, ddt, Ru-Ha, JPc-Ha 

= 30.5 Hz, JPd-Ha = 15.3 Hz, JHa-Hb = 6.1 Hz), -8.29 (1H, ddt, Ru-Hb, JPd-Hb = 74.5 Hz, 

JPc-Hb = 28.1 Hz, JHa-Hb = 6.1 Hz). 
31P{1H}: δ = 58.2 (d, JPc-Pd = 16.8 Hz, 46.1 (t, JPd-Pc = 

16.8 Hz). IR (nujol mull, cm-1): 1960 (υCO). 
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6.3.2 Representative procedure for the rearrangement of oximes into amides with  

 Ru(PPh3)(Xantphos)(CO)H2 121
 

  

O

N
OH

NH2

O

O

CN

O

Ru(PPh3)(Xantphos)(CO)H2 121
(2.5 mol %)

PhMe, reflux, 2 h
+

122 74 81  

 

To an oven-dried, nitrogen-purged Schlenk tube containing 4-methoxybenzaldehyde 

oxime 122 (151 mg, 1 mmol) and Ru(PPh3)(Xantphos)(CO)H2 121
[21] (23 mg, 0.025 

mmol, 2.5 mol %) was added degassed anhydrous toluene (2 mL) and the mixture 

heated at reflux for 2 hours. On completion the reaction was allowed to cool to room 

temperature, diluted with methanol, and the solvent removed in vacuo. Reaction 

conversion and selectivity was determined by analysis of the peak integral ratios 

characteristic of 4-methoxybenzamide 74 and 4-methoxybenzonitrile 81 in the 1H NMR 

spectrum of the crude reaction mixture. 

 

6.3.3 Screening of alternative ruthenium catalysts 

 

According to representative procedure 6.3.2 employing ruthenium complexes 57-59, 

121,123 and 125-127 (1.0 mol %) in place of Ru(PPh3)(Xantphos)(CO)H2 121 (2.5 mol 

%) as illustrated in Table 8. 
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6.3.4 Representative procedure for the screening of bidentate phosphine ligands 

 

O

N
OH

NH2

O

O

CN

O

i) Ru(PPh3)3(CO)H2 123 (1 mol %)
Xantphos 124 (1 mol %)

PhMe, reflux, 3 h

ii) 122, reflux, 2 h
+

122 74 81  

 

To an oven-dried, nitrogen-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (9.2 

mg, 0.01 mmol) and Xantphos 124 (5.9 mg, 0.01 mmol) was added degassed anhydrous 

toluene (2 mL) and the mixture heated at reflux for 3 hours. The reaction was allowed to 

cool to room temperature and 4-methoxybenzaldehyde oxime 122 (76 mg, 0.5 mmol) 

added (whilst the deep-red solution was kept under a stream of inert gas) and the 

mixture was heated at reflux for a further 2 hours. On completion the reaction was 

allowed to cool to room temperature, diluted with methanol, and the solvent removed in 

vacuo. Reaction conversion and selectivity was determined by analysis of the peak 

integral ratios characteristic of 4-methoxybenzamide 74 and 4-methoxybenzonitrile 81 

in the 1H NMR spectrum of the crude reaction mixture. 

 

6.3.5 Screening of alternative bidentate phosphine ligands 

 

According to representative procedure 6.3.4 employing bidentate phosphine ligands 

128-138 (1.0 mol %) in place of Xantphos 124 (1.0 mol %) as illustrated in Table 9. 
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6.3.6 Representative procedure employing dppe 138 as ligand 

 

O

N
OH

NH2

O

O

CN

O

Ru(PPh3)3(CO)H2 123 (1 mol %)
dppe 138 (1 mol %)

PhMe, reflux, 2 h
+

122 74 81  

 

To an oven-dried, nitrogen-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (9.2 

mg, 0.01 mmol) and diphenylphosphinoethane (dppe) 138 (4.0 mg, 0.01 mmol, 1.0 mol 

%) was added degassed anhydrous toluene (2 mL) and the mixture heated at reflux for 1 

hour. The reaction was allowed to cool to room temperature and 4-

methoxybenzaldehyde oxime 122 (151 mg, 1 mmol) added (whilst the yellow solution 

was kept under a stream of inert gas) and the mixture was heated at reflux for a further 2 

hours. On completion the reaction was allowed to cool to room temperature, diluted 

with methanol, and the solvent removed in vacuo. Reaction conversion and selectivity 

was determined by analysis of the peak integral ratios characteristic of 4-

methoxybenzamide 74 and 4-methoxybenzonitrile 81 in the 1H NMR spectrum of the 

crude reaction mixture. 

 

6.3.7 Optimisation of dppe 138 loading 

 

According to representative procedure 6.3.6 varying the loading of dppe 138 (1.0 - 2.0 

mol %) in as illustrated in Table 11. 
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6.3.8 Representative procedure for screening of additives 

 

O

N
OH

NH2

O

O

CN

O

Ru(PPh3)3(CO)H2 123 (1 mol %)
dppe 138 (1 mol %)

Additive
PhMe, reflux, 2 h

+

122 74 81  

 

To an oven-dried, nitrogen-purged Schlenk tube containing 4-methoxybenzaldehyde 

oxime 122 (151 mg, 1 mmol), Ru(PPh3)3(CO)H2 123 (9.2 mg, 0.01 mmol) and 

diphenylphosphinoethane 138 (4.0 mg, 0.01 mmol) was added degassed anhydrous 

toluene (2 mL) and the mixture heated at reflux for 2 hours. On completion the reaction 

was allowed to cool to room temperature, diluted with methanol, and the solvent 

removed in vacuo. Reaction conversion and selectivity was determined by analysis of 

the peak integral ratios characteristic of 4-methoxybenzamide 74 and 4-

methoxybenzonitrile 81 in the 1H NMR spectrum of the crude reaction mixture. 

 

6.3.9 Screening of additives 

 

According to representative procedure 6.3.8 employing additives 139-145 (1.0 - 5.0 mol 

%) in as illustrated in Table 12. 

 

6.3.10 Representative procedure for further screening of bidentate phosphine ligands 

 

O

N
OH

NH2

O

O

CN

O

Ru(PPh3)3(CO)H2 123 (1 mol %)
dppe 138 (1 mol %)

p-TsOH.H2O 141 (1 mol %)
PhMe, reflux, 2 h

+

122 74 81  

 

To an oven-dried, nitrogen-purged Schlenk tube containing 4-methoxybenzaldehyde 

oxime 122 (302 mg, 2 mmol), Ru(PPh3)3(CO)H2 123 (18.4 mg, 0.02 mmol), 

diphenylphosphinoethane 138 (8.0 mg, 0.02 mmol) and p-toluenesulfonic acid 

monohydrate 141 (3.4 mg, 0.02 mmol) was added degassed anhydrous toluene (2 mL) 

and the mixture heated at reflux for 2 hours. On completion the reaction was allowed to 

cool to room temperature, diluted with methanol, and the solvent removed in vacuo. 
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Reaction conversion and selectivity was determined by analysis of the peak integral 

ratios characteristic of 4-methoxybenzamide 74 and 4-methoxybenzonitrile 81 in the 1H 

NMR spectrum of the crude reaction mixture. 

 

6.3.11 Second screening of alternative bidentate phosphine ligands 

 

According to representative procedure 6.3.10 employing bidentate phosphine ligands 

137 and 146-150 (1.0 mol %) in place of diphenylphosphinoethane 138 (1.0 mol %) as 

illustrated in Table 13. 

 

6.3.12  Representative procedure for final optimisation of reaction conditions 

 

O

N
OH

NH2

O

O

CN

O

Ru(PPh3)3(CO)H2 123
dppe 138

p-TsOH.H2O 141
PhMe, reflux, 2 h

+

122 74 81  

 

To an oven-dried, nitrogen-purged Schlenk tube containing 4-methoxybenzaldehyde 

oxime 122 (755 mg, 5 mmol), Ru(PPh3)3(CO)H2 123 (46 mg, 0.05 mmol), 

diphenylphosphinoethane 138 (19.9 mg, 0.05 mmol) and p-toluenesulfonic acid 

monohydrate 141 (9.5 mg, 0.05 mmol) was added degassed anhydrous toluene (5 mL) 

and the mixture heated at reflux for 2 hours. On completion the reaction was allowed to 

cool to room temperature, diluted with methanol, and the solvent removed in vacuo. 

Reaction conversion and selectivity was determined by GC-MS analysis of the crude 

reaction mixture. 

 

6.3.13  Final optimisation of reaction conditions 

 

According to representative procedure 6.3.12 varying loading of ruthenium catalyst 123, 

diphosphine 138 and acid 141 as illustrated in Table 14.  
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6.3.14  Representative procedure for ruthenium-catalysed rearrangement of oximes to 

  amides 

 

R

N
OH

R NH2

O
Ru(PPh3)3(CO)H2 123

dppe 138

p-TsOH.H2O 141
PhMe, reflux  

 

To an oven-dried, nitrogen-purged Schlenk tube containing oxime (5 mmol), 

Ru(PPh3)3(CO)H2 123, diphenylphosphinoethane 138, and p-toluenesulfonic acid 

monohydrate 141 was added degassed anhydrous toluene (5 mL) and the mixture heated 

at reflux for 4-8 hours. On completion the reaction was allowed to cool to room 

temperature, diluted with methanol, and the solvent removed in vacuo. The crude 

product was purified by column chromatography on silica gel or recrystallization from 

suitable solvent(s). 

 

6.3.15 Ruthenium-catalysed conversion of oximes into amides 

 

Benzamide 47 (Entry 1, Table 15) 

 

According to representative procedure 6.3.14 using (Z)-benzaldehyde oxime 67 (605 

mg, 5 mmol), Ru(PPh3)3(CO)H2 123 (4.6 mg, 0.005 mmol), diphenylphosphinoethane 

138 (2.0 mg, 0.005 mmol) and p-toluenesulfonic acid monohydrate 141 (3.8 mg, 0.02 

mmol), the product was obtained and purified by recrystallization affording the title 

compound as 47 a white solid (556 mg, 92%). Analytical data were consistent with that 

reported in procedure 6.2.6. 

  

Benzamide 47 (Entry 2, Table 15) 

 

According to representative procedure 6.3.14 using (E)-benzaldehyde oxime 44 (605 

mg, 5 mmol), Ru(PPh3)3(CO)H2 123 (4.6 mg, 0.005 mmol), diphenylphosphinoethane 

138 (2.0 mg, 0.005 mmol) and p-toluenesulfonic acid monohydrate 141 (3.8 mg, 0.02 

mmol), the product was obtained and purified by recrystallization affording the title 

compound  47 as a white solid (569 mg, 94%). Analytical data were consistent with that 

reported in procedure 6.2.6. 
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4-Methoxybenzamide 74 (Entry 3, Table 15) 

 

According to representative procedure 6.3.14 using (Z)-4-methoxybenzaldehyde oxime 

67 (755 mg, 5 mmol), Ru(PPh3)3(CO)H2 123 (4.6 mg, 0.005 mmol), 

diphenylphosphinoethane 138 (2.0 mg, 0.005 mmol) and p-toluenesulfonic acid 

monohydrate 141 (3.8 mg, 0.02 mmol), the product was obtained and purified by 

column chromatography using methanol/dichloromethane as the eluent, affording the 

title compound 74 as a white solid (702 mg, 93%). Analytical data were consistent with 

that reported in procedure 6.2.11. 

 

4-(Trifluoromethoxy)benzamide 155 (Entry 4, Table 15) 

 

NH2

O

155

1

2

3

4O
F3C

 

 

According to representative procedure 6.3.14 using using 4-(trifluoromethoxy) 

benzaldehyde oxime 151 (1.026 g, 5 mmol), Ru(PPh3)3(CO)H2 123 (9.2 mg, 0.01 

mmol), diphenylphosphinoethane 138 (4.0 mg, 0.01 mmol) and p-toluenesulfonic acid 

monohydrate 141 (7.6 mg, 0.04 mmol), the product was obtained and purified by 

recrystallization affording the title compound 155 as a white solid (975 mg, 95%). m.p. 

151-154 °C; 1H NMR (300 MHz, CDCl3, 25 °C): δ = 6.01 (2H, br. s, NH2) 7.22 (2H, d, 

J = 8.8 Hz, H2,3), 7.81 (2H, d, J = 8.8 Hz, H1,4); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ 

= 121.4, 122.5, 130.6, 134.3, 151.1, 167.5. 

 

4-Nitrobenzamide 76 (Entry 5, Table 15) 

 

According to representative procedure 6.3.14 using 4-nitrobenzaldehyde oxime 69 (830 

mg, 5 mmol), Ru(PPh3)3(CO)H2 123 (9.2 mg, 0.01 mmol), diphenylphosphinoethane 

138 (4.0 mg, 0.01 mmol) and p-toluenesulfonic acid monohydrate 141 (7.6 mg, 0.04 

mmol), the product was obtained and purified by recrystallization affording the title 

compound 76 as an off-white solid (779 mg, 94%). Analytical data were consistent with 

that reported in procedure 6.2.11. 
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2-Nitrobenzamide 156 (Entry 6, Table 15) 

 

NH2

O

156

1

2

3

4
NO2

 

 

According to representative procedure 6.3.14 using 2-nitrobenzaldehyde oxime 152 

(830 mg, 5 mmol) 152, Ru(PPh3)3(CO)H2 123 (23 mg, 0.025 mmol), diphenyl-

phosphinoethane 138 (10 mg, 0.025 mmol) and p-toluenesulfonic acid monohydrate 141 

(19 mg, 0.1 mmol), the product was obtained and purified by recrystallization affording 

the title compound 156 as a pale yellow solid (680 mg, 82%). m.p. 174-176 °C (Lit.[22] 

m.p. 174-174 °C); 1H NMR (300 MHz, DMSO-d6, 25 °C): δ = 7.60-7.78 (4H, m, H1-3, 

NH), 8.12 (1H, dd, J = 7.8 Hz, 1.2 Hz, H4),  8.12 (1H, br. s. NH); 
13C NMR (75.5 MHz, 

DMSO-d6, 25 °C): δ = 124.3, 129.2, 131.0, 132.9, 133.7, 147.6, 167.5. 

 

2-Hydroxybenzamide 157 (Entry 7, Table 15)  

 

NH2

O

157

1

2

3

4
OH

 

 

According to representative procedure 6.3.14 using 2-hydroxybenzaldehyde oxime 153 

(685 mg, 5 mmol), Ru(PPh3)3(CO)H2 123 (46 mg, 0.05 mmol), diphenyl-

phosphinoethane 138 (19.9 mg, 0.05 mmol) and p-toluenesulfonic acid monohydrate 

141 (38 mg, 0.2 mmol), the product was obtained and purified by recrystallization 

affording the title compound as an off-white solid (582 mg, 82%). m.p. 138-140 °C 

(Lit.[9] m.p. 137-139 °C); 1H NMR (300 MHz, CDCl3, 25 °C): δ = 5.95 (2H, br. s, NH2), 

6.86 (1H, t, J = 8.1 Hz, H2), 7.01 (1H, d, J = 8.4 Hz, H4) 7.38 (1H, d, J = 7.4 Hz, H1), 

7.44 (1H, t, J = 7.4 Hz, H3), 12.15 (1H, s, OH); 
13C NMR (75.5 MHz, DMSO-d6, 25 

°C): δ = 114.7, 117.8, 118.7, 128.4, 134.5, 161.4, 172.5. 
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2,4-Dichlorobenzamide 75 (Entry 8, Table 15) 

 

NH2

O

75

1

2

3
Cl Cl

 

 

According to representative procedure 6.3.14 using 2,4-dichlorobenzaldehyde oxime 68 

(950 mg, 5 mmol), Ru(PPh3)3(CO)H2 123 (9.2 mg, 0.01 mmol), diphenyl-

phosphinoethane 138 (4.0 mg, 0.01 mmol) and p-toluenesulfonic acid monohydrate 141 

(7.6 mg, 0.04 mmol), the product was obtained and purified by recrystallization 

affording the title compound 75 as a white solid (835 mg, 88%). Analytical data were 

consistent with that reported in procedure 6.2.11. 

 

Butyramide 77 (Entry 9, Table 15) 

 

O

NH21

2

3

77  

 

According to representative procedure 6.3.14 using butyraldehyde oxime 70 (435 mg, 

480 µL, 5 mmol), Ru(PPh3)3(CO)H2 123 (4.6 mg, 0.005 mmol), diphenyl-

phosphinoethane 138 (2.0 mg, 0.005 mmol) and p-toluenesulfonic acid monohydrate 

141 (3.8 mg, 0.02 mmol) the product was obtained and purified by column 

chromatography on silica gel (methanol/dichloromethane as eluent), affording the title 

compound 77 as a white solid (396 mg, 91%). Analytical data were consistent with that 

reported in procedure 6.2.11. 
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Octanamide 158 (Entry 10, Table 15) 

 

O

NH21

2

3

4

5

6

7

158  

 

According to representative procedure 6.3.14 using octanaldehyde oxime 154 (720 mg, 

5 mmol) 154, Ru(PPh3)3(CO)H2 123 (4.6 mg, 0.005 mmol), diphenylphosphinoethane 

138 (2.0 mg, 0.005 mmol) and p-toluenesulfonic acid monohydrate 141 (3.8 mg, 0.04 

mmol the product was obtained and purified by column chromatography on silica gel 

(methanol/dichloromethane as eluent), affording the title compound 158 as a white solid 

(626 mg, 87%). m.p. 109-110 °C (Lit.[23] m.p. 104-105 °C); 1H NMR (300 MHz, 

CDCl3, 25 °C): δ = 0.84-0.88 (3H, m, H1), 1.26-1.33 (8H, m, H2-5), 1.58 (2H, quintet, J 

= 7.2 Hz, H6), 2.19 (2H, t, J = 7.2 Hz, H7), 5.56 (1H, br. s, NH), 5.97 (1H, br. s, NH); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 14.4, 23.0, 25.9, 29.4, 29.6, 29.8, 32.0, 36.4, 

176.4. 

 

2-Furamide 79 (Entry 11, Table 15) 

 

O
NH2

O
79

12

3

 

 

According to representative procedure 6.3.14 using 2-furaldehyde oxime 72 (555 mg, 5 

mmol), Ru(PPh3)3(CO)H2 123 (9.2 mg, 0.01 mmol), diphenylphosphinoethane 138 (4.0 

mg, 0.01 mmol) and p-toluenesulfonic acid monohydrate 141 (7.6 mg, 0.04 mmol) with 

degassed, anhydrous 1,4-dioxane (5 mL) as solvent, the product was obtained and 

purified by recrystallization, affording the title compound 79 as an off-white solid (443 

mg, 80%). Analytical data were consistent with that reported in procedure 6.2.11. 

 

 

 

 

 



Chapter 6  Experimental   

145 

 

Cinnamamide 78 (Entry 12, Table 15) 

 

78

1

2

3

4

5

NH2

O6

7

 

 

According to representative procedure 6.3.14 using cinnamaldehyde oxime 71 (870 mg, 

5 mmol), Ru(PPh3)3(CO)H2 123 (9.2 mg, 0.01 mmol), diphenylphosphinoethane 138 

(4.0 mg, 0.01 mmol) and p-toluenesulfonic acid monohydrate 141 (7.6 mg, 0.04 mmol 

the product was obtained and purified by recrystallization, affording the title compound 

78 as an off-white solid.  Analytical data were consistent with that reported in procedure 

6.2.11. 

 

6.3.16  Use of lower catalyst loading 

 

O

N
OH

NH2

O

O

Ru(PPh3)3(CO)H2 123 (0.04 mol %)
dppe 138 (0.04 mol %)

p-TsOH.H2O 141 (0.16 mol %)
PhMe, reflux, 16 h

122 74  

 

To an oven-dried, nitrogen-purged Schlenk tube containing 4-methoxybenzaldehyde 

oxime 122 (1.51 g, 10 mmol), Ru(PPh3)3(CO)H2 123 (3.7 mg, 0.004 mmol) 123, 

diphenylphosphinoethane 138 (1.6 mg, 0.004 mmol) and p-toluenesulfonic acid 

monohydrate 141 (3.1 mg, 0.016 mmol) was added degassed anhydrous toluene (10 mL) 

and the mixture heated at reflux. On completion the reaction was allowed to cool to 

room temperature, diluted with methanol, and the solvent removed in vacuo. The crude 

product was purified by column chromatography using methanol/dichloromethane as 

the eluent, affording the title compound 74 as a white solid (1.33 g, 88%). Analytical 

data were consistent with that reported in procedure 6.2.11. 
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6.3.17  Crossover experiment with a competing nitrile 

 

CONH2

O

N
OH

O

CN

O2N

CN

O2N

CONH2

O2N

CN

O

Ru(PPh3)3(CO)H2 123 (0.5 mol %)
dppe 138 (0.5 mol %)

p-TsOH.H2O 141 (2.0 mol %)
PhMe, reflux, 6 h

122

159

74 81

76160  

 

To an oven-dried, nitrogen-purged Schlenk tube containing 4-methoxybenzaldehyde 

oxime 122 (202 mg, 2 mmol), 4-nitrobenzonitrile 159 (296 mg, 2 mmol), 

Ru(PPh3)3(CO)H2 123 (9.2 mg, 0.01 mmol), diphenylphosphinoethane 138 (4.0 mg, 0.01 

mmol) and p-toluenesulfonic acid monohydrate 141 (7.6 mg, 0.04 mmol) was added 

degassed anhydrous toluene (2 mL) and the mixture heated at reflux for 2 hours. On 

completion the reaction was allowed to cool to room temperature, diluted with 

methanol, and the solvent removed in vacuo. Reaction composition and conversion was 

determined by GC-MS and confirmed by 1H NMR analysis of the crude reaction 

mixture. 

 

6.3.18  NMR experiment: Ru(PPh3)(dppp)(CO)H2 162 + p-TsOH.H2O 141 

 

To a flame-dried, argon-purged Young’s NMR tube containing Ru(PPh3)(dppp)(CO)H2 

162 (10 mg, 0.012 mmol), and p-toluenesulfonic acid monohydrate 141 (5.7 mg, 0.03 

mmol) was added deuteriobenzene (0.5 mL). 1H and 31P{1H} NMR spectra (400 MHz) 

were recorded at regular intervals over a period of 30 minutes. The reaction was then 

heated to 110 °C for a period of 5 minutes, allowed to cool to ambient temperature and 

further 1H and 31P{1H} NMR spectra recorded. 
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6.4    Experimental procedures: Chapter 4 

6.4.1 Representative procedure for the formation of benzonitrile 60 from oxime ether 55 

 

Ph

N
OBn

[Cl2(Cy3P)2Ru(=CHPh)] 57

Ph OHPhCN
PhMe, reflux, 18 h

(5 mol %)
+

55 60 61  
 

To an oven-dried, nitrogen-purged Radley’s carousel tube charged with the Grubbs first 

generation metathesis catalyst 73 (20.5 mg, 0.025 mmol) was added O-benzyl- 

benzaldehyde oxime 55 (106 mg, 0.5 mmol) and degassed anhydrous toluene (1 mL) 

and the mixture heated at reflux for 24 hours. The reaction was allowed to cool to room 

temperature, diluted with dichloromethane and the solvent carefully removed in vacuo. 

Conversion was determined by analysis of the peak integral ratios characteristic of O-

benzylbenzaldehyde oxime 55 and benzyl alcohol 61 in the 1H NMR spectrum of the 

crude reaction mixture. GC analysis of the crude reaction mixture in comparison with 

commercially available material confirmed the presence of benzonitrile 60.  

 

 

6.4.2 Screening of metal complexes for ruthenium-catalysed elimination reaction 

 

 

According to representative procedure 6.4.1 metal complexes 48, 49, 54, 58, 59, 120, 

121, 123 and 165-168 were employed in place of the Grubbs first generation metathesis 

catalyst 73, as illustrated in Table 16 
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6.4.3 Tandem ruthenium-catalysed “oxidant-free” oxidation-addition-elimination 

 reaction 

 

BnONH2 91 (1 eq.)

PhMe, reflux, 48 h

Flow of N2(g)

[Cl2(Cy3P)2Ru(=CHPh)] 57
(5 mol %)

LiOH.H2O 143 (15 mol %)
OHPh OHPhPhCN +

61 6160
 

 

To an oven-dried, nitrogen-purged Radley’s carousel tube charged with the Grubbs first 

generation metathesis catalyst 73 (20.5 mg, 0.025 mmol) and lithium hydroxide 

monohydrate (3.2 mg, 0.075 mmol) was added benzyl alcohol 75 (56 mg, 52 µL, 0.5 

mmol), O-benzylhydroxylamine 105 (74 mg, 0.55 mmol, 1.1 eq.) and degassed 

anhydrous toluene (1 mL) and the mixture heated at reflux for 24 hours. The reaction 

was allowed to cool to room temperature, diluted with dichloromethane and the solvent 

carefully removed in vacuo. The crude product was purified by column chromatography 

using petroleum ether (b.p. 40-60 °C):diethyl ether as eluent, affording benzonitrile 60 

as a colourless liquid (53 mg, 51%). 1H NMR (300 MHz, CDCl3, 25 °C): δ = 7.47 (2H, 

t, J = 7.6 Hz), 7.55-7.66 (3H, m); 13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 112.4, 

118.8, 129.2, 132.1, 132.9. This is consistent with literature data. 

 

6.4.4 Preparation of O-t-butylbenzaldehyde oxime 170
 

 

N
1

2

3

4

O

170

5

6

7

 

 

To a solution of benzaldehyde 82 (4.78 g, 5.0 mL, 0.045 mol) in methanol (20 mL) was 

added pyridine (10 mL) followed by O-t-butylhydroxylamine hydrochloride (6.78 g, 

0.054 mol) and the mixture stirred for 24 hours at ambient temperature. Solvents were 

removed in vacuo and the residual oil taken up in diethyl ether, washed with water (2 x 

20 mL), dried with anhydrous magnesium sulfate, filtered and solvent removed in 

vacuo. The crude product was purified by column chromatography using petroleum 

ether (b.p. 40-60 °C):diethyl ether as eluent to afford O-t-butylbenzaldehyde oxime 170 
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as a colourless oil (7.12 g, 89%). Rf = 0.34 (8:2 petroleum ether (b.p. 40-60 °C):diethyl 

ether, det: UV); 1H NMR (300 MHz, CDCl3, 25 °C): δ =  1.37 (9H, s, H7), 7.32-7.37 

(3H, m, H2,3,4), 7.56-7.62 (2H, m, H1,5), 8.05 (1H, s, H6); 
13C NMR (75.5 MHz, CDCl3, 

25 °C): δ = 27.8, 79.4, 127.1, 128.9, 129.6, 133.5, 147.4. This is consistent with 

literature data.[24] 

 

6.4.5 Catalyst screening – Elimination reaction with O-t-butyl oxime ether 170
[20] 

 

Ph

N
OtBu

PhMe, reflux, 18 h

Catalyst (5 mol %)
+

170 60

PhCN tBuOH

 

 

To an oven-dried, nitrogen-purged Radley’s carousel tube charged with the Grubbs first 

generation metathesis catalyst 73 (20.5 mg, 0.025 mmol) was added O-t-

butylbenzaldehyde oxime 170 (89 mg, 0.5 mmol) and degassed anhydrous toluene (1 

mL) and the mixture heated at reflux for 24 hours. The reaction was allowed to cool to 

room temperature, diluted with dichloromethane and the solvent carefully removed in 

vacuo. Reaction conversion was determined by GC analysis of the crude reaction 

mixture.  

 

6.4.6 Screening of ruthenium complexes with O-t-butyl oxime ether 170 

 

According to representative procedure 6.4.1 ruthenium complexes 48, 49, 54, 58, 59, 

120, 121, 123 and 165-168 were employed in place of 73 as illustrated by Table 17. 
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6.4.7 Representative procedure for ruthenium-catalysed oxidation of benzyl alcohol 61 

 

Ph Ph

PhMe, reflux, 2 h

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

Acceptor (2 eq.)
OH O

61 82  

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (11.5 

mg, 0.0125 mmol) and Xantphos 124 (7.2 mg, 0.0125 mmol) was added degassed 

anhydrous toluene (0.5 mL) and the mixture heated at reflux for 1 hour then allowed to 

cool to room temperature. To the resultant deep-red solution was added benzyl alcohol 

61 (54 mg, 0.5 mmol), 2,3-dihydropyran 86 (84 mg, 91 µL, 1 mmol) and the mixture 

heated at reflux for 2 hours. On completion the reaction was allowed to cool to room 

temperature, diluted with dichloromethane, and the solvent carefully removed in vacuo. 

Reaction conversion and selectivity was determined by analysis of the peak integral 

ratios characteristic of benzyl alcohol 61 and benzaldehyde 82 in the 1H NMR spectrum 

of the crude reaction mixture. 

 

6.4.8 Screening of hydrogen acceptors 

 

According to representative procedure 6.4.7 alkenes/alkynes 87-93 and 190-193 were 

employed in place of 2,3-dihydropyran 86. 
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6.4.9 Attempted ruthenium-catalysed oxidation-addition-elimination reaction 

 

Ph OH

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

PhMe, reflux, 24 h

tBuONH2 169 (1.1 eq.)
crotononitrile 192 (2 eq.)61

N
1

2

3

4

O

170

5

6

7

O
1

2

3

4

194

5

6
N
O

 
 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (23 mg, 

0.025 mmol) and Xantphos 124 (14.5 mg, 0.025 mmol) was added degassed anhydrous 

toluene (1 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution was added benzyl alcohol 61 (108 mg, 

104 µL, 1 mmol), crotononitrile 192 (134 mg, 163 µL, 2 mmol), O-t-butyl-

hydroxylamine 169 (99 mg, 119 µL, 1.1 mmol) and the mixture heated at reflux for 24 

hours. On completion the reaction was allowed to cool to room temperature, diluted 

with dichloromethane, and the solvent carefully removed in vacuo. The crude product 

was purified by column chromatography using petroleum ether (b.p. 40-60 °C):diethyl 

ether as eluent, affording O-t-butylbenzaldehyde oxime 170 as a colourless oil (158 mg, 

89%) and N-t-butoxybenzamide 194 as a white solid (10 mg, 5%). O-t-

butylbenzaldehyde oxime 170. Rf = 0.34 (8:2 petroleum ether (b.p. 40-60 °C):diethyl 

ether, det: UV); 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.37 (9H, s, H7), 7.32-7.37 

(3H, m, H2,3,4), 7.56-7.62 (2H, m, H1,5), 8.05 (1H, s, H6); 
13C NMR (75.5 MHz, CDCl3, 

25 °C): δ = 27.8, 79.4, 127.1, 128.9, 129.6, 133.5, 147.4. This is consistent with 

literature data.[24] N-t-butoxybenzamide 194 m.p.131-133 °C (Lit.[25] m.p.134-135 °C); 

Rf = 0.16 (8:2 petroleum ether (b.p. 40-60 °C):diethyl ether, det: UV); 1H NMR (300 

MHz, CDCl3, 25 °C): δ = 1.35 (9H, s, H6), 7.42 (2H, t, H2,4), 7.52 (1H, t, H3), 7.76 (2H, 

d, J = 8.1 Hz, H1,5). 8.39 (1H, br. s, NH); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 

26.4, 82.4, 127.1, 128.8, 131.9, 132.7, 167.9. This is consistent with literature data.[25] 
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6.4.10 Conversion of benzyl alcohol 61 to N-t-butoxybenzamide 194 via a tandem 

 oxidation reaction 

 

Ph OH Ph

O

N
H

OtBu

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

H2O (2 eq.)
PhMe, reflux, 24 h

tBuONH2 169 (1.1 eq.)

crotononitrile 192 (2.5 eq.)61 194

 

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (23 mg, 

0.025 mmol) and Xantphos 124 (14.5 mg, 0.025 mmol) was added degassed anhydrous 

toluene (1 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution was added benzyl alcohol 61 (108 mg, 

104 µL, 1 mmol), crotononitrile 192 (168 mg, 205 µL, 2.5 mmol), O-t-butyl-

hydroxylamine 169 (99 mg, 119 µL, 1.1 mmol), water (36 µL, 2 mmol) and the mixture 

heated at reflux for 24 hours. On completion the reaction was allowed to cool to room 

temperature, diluted with dichloromethane, and the solvent carefully removed in vacuo. 

The crude product was purified by column chromatography using petroleum ether (b.p. 

40-60 °C):diethyl ether as eluent, affording N-t-butoxybenzamide 194 as a white solid 

(137 mg, 71%). 

 

6.4.11 Conversion of benzyl alcohol 61 O-t-butylbenzaldehyde oxime 170 

 

Ph OH Ph

N
OtBu

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

PhMe, reflux, 24 h

tBuONH2 169 (1.1 eq.)
crotononitrile 192 (1.5 eq.)

4 Å molecular sieves (100 wt. %)
61 170

 

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (23 mg, 

0.025 mmol) and Xantphos 124 (14.5 mg, 0.025 mmol) was added degassed anhydrous 

toluene (1 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution was added benzyl alcohol 61 (108 mg, 

104 µL, 1 mmol), crotononitrile 192 (168 mg, 205 µL, 2.5 mmol), O-t-butyl-

hydroxylamine 169 (99 mg, 119 µL, 1.1 mmol), molecular sieves 4Å (~110 mg) and the 
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mixture heated at reflux for 24 hours. On completion the reaction was allowed to cool to 

room temperature, diluted with dichloromethane, and the solvent carefully removed in 

vacuo. Reaction conversion was determined by analysis of the peak integral ratios 

characteristic of benzyl alcohol 61 and O-t-butylbenzaldehyde oxime 170 in the 1H 

NMR spectrum of the crude reaction mixture. 

 

6.4.12 Attempted synthesis of a Weinreb amide from benzyl alcohol 61 

 

Ph OH Ph

O

N
H

O

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

H2O (2 eq.)
PhMe, reflux, 24 h

MeONHMe 196 (1.1 eq.)

crotononitrile 192 (2.5 eq.)
61

 

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (23 mg, 

0.025 mmol) and Xantphos 124 (14.5 mg, 0.025 mmol) was added degassed anhydrous 

toluene (1 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution was added benzyl alcohol 61 (108 mg, 

104 µL, 1 mmol), crotononitrile 192 (168 mg, 205 µL, 2.5 mmol), N,O-dimethyl 

hydroxylamine 169 (75 mg, 90 µL, 1.1 mmol), water (36 µL, 2 mmol) and the mixture 

heated at reflux for 24 hours. On completion the reaction was allowed to cool to room 

temperature, diluted with dichloromethane, and the solvent carefully removed in vacuo. 

Analysis of the 1H NMR spectrum of the crude reaction mixture revealed no conversion 

to the desired product. 
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6.4.13 Conversion of 4-methoxybenzyl alcohol 61 into 4-methoxybenzonitrile 82
 
via a 

 consecutive process 

 

OH

O

CN

O

i) Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

PhMe, reflux, 48 h
ii) MeONH2.HCl 197 (1.1 eq.)

crotononitrile 192 (2.5 eq.)

95

PhMe, reflux, 5 h

81  

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (23 mg, 

0.025 mmol) and Xantphos 124 (14.5 mg, 0.025 mmol) was added degassed anhydrous 

toluene (1 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution was added benzyl alcohol 61 (108 mg, 

104 µL, 1 mmol) and crotononitrile 192 (168 mg, 205 µL, 2.5 mmol) and the mixture 

heated at reflux for 5 hours. On completion the reaction was allowed to cool to room 

temperature and O-methylhydroxylamine hydrochloride (93 mg, 1.1 mmol) added. The 

vessel was flushed with argon and the mixture heated at reflux for a further 48 hours. 

The reaction was allowed to cool to room temperature, diluted with dichloromethane, 

and the solvent removed in vacuo. Reaction conversion was determined by analysis of 

the peak integral ratios characteristic of 4-methoxybenzyl alcohol 95 and 4-methoxy-

benzonitrile 81 in the 1H NMR spectrum of the crude reaction mixture. 
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6.5    Experimental procedures: Chapter 5 

6.5.1 Oxidative dimerisation of 2-phenylethanol 200 

 

Ph
crotononitrile 192 (2.5 eq.)

PhMe, reflux, 24 h

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)OH

O

O
Ph Ph

200 201  

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (23 mg, 

0.025 mmol, 5 mol %) and Xantphos 124 (14.5 mg, 0.025 mmol, 5 mol %) was added 

degassed anhydrous toluene (0.5 mL) and the mixture heated at reflux for 1 hour then 

allowed to cool to room temperature. To the resultant deep-red solution was added 2-

phenylethanol 200 (61 mg, 60 µL,  0.5 mmol), crotononitrile 192 (84 mg, 102 µL, 1.25 

mmol), and the mixture heated at 110 °C for 24 hours. On completion the reaction was 

allowed to cool to room temperature, diluted with dichloromethane, and the solvent 

removed in vacuo. Reaction conversion was determined by analysis of the peak integral 

ratios characteristic of 2-phenylethanol 200 and phenethyl phenacetate 201 in the 1H 

NMR spectrum of the crude reaction mixture.  

 

6.5.2 Initial oxidation of alcohol to methyl ester 

 

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (2 eq.)
1:1 PhMe:MeOH, reflux, 12 h

30% conversion

OH O

O

Ph Ph

200 202
 

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (23 mg, 

0.025 mmol) and Xantphos 124 (14.5 mg, 0.025 mmol) was added degassed anhydrous 

toluene (0.5 mL) and the mixture heated at reflux for 1 hour then allowed to cool to 

room temperature. To the resultant deep-red solution was added 2-phenylethanol 200 

(61 mg, 60 µL,  0.5 mmol), crotononitrile 192 (67 mg, 81 µL, 1 mmol), degassed 

anhydrous methanol (0.5 mL) and the mixture heated at 110 °C for 12 hours. On 

completion the reaction was allowed to cool to room temperature, diluted with 

dichloromethane, and the solvent removed in vacuo. Reaction conversion was 

determined by analysis of the peak integral ratios characteristic of 2-phenylethanol 200 

and methyl phenacetate 202 in the 1H NMR spectrum of the crude reaction mixture.  
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6.5.3 Representative procedure for the oxidation of 2-phenylethanol 200 to methyl 

 phenacetate 202
 

 

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (2.5 eq.)
H2O (2 eq.)

PhMe:MeOH, reflux, 24 h

OH O

O

Ph Ph

200 202
 

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (23 mg, 

0.025 mmol) and Xantphos 124 (14.5 mg, 0.025 mmol) was added degassed anhydrous 

toluene (0.5 mL) and the mixture heated at reflux for 1 hour then allowed to cool to 

room temperature. To the resultant deep-red solution was added 2-phenylethanol 200 

(60 mg, 60 µL,  0.5 mmol), crotononitrile 192 (67 mg, 81 µL, 1 mmol), degassed 

anhydrous methanol (0.5 mL), water (18 µL, 1 mmol) and the mixture heated at 110 °C 

for 12 hours. On completion the reaction was allowed to cool to room temperature, 

diluted with dichloromethane, and the solvent removed in vacuo. Reaction conversion 

was determined by analysis of the peak integral ratios characteristic of 2-phenylethanol 

200 and methyl phenacetate 202 in the 1H NMR spectrum of the crude reaction mixture. 

 

6.5.4 Optimisation of methanol concentration 

 

According to representative procedure 6.5.3, employing methanol (0.05-1.0 mL) as 

illustrated in Table 23. 

 

6.5.5 Optimisation of oxidant loading 

 

According to representative procedure 6.5.3, employing crotononitrile 192 (1-6 eq.) as 

illustrated in Table 24. 
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6.5.6  Representative procedure for the oxidation of primary alcohols to methyl esters 

 

R OH R O

O

1:1 PhMe:MeOH, reflux

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (3 eq.)
H2O (2 eq.)

 

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (92 mg, 

0.1 mmol) and Xantphos 124 (58 mg, 0.1 mmol) was added degassed anhydrous toluene 

(2 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution were added alcohol (2 mmol), 

crotononitrile 192 (403 mg, 489 µL, 6 mmol), degassed anhydrous methanol (2 mL), 

water (72 µL, 4 mmol) and the resultant yellow solution heated at 110 °C for 24 hours. 

On completion the reaction was allowed to cool to room temperature, diluted with 

dichloromethane, and the solvent removed in vacuo. The crude product was purified by 

column chromatography on silica gel (diethyl ether:hexane as eluent), furnishing the 

corresponding methyl ester. 

 

6.5.7  Ruthenium-catalysed oxidation of primary alcohols to methyl esters 

 

Methyl phenylacetate 202 (Entry 2, Table 25) 

 

O

O

202

1

2

3

4

5

6

7

 

 

According to representative procedure 6.5.6 using 2-phenylethanol 200 (244 mg, 240 

µL, 2 mmol), the product was obtained and purified by column chromatography (diethyl 

ether:hexane) affording title compound 202 as a colourless liquid (250mg, 83%). 1H 

NMR (300 MHz, CDCl3, 25 °C): δ = 3.65 (2H, s, H6), 3.71 (3H, s, H7), 7.29 (5H, m, H1-

5); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 41.6, 52.4, 127.5, 129.0, 129.6, 134.4, 

172.4. This is consistent with literature data.[26] 
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Methyl (4-hydroxyphenyl)acetate 209 (Entry 3, Table 25) 

 

O

O
HO

209

1

2

3

4

5

6

 

 

According to representative procedure 6.5.6 using 2-(4-hydroxyphenyl)ethanol 203 (276 

mg, 2 mmol), the product was obtained and purified by column chromatography 

(diethyl ether:hexane) affording title compound 209 as a colourless solid (255 mg, 

84%). m.p. 54-56 °C (Lit.[27] m.p. 55-56 °C); 1H NMR (300 MHz, CDCl3, 25 °C): δ = 

3.57 (2H, s, H5), 3.70 (3H, s, H6), 6.77 (2H, d, J = 8.4 Hz, H2,3), 7.14 (2H, d, J = 8.4 Hz, 

H1,4); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 40.7, 52.5, 115.9, 126.4, 130.9, 155.2, 

173.1. 

 

Methyl [2-(4-dimethylamino)phenyl]acetate 210 (Entry 4, Table 25) 

 

O

O
N

210

1

2

3

4

5

6
7

 

 

According to representative procedure 6.5.6 using [2-(4-dimethylamino)phenyl]ethanol 

204 (330 mg, 2 mmol), the product was obtained and purified by column 

chromatography (diethyl ether:hexane) affording title compound 210 as a colourless 

liquid (313 mg, 87%). 1H NMR (300 MHz, CDCl3, 25 °C): δ = 2.94 (6H, s, H7), 3.54 

(2H, s, H5), 3.69 (3H, s, H6), 6.72 (2H, d, J = 8.4 Hz, H2,3), 7.16 (2H, d, J = 8.4 Hz, 

H1,4); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 40.6, 41.1, 52.3, 113.2, 130.3, 173.1. 

This is consistent with literature data.[28] 
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Methyl 4-nitrobenzoate 212 (Entry 6, Table 25) 

 

O

O

O2N

212

1

2

3

4

5

 

According to representative procedure 6.5.6 using 4-nitrobenzyl alcohol 74 (306 mg, 2 

mmol), the product was obtained and purified by column chromatography (diethyl 

ether:hexane) affording title compound 212 as a pale yellow solid (249 mg, 74%). m.p. 

91-93 °C; 1H NMR (300 MHz, CDCl3, 25 °C): δ = 3.98 (3H, s, H5), 8.22 (2H, d, J = 8.8 

Hz, H1,4), 8.29 (2H, d, J = 8.8 Hz, H2,3); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 53.0, 

132.7, 130.9, 135.7, 150.8, 165.5. This is consistent with literature data.[29] 

 

(E)-Methyl cinnamate 213 (Entry 7, Table 25) 

 

O

O

213

1

2

3

4

5

6

7

8

 

 

According to representative procedure 6.5.6 using cinnamyl alcohol 115 (268 mg, 2 

mmol), the product was obtained and purified by column chromatography (diethyl 

ether:hexane) affording title compound as a colourless oil which crystallized on 

standing (242 mg, 76%). 1H NMR (300 MHz, CDCl3, 25 °C): δ = 3.82 (3H, s, H8), 6.46 

(1H, d, J = 16.0 Hz, H7), 7.38-7.42 (2H, m, H1,5), 7.51-7.56 (3H, m, H2,3,4), 7.71 (1H, d, 

J = 16.0 Hz, H6); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 36.1, 52.0, 118.2, 128.7, 

128.9, 129.3, 130.7, 134.8, 145.3, 167.8. This is consistent with literature data.[30] 
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Methyl octanoate 214 (Entry 8, Table 25) 

 

O

O

1

2

3

4

5

6

7

214

8

 

 

According to representative procedure 6.5.6 using 1-octanol 112 (260 mg, 318 µL, 2 

mmol), the product was obtained and purified by column chromatography (diethyl 

ether:hexane) affording title compound 214 as a colourless liquid (248 mg, 86%). 1H 

NMR (300 MHz, CDCl3, 25 °C): δ = 0.88 (3H, t, J = 6.6 Hz, H1), 1.30 (8H, m, H2,3-5), 

1.62 (2H, m, H6), 2.31 (2H, t, J = 7.8 Hz, H7), 3.67 (3H, s, H8); 
13C NMR (75.5 MHz, 

CDCl3, 25 °C): δ = 14.4, 23.0, 25.4, 29.3, 29.5, 32.0, 34.5, 51.8, 174.8. This is 

consistent with literature data.[31] 

 

Methyl hexadecanoate 215 (Entry 9, Table 25) 

 

O

O

1

2

3

4

5

6

7

215

8

9

10

11

12

13

14

15

16

 

 

According to representative procedure 6.5.6 using 1-hexadecanol (484 mg, 2 mmol), the 

product was obtained and purified by column chromatography (diethyl ether:hexane) 

affording title compound 215 as a colourless oil which crystallized on standing (248 mg, 

86%). 1H NMR (300 MHz, CDCl3, 25 °C): δ = 0.88 (3H, t, J = 6.8 Hz, H1), 1.20-1.27 

(26H, m, H2-14), 2.24 (2H, t, J = 7.4 Hz, H15), 3.60 (3H, s, H16); 
13C NMR (75.5 MHz, 

CDCl3, 25 °C): δ = 22.7, 25.0, 29.1, 29.4, 29.5, 29.7, 32.0, 34.0, 34.2, 51.4, 174.2. This 

is consistent with literature data.[32] 
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Methyl indole-3-acetate 218 (Entry 12, Table 25) 

 

1

2

3

4

6

218

N

O

O

5

7

 

 

According to representative procedure 6.5.6 using 3-(2-hydroxyethyl)indole 208 (322 

mg, 2 mmol), the product was obtained and purified by column chromatography 

(diethyl ether:hexane) affording title compound 218 as a colourless solid (277 mg, 

79%). m.p. 45-46 °C; 1H NMR (300 MHz, CDCl3, 25 °C): δ = 3.72 (3H, s, H7), 3.81 

(2H, s, H6), 7.13-7.25 (3H, m, H2,3,5), 7.34 (1H, d, J = 8.0 Hz, HAr), 7.63 (1H, d, J = 7.8 

Hz, HAr), 8.14 (1H, br. s, NH); 
13C NMR (75.5 MHz, CDCl3, 25 °C): δ = 31.6, 40.7, 

52.4, 108.8, 111.6, 119.2, 120.1, 122.6, 123.5, 127.6, 136.5, 173.1. This is consistent 

with literature data.[33] 

 

6.5.8 Oxidation of aldehyde to methyl ester 

 

R O R O

O

1:1 PhMe:MeOH, reflux, 4 h

Ru(PPh3)3(CO)H2 123 (5 mol %)
Xantphos 124 (5 mol %)

crotononitrile 192 (1.5 eq.)
H2O (2 eq.)

R = C7H15

219 214
 

 

 To an oven-dried, argon purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (92 mg, 

0.1 mmol) and Xantphos 124 (56 mg, 0.1 mmol) was added degassed anhydrous toluene 

(2 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution was added octanal 219 (256 mg, 313 µL, 

2 mmol), crotononitrile 192 (202 mg, 245 µL, 3 mmol), degassed anhydrous methanol 

(2 mL), water (72 µL, 4 mmol) and the resultant yellow solution heated at 110 °C for 4 

hours. Reaction conversion was determined by analysis of the peak integral ratios 

characteristic of octanal 219 and methyl octanoate 214 in the 1H NMR spectrum of the 

crude reaction mixture. 
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6.5.9 Use of alternative alcohol co-solvents 

 

According to representative procedure 6.5.6, employing 2-phenylethanol 200 (1 mmol) 

ethanol, 2,2,2-trifluoroethanol and 2,2,2-trichloroethanol were used in place of 

methanol. Reaction conversion was determined by analysis of the 1H NMR spectrum of 

the crude reaction mixture. 

 

6.5.10 Use of iridium-styrene oxidation protocol 

 

According to representative procedure 6.5.6, employing 2-phenylethanol 200 (1 mmol) 

[Ir(Cp*)Cl2]2 49 (2.5 mol %) and caesium carbonate (5 mol %) was used in place of 

Ru(PPh3)3(CO)H2 123 and styrene 90 in place of crotononitrile 192. Reaction conversion 

was determined by analysis of the peak integral ratios characteristic of 2-phenylethanol 

200 and methyl phenacetate 202 in the 1H NMR spectrum of the crude reaction mixture. 

 

6.5.11 Conversion of 2-phenylethanol 200 into t-butylamine phenacetate 227 

 

OH
Ph

O

O

Ph
H3N

227

crotononitrile 192 (2.5 eq.)
t-butylamine 226 (1.2 eq.)

H2O (3 eq.)
PhMe, reflux, 4 h

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %) +

200

1
2

 

 

To an oven-dried, argon-purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (92 mg, 

0.1 mmol) and Xantphos 124 (58 mg, 0.1 mmol) was added degassed anhydrous toluene 

(2 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution were added 2-phenylethanol 200 (244 

mg, 240 µL, 2 mmol), crotononitrile 192 (335 mg, 407 µL, 5 mmol), t-butylamine 226 

(175 mg, 252 µL, 2.4 mmol), water (108 µL, 6 mmol) and the resultant yellow solution 

heated at 110 °C for 4 hours. On completion the reaction was allowed to cool to room 

temperature, diluted with dichloromethane and the solvent removed in vacuo. The crude 

product was purified by recrystallization from toluene to afford t-butylamine 

phenacetate 227 as a hygroscopic white solid (173 mg, 83 %). 1H NMR (300 MHz, 

CD3OD, 25 °C): δ = 1.36 (3H, s, H2), 3.51 (2H, s, H1), 7.19-7.36 (5H, m, ArH); 13C 

NMR (75.5 MHz, CD3OD, 25 °C): δ = 28.2, 46.8, 52.8, 127.3, 129.6, 130.6, 139.7, 

142.2, 180.6. 
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6.5.12 Conversion of phenylacetaldehyde 228 into t-butylamine phenacetate 227 

 

O
Ph

O

O

Ph
H3N

227

crotononitrile 192 (1.25 eq.)
t-butylamine 226 (1.2 eq.)

H2O (3 eq.)
PhMe, reflux, 2 h
100 % conversion

Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %) +

228

 

 

To an oven-dried, argon purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (46 mg, 

0.05 mmol) and Xantphos 124 (29 mg, 0.05 mmol) was added degassed anhydrous 

toluene (1 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution were added phenylacetaldehyde 228 

(120 mg, 117 µL, 1 mmol), crotononitrile 192 (101 mg, 123 µL, 1.5 mmol), t-butyl-

amine 226 (175 mg, 252 µL, 2.4 mmol), water (54 µL, 3 mmol) and the resultant yellow 

solution heated at 110 °C for 2 hours. On completion the reaction was allowed to cool to 

room temperature, diluted with dichloromethane, and the solvent removed in vacuo. 

Reaction conversion was determined by analysis of the peak integral ratios 

characteristic of phenylacetaldehyde 228 and t-butylamine phenacetate 227 in the 1H 

NMR spectrum of the crude reaction mixture. 
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6.5.13 Conversion of alcohol to methyl ester via carboxylate salt 

 

OH
Ph

crotononitrile 192 (2.5 eq.)
t-butylamine 226 (1.2 eq.)

H2O (3 eq.)
PhMe, reflux

i) Ru(PPh3)3(CO)H2 123 (2.5 mol %)
Xantphos 124 (2.5 mol %)

200

ii) HCl/Et2O, MeOH

O

O

Ph

202

 

 

To an oven-dried, argon purged Schlenk tube containing Ru(PPh3)3(CO)H2 123 (92 mg, 

0.1 mmol) and Xantphos 124 (58 mg, 0.1 mmol) was added degassed anhydrous toluene 

(2 mL) and the mixture heated at reflux for 1 hour then allowed to cool to room 

temperature. To the resultant deep-red solution were added 2-phenylethanol 200 (2 

mmol), crotononitrile 192 (335 mg, 407 µL, 5 mmol), t-butylamine 226 (175 mg, 252 

µL, 2.4 mmol), water (108 µL, 6 mmol) and the resultant yellow solution heated at 110 

°C for 4 hours. On completion the reaction was allowed to cool to room temperature, 

diluted with dichloromethane, and the solvent removed in vacuo. The crude product was 

diluted with anhydrous methanol (15 mL) and hydrogen chloride (1.0 M in diethyl 

ether) (5 mL) added. The reaction was stirred for 20 minutes at room temperature and 

solvents removed in vacuo. The crude product was obtained and purified by column 

chromatography (20% diethyl ether:hexane) affording methyl phenacetate 202 as a 

colourless liquid (86 mg, 57%). Analytical data were consistent with that reported in 

procedure 6.5.7. 
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