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Abstract 

This thesis reports on the results from mechanistic experiments performed on the Pd-

catalysed direct arylation of iodoarenes with fluoroarenes. The C–H bond activation step of 

the reaction had originally been reported to undergo ambiphilic metal-ligand activation 

(AMLA) transition state (TS) based on DFT calculations. The proposed mechanism 

highlighted the potential of utilising combination of weak interactions to access typically 

inert C–H bonds. The key developments and the mechanistic studies of relevance in the 

field are initially highlighted for reactions supporting AMLA pathway (Chapter 1). 

As a study of non-kinetic nature, the effects of reaction conditions on the product yields 

were investigated to understand the role played by the different reaction components 

(Chapter 2). The scope of the model reaction was studied for a series of polyfluoroarenes. 

The synthesis and characterisation of hypothesised catalytic intermediates were also 

reported. 

Kinetic observations were made monitoring the reaction progress by in situ FT-IR 

spectroscopy (Chapter 3). The catalysis followed zeroth-order kinetics in ArI, first-order 

kinetics in C6F5H and between half- and first-order kinetics in the Pd catalyst. The reaction 

mechanism was complicated by a second competing reaction pathway independent of the 

C6F5H concentration. Experimental evidence confirmed the rate-limiting step of the main 

reaction pathway was the C–H bond cleavage of the fluoroarene by σ-aryl Pd species, via 

highly ordered TS with slight negative charge build up. The kinetic parameters of the 

reaction were determined from temperature dependence of the reaction rate. Evidence-

driven optimisation of the catalytic cycle was also attempted using alternative catalyst 

systems.  

The key catalytic intermediates were characterised by in situ NMR spectroscopy and ex situ 

MS analysis (Chapter 4). Dinuclear [Pd(Ar)(µ-OAc)(PPh3)]2 was identified as the major 

intermediate of the reaction with trace quantities of mononuclear Pd(Ar)(OAc)(PPh3)n (n = 

1 or 2) also formed. These Pd species were successfully reacted with C6F5H in 

stoichiometric reaction and reported as competent catalysts. Rate acceleration was observed 

for reaction conditions with the Pd(Ar)(OAc)(PPh3)n (n = 1 or 2) as the major intermediates. 

A mechanism consistent with the experimental evidence was proposed for the two reaction 

pathways (Chapter 5). The main catalytic cycle reacted via AMLA(6)-TS with active on-

cycle mononuclear Pd species in equilibrium with off-cycle reservoir of stable dinuclear Pd 

species. Although the exact identities of the second competing reaction pathways remain 

uncertain, possible mechanistic scenarios were suggested. 
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Chapter 1: Introduction 

1.1 Benefits of Fluorine Substitution in the Aromatic System 

The effect of a fluorine substituent in a molecule has been exploited in the agrochemical
1, 2

, 

materials
3
, and pharmaceutical

4, 5
 industries, with 5–15% of all drug molecules produced 

globally in the last 50 years containing fluorine atoms (Figure 1). One of the earliest 

examples of a fluorinated-drug molecule is 5-fluoro-uracil (trademark name Efudex
TM

), 

reported by Heidelberger and co-workers in 1957 for its anti-tumour properties not 

observed in 5-bromo-uracil.
6
 Furthermore, the NMR active spin-½ 

19
F-nucleus possesses an 

optimal gyromagnetic ratio for NMR spectroscopic analysis with 100% naturally occurring 

abundance. This provides a convenient method for isotopically labelling drug molecules.
7
 

The lack of  any fluorinated biological compound or water signal simplifies analysis using 

19
F NMR spectroscopy.

8
 

 

 

1 2 

Figure 1. Examples of commercially available fluorine-containing compounds. Phytoene desaturase 

(PDS)-inhibiting herbicide 1 (Diflufenican, Bayer Cropscience Ltd)
9
 and non-steroidal anti-

inflammatory drug 2 (Ansaid, Pfizer Inc.).
10

 

The incorporation of a fluorine atom into a molecule can have profound effect on its 

properties, summarised as the fluorine-substitution effect.
11, 12

 The fluorine atom has been 

assigned the highest electronegativity of all the atoms with a value of 4.0 on the Pauling 

scale. As a consequence, changes in the electronic property of neighbouring carbons, the 

molecule’s dipole moment, and the pKa are commonly observed. For example, a 

substitution of fluorine near a basic group such as amine allows for controlled reduction in 

basicity which improves metabolic stability and bioavailability of the whole molecule.
13

 

The electron deficiency caused by the σ-inductive effect of fluorine generally decreases 

overall polarizability of a molecule, resulting in improved solubility in fat and cell 

membrane penetration. Furthermore, the dipole of a C–F bond often enhances the binding 

selectivity and affinity to receptors and enzymes via favourable multipolar interactions.
14
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Contrary to some reports, a recent study by Mueller and co-workers suggests that C–F 

bonds are poor H-bond acceptors.
15

 However, in fluorobenzene the hydrogen atoms in the 

ortho-positions are positively polarized, resulting in stronger C–H --- X (with X = O, N) 

and C–H --- π-interaction compared with non-fluorinated benzene.
16, 17

 

Substitution of a fluorine atom for a hydrogen atom is a common bioisosteric 

replacement.
18

 Although the Van der Waals radius of a fluorine atom (1.47 Å) is larger than 

a hydrogen atom (1.20 Å) and closer to a hydroxyl oxygen atom (1.52 Å), studies have 

shown fluorine to cause minimum conformational distortion when substituted for a 

hydrogen atom.
19-21

 The introduction of C–F bond provides thermal and oxidative stability. 

It is one of the strongest carbon single bonds known (e.g. C–F bond dissociation energy for 

X–C6H5 = 525.5 ± 8.4 kJ mol
−1

) compared with a C–H bond (e.g. C–H bond dissociation 

energy for X–C6H5 = 472 ± 2.2 kJ mol
−1

).
22, 23

 However, in the past, the fluorine-induced 

stability has caused sodium fluoroacetate, a metabolic poison used as pesticide, to 

accumulate as environmental pollution.
24, 25

 

1.2 Preparation of Fluorinated Organic Molecules 

Fluorinated-organic molecules are extremely rare in natural biological systems due to the 

low concentration of fluoride ions compared with chloride ions found in nature.
26-28

 For this 

reason, organofluorine compounds are almost exclusively prepared synthetically.
29, 30

 One 

method of preparation is by using an electrophilic or nucleophilic fluorine source.
31

 A 

variety of relatively mild fluorinating reagents such as 1-chloromethyl-4-fluoro-1,4-

diazoniabicyclo[2,2,2]octane bis(tetrafluoroborate) (Selectfluor®), bis(2-methoxyethyl)-

aminosulfur trifluoride (Deoxo-Fluor®), anhydrous tetramethylammonium fluoride
32, 33

 and 

1,3-bis(2,6-diisopropylphenyl)-2,2-difluoro-2,3-dihydro-1H-imidazole (PhenoFluor
TM

)
34, 35

 

have been utilised to avoid the use of highly hazardous F2 and HF. However, the Balz-

Schiemann reaction with arenediazonium salts remain the only practical method for 

fluoroarene preparation without the use of costly and toxic metals (e.g. Tl
9
, Pb

10
) or 

reagents (e.g. diaryliodonium salt) in stoichiometric quantities.
36, 37

 On the other hand, the 

metal-catalysed preparation of fluoroarenes requires milder reaction conditions and 

provides good functional group compatibility without undesired oxidation.
38-40

 However, 

the thermal decomposition of metal-aryl-fluoride complexes can be complicated by 

dimerisation and kinetically-favoured P–F bond-forming reactions.
37

 Buchwald and co-

workers used [Pd
II
(Ph)(F)(

t
BuBrettPhos)] to successfully fluorinate limited examples of 

arenes, by creating a unique steric environment at the Pd
II
 metal centre.

41, 42
 More recently, 

Ichiishi and co-workers have reported the transition metal-catalysed preparation of 

fluoroarenes using KF as the fluorinating reagent.
43-45

 The application of late-stage 
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fluorination
46

 for a rapid synthesis of aromatic 
18

F-labeled probe molecules for 
18

F positron 

emission tomography (PET) was reported by Lee and co-workers.
47

 

Alternatively, readily fluorinated small molecules may be combined together using 

standard synthetic methods. These methods provide good control, despite being limited by 

the range of small molecules available. Perhaps one of the greatest achievements in the 

field of transition metal-catalysed synthetic chemistry has been the development of carbon-

carbon bond-forming reactions. These transformations involve highly controlled bond 

formation between two carbon atoms and allow the construction of a complex molecular 

skeleton. An example such transformations are the Mizoroki-Heck reactions
48-50

 where 

organohalides are reacted with terminal alkenes in the presence of a base. Some of the most 

general and widely applied methods for C–C bond formation are the cross-coupling 

reactions. Cross-coupling reactions commonly require an organohalide or a pseudohalide, 

and an organometallic transmetallating reagent as a counterpart. Many named coupling-

reactions exist today classified by the transmetallating reagent used (Scheme 1).
51

 These 

include, but are not limited to, Kumada-Corriu (Grignard reagents and organolithiums),
52-56

 

Sonogashira (terminal alkynes),
57-59

 Negishi (organozincs),
60-62

 Stille (organostannanes),
63-65

 

Suzuki-Miyaura (organoboronic acids),
66-69

 and Hiyama (organosilanes).
70-72

 Modifications 

and improvements to the reactions have been made with improved product yields and 

substrate scope. Of the many transition metals used in C–C bond forming reactions, Pd has 

been one of the most applied and studied metals to date, often with the advantage of good 

air and moisture tolerance.  
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Scheme 1. Simplified examples of the original named Pd-catalysed C–C bond forming cross-

coupling reactions and the year of publication (* not formally a cross-coupling reaction). 

