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Abstract 

This thesis describes cyclometallation at Pd, Mn and Co: functionalisation of C-H 

and CſC bonds involving cyclisation, rearrangement and isomerisation processes. 

The use of NaNO2/NaNO3 as an oxidant in oxidative Pd-catalyzed processes has 

recently been reported as a complementary co-catalyst to other common oxidants 

(e.g. Cu
II
/Ag

I
 salts). In view of this (Chapter two) the synthesis of a series of 

palladacyclic complexes containing a C^N ligand backbone, and the geometry and 

linkage isomerism at NO2-Pd, has been studied. The geometry about the Pd
(II)

 centre 

shows the crucial role played by bulky ligands in creating hindrance and affecting 

phosphine dissociation. 

Mn-catalysed C-H bond activation is a powerful strategy for the functionalisation of 

organic compounds containing metal-directing groups. Chapter three of this thesis 

reports the characterisation of a highly reactive 7-membered Mn
I
 species which acts 

as anvil point between protonation and reductive elimination to deliver alkenylated 

and/or pyridinium products respectively.  Both processes are exemplified through the 

reactions of a substrate containing a 2-pyridyl directing group and electron-deficient 

2-pyrone motif at Mn
I
, where C-H bond activation occurs regioselectively at C3 

within the 2-pyrone. An unprecedented regioselective Diels-Alder reaction also 

occurs on both the pyridine and 2-pyrone ring systems. These findings provide a 

unique insight into Mn
I
-mediated C-H bond activation processes, especially how 

relatively minor changes in substrate structure influence the product distribution. The 

study shows that Mn
I
-based metallocycles warrant further study more generally in 

organic and organometallic chemistry 

The intermolecular Pauson-Khand (PK) reactions of sterically comparable (2-

pyridylethynyl)-heteroaromatic compounds with norbornene, mediated by Co2(CO)8 

to give cyclopentenone products, were examined in Chapter four of this thesis. The 

-́deficient heteroaromatic substrate, 2-pyrone, favoured the a-position while the ˊ-

rich heteroaromatics such as 2-thiophene favour the ɓ-position. The position of the 

nitrogen in pyridyl-containing alkyne substrates also affects the regiochemical 

outcome of the PK reaction. A 2-pyridyl alkyne, possessing a proximal nitrogen 

atom, influences the regioselectivity relative to a 4-pyridyl variant, quite 

dramatically, favouring the ɓ-position in the newly formed cyclopentenone ring. 

Overall, the type of heteroaromatic group greatly influences PK regioselectivity.  

The PK cycloadducts undergo a 6́-electrocyclisationïoxidative aromatisation 

reaction in the presence of light, which is promoted by a LED UV-light controlled 

system, affording benzo[h]indeno[1,2-f]isochromene type products.  
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Chapter 1: General Introduction 

3.1 Transition metal mediated CïC, CïO and CïN bond formation 

Transition metal complexes are employed extensively as catalysts in modern organic 

chemistry, natural product synthesis, therapeutics, advanced materials and chemical 

biology. They allow the production of high value chemicals for use in manufacturing 

drugs and specialised chemicals,
1-5

 through cross-coupling reactions which are 

powerful methods for the construction of CïC, CïO and CïN bonds.
6-8

 Researchers 

have used a variety of ligand types to promote catalytic activity at Pd and high 

turnover numbers (TONs) are obtained with many phosphine ligands.
9, 10

  The 

development of metal-catalysed methods for converting sp
3
-CïH bonds (e.g. 1) into 

CïO bonds (e.g. 2), using dioxygen as a terminal oxidant, remains a grand challenge 

in organometallic chemistry
11

 (Scheme 1).   

 

Scheme 1 Typical oxidative acetoxylation reaction mediated by Pd. 

Furthermore, the use of acyl anion equivalents in the formation of CïC and or CïO 

bonds is a powerful strategy used widely in chemical synthesis.
12

 Interesting effects 

of nitrate/nitrite anions at Pd has been reported recently.
11, 13, 14

 

3.1.1 Palladium in C-X/C-H cross-coupling bond functionalisation 

Metal-catalysed cross-coupling, particularly using Pd, continues to grow, as 

evidenced by the total number of publications/patents
15

 recoded by a SciFinder 
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search (Figure 1).
15

 Pd-catalysed cross-coupling reactions comprise of one of the 

most important classes of transformations in synthetic chemistry, providing chemists 

with an exceptionally powerful tool for the construction of C-C and C-X bonds (X = 

heteroatom).
16

 These, and many related transformations, are indispensable reactions 

used widely in modern industry and academia. 

 

Figure 1 Trend in discovery and number of publications 1999, 2000, 2010 and 2014 of Pd-catalysed 

cross-coupling reactions (Based on SciFinder searches, May 2014). 

A direct CïH bond functionalisation reaction (Scheme 2) is widely attractive to the 

organic community, although it is considered to be limited by two fundamental 

issues:  

(i) the inert nature of most carbon-hydrogen bonds, and; 

(ii)  the requirement to control site selectivity in molecules that contain diverse 

CïH groups. 
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Many studies have addressed the first challenge by demonstrating that transition 

metals can react with CïH bonds to produce CïM bonds in a process known as CïH 

bond activation, which occurs by distinct mechanisms (exemplified in Scheme 2 ).
17

 

The resulting CïM bonds are far more reactive than their CïH counterparts, and in 

many cases they can be converted to new useful functional groups under mild 

reaction conditions. The latter are typically reactions conducted at or below 40 ºC, 

although it does depend on the system. 

3.1.2 Recent developments in metal CïC bond formation via CïH bond 

activation ï examples from natural product synthesis 

SuzukiïMiyaura cross-coupling remains the most widely used Pd-mediated 

reaction
18

 (Figure 1) Heck shared the 2010 Nobel Prize for Pd-catalysed cross-

coupling with both Suzuki and Negishi. Mizoroki and Heck, first reported 

functionalisation of a terminal alkene,
19, 20

 using Pd catalysts to enable reactions with 

aryl, benzyl or vinyl halides (Scheme 2). The Stille (coupling organopseudohalides 

with organotin reagents),
21-23

 Suzuki-Miyaura (coupling organopseudohalides with 

organoboronic acids),
24

 Sonogashira (coupling organopseudohalides with terminal 

alkynes),
25, 26

 Kumada-Corriu (coupling organopseudohalides with Grignard 

reagents) and Hiyama (coupling organopseudohalides with organosilanes) reactions 

are also well developed, taking advantage of the unique reactivity of Pd, usually 

shuttling between Pd
0
 and Pd

II
.
18
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Scheme 2 A timeline of cross-coupling processes 
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Sasaki and Tsukano
27-30

 examined how the Suzuki-Miyaura reaction can be used in 

the total synthesis of gymnocin A,
31-33

 using a highly complex synthetic strategy as 

highlighted in Scheme 3. The exocyclic enol ether (3A) was transformed with 9ï

borabicyclo[3.3.1]nonane (9-BBN); the resultant alkyl borane adduct was treated 

with cyclic ketene acetal phosphate (3B), under Johnsonôs conditions, to afford a 

trisubstituted enol ether product (3C) in good yield (72 %). Illustration of the 

coupling product (3C), via a cyclic ketene acetal triflate (3D) resulted in the second 

key ɓ-alkyl SuzukiïMiyaura fragment coupling reaction of an alkyl borane species, 

derived from hydroboration of the ABCD-ring exocyclic enol ether unit (3E), to give 

compound (3F) in 81 % yield. Intermediate (3F) was then used to complete of the 

total synthesis of gymnocin A 3G.
34
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Scheme 3 Intermolecular SuzukiïMiyaura coupling exemplified in the total synthesis of gymnocin A 
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Schreiber et al. used inter- and intramolecular Sonogashira reactions to prepare the 

core structure of dynemicin A (Scheme 4).
35, 36,

 
37, 38

 The potential viability of two 

different strategies to prepare the putative macrocyclic transannular DielsïAlder 

precursor 4B was investigated. In the first of these, it was proposed that the 

macrocyclic ring could be generated via a terminal alkyne and the bromide-bearing 

vinyl carbon atom in ester 3A through a Sonogashira coupling reaction (Scheme 4). 

Surprisingly, when ester 4A was treated under Sonogashira conditions in toluene, it 

was found that the DielsïAlder cycloadduct 4C was formed as a single stereoisomer 

in 25 % yield, via a transient intermediate of macrocycle 4B. The second approach 

made use of an intermolecular Sonogashira coupling between enediyne 4D and 

bromoacrylate 4E, followed by basic ester hydrolysis, to generate the corresponding 

polyunsaturated carboxylic acid with retention of the alkene geometry. When the 

acid was subjected
39

 to a Yamaguchi macrocyclisation protocol, cyclisation gave a 

lactone 4B which spontaneously participated in a transannular DielsïAlder reaction 

at room temperature to give 4C. Such cascade processes serve to highlight the utility 

and potential of the Sonogashira reaction in generating molecular complexity. 



Chapter 1: General Introduction 

31 

 

 

Scheme 4 Different uses of the Sonogashira coupling in cascade reactions en route to dynemicin A 
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3.1.3 C-H bond activation methodologies 

Pd-catalysed CïH activation/CïC bond forming reactions excel as promising new 

catalytic transformations; however, development in this field is still at an early stage 

compared to the state-of-the-art in classical cross-coupling reactions using aryl and 

alkyl halides (note: involving two substrates which are both preactivated by 

functional groups). Direct arylation reactions via CïH bond functionalisation has 

become economically attractive (Figure 2), although one should bear in mind the 

formation of stoichiometric side-products, which are not necessarily green.
40

   

 

Figure 2 Classical vs modern pathways for metal-catalysed C-H bond functionalisation 

There are typically four modes of activation for forming CïC or CïO bonds from Cï

H bonds at Pd. They use various redox couples, e.g. Pd
(II)/(0)

, Pd
(II)/(IV)

, Pd
(0)/(II)/(IV)

 and 

Pd
(II) /(III)

.
11, 13

 Each catalytic manifold offers something quite different ï Pd
IV

 is hard, 

whereas Pd
0
 is soft.  Pd

II
 can be hard or soft, although is usually consider harder than 

soft.  Pd
III

 is usually seen in bimetallic species and is likely hard too.  
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Chapter two of this thesis focuses on the synthesis of Pd
II
-nitrito complexes, which 

are of potential significance in C-H bond functionalisation. Indeed, nitrite linkage 

isomerisation and associated ligand effects, e.g. PdïNO2 Ÿ PdïONO, are interesting 

to study.
41

 This has enhanced significance, as the anionic nitrate or nitrite ligands 

offer potential as co-catalysts/oxidants in oxidative processes mediated by Pd
II
 

salts,
11, 41

 particularly when the NOx species are redox-active under the reaction 

conditions (Figure 3).
42

 

 

Figure 3 Synthesis methodology using NOx with Pd 

A variety of substrates containing both oxime ether- and pyridine-directing groups 

undergo aerobic Pd(OAc)2/NaNO3-catalysed sp
3
-CïH bond acetoxylation

42
 at sites 

adjacent to the directing group. Sanford et al. hypothesised that these 

transformations proceed via decomposition of nitrate to NO2(g), 
11

 which can lead to 

a NOx redox cycle. They reported that NO2 and 2 equiv. of AcOH react with a 

cyclopalladated intermediate to form Pd
II
 along with NO and H2O.

43
 This is followed 

by carbonïoxygen bond-formation via reductive elimination, with the NO being 

oxidized by O2 to regenerate NO2.
44, 45

 Sanford proposed that generation of NO is a 

key intermediate in this reaction (Scheme 5).  
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Scheme 5 CïH bond acetoxylation reaction reported by Sanford et al.  

PdïNO2 coordination and ñPdïNO2òŸñPdïONOò linkage isomerisation has been 

investigated within the Fairlamb group in York (Scheme 6),
41

 although other 

examples are known.
11

 

 

Scheme 6 Linkage isomerisation in a palladacycle containing a Pd
II
 centre. 

Previously a complex, Pd(OAc)2(pip)2 (where pip = piperidine), was synthesised 

within the group.
41

 The synthesis of this complex was accompanied by the surprising 

formation of Pd(OAc)(NO2)(pip)2, which also proved to be catalytically competent.
41

 

The source of the NO2 then was a mystery in this chemistry, but further investigation 

revealed that NO2 ligand came from a nitrite impurity found in commercial batches 

of Pd(OAc)2, which was able to replace one of the acetate ligands in Pd3(OAc)6 

giving Pd3(OAc)5NO2 (Scheme 7).
46

 The impurity arises from the synthesis: Pd + 

4HNO3 Ÿ Pd(NO3)2 + 2NO2 + 2H2O and Pd(NO3)2 + 2CH3COOH Ÿ Pd(OAc)2 + 

2HNO3.
41, 42
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Scheme 7 Nitrite adduct of [Pd3(OAc)5NO2]. 

The nitrite anion replaced one acetate anion bridging ligand between two Pd atoms; a 

similar process was reported by Murillo et al.,
46

 in which one acetate bridging ligand 

was replaced by H2O from the wet CDCl3 solvent used (Scheme 8).
46

  

 

Scheme 8 Water adduct of [Pd3(OAc)6·H2O] 

It is not obvious that the hydrolysis is consistent with the well-established reactivity 

of Pd3(OAc)6 toward ligands such phosphines and arsines,
47

 but recent work has 

shown that alcoholic solvents have a profound effect in a similar way to water.
48

  

3.2 Mn-catalysed cross-coupling processes  

3.2.1 Mn catalysed cross-coupling with organolithium and Grignard reagents  

Manganese was first used as a catalyst for cross-coupling reactions by Cahiez, 

Normant in 1976.
49 

They found that the homo-coupling of alkenyl lithium reagents 
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(generated in situ from alkenyl iodides and n-BuLi), gave conjugated 1,3-dienes with 

excellent E-selectivity and high yield (Scheme 9)  

 

Scheme 9 MnCl2/2LiCl-catalyzed homocoupling of alkenyllithium derivatives 

The reaction is catalysed by simple MnCl2 or MnBr2, but for preparative purposes, 

they utilised MnCl2/2LiCl was initialised. Their choice of ether as a solvent was 

crucial since more polar solvents like THF favour an undesirable alkylation of 

alkenyl iodides with n-BuLi, even in the absence of the manganese catalyst.
50

 

Daugulis reported the application of a similar
51

 synthetic protocol in the dimerisation 

of aryl and heteroaryl Grignard reagents generated
52

 in situ upon aromatic 

deprotonation with the super-base
51

 TMPMgCl/LiCl. The coupling of activated alkyl 

Grignard reagents can also be achieved with higher catalyst loadings;
51-55

 but the 

reaction suffers poor chemoselectivity
52

 (Scheme 10). 
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Scheme 10 MnCl2-catalysed homocoupling of Grignard reagents with low chemoselectivity  

3.2.2 Cross-coupling processes leading to carbon-heteroatom bond formation 

Mn-based catalysis can be effective for the amination of aryl and heteroaryl halides 9 

with a broad variety
56-59

 of nucleophiles, e.g. benzamide 10 (Scheme 11). The 

reactions work well in water, while in other polar (DMF, DMSO, THF, MeCN) or 

apolar (toluene) solvents, the yields were considerably lower.  

 

Scheme 11 Mn/Cu catalytic systems for the N-arylation of benzamide in H2O 

The presence of a chelating diamine ligand is crucial for the success of the reaction 

using MnF2 (20 mol%) or a mixed MnF2 (20 mol%)/ CuI (10 mol%) catalyst system. 

For nucleophilic heterocyclic amines such as pyrazoles, indazole and 7- azaindole, 

the reaction can be performed using MnCl2,
58

 whereas for less nucleophilic amines 

and amides the catalytic system based on MnF2 provides the best results.
56, 57,56, 60

 

Aryl bromides such as PhBr, m-ArBr, and p-ArBr can be coupled as well, giving 

similar product yields as their iodide counterparts.  
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Scheme 12 Mn-catalysed amination of aryl iodides with aliphatic amines 

3.2.3 Mn-catalysed carbonylation reactions 

Calderazzo reported a Mn-catalysed reaction of amines
61

 to give ureas and hydrogen, 

at high temperature and high CO pressure (Scheme 13). Both Mn2(CO)10 and 

MnMe(CO)5, are equally effective catalysts in heptane, showing TONs of 94 and 

102 respectively.
61

  

 

Scheme 13 Mn-catalyzed dehydrogenative carbonylation of primary alkylamines 

The most important example involves the methylene moiety of a ɓ-ketoester. The 

reaction of these substrates types affords 2-pyranones (2-pyrones)
62-64

 in good yields, 

instead of the expected tetra-substituted arenes (Scheme 14). The reaction was found 

to work well for aryl- and alkenyl-substituted terminal alkynes.
65

 

The proposed catalytic cycle begins with complex A bearing both the coordinated 

alkyne and enol form of the ɓ-ketoester (Scheme 14). It then rearranges 

intramolecularly to metallacyclopentene B, which undergoes a reductive elimination 
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liberating cyclobutenol C and regenerating A. The cyclobutenol C undergoes a ring-

opening rearrangement to give ŭ-ketoester E, followed by a sequence of base-

catalysed double bond migrations, deprotonation of F and intramolecular cyclisation 

of enolate G to give 2-pyranone H. 

 

Scheme 14 Proposed mechanism for Mn-catalysed formation of 2-pyrones 
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3.2.4 Mn-catalysed CïH bond activation processes 

Hartwig et al.
66

 reported the catalytic CïH bond activation reaction based on an 

organometallic manganese complex. The study consisted of a borylation of pentane 

and benzene with PinBïBPin, promoted by Cp'Mn(CO)3 (10%) at RT under UV 

irradiation and in the presence of CO (2 atm) to give PentBPin, and PhBPin in 36%, 

and 76% yields respectively. Later, Kuninobu,
67, 68

 reported the catalytic CïH 

activation of phenyl and alkenyl moieties bearing a directing nitrogen donor group, 

in the presence of an aldehyde and tertiary silane. The imidazole and imidazoline 

moieties were good directing groups, giving excellent yields of the silyl ethers 

products. Interestingly, Mn2(CO)10 and MnMe(CO)5 exhibited the same efficiency as 

MnBr(CO)5. More recently it was shown by Chen and Wang
69

 that MnBr(CO)5 

induces the selective insertion of terminal alkynes into the CïH bond of ortho-

phenylpyridines, in the presence of co-catalytic Cy2NH (Scheme 15). Terminal 

alkynes are considered as tricky reaction partners in CïH alkenylation reactions, due 

to their tendency to undergo competitive cyclotrimerisation to give arenes. Here, the 

reaction shows good scope and provides alkenylated products in moderate to good 

yield, with excellent chemo- and stereoselectivity. When two ortho CïH bonds are 

available, typically the less hindered site is activated selectively. 
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Scheme 15 Mn-catalysed aromatic CïH bond alkenylation using terminal alkynes 

The work by Chen and Wang led our research group to investigate the use of the 

electron-deficient 2-pyrone ring, containing a pyridyl directing group at the 4-

positions. In this context, chapter three will give details about this work, involving 

C-H alkenylation reactions of a 2-pyrone derivative containing a 2-pyridyl directing-

group at Mn
I
, including a plethora of other types of chemistry. 

3.3 Introduction to Pauson-Khand reaction 

Ihsan Ullah Khand (1935-1980), working as a postdoctoral associate with Peter L. 

Pauson,
70

 first reported the Pauson-Khand Reaction (PKR) in 1973.
71

 The reaction 

consists of a transition metal-catalysed [2+2+1] cycloaddition of an alkene, alkyne 

and carbon monoxide to give cyclopentenone (Scheme 16).
70-73

 

 

Scheme 16 Transition-mediated Pauson-Khand reaction 
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The cyclopentenone ring is an important structural unit found in natural products and 

pharmaceuticals.
74, 75

 This one-pot reaction, which can be both intermolecular and 

intramolecular, can display regiochemical preferences, depending on the substituents 

on the alkene and alkyne substrates. Despite the successes of the intramolecular 

PKR,
71 

the intermolecular PKR suffers from less predictable regioselectivity, 

especially in new substrates (Scheme 17). Here, unsymmetrical alkynes and alkenes 

give rise to various regioisomeric products. The link to the work described within 

this thesis examines intermolecular PKRs and the regiochemical outcome 

specifically. 

 

Scheme 17 Cobalt-mediated Pauson-Khand reactions  

The PKR reaction was first mediated by cobalt and this is still the most common 

transition metal used; however, PKRs can also be mediated with rhodium
76

, 

iridium
77

, iron
78, 79

, chromium
80

, molybdenum
81, 82

, tungsten
83, 84 

and palladium
85, 86

. 

This thesis focuses on intermolecular Co
0
-mediated reactions, as there are interesting 

regiochemical observations that require more detailed understanding.  

3.3.1 Mechanism of Pauson-Khand reaction 

The general PKR mechanism starts with the formation of a stable alkyne-cobalt 

complex I . A pentacarbonyl complex forms via a vacant coordination site, loses one 
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CO ligand in a reversible step which gives II . The free site reversibly occupied by 

coordination of an alkene (Scheme 18), followed by the regiochemical determining 

step through the cobaltacycle where alkene insertion occurs between cobalt and the 

original alkyne carbon, forming a five-membered ring IV .  Then, carbonyl insertion 

into the bond between the former alkene and the cobalt gives V. The next step is 

reductive elimination, in which a bond is formed between the carbonyl carbon and 

the other end of the alkyne, so that five-membered carbocycle is formed VI . The 

final step is decomplexation of the weakly-bonded cyclopentenone-cobalt complex, 

after which the PKR is complete. Several key intermediates were characterised 

within the literature by IR, UV and NMR, e.g. II
87-90

, III
91-93

 and IV
94

. 
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Scheme 18 Magnusôs Mechanism for the intermolecular PKR  
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The mechanism originally proposed by Magnus was based on general organometallic 

knowledge,
95, 96

 and supported by theoretical studies by Nakamura (Figure 4),
97

 

although the purpose of Magnusôs hypothesis was to explain the observed 

stereoselectivity of certain intramolecular reactions. Nevertheless, it fits well with 

other experimental findings. 
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Figure 4. Nakamuraôs calculated of Energies in PKR using DFT methods. These values were for acetylene as an alkyne and ethene as an alkene 
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3.3.2 Regioselectivity in the Pauson-Khand reaction 

A total of four different isomeric products are possible in the PKR ï two are related 

to the alkyne regioselectivity (R
1
 and R

2
) in Scheme 19, and two to the alkene 

regioselectivity, giving four regioisomers (racemic) in total (Figure 5). The number 

of possible stereoisomers is limited to two in this reaction mechanism, the alkene 

stereochemistry is significant, one alkene stereo-centre was used for clarity of the 

mechanism to show how alkene insertion plays a vital role in controlling selectivity. 

R +

O

RCo2(CO)8

Co Co

R

(CO) 3(CO) 3

alkene cis

to bulkier

alkyne group 

disfavored

alkene trans
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Figure 5 PKR regioselectivity regarding alkene insertion vs. steric effect 
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The alkene substituents R
3
 and R

4
 (Scheme 19) are on the same side of the ring. 

Choosing a symmetrical alkene starting material limits the possible isomeric 

products. However, regioselectivity is often a problem for synthetic applications of 

PKR and a great effort has gone into predicting and controlling the selectivity 

(Scheme 19). The regio and stereochemical outcome of the intermolecular PKR are 

substrate-controlled. The intermolecular reaction has been less exploited, mainly 

because of the small range of reactive alkene partners (Scheme 19).
98

 

 

Scheme 19 Intermolecular Pauson-Khand reaction 

3.3.3 Significance of alkene regioselectivity in intermolecular PKRs 

Gimbert and co-workersô study, examining the reactivity of alkenes in the 

intermolecular PKR,
98, 99

 showed good reactivity for cyclohexene, cyclopentene and 

norbornene towards the intermediate hexacarbonyldicobalt(0) complex of 1-propyne. 

The reactivity of the alkenes is related to the extent of ˊ-back donation of electrons 

from the d orbitals of the cobalt atom to the ˊ*-orbital of the alkene (Figure 6).  

 

Figure 6 Alkene reactivity in the intermolecular PKR 
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The favourable back-donation from Co
0
 to the alkene is due to the highest 

energy occupied molecular orbital and lowest energy unoccupied molecular orbital 

interaction (HOMO-LUMO interaction) respectively.  The greater the back-donation, 

the higher the reactivity ï a low energy LUMO gives rise to a lower energy barrier 

for PKRs.
98, 99

 The frontier-leading molecular orbitals are shown for the simplest 

alkene in Figure 7. 

 

Figure 7 HOMO-LUMO orbital interaction of a transition metal d-orbital with ethene 
99

 

An important property of the ethene molecule, and alkenes in general, is the 

existence of a high barrier to rotation about the C=C bond.  

3.3.4 Competition between steric and electronic factors 

The reported regiochemistry in a number of different systems is a complex issue, 

especially for intermolecular PKR. The dividing line between complete selectivity 

and non-selective reaction can be quite thin, depending on four variables: alkene 

reactivity, alkyne chemical structure (steric vs. electronic), CO insertion and the 

metal used (relating to ˊ-back donation). Several research groups have been aiming 

to address these issues.
100-107

 As can be seen from Scheme 20 and Scheme 21, the 

electron-withdrawing ester group typically occupies the ɓ-position in products 

employing internal disubstituted alkynes.
107
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Scheme 20 Norbornene effect on the regioselectivity which is completely selective, despite the 

sterically hindered group (example 1) 

If the methyl group is changed to a strongly electron-withdrawing and sterically 

similar trifluoromethyl group (Scheme 21), the reaction outcome still remains the 

same.
108

 For electronic reasons the trifluoromethyl might prefer the ɓ-position. 

However, the electron-withdrawing ester group (by mesomeric effects) again prefers 

to go into the ɓ-position, placing the electron-withdrawing CF3 group (by inductive 

effects) into the Ŭ-position (Scheme 21).  

 

Scheme 21 Norbornene effect on the regioselectivity which is completely selective, despite the 

sterically hindered group (example 2) 

Riera et al.
107

 have run a series of experiments (Scheme 22), varying the alkyne 

substituents. In reactions with NBD, the reaction was completely regioselective 

giving the product with a trifluoromethyl group in the Ŭ-position. On the other hand, 

Konno et al.
106

 reported another set of experiments, where regioisomeric mixtures of 

cyclopentenones Ŭ- and ɓ-products formed. The reaction conditions for both 

experiments were close to each other, the main differences being the alkenes and 

solvents used (NBD vs. NBN and toluene vs. DCE, respectively) and the 
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temperature (70 °C vs. 84 °C). The reason for this unexpected difference in results is 

not obvious, but it might indicate that the more reactive NBD is, for some reason, 

affecting the regioselectivity outcome than NBN. This may be due to mono- versus 

bi-dentate coordination of NBN and NBD to Co
0
 respectively.  

 

Scheme 22 Summary of two reported studies probing the effect of alkene substituents in reactions of 

trifluoromethyl-substituted internal alkynes with norbornene and norbornadien. 
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3.3.5 Regiochemistry determination with sterically near-equivalent alkynes 

The examples above showcase the competition between steric and electronic factors 

and how they influence regiochemistry ï clearly it is difficult to predict. In order to 

gain more information about the electronics guidance, the steric effect has to be 

minimised. A few studies with sterically equivalent or near-equivalent diarylalkynes 

have been reported. For example, Fairlamb et al.
104, 105, 109

 reported PKRs of 

heteroaromatic diarylalkynes, with interesting results.  To be critical, these results 

could not be fully explained by the electronic properties of the alkynes alone. The 

alkynes were classified by the types of heteroaromatics tested, e.g. as ˊ-deficient (iv-

ix, Scheme 23) or ˊ-excessive (i-iii and x-xii , Scheme 23). All ˊ-deficient 

heteroaromatics preferred the ɓ-position, but results varied with alkynes having 

-́excessive substituents. It was suggested that, aside from steric and electronic 

effects, that dynamic ligand effects and stabilisation provided by the aromatic or 

heteroaromatic group might subtly influence the regiochemical outcome of 

intermolecular PKR. This will be elaborated upon within Chapter 4. 
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Scheme 23 PKRs of heteroaromatic diarylalkynes reported by Fairlamb et al.
105 

 

Gimbert
103

 led a computational DFT study on the alkyne-dicobalt hexacarbonyl 

complexes
103

  to probe whether electronic differences in the acetylenic substituents 

could affect the regiochemistry of the PKR (Scheme 24). This provides an 

alternative to the ñsteric effectò for mechanistic interpretation of this important 

aspect of the PKR.  For example, the ethyl benzoate group was found exclusively in 

the ɓ-position of the newly-formed cyclopentenone.
58

 The dichotomy between steric 

vs. electronic effects is still a subject of debate, which makes regiochemical 

predictions still difficult. 
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Scheme 24 Formation of one regioisomeric product.  

3.4 PKR/6-́electrocyclisation/aromatisation reactions 

Electrocyclisation, a subclass of pericyclic reactions, enable the formation of a ring 

system from an open-chain conjugated system, 
110

 with a ů-bond forming across the 

ends of a conjugated system on both sides.
111

 Intramolecular 6ˊ-electrocyclisation of 

the PKR product of various heteroaromatic systems provided the stimulus for this 

part of the project (Scheme 25).
104

 

 

Scheme 25 6-́electrocyclisation/oxidative aromatisation reaction 

Electrocyclisation reactions
109

 can occur thermally or photochemically, via two 

possible modes known as conrotatory and disrotatory.  The simplest examples of 

photochemical electrocyclisation are illustrated in Scheme 25. 
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3.4.1 Examples of orbital symmetry and torquoselectivity in 6ˊï

electrocyclisations  

The WoodwardïHoffman rules were put forth over a series of publications in 1965, 

the first of which concerned itself with the stereochemistry of electrocyclic reactions, 

and the landmark synthesis of vitamin B12.
110

 Orbital symmetry rules state that the 

ground state of the HOMO controls the key bond forming steps of the reaction, thus 

the terminal substituents during a thermal 6ˊ-electrocyclic reaction move in a 

disrotatory manner (Scheme 26).
112

  

 

Scheme 26 Thermal vs photochemical induced cyclisation 

Orbital symmetry rules predict that the thermal 6ˊ-electrocyclisation is disrotatory, 

while the photochemical process is conrotatory (Scheme 26); thus two modes of 

disrotation exist for all thermal 6ˊ-electrocyclisations.
111
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3.5 Project Aims and Objectives 

3.5.1 Aims  

The focus of the thesis is split principally into three parts.  The first aim is to 

synthesise Pd
II
-nitrito compounds, which are of potential relevance to catalytic CïH 

bond functionalisation reactions. The second aim is to examine Mn-mediated CïH 

bond alkenylation of substrates containing a 2-pyrone moiety with a pyridyl 

directing group.  The third aim of the project is to further examine the 

regioselectivity in selected intermolecular Co-mediated PKRs (PKR). A follow-on 

aim is to examine the light-induced 6́-electrocyclisation/oxidative aromatisation 

reactions of the PKR cycloadducts. A common thread throughout the whole thesis is 

the use of 2-pyrone ring systems and pyridyl directing groups, and their reactions 

and coordination to Mn, Co and Pd.   

3.5.2 Objectives 

The following objectives underpin the content of this thesis: 

I. To examine the reactivity of directed CïH bond activation by reaction of 

Pd(OAc)2 with 2-benzyl- and 2-phenyl-pyridines (Chapter 2). 

II.  Prepare and characterise palladacyclic complexes containing NO2 ligands and 

establish nitrite linkage isomerisation at Pd
II
 (Chapter 2). 

III.  To study the reactivity of a 2-pyrone-containing pyridyl group as a substrate 

for Mn-mediated CïH bond functionalisation (Chapter 3). 

IV.  To examine secondary reactions from Mn-mediated CïH bond 

functionalisation processes, e.g. pyridyl fragmentation and Diels-Alder 

reactions of the 2-pyrone derivatives (Chapter 3). 
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V. To examine the regioselectivity in Co-mediated intermolecular PKRs, 

specifically the role of a pyridyl moiety and related heteroaromatic ring 

systems (Chapter 4). 

VI.  Investigate the 6́-electrocyclisation/aromatisation of PKR cycloadducts 

mediated by light (400 nm) and air (Chapter 4).   
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4 Chapter 2: Synthesis and Characterisation of 

Cyclopalladated C^N Complexes  

4.1 Introduction  

Most Pd-catalysed mediated cross-coupling reactions require pre-functionalised 

carbon atoms in the organic substrate.
13

  These functional groups are usually 

halogens or oxygen-containing (Scheme 27),
14

 the challenge for direct CïH 

functionalisation is site-selectivity as there are usually many different CïH bonds in 

a single organic molecule. For this purpose, Pd
II
 complexes with m

2
-acetate-bridged 

ligands, were prepared from 2-phenylpyridine, 2-benzylpyridine and 4-(2'-pyridyl)-

6-methyl-2-pyrone, in all cases acting as the C^N ligand backbone of the 

cyclopalladated derivatives, e.g. 60.  

 

Scheme 27 Potential products from the reaction of (a) benzene with Pd/O2/NOx and (b) [Pd]-NO2 for 

acetoxylation/nitration
14
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The pyridyl moiety serves as a directing group for Pd to harness the challenge of 

directing functionality at the ortho-C-H bond. Two of the key aims of this chapter 

are to understand the effect of phosphine substituents on the regio- and linkage 

isomerisation of PdïNO2/PdïONO complexes ï a fundamental study will pave the 

way for studying whether PdïNO2 species are present and active in oxidative CïH 

bond functionalisation processes.
41

 If the geometry of the óPd(C^N)Xô complexes 

with nitrite ligands does influence the reactivity, then their independent synthesis and 

characterisation could be important in defining a more specific role for the redox 

active ligands in catalysis. With this in mind, novel Pd
II
 complexes were prepared as 

part of this chapter. Also, within this chapter the effect of bulky phosphine 

substituents within the Pd
II
-nitrite dimer complexes containing 2-phenylpyridine 

have been examined.  

4.1.1 m2
-Acetate-bridged palladacyclic complexes of 2-phenylpyridine  

Pd
II
 complexes with acetate bridging ligands were prepared using 2-phenylpyridine 

as the C^N ligand. Cyclopalladated complexes were isolated in good yields via the 

reaction pathway shown in Scheme 28. Katsuma and co-workers
113

 demonstrated 

that similar syntheses of cyclopalladated derivatives proceed in good to excellent 

yields. The m
2
-acetato-bridged dimer 62 was prepared by the reaction of 2-

phenylpyridine with Pd(OAc)2 in acetic acid. An NMR study suggests that both syn- 

and anti-geometrical isomers are formed (Figure 8). 
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Scheme 28 Synthesis of palladacyclic complexes of 2-phenylpyridine 

The syn and anti-isomers are inseparable by conventional chromatographic methods, 

even though isomer 62B is only present in a small quantity; both isomers 62A and 

62B could be catalytically competent species. This was not elaborated upon in the 

work reported by Sanford and co-workers, who proposed a mechanism for the 

acetoxylation reaction (Scheme 29).
13  

 

Figure 8 Aromatic region of some 
1
H NMR spectra containing a mixture 62A and 62B 

The 
1
H NMR spectra shows that the pyridine ring within 62 is a useful diagnostic 

tool when distinguishing between 62A and 62B (Table 1). The proton Ŭ- to the 
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nitrogen atom in 62B is deshielded by 0.15 ppm with respect to its equivalent proton 

in 62A. In fact, with the exception of the phenyl moiety and methyl of the acetate 

bridge, all the protons of the pyridyl moiety in compound 62B are more deshielded 

compared to 62A (the proton attributes were confirmed by 
1
H COSY). The aromatic 

protons within the two isomers 62A and 62B appear in a similar chemical shift range 

(6.80 - 6.95 ppm) as shown in Table 1 and Figure 8; changing from trans 62B to cis 

62A causes an upfield shift of ca. 0.13 ppm.  

Although the geometrical isomerism has no effect when 62A/62B is transformed 

from a dimeric palladacycle in to a monomeric palladacycle, it is well established 

that a palladium-nitrogen (c.a Å = 1.985) bond is longer than a palladium-carbon 

bond (c.a Å = 1.855) in this type of C^N palladacycle system,
114

 which explains why 

the proton chemical shifts of the pyridyl system are so diagnostic (Figure 8).  
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Table 1 Comparison of selected 
1
H NMR shifts for compounds 62A and 62B 

 

Position Compound (62A) ŭ 

ŭ/ppm 

Compound (62B) 

ŭ/ppm 

ȹ / ppm 

6 7.87 8.02 0.15 

4 7.37 7.51 0.14 

3 7.08 7.2 0.12 

6ô 6.67 6.71 0.04 

Note: multiplets are given by a centre point average; NMR standard is residual 

CD2Cl2. 

Efficient synthetic methods have been developed for ligand-directed CïH 

oxygenation in identical palladacyclic complexes (Scheme 29). The transformations 

generally involve reaction with oxidants such as IOAc,
11

 PhI(OAc)2,
115

 or 

Oxone®.
116

 However, formation of stoichiometric quantities of by-products means 

that there is a requirement for expensive or non-commercial reagents ï poor atom 

economy has suppressed the use of these methods in large scale production. The 

ideal method is the use of O2 as the oxidant, especially from an atom economy 

perspective. The mechanism of Pd-catalysed CïH oxygenation, with acetate-

bridging Pd species, has been explored in detail by Sanford and co-workers.
1, 6 
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Scheme 29 Pd
II I

/Pd
IV

 species implicated in acetoxylation reactions starting at Pd
II
 

4.2 Nitrido  palladacyclic complexes of 2-phenylpyridine 

The main aim of this chapter was to synthesise novel nitritoïcyclopalladated 

complexes with sterically bulky phosphine ligands, enabling steric effects relating to 

nitrite linkage isomerisation to be studied. In view of this, a series of novel Pd-nitrite 

complexes were synthesised, following the literature procedures.
11,114,115

 The 

chloro-dimer was synthesised according to the method described by Hiraki et al.,
113

 

which involved treatment of 62 with an excess of lithium chloride to afford the 

insoluble chloride-bridged Pd dimer 66.
113

 This was then converted to the phosphine 

monomer 67 via addition of triphenylphosphine, and followed by reaction with silver 

nitrite to form compound 60 in excellent yield (Scheme 30). 
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Scheme 30 Synthesis of novel Pd
II
 nitrito complexes of 2-phenylpyridine and different nitrite 

geometries 

All the complexes prepared have been studied by electrospray ionization (ESI-MS) 

or liquid injection field desorption ionization (LIFDI-MS), infra-red (IR) and nuclear 

magnetic resonance (NMR) spectroscopic analysis (Table 2). An NMR study 

suggested the phosphine ligand has a profound effect on coupling with the proton of 

the C^N backbone ligand in the palladacycle owing to dramatic change on 

J-coupling splitting pattern. The JHP-coupling splitting patterns were diagnostic for 

the proton Ŭ to nitrogen within the pyridyl moiety (Figure 9).  
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Figure 9 Phosphorus coupling/de-coupling 
1
H NMR effect on monomeric palladacycle containing 

phosphine ligand 

Resolution enhancement by free induction delay (FID) modification allows the 

multiplicity of the peaks to be seen ï here, a sine-bell apodisation function was 

employed. An example of the effect of their peaks is shown in Figure 10. The two 

stacked 
1
H NMR spectra, showing the 

31
P coupled and decoupled result gave a clear 

indication of the effect of phosphorus. 
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Figure 10 Sine-bell enhancement of 
1
H and 

1
H{

31
P}  NMR spectra effect on complex illustrating the 

a-N resonance of 67 (red 
1
H{

31
P} ï green 

1
H) 

4.2.1 Geometry and linkage isomerism in PdïNO2 and PdïONO species 

Following a successful synthesis of the novel nitrito cyclopalladated complex 60 a 

crystal suitable for X-ray diffraction was grown from a solution of dichloromethane 

with petroleum ether as the anti-solvent. The single crystal structure obtained is 

displayed in Figure 11. The crystal structure confirmed that the nitrite ligands 

occupy a coordination site trans to the PdïC bond. A mixture of PdïNO2 and Pdï

ONO isomers were evident. The bond lengths (Å) and bond angles (º) are all in 

agreement with those typical for complexes of this type. 
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Figure 11 Single crystal X-ray diffraction structure of complex 60 

Hydrogen atoms omitted for clarity. Thermal ellipsoids shown with probability of 50%. (left; a 

mixture of N- and O-bonded NO2 forms.) and (right; N-bond structure only shown for 

clarity). Selected bond lengths (Å); Pd(1) ï C(11) 2.0083(18), Pd(1) ï N(1) 2.0666(15), Pd(1) ï P(1), 

Pd(1) ï O(1) 2.1227(17), Pd(1) ï N(2A) 2.2200(2) 

Previously the Fairlamb group worked on a similar complex with a different C^N 

backbone,
41

 showing that when the complex is exposed to light (400 nm) 150 K, a 

1:3 mixture of Pdïɖ
1
-NO2 and Pdïɖ

1
-ONO linkage isomers of Pd(ɖ

1
-

ONO)(C^N)PPh3 (C^N = papaverine) converted fully into the Pdïɖ
1
-ONO species.

3
 

Irradiation of 60 revealed that only isomer remained, which supported the idea that 

linkage isomerisation in this type of complex is temperature and light dependent. 

This was further studied by Raithby et al.,
117

 who examined the nitro/nitrito 

photomediated linkage isomerisation of [Ni(dppe)(ɖ
1
-ONO)Cl].

117-119
 

 

4.2.2 Geometry and linkage isomerism in PdïNO2 and PdïONO species ï a 

theoretical perspective 

An independent study was carried out within the Fairlamb group
41

 in order to 

ascertain the stability of the PdïNO2 or PdïONO forms of the nitrite ligand and the 

geometry of the nitrito palladacycle complexes by DFT. For these complexes to 
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function as precatalytic species, their cis/trans geometry and the preferred linkage 

isomerism of the nitrite ligand could be of great importance. In a catalytic system, it 

is anticipated that the nitrite ligand could undergo reductive elimination, along with 

an organic substrate, to form a CïNO2 or CïONO contains products, the ratio of 

these products could be determined by the relative geometry of the PdïC and Pdï

NO2/ONO bonds; typically the two anionic ligands would need to be cis- to each 

other to form a product via a concerted reductive elimination process. The stability 

of PdïNO2 or PdïONO species could determine whether the ligand is likely to be 

involved in reductive elimination or act as a spectator ligand. The density functional 

theory (DFT) were computed by Dr. Jason Lynam in York, the purpose being to 

determine single point energies at 298 K for the O-bound and N-bound isomers of 

[Pd(C^N)(NO2)PR3], where C^N = 2-phenylpyridine, 2-benzylpyridine and PR3 = 

PPh3. Calculations were also performed on cis- and trans-isomers. The Gibbs free 

energies of each substituent at the pbe0/TZVPP level of theory are shown in Figure 

12.
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wŜƭŀǘƛǾŜ ŦǊŜŜ ŜƴŜǊƎƛŜǎ όɲ9ύ ŀǘ 
TZVPP /kJ mol-1 

n = 0 1 

N-bound 
isomer 

0 0 

O-bound 
isomer 

-1 +13 

 

 

wŜƭŀǘƛǾŜ ŦǊŜŜ ŜƴŜǊƎƛŜǎ όɲ9ύ ŀǘ 
TZVPP /kJ mol-1 

n = 0 1 

N-bound 
isomer 

+15 +17 

O-bound 
isomer 

+44 +48 

Figure 12 Single point energies of complexes of the type [Pd(Ligand)(NO2)PPh3]  

These values suggest that in any species that is set-up for reductive elimination, the 

nitrite ligand would be likely to be bound through the nitrogen atom. For this 

geometry, the DFT results showed that the difference in free energy between O- and 

N- bound forms of the complex is negligible. For the trans-isomer, as the length of 

the alkyl linker, and therefore the steric bulk of the C^N ligand, increases, the O-

bound isomer was found to increase in energy.  

This suggests that the N-bound form of the nitrite ligand has less steric clash with the 

neighbouring ligands, and therefore is preferred over the O-bound when a bulky C^N 

ligand is present (Figure 12). However, the lower energy forms of complex 60 

contain a nitrite ligand which is trans- to the PdïC bond. Therefore the likely-hood 

for complex 60 to participate in catalytic C-H bond activation is hindered by the 
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geometry it possesses (Figure 11). A series of related Pd(ɖ
1
-ONO/NO2)(C^N)PR3 

were synthesised to ascertain the effect of the ligand substituent.  

Pd(OAc)2 was added to the C^N ligand in the presence of LiCl. Subsequently the 

phosphine and nitrite were added according to Scheme 31.  

 

Scheme 31 General synthetic pathway to novel Pd
II
 nitrito complexes of 2-phenylpyridine 

Although nitrite chemistry is under investigation for its role in catalysis
11, 41, 42, 117-120

 

as well as anthropogenic toxicity,
121, 122

 their coordination with N^C bound Pd has 

received less attention, which has caught the attention of the Fairlamb group in 

York.
41, 42

 

Table 2 summarises the novel palladacycles synthesised in this study. Changing 

phosphine from a less sterically hindered to more bulky / sterically hindered 

phosphine proved to not change the nitrite linkage isomerisation, studying these 

complexes by single crystal diffraction reveals unusual structural changes in 

complexes 74a and 74b (Figure 13 and Figure 14), which result from the elimination 

of the bulky phosphine (PPh2Cy and PPh2(t-Bu)) and transformation into dimeric 
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complexes containing m
2
-NO2 bridging ligand. The effect of phosphine substituents 

on the nitrite palladacycle is therefore significant as revealed in Scheme 33.  

 

Scheme 32 Synthesis of novel nitrite palladacycles containing 2-phenylpyridine 
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 Table 2 Physical properties of complexes 60 and 67-73 2-phenylpyrine palladacycles (dimers to monomers)  

 

Compound L 1 L 2 M.P / 
o
C C:H:N (cal. / observed) MS m/z Yield (%)  

67 PPh3 Cl 220ï223 62.38:4.15:2.51 / 63.03:4.71:2.62 558.99 95 

60 PPh3 NO2 215ï216 61.23:4.07:4.92 / 65.63:4.32:2.69 588.90 96 

68 PPh2Cy Cl 172 ï 173 61.71:5.18:2.48 / 62.23:5.33:2.50 564.10 99 

69 PPh2Cy NO2 195ï196 60.58:5.08:4.87 / 65.81:5.50:2.69 574.08 99 

70 PPh2(t-Bu) Cl 160 ï 161 60.24:5.06:2.60 / 61.13:5.44:3.01 538.11 94 

71 PPh2(t-Bu) NO2 163ï167 -- 548.07 99 

72 P(n-Bu)3 Cl -- -- 497.12 >99 

73 P(n-Bu)3 NO2 -- -- 508.17 >99 

Some of the experimental CHN values were found to be outside of the error limits of the calculated values, which may be 

due to the presence of CH2Cl2 in the samples. 
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4.2.3 Metastable Pd(ɖ1
-ONO)(C^N)PR3 and an unusual Pd dimer structure 

(C^N = ligand) 

Raithby  and co-workers
117, 119

 studied similar low temperature, single crystal 

photocrystallography, suggesting that similar square planar complexes can be formed 

e.g. [Ni(PEt3)(NO2)2], [Pd(PPh3)2(NO2)2] and [Pd(AsPh3)2(NO2)2]. In their Pd 

complexes, the two nitro groups adopt a trans-configuration at the metal centre. 

Upon irradiation with UV light, at 100 K, photoisomerisation of ɖ
1
-NO2 nitro to the 

ɖ
1
-ONO nitrito form occurs. Under the same experimental conditions, 

[Pt(PPh3)2(NO2)2] showed no isomerisation. Based on these experimental details, our 

study suggests that complexes 69 and 71 dimerised via phosphine loss at low 

temperature (Scheme 33). 

 

Scheme 33 Metastable Pd(ɖ
1
-ONO)(C^N)PR3 and an unusual Pd

(II)
 dimer structure 

In order to transform from the ɖ
1
-NO2 to the ɖ

1
-ONO nitrito complex, a lone pair of 

electrons on the nitrogen atom replaces the bulky phosphine according to Scheme 

34. Such transformation occurred only in complexes containing PPh2Cy (Figure 13) 

and PPh2(t-Bu) (Figure 14). The complex, containing the PPh3 ligand, gave the 

expected monomeric palladacycle linkage nitrite isomer (Figure 11).  
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Scheme 34 Effect of bulky phosphine on nitrito cyclopalladated complexes containing phenylpyridine 

open crystallisation  

The crystal structures of the monomeric and dimeric palladacycles 60 and 68-71 

(Scheme 32) have been unequivocally proven by X-ray diffraction studies example 

Figure 13 and Figure 14. The monomeric N^C palladacycles having monophosphine, 

chloro and or nitrite ligands 60 and 67-73 (Table 2) were initially studied by NMR 

spectroscopic analysis, which confirmed their expected structure in each case 

(Scheme 32, Table 2).  NMR also confirmed the formation of 74 (Scheme 34, Figure 
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13 and Figure 14). It is important to note that these complexes only formed during 

the process of growing crystals at low temperature (Scheme 34, Figure 13 and Figure 

14). For X-ray crystallographic analysis, complex 74 is described as 74a and 74b 

(different crystals from the separate reactions detailed above), as there is marginal 

increase in all bond lengths (Å), along with a decrease in bond angles (ę), although 

these can be considered within error.  

 

Figure 13 Single crystal X-ray diffraction structure of complex 74a; Hydrogen atoms removed for 

clarity. Thermal ellipsoids shown with probability of 50%. Selected bond lengths (Å); Pd(1)ïC(1) 

1.972(4), Pd(1)ïO(3) 2.173(3), Pd(1)ïN(1) 2.017(3), Pd(1)ïN(3) 2.034(3), Pd(1)ïPd(2) 2.9802(5), 

Pd(2)ïC(12) 1.964(4), Pd(2)ïN(4) 2.027(3), Pd(2)ïO(1) 2.172(3), Pd(2)ïN(2) 2.024(3) 
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Figure 14 Single crystal X-ray diffraction structure of complex 74b; Hydrogen atoms removed for 

clarity. Thermal ellipsoids shown with probability of 50%. Selected bond lengths (Å); Pd(1)ï

C(1) 1.964(3), Pd(1)-N(1) 2.016(2), Pd(1)ïN(3) 2.033(3), Pd(1)ïO(3) 2.172(2), Pd(1)ï

Pd(2) 2.9707(4), Pd(2)ïC(12) 1.962(3), Pd(2)ïN(2) 2.012(2), Pd(2)ïN(4) 2.037(2), Pd(2)ï

O(1) 2.184(2). 

Upon re-dissolving the crystal submitted for X-ray diffraction study, an unusual 

structure was ascertained in deuterated solvents and also in solid state NMR, in both 

cases the phosphine ligand was found to be in the complexes. These presumably 

dissolve the entire sample in phosphine and equilibrate the sample and phosphine in 

solution. However the crystal structure of chloro-monomers of this type of product 

did not deviate from that expected (Figure 15). 
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Figure 15 Single crystal X-ray diffraction structure of complex 70 showing two molecules (left ï 

single molecule and right ï showing the two independent molecules in the unit cell). Hydrogen atoms 

omitted for clarity. Thermal ellipsoids shown with probability of 50%. For selected bond lengths and 

bond angles see Table 3 page 78. 

Table 3 summarises the X-ray crystallographic data of these palladacyclic 

complexes. They adopt square planar geometries around palladium with the 

phosphorus atom trans to the donor N atom. The angle PïPdïN bond angle in the 

nitrite isomer of 60 is 176.36(5)º, while that for the corresponding complex 70 is 

171.57(4)º. This suggested that the nitrite containing complex distorts the square 

plane less than the chloride counterpart. However the PdïN bond length 70 

2.0982(15) Å is longer compared to 2.0666(15) Å of complex 60. As expected, 

complexes 74a and 74b (nitrite dimer) show a dramatic increase in the NïPdïX 

bond angles and a decrease in the OïPdïX bond angles, when compared to 60.
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Table 3 Selected bond lengths (Å) and bond angles (º) for complexes 60, 70, 74a and 74b 

Lengths/Angles 60 (ijsf1213) 70 (ijsf1219) 74a (ijsf1225) 74b (ijsf1226) 

Pd-C Å 2.0083(18) 2.0183(18) 1.972(4) 1.964(3) 

Pd-P Å 2.2447(5) 2.2846(5) 2.173(3)* 2.172(2)* 

Pd-N Å 2.0666(15) 2.0982(15) 2.017(3) 2.016(2) 

Pd-X Å 2.22(2) 2.3891(5) 2.034(3) 2.012(2) 

Pd-Pd Å -- -- 2.9802(5) 2.9707(4) 

C-Pd-N º 81.49(7) 81.13(7) 81.62(15) 81.85(10) 

C-Pd-P º 95.03(5) 92.57(5) 173.32(14)* 176.86(9)* 

C-Pd-X º 162.2(5) 170.15(5) 95.81(15) 94.45(11) 

P-Pd-N º 176.36(5) 171.57(4) 94.11(13) 95.02(9) 

P-Pd-X º 91.0(5) 96.842(16) 88.45(13)* 88.69(9)* 

N-Pd-X º 92.0(5) 89.77(5) 177.43(14) 176.04(10) 

C-Pd-Pd º -- -- 112.17(11) 117.20(8) 

X = Cl for 70; X = N for 60, 74a and 74b; * = (ligand change from Pd-P Ÿ Pd-O in 74a and 74b) 
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4.3 Palladacyclic complexes of 2-benzlpyridine 

An acetate-bridged cyclopalladated complex of benzylpyridine, 76 

[(Pd(OAc)(N^C)]2, was obtained by reaction of benzylpyridine 75 with Pd(OAc)2.
113

 

A chloro-bridged analogue 77, [PdCl(N^C)]2, formed by metathetical reaction of the 

ɛ
2
-acetato-bridged complex with LiCl, undergoes a bridge-exchange reaction to form 

77. Whereas treatment of 75 directly with PdCl2 in methanol yielded only 

mononuclear complex 78 (Scheme 35). 

 

Scheme 35 Synthesis of cyclopalladated 2-benzylpyridine complexes 

These Pd complexes were characterised by means of elemental analysis, IR and 

NMR spectroscopy. NMR study reveals that the acetato-cyclopalladated-bridged 

complex 76 prefers a higher energy boat conformation rather than a chair 

conformation, an observation reported by Hiraki and co-workers, who studied the 

geometry of these types of complexes
113

 with different substituents (Figure 16).  
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Figure 16 Geometry of cyclopalladation of 2-benzylpyridine  

 

4.3.1 Geometrical aspects of the Pd complexes 

NMR spectroscopic analysis suggested two isomers were present for complexes 76, 

A and B, with A being the major isomer. In consideration of the two coordination 

planes in an acetato-bridged cyclopalladated dimers which possess two mutually cis 

acetato ligands, 76 was expected to adopt two configurations A and B (Figure 16). 

The mixture of 76 was simplified by addition of deuterated pyridine (C5D5N) in 

CD2Cl2, giving the mononuclear cyclopalladated complex [Pd(OAc)(N^C)(C5D5N)] 

80 only (Scheme 36). This simplifies the NMR spectra as only one isomer is seen 

where the pyridine nitrogen of the cyclopalladated ligand and pyridyl donor ligand 

assume to be are mutually trans. One isomer was only observed for 80, as evidenced 

by the simplified proton signals within the 
1
H NMR spectra (Figure 17, page 82).  
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Scheme 36 Synthesis of palladacycles of 2-benzylpyridine containing a pyridine ligand 
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Figure 17 Comparison of 
1
H NMR spectra of 76A/B (positive spectra) and 80 (negative spectra) at (400 MHz, CD2Cl2). I- the negative spectra the protons of the pyridiyl 

group are highlighted 
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A similar acetate bridged complex was synthesised using 4-(2'-pyridyl)-6-methyl-2-

pyrone as the N^C backbone. Reaction of PdCl2 with a two-fold excess of 2-

benzylpyridine, in refluxing methanol, yielded 68 (Scheme 35, page 79), and the 
1
H 

NMR spectra of this complex suggested two isomers, present in an equimolar 

mixture. Hiraki and co-workers postulated that this is associated with the quenching 

of the rotation about the two bulky N^C ligands, about the Pd-N bond. 

4.4 Palladacyclic complexes of 4-(2-pyridyl )-6-methyl-2-pyrone  

4-(2'-Pyridyl)-6-methyl-2-pyrone 81 was prepared by Negishi cross-coupling in an 

excellent yield (Scheme 37). This provides a more bulky (N^C) ligand with respect 

to 2-phenylpyridine 18. Treatment of 81 with PdCl2 in methanol does not give a 

monomer complex 86, but rather gives chloro-bridged dimer complex 83. Refluxing 

ligand 81 with Pd(OAc)2 yielded acetate-bridged dimer complex 82, present as four 

possible isomers. Treatment of 83 with triphenylphosphine allowed the formation of 

monomeric palladacycle 84.  Dissolving 83 in deuterated pyridine at room 

temperature for ca. 5 min., gave complex 85. 
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Scheme 37 Synthesis of cyclopalladated 4-(2'-pyridyl)-6-methyl-2-pyrone complexes 

These complexes were characterised by MS (LIFDI and ESI) and NMR. The NMR 

spectra of complex 82 proved to be four different geometrical isomers (Scheme 38). 

The remaining proton of the 2-pyrone moiety in complex 82 is indicative when 

following the transformations between 82A, 82B, 82C and 82D by NMR (Scheme 

38). It appears that both C3 and C5 protons have been activated by Pd
II
 in these 

reactions. 
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Scheme 38 Possible syn / anti vs C3 / C5  isomers of 82 

This is illustrated by 
1
H NMR spectra in Figure 18 to support the structures proposed 

in Scheme 38, where the proton chemical shift at ŭ 5.95 (s, 1H) and 5.65 (s, 1H), 

correspond to C3 of 82B and 82D, whereas proton chemical shift at ŭ 5.79 (s, 1H) 

and 5.56 (s, 1H) correspond to C5 of 82A and 82C.respectively. This was further 

supported by COSY spectroscopy which confirmed the presence of four sets of 

protons Ŭ- to nitrogen in the pyridyl moiety. These correspond to the protons on each 

aromatic ring of the pyridyl moiety. These appear at proton chemical shift ŭ 8.54, 

8.52, 8.29 and 8.22 (Figure 18).   
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Figure 18 NMR spectroscopic analysis of complex 82 (400 MHz, CDCl3) ï inset (top right) is the 
1
H COSY spectra
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For compound 85, crystals suitable for X-ray diffraction were grown by layering a 

solution of 83 in deuterated pyridine d6; the single crystal structure is displayed in 

Figure 19. This confirmed that chloride occupies the coordination site trans- to the 

PdïC bond. 

The bond distance for a similar complex 70 was directly compared with 85 (Figure 

19). The Pd(1)ïC(1) bond in 85 was 1.9931(18) Å, which is shorter than the same 

bond within 70, 2.0183(18) Å.  Similarly, the Pd(1)ïN(1) bond in 85 was 2.0353(16) 

Å, slightly shorter than 70, with 2.0982(15) Å. While, Pd(1)ïCl(1) was 2.3967(5) Å 

in 85 and 2.3891(5) Å in 70.   

 

Figure 19 Single crystal X-ray diffraction structure of complex 85. Hydrogen atoms removed for 

clarity. Thermal ellipsoids shown with probability of 50%. Selected bond lengths (Å); Pd(1)ïC(1) 

1.9931(18), Pd(1)ïCl(1) 2.3967(5), Pd(1)ïN(1) 2.0353(16), Pd(1)ïN(2) 2.0287(15).  
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4.5 Nitrito -palladacyclic complexes of 2-benzylpyridine 

The nitrito containing palladacycle with N^C backbone as 2-benzylpyridine was 

synthesised according to the method described by Hiraki et al. ï treatment of 76 with 

an excess of LiCl  gave give chloride-bridged dimer 77,
1
 which was then converted to 

the phosphine monomer 87 via addition of PPh3, followed by reaction with AgNO2 

to form 88 in excellent yield (Scheme 39) 

 

Scheme 39 Synthesis of Pd
II
 nitrito-cyclopalladated complex of 2-benzylpyridine 

The reaction mechanisms of cyclopalladation reactions of this type have been 

recently given due consideration with 2-phenylpyridines
2
, N-benzylideneamines

3
 and 

N-benzyltriamines
4
 as N-donor ligands. Although it is commonly assumed that the 

first step in the cyclopalladation reaction is coordinative bonding of the N^C 

nitrogen to the palladium atom,
5, 6

 this assumption being quite logical, direct 

experimental proof has been lacking. What remains clear is that N^C bounded 

nitrogen is a directing group in C-H bond activation/functionalisation, as shown in  

Scheme 40. The geometry of all the monomeric palladacycles under this study 

depend on the steric and electronic nature of the incoming ligands, for example 

complexes 76-87 gives preference to the N^C nitrogen of the pyridine moiety which 

direct the overall geometry. Earlier in the chapter the geometry of the Pd complexes 

containing 2-phenylpyridine as N^C ligand were found to be less sterically hindered, 

here was introduced a more sterically bulky N^C as 2-benzylpyridine to ascertain the 
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enhancement or suppressing outcome of the nitrite anion 88, with its various 

coordination modes that it can adopt at Pd
II
. A series of nitrito cyclopalladated 

complexes were synthesised with varying phosphines, all in excellent yields 

(Scheme 41, and Table 4). 

 

 

Scheme 40 General synthetic pathway to novel Pd
II
 nitrito complexes of 2-benzylpyridine 75 

The 
1
H-NMR spectra of 79 and 87-96, recorded in CD2Cl2, are given in Table 4. The 

signal assignments are based on the chemical shifts and spin/spin couplings, 2D 

NMR experiments and by comparison of the 
1
H chemical shifts of related 

compounds (Scheme 41and Table 4).  
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Scheme 41 Synthesis of novel nitrite-containing palladacycles of 2-benzylpyridine
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4.5.1 NMR study of nitrito -palladacyclic complexes of 2-benzylpyridine 

Coordination of the metal atom with a phosphine in complexes 87-96 (Scheme 41, 

and Table 4) results in a CH2 protons splitting from a singlet within the ligand to a 

doublet (diastereotopic protons) with a large downfield shift seen for the equatorial 

proton at HCHeq (ŭ 4.71-5.01 ppm) and large upfield shift for the axial proton HaxCH 

(ŭ 3.97 ï 4.08 ppm) with respect to complex 79. Here, both protons of CH2 are 

observed as a broad signal at upfield (ŭ 4.30 ppm). 

 However the dichotomy between complexes with 2-phenylpyridine with respect to 

2-benzylpyridine is that, the 
1
H coupling phosphorus has no profound effect on 2-

benzylpyridine ligand compared to the 2-phenylpyridine, this may be due to the 

bulky nature of 2-benzylpyridine, see Table 4, where the proton Ŭ to nitrogen Py-H
1
 

shows the expected attribute of doublet (d) with the exception of complex 88 broad 

singlet (br.s) and 81 doublet of doublet (two doublet, dd), which is not observed in 2-

phenylpyridine. 

In the complexes 79 and 87-96 the protons on pyridyl moiety (py-H
1
, py-H

2
, py-H

3
 

and py-H
4
) and phenyl moiety (ph-H

1
, ph-H

2
, ph-H

3
 and ph-H

4
) are matching the 

expected attribute with the exception of complex 90 where multiplets dominates the 

attributes. The proton Ŭ to nitrogen Py-H
1
 of chloromonomer complexes are 

de-shielded with respect to their corresponding nitrito monomers (ca 0.60 ppm).  

The ŭ of phosphorus in chloro bound complexes observed at lowfield with respect to 

nitrite complexes displays a profound difference between complexes containing 

chloro and ntrito with similar phosphine was observed in the complexes 87 and 88 (ŭ 

35.26 ppm and 32.45 ppm, ȹ 2.81 ppm), 89 and 90 (ŭ 36.83 ppm and 34.60 ppm, ȹ 

2.23 ppm), 91 and 92 (ŭ 54.75 ppm and 52.94 ppm, ȹ 1.81 ppm), 93 and 94 (ŭ -
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19.24 ppm and -22.17 ppm, ȹ 2.93 ppm) and 95 and 96 (ŭ 21.14 ppm and 19.01 

ppm, ȹ 2.13 ppm) respectively.  
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Table 4 1H and 
13

P NMR chemical shift (d) data from the spectra of complexes
 
79 and 89-96 

 

Comolexes piph-CH2 py-H
1  py-H

2 py-H
3 py-H

4 ph-H
5 ph-H

6 ph-H
7 ph-H

8 13
P 

79 4.30 s 9.29 dd 7.14 7.68 t 7.41 d 7.07 dd 6.91 td 6.70 td 6.56 dd -- 

87 4.90 d, 4.01 d 9.17 d 7.24 ddd 7.74 ddd 7.46 d 6.95 dd 6.66 td 6.62 dr. s 6.25 td 35.26 

88 5.01 d, 4.08 d 8.55 br. s 7.15 t 7.74 td 7.50 d 7.02 d 6.74 t 6.33 t 6.48 d 32.45 

89 4.91 d, 4.07 d 9.04 d 7.18 dd 7.71 td 7.45 d 7.06 dd 7.00 ddd 6.82 td 6.61 t 36.83 

90 4.93 d, 4.07 d 8.40 d 7.15 m 7.73 m 7.73 m 7.03 m 6.88 dd 6.66 t 6.83 d 34.60 

91 4.84 d, 3.95 d 9.25 dd 7.25 dd 7.72 td 7.41 d 6.77 d 6.4s8 dd 6.04 t 6.44 ddd 54.75 

92 4.93 d, 3.99 d 8.52 d 7.73 td 7.13 dd 7.47 d 6.79 d 6.52 td 6.13 t 6.45 ddd 52.94 

93 4.90 d, 4.00 d 9.24 d 7.22 ddd 7.70 td 7.42 d 6.99 d 6.78 td 6.48 td 6.84 d -19.24 

94 4.98 d, 4.05 d 8.75 d 7.23 d 7.75 dd 7.49 d 7.06 d 6.82 m 6.56 dd 6.87 d -22.17 

95 4.71 d, 3.97 d 9.00 d 7.18 t 7.69 t 7.40 d 7.04 d 7.28 dd 6.85 m 6.90 d 21.14 

96 4.80 d, 401 d 8.53 d 7.13 m 7.71 td 7.44 d 7.04 dd 7.23 ddd 6.71 m 6.92 dd 19.01 

Note: multiplets, are given as a centre point average; NMR standard (5.32 ppm) is residual CH2Cl2.  
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The 
13

P NMR chemical shift is indicative of the phosphine ligand within the 

complexes (Figure 20) ï complexes containing P(Fu)3 93 and 94 appeared at higher 

field (upfield)  d = -19.24 and -22.17 ppm with difference of chloro- to nitrito- Dd = -

2.93, complexes 95 and 96 containing [P(n-Bu)3] appeared at 21.14 and 19.01 ppm 

and Dd of Cl- to NO2- = 2.13, while complexes 91 and 92 containing [PPh2(t-Bu)] 

appeared at low field (downfield) d = 54.75 and 52.94 with Dd = 1.81. However, 

complexes containing PPh3 and PPh2Cy show similar properties, which both 

coordinated to phosphine with a cyclic six membered ligand through a quaternary 

carbon ï complexes 89 and 90 d = 36.83 and 34.60 with Dd = 2.23, complexes 87 

and 88 d 35.26 and 32.45 with Dd = 2.81. These values differentiate between the 

complexes containing Cl- and NO2- (Figure 20). 

 

Figure 20 
13

P NMR chemical shift (d) data from the spectra of complexes
 
87-96 
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4.5.2 Single crystal study of nitrito-palladacyclic complexes of 2-

benzylpyridine 

From the X-ray crystallographic data it can be noticed that the palladacyclic 

complexes are square planar geometries at the palladium centre and the phosphorus 

atom is in trans position to the donor N atom. The angle PïPdïN varies from 166.79 

to 174.73ę and PdïN bond length varies from 2.093-2.1119 Å, complex 91 bond 

length of Pd centred are longer with respect to its nitrito counterpart 92 (Table 5). 

When the phosphine ligand is similar, e.g. complexes 91 and 92, there is an increase 

in the PïPdïN bond angles 171.57ę and 173.25ę and a decrease in the NïPdïX bond 

angles (89.77ę and 87.72ę). For complex 93, having a P(Fu)3 ligand, the C-Pd-X 

175.13ę and P-Pd-N 174.73ę increase by a margin of ca. 3ę and 2 ę respectively and a 

decrease in N-Pd-X (92.98ę) bond angles by ca. 5ę, with respect to complexes 88-92. 

See the crystallographic data for the complexes 88-94, are also summarised in Figure 

21.  
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Table 5 Selected bond lengths (Å) and bond angles (º) for complexes 88-93 

Lengths/Angles 88 (ijsf1209) 

 

89 (ijsf1215) 90(ijsf1217) 91 (ijsf1216) 92 (ijsf1218) 93 (ijsf1314) 

Pd-C Å 2.017(2) 2.0183(18) 2.0004(18) 2.0077(12) 2.0070(18) 2.006(2) 

Pd-P Å 2.2568(6) 2.2846(5) 2.2667(5) 2.2791(3) 2.2743(5) 2.2413(7) 

Pd-N Å 2.1166(17) 2.0982(15) 2.1067(16) 2.1119(11) 2.081(12) 2.093(2) 

Pd-X Å 2.219(3) 2.3891(5) 2.1332(19) 2.4046(4) 2.1061(15) 2.3978(6) 

C-Pd-N ę 86.60(8) 81.13(7) 86.18(7) 84.55(5) 84.51(7) 85.61(9) 

C-Pd-P ę 92.02(6) 92.57(5) 90.69(6) 87.06(4) 87.20(5) 91.88(7) 

C-Pd-X ę 171.69(9) 170.15(5) 173.88(8) 171.32(4) 169.1(4) 175.13(7) 

P-Pd-N ę 175.79(5) 171.57(4) 173.25(5) 166.79(3) 166.93(5) 174.73(6) 

P-Pd-X ę 93.08(7) 96.842(16) 95.42(5) 100.978(12) 100.9(4) 92.98(2) 

N-Pd-X ę 88.75(8) 89.77(5) 87.72(7) 88.09(3) 88.7(4) 89.51(6) 

X = Cl for 89, 91 and 93; X = N for 88, 90 and 92 
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A Single crystal X-ray diffraction structure of 88 

with a mixture of N- and O-bonded NO2 forms 

 
A Single crystal X-ray diffraction structure of 90 

with only N- bonded NO2 forms 

 
A Single crystal X-ray diffraction structure of 92 

with only N- bonded NO2 forms 

 
A Single crystal X-ray diffraction structure of 93 

 
A Single crystal X-ray diffraction structure of 89 

 
Single crystal X-ray diffraction structure of 91 

Figure 21 Single crystal X-ray diffraction structures of complexes 88-93. 
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4.5.3 Pd-catalysed CïH bond functionalisation processes  

Nitroaromatic compounds are of great importance to both the pharmaceutical 

industry and academia.
123

 The C-H bond activation/functionalisation of ligands 

involved in this study is the key test to catalytic activity of the Pd complexes 

synthesised in this thesis. The potential C-H bond acetoxylation reaction process 

with the complexes prepared in this thesis is under investigation within the Fairlamb 

group in York, and believed to proceed via a Pd
(II/III)

 or Pd
(II/IV) 

C-H bond 

functionalisation pathway as shown in Scheme 44. However, the potential 

application of these complexes is the formation of CïN bonds (sp
2
 C-H bonds to 

form nitroaromatic compounds) via reductive elimination of PdïNO2 complexes was 

noted. It was anticipated that reductive elimination is the key to forming carbonï

carbon and carbonïheteroatom in the majority of metal-catalysed transformations, 

and reductive elimination processes from both Pd
(II)

 and Pd
(IV)

 (Scheme 42) 

 

Scheme 42 Anticipated reductive elimination via complex 60 with CuI 

4.5.4 Pd Cat. C-H bond activation the dichotomy between nitration vs 

acetoxylation  

Liu and co-workers,
124

 reported palladium-catalyzed nitration of 8-methylquinolines 

1 with t-BuONO to give 8-nitromethylquinolines 2 in a good yields, involving sp
3
 

CīH bond activation, their report examined the nitrite source and atmospheric 
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conditions; NaNO2, AgNO2 and KNO2 supressed the formation of product with 

respect to t-BuONO under an atmosphere of dioxygen at 1 atm. (Scheme 43). 

 

 

Scheme 43 Example demonstrating the catalytic nitration reaction by Liu and co-workers,
124

 

The above observation Liu and co-workers,
124

 proves that the nitrite source has 

profound effect in enhancing the nitration reaction. The Fairlamb group (Dr. Margot 

Wenzel and Philippa Owens) set Pd(OAc)2  (c) as the benchmark catalyst to evaluate 

the aerobic oxidation of 1 to give 2 in Scheme 44.  Although the catalyst has 

excellent activity, using 1 eq. of NaNO3 (Figure 22), complexes (a) to (d) are less 

catalytically competent with respect to NaNO3. The dinuclear Pd
(II )

 complexes (d) 

and (c) showing a relatively similar reactivity profile. The PPh3-containing complex 

(a) is also a viable catalyst, with (b) being more active under the conditions using 0.1 

eq. of NaNO3 with respect to (a) (Figure 22). 
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Scheme 44 Acetoxylation of 1 to 2 and a possible nitration side product 97 

 

Figure 22  Catalytic activity of Pd complexes. (a) and (b) with respect to (c) and (d) (5 mol%) with 

varying equivalents of NaNO3, in the aerobic oxidation of compounds 1- 2. 
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4.6 Conclusion 

A series of novel palladacyclic complexes have been prepared, with differing C^N 

ligands 60, 68 - 73, 82-85 and 88-96. The work allowed a greater understanding of 

the cyclopalladation behaviour of several C^N ligands to be gained. Furthermore, the 

successful synthesis and characterisation of a series of C^N palladacyclic complexes 

containing nitrite and nitrite ligands has paved the way into understanding how NO2 

interacts with Pd
(II)

. When assessing the role that such ligands can play in catalysis, 

and in particular the potential for reductive elimination of useful ñCïNO2ò type 

products, the geometry and linkage isomerism of the complexes is of paramount 

importance. However, for more bulky phosphine ligands, monomeric Pd
(II)

 

complexes could be characterised by NMR spectroscopy, however crystallisation of 

N^C (2-phenylpyridine) with bulky phosphines (PPh2Cy and PPh2(t-Bu)) 69 and 71 

upon crystallisation yielded novel Pd
(II)

 dimer complex 74, where the bulky ligand 

had been ejected and the m
2
-nitrito ligand is found bridging two Pd

(II)
 centres. This 

was only seen where C^N = 2-phenylpyridine and not for 2-benzylpyridine (Figure 

13 and Figure 14)  

Calculated free energy values suggest that the energy difference between cis and 

trans geometric isomers with respect to the pyridyl moiety in the complexes studied 

increases with increasing steric bulk of the C^N ligand and reductive elimination 

experiments, where elimination of CïNO2 type products, which would normally 

require the two ligands being eliminated to be mutually cis, was not observed. The 

crystal structure of all the nitrite complexes prepared in this thesis showed a mixture 

of N- and O- bound linkage isomers. 
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5 Chapter 3 Manganese catalysed C-H alkenylation / 

Diels-Alder Reactions  

5.1 Introduction  

The nucleophilic addition of species generated by C-H activation,
125

 has been widely 

investigated at palladium,
126

 rhodium,
127

  rhenium,
128

 and nickel.
69

 It has however 

been difficult to mediate such reactions with first-row transition metals.
 
In a recent 

report, Chen and co-workers
69

 showed that environmentally-friendly Mn
I
 mediates a 

catalytic C-H alkenylation of 2-phenylpyridine derivatives, by a highly chemo-, 

regio- and stereoselective reaction with terminal alkynes in diethyl ether at 100 °C 

(Scheme 45).  

Indeed, intermediate structures proposed by Chen and co-workers (Scheme 45) in 

Mn
I
-mediated C-H bond activation reactions (intermediate) are often speculative and 

unsubstantiated by experimental evidence. 

 

Scheme 45 Chen and co-workers alkenylation process
69
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A number of related manganese-mediated C-H functionalisation processes have been 

reported,
69

 which have been proposed to proceed via the intermediacy of 

manganacycles related to 98. Complex 98 has been of interest to the Fairlamb group 

because it acts as a source of therapeutic CO,
129

 in addition to synthetic 

applications,
130 

specifically the regioselective alkenylation of biologically-relevant 2-

pyrones, which is currently limited to Pd.
131

 Structural details on reaction 

intermediates relating to protonation and reductive elimination, from 18 to 19, has 

been missing. The pyridyl-directing group exerts a profound effect in determining 

alkenylation regioselectivity.  2-Phenylpyrazine 99 is altered by a second nitrogen 

atom para to the nitrogen-directing group.  

Compound 99 was synthesised via a Suzuki cross-coupling reaction. The five-

membered manganacycle 100 was formed in a 62 % yield by cyclometallation of 99 

with BnMn(CO)5 ï the reaction confirmed that the nitrogen in the ortho-nitrogen 

acted as the directing atom (Scheme 46).    

 

Scheme 46 Novel five-membered manganacycle 100  

 

The E/Z isomerisation is possible in manganese-catalysed alkenylation, as it often 

occurs in the transition metal catalysed hydroarylation of alkynes.
131, 132

 A proposed 

mechanistic scheme is shown in Scheme 47, involving several intermediates (I -

III /III' ). Isomerisation is possible within the key seven-membered manganacycle 
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III . This could equilibrate with a manganese carbene complex II , via path A. This 

can afford a E-isomer by protonation with alkyne.
133

 Another possibility is the 

homolytic cleavage of the Cvinyl-Mn bond in I , followed by isomerisation giving 

III ' .  Reformation of the Cvinyl-Mn bond I  (path B) can also deliver the E-isomer.  

 

Scheme 47 Possible pathways for E/Z isomerization 

 

Chen and co-workers also reported, based on DFT calculations,
69

 that the step of 

insertion of phenyl acetylene into the Mn-Caryl bond, leading to III, favoured the 

anti-Markovnikov addition product Iva, which is more stable than the Markovnikov 

addition product IVb  by 5.1 kcal/mol (Figure 23).
69

 Alkyne insertion mediated by 

Cy2NH2
+
 IVd , to generate the final alkenylation product, is disfavoured due to a 

higher energy barrier (2.3 kcal/mol) with respect to direct insertion with phenyl 

acetylene IVc (Figure 23b).
69
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Figure 23 Markovnikov and anti-markovnikov addition vs protonation by terminal alkyne and 

CyNH2
+
 possibilities 

5.2 Synthesis of 4-(2'-pyridyl) -6-methyl-2-pyrone derivatives 81 

and 104 

Based on the experimental evidence above, the investigation focused on the use of 

the 4-(2'-pyridyl)-6-methyl-2-pyrone 81 moiety as the nitrogen-directing group. This 

novel compound is available via Negishi cross-coupling of 4-bromo-6-methyl-2-

pyrone
134

 103 with PhZnCl 102, formed by lithiation of 101, mediated by Pd(PPh3)4 

(Scheme 48). 
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Scheme 48 Negishi cross-coupling reactions of 4-bromo-6-methyl-2-pyrone 103 with pyridyl zinc 

reagents 102a and 102b 

5.3 Synthesis of five membered manganacycles  

Given the intermediates proposed in Scheme 45 (page 102) the related complexes 81 

and 104 were synthesised. Compounds 81, 104a and 104b were used in a 

mangana-cyclometallation reaction with BnMn(CO)5, in a stoichiometric reaction to 

give a five membered manganacycle 105a and 105b (Scheme 49). The direct 

reaction of 81 with BnMn(CO)5 in hexane at 75 °C gave 105a in 96% and 105b 98% 

yield. The complexes were characterised by spectroscopic methods, and a single 

crystal was subjected to X-ray diffraction (Figure 24), which showed that 

regioselective C3 C-H bond activation had taken place. 

 

Scheme 49 Stoichiometric reaction of MnBn(CO)5 with 2-pyrone 104 affording five-membered 

manganacycle 105a and 105b 
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Figure 24 X-ray crystal structures of 105a and 105b (note: arbitrary atom numbering used and thermal ellipsoids set to 50%; H-atoms omitted for clarity). 
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5.3.1 C-H bond alkenylation 

Chen et al.
69

 described their conditions for the 2-phenylpyridine alkenylation by 

heating 2-phenylpyridine 18 and phenylacetylene 16, catalysed by BrMn(CO)5, with 

or without amine in Et2O.
69

 Using the pyrone moiety surprisingly, these conditions 

did not produce the expected product 106.  In work initially conducted by an 

Erasmus exchange student, Conrad Wagner, the product obtained was a stable six 

membered manganacycle 107 (Scheme 50). The 
1
H NMR spectra of 107 (acetone-d6, 

400 MHz) exhibited a new resonance at ŭ 5.79 as a singlet. An equivalent reaction, 

run with PhCſ
13

CH, confirmed that this proton was directly connected to the 
13

C 

label (
1
JCH = 181 Hz). The most characteristic information was obtained from the 

13
C 

NMR spectra of the unlabelled product which showed four unusual but characteristic 

carbon environments (at ŭ 62.0, 77.2(*), 85.8 and 92.0) (* denotes enriched in 
13

C- 

label). The observation indicates that the Mn atom is bound to four contiguous 

carbon centres in an ɖ
4
-coordination mode 107.  

 

Scheme 50 Unexpected alkyne insertion giving cyclomanganesiated complex 107 
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Crystallisation of 107 from acetone-d6 gave single crystals suitable for X-ray 

diffraction, which confirmed its structure (work conducted by a summer project 

student, Magdalene Teh, Figure 25). 

 

Figure 25 X-ray crystal structure of 2-methyl-4-oxo-6-phenyl-4H-3,7l
5
-pyrano[4,3-a]quinolizin-7-

ylium-ɖ
4
-3,3a,5,6-tricarbonylmanganesuide 107 (note: arbitrary atom numbering used). Selected 

torsion angles (°), bond angles (°) and bond lengths (Å): C4-C3-C13-C12 = 4.2(2), C3-C4-C7-N1 = -

38.4(2), N1-C12-C13-C3 = 44.4(2); C13-C12-N1 = 114.38(14), C3-C4-C7 = 116.31(15); C3-Mn1 = 

2.0769(17), C4-Mn1 = 2.1843(17), C12-Mn1 = 2.1060(18), C13-Mn1 = 2.0908(18) (Figure prepared 

by Ian Fairlamb). 

5.3.2 Density functional theory (DFT) evaluation for 107 

The mechanistic steps leading to the formation of 107 were evaluated using density 

functional theory by Dr. Jason Lynam in York. Starting from I  (Figure 24), formed 

via loss of a CO ligand from 19a, insertion of the coordinated alkyne into the Mn-

C(pyrone) bond proceeds through a low energy transition state II  to give III . 

Carbon-nitrogen reductive elimination from II , via transition state IV , results in the 

formation of the 2-methyl-4-oxo-6-phenyl-4H-3,7l
5
-pyrano[4,3-a]quinolizin-7-

ylium ring system. An analysis of IV revealed that the imaginary eigenvector led to 
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107'  (coordination isomer of 107); a p-slip (not modelled) would lead to 107(Figure 

26). 

 

 

Figure 26 Density functional theory (DFT) showing potential energy surface for the formation of 

107; Energies are zero point-corrected electronic energies (top) and Gibbs free energies at 298.15 K 

(bottom) in kJ mol
-1
 at the PBE0-D3/def2-TZVPP//BP86/SV(P) level with solvation corrections 

applied in Et2O (COSMO, e = 4.33 for Et2O at 25 °C). 

A series of experiments were conducted to gain evidence for reaction intermediates. 

Taking 10 mg of 105a with 1.1 equivalents of phenylacetylene, dissolved in d8-THF 

(0.5 mL), the reaction mixture was cooled to 243 K. UV light was used to irradiate 

the sample at 243 K for 15 mins. NMR simulation of the reaction mixture reveals 

signals corresponding to 107. However further irradiation reveals new signals. These 

may be due to the formation of the intermediate (III ). The intermediate (III ) 
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detection was conducted in collaboration with Kate Appleby, who did the NMR 

analysis and photochemical measurements (Figure 27). 

9 8 7 6 5 4 3 2 1 ppm 

Figure 27; 
1
H NMR spectra of the manganese starting material 105a. and the solution after 15 min 

irradiation with UV light (above). New signals belong to the intermediate (III ). 

 

2D NMR paves the way in confirming the proposed intermediate (Figure 28).  

LIFDI-MS analysis confirmed a radical cation at m/z 427 [M]
+
. ESI-MS also showed 

a pseudomolecular ion [MH]
+
 at m/z 428, with MS-MS analysis revealing loss of CO 

m/z 400 [MH-CO]
+
. Warming of the solution of (III ) to room temperature led to 

formation of 107, confirming (III ) as a viable intermediate (Figure 28).  
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Figure 28 Correlation methods (HMQC and HMBC) and selective nOe experiments confirmed 

intermediate (III ) (Figure prepared by Kate Appleby and Ian Fairlamb). 

 

DFT calculation of corresponding potential energy surface for the phenyl-substituted 

system (Figure 29) revealed similar pathway was viable. In this case insertion of 

alkyne remains a barrier between the two as 2-pyrone moiety is slightly greater in 

Gibbs energies relative to the respective compound I  = +25 kJ mol
-1
 versus (Ia = 

+34 kJ mol
-1

) and that III  was higher in energy than 111a (-76 kJ mol
-1
 versus -95 kJ 

mol
-1

). Therefore, the energetic spans for reductive elimination are 60 kJ mol
-1

 (2-

pyrone) and 129 kJ mol
-1
 (phenyl). When compared with the formation of Va and V, 

i.e. the next steps in forming of 19 and 106 respectively, it is evident that the 

reductive elimination to form 107 is competitive, but in the case of intermediate V in 

Figure 29, the much larger energetic span to reductive elimination allows for 

productive catalysis via Va. 
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Figure 29 Density functional theory (DFT) showing Potential energy surface for the formation of 

IIIa ; Energies are zero point-corrected electronic energies (top) and Gibbs free energies at 298.15 K 

(bottom) in kJ mol
-1
at the PBE0-D3/def2-TZVPP//BP86/SV(P) level with solvation corrections 

applied in Et2O (COSMO, e = 4.33 for Et2O at 25 °C)  

5.3.3 Alkenylation reaction/Diels-Alder product  

The DFT results led us to believe that the reaction of 105 with higher concentrations 

of phenyl acetylene 16 could give product 106 by alkyne protonation (cf. similar to 

that proposed in Chenôs studies).
69

 Heating 105a in neat 16 at 100 °C for 5 h, gave 

four compounds (Scheme 51). 
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Scheme 51 Reaction of 105a with neat phenyl acetylene 16 at 100 °C afforded alkenylated product 

106a and Diels-Alder products 106b, 108 and 109  

The first compound was determined to be novel compound 106a, which was isolated 

in a yield of 28%. Rather remarkably, the second and major product from the 

reaction was found to be an entirely novel compound 108, isolated in a yield of 44%. 

Here, four new bonds have been formed, including C-C and C-N bonds, in addition 

to the cleavage of the pyridyl ring and elimination of the Mn(CO)n moiety. The final 

product from the reaction was found to be novel compound 109, isolated in a 21% 

yield, with a remarkable six new bond from three alkyne insertions in a systematic 

fashion by manipulating both the pyridyl and pyronyl moiety of the ligand and fourth 

compound 106b which was detected by (ESI-MS). 

Compound 106 was synthesised via a protonation reaction (Scheme 51). However 

compounds 106b, 108 and 109 are formed by a fragmentation and Diels-Alder 

reaction, involving the 2-pyridine group to give 108. A second Diels-Alder reaction 

at 108 via the 2-pyrone also occurs, regioselectively, giving compound 109, also was 

detected a Diels-Alder reaction at 106a via the 2-pyrone to form 106b. These 
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compounds were characterised by NMR and other spectroscopic technique, however 

compound 106 exhibited a precedented character at protons JHH coupling in the 

alkene region ŭ 7.88 (1H, d, JHH = 16.1) and 6.95 (1H, d, JHH = 16.1) which confirm 

the trans alkene formation as drawn in Scheme 51, typically the trans alkene gave 

JHH coupling constant 16 Hz while cis alkene 12 Hz. However surprisingly the 

proton geminal to phenyl in the alkene region 106a resonated at relatively low-field 

ŭ 7.88 with respect to corresponding geminal proton at the alkene region compound 

19 ŭ 7.05, (Scheme 45) with a d difference of (Dd = 0.83)  

The full NMR spectroscopic analysis of 108 and 109 was possible, using correlation 

methods (HMQC and HMBC) and selective nOe experiments, which confirmed that 

the proposed structure 108 had been formed regioselectively (Figure 30). It can be 

seen that the JHH coupling matched the typical structure, example (Figure 30a) 

proton (11ô) ŭ 7.94 (1 H, td, JHH =  1.8, 0.6), (13ô/15ô) ŭ 7.78 (2 H, dt, JHH = 7.1, 1.8) 

and (14ô) ŭ 7.67 (1 H, t, JHH 1.8) both in the same ring system and are coupled with a 

JHH value = 1.8 more detail coupling see Figure 30a. The selective nOe experiments 

further confirmed the proposed structure having observed the nOe of the protons that 

lie close in space especially nOe 
1
H-

1
H of (CH-8 and CH-11) and (CH-5 and 

CH-11ô) (Figure 30b). ESI-MS analysis confirmed a radical cation at m/z [M+H]
+ 

390.1484, [M+Na]
+ 
412.1304 (Figure 34).  
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Figure 30 
1
H NMR spectroscopic data (700 MHz, CD2Cl2) for compound 108; (a) chemical shifts (in 

ppm) are followed by the multiplicity of the signal and the coupling constant in Hz. (b) Key nOe 

interactions for compound 108, confirming the stereochemistry around the 2-pyrone moiety. 

Further evidence for a 2-pyrone was the characteristic UV absorption band at 262 

nm, and infrared bands at 1681, 1633, and 1596 cm
ī1

, in addition to 
13

C NMR 

resonances at 162.26, 156.95 and 156.06 ppm, all of which were in agreement with 

an authentic reference compound, 4-(2ô-pyridyl)-2-pyrone  81.  


























































































































































































































































































































































































































































































































