Pd-catalysed coupling reactions have been applied extensively in the preparation of 

industrially significant molecules on kilogram scales.
73

 The synthesis of clinical candidates 

for the inhibition of stress-activated kinase p38α 3 (Scheme 2)
74

 and the treatment of 

peripheral artery disease (PAD) 5 (Scheme 3)
75

 were achieved by Suzuki-Miyaura and 

Mizoroki-Heck reactions respectively. Both examples demonstrate the high efficiency and 

the general applicability of the methodology for the preparation of fluorine-containing 

molecules. The importance of the field was acknowledged in 2010 through the award of the 

Nobel Prize in Chemistry to Heck, Suzuki and Negishi.
76 

 

Scheme 2. Suzuki-Miyaura cross-coupling applied to the final step in the scalable synthesis of 

kinase inhibitor 3 reported by Pfizer Global R&D (Li and co.).
74

 



Chapter 1: Introduction 

 

44 

 

Scheme 3. One-pot synthesis of prostaglandin E2 receptor 3 (EP3) receptor antagonist DG-041 5 

utilising sequential Mizoroki-Heck reaction (highlighted in the boxes) for the synthesis of 

intermediate 4 (Zegar and co.).
75

 

Functionalisation of pentafluorobenzene has been reported in the literature for the 

nucleophilic substitution reaction of the corresponding Grignard or alkyllithium reagents
77

 

and dimethyl zinc mediated allylic polyfluoroarylation reaction.
78

 However, cross-coupling 

reaction of pentafluorobenzene is typically achieved by using pentafluorobenzyl halide
79-81

, 

due to the low reactivity of electron-deficient polyfluorinated transmetallating reagents
82, 83

 

and the competitive hydrodeboration reaction.
84

 Alternatively, C–F bond activation of 

polyfluoroarenes has been utilised as a method of accessing fluorinated molecules.
85-89

 

Braun and co-workers reported a Ni-catalysed chemo- and regio-selective functionalisation 

of 2,3,5,6-tetrafluoropyridine 6a and pentafluoropyridine 6b for accessing the 2-vinyl 

derivatives 7a and 7b (Scheme 4).
90

 

 

Scheme 4. Ni-catalysed Stille cross-coupling reaction via C–F bond activation (Braun and co.).
90
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Scheme 5. Suzuki-Miyaura cross-coupling reaction of pentafluorophenylboronic acid 8 with aryl 

halide (Korenaga and co.).
91

 

An example of Pd-catalysed Suzuki-Miyaura cross-coupling reaction of pentafluoro-

phenylboronic acid 8 was reported by Korenaga and co-workers (Scheme 5).
91

 The Ag2O 

additive is a known promoter for Suzuki-Miyaura cross-coupling.
92, 93

 Silver(I) is proposed 

to adsorb the reaction intermediates and enhance the electrophilicity of the Pd, allowing for 

the aryl transfer from weakly nucleophilic transmetallating reagents.
94

 Frohn and co-

workers have also reported the synthesis of polyfluorinated biaryls using K[C6F5BF3]
95-97

 

and Li[C6F5B(OMe)3]
98

 as reagents which are more stable in basic condition compared with 

boronic acids. Alternatively, a synthesised pre-catalyst 9 was used by Kinzel and co-

workers for the coupling reaction of polyfluoroboronic acids (Scheme 6).
99

 

 

Scheme 6. Suzuki-Miyaura cross-coupling using synthesised pre-catalyst 9 (Kinzel and co.).
99

 

1.3 Mechanism of Pd-Catalysed C–C Bond Formation Reactions 

The mechanism for the Pd-catalysed C–C bond cross-coupling reactions depends on the 

variables of specific reaction condition.
100

 However, the generally accepted homogeneous 

catalytic cycle (first model proposed by Stille
64

) begins with the oxidative addition of 

organohalide R-X (X = halide or pseudohalide) to the Pd
0
 metal centre (Scheme 7). The 

resulting Pd
II
 species react with the different transmetallating reagents [M]-R

2
 to form 

trans-biaryl Pd species which undergoes isomerisation to give cis-biaryl Pd complex. 

Reductive elimination of the biaryl product regenerates Pd
0
 complex to complete the 
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catalytic cycle. It is important to note that nanoparticulate metals can often play significant 

roles in catalytic reactions proposed as homogeneous catalysis.
101, 102

 

 

Scheme 7. General mechanism of the Pd
0
/Pd

II
-catalysed C–C bond-forming cross-coupling reactions. 

The major differences between the cross-coupling reactions are the organometallic 

nucleophiles involved (i.e. hard or soft). Many mechanistic studies have been published 

with focus on identifying the intermediates and the transition states (TS) involved in the 

catalytic cycle, important factors to consider for evidence-driven reaction optimisation. The 

transmetallation step of Stille coupling reaction is one such example. In the original 

publication, an electrophilic cleavage of the Sn–C bond (i.e. SE2) with “open” TS 10
64

 was 

proposed. However, a competing mechanism involving “closed” TS 11
103, 104

 was later 

suggested with the reaction pathway depending on the X ligand and the polarity of the 

solvents (Scheme 8). Experimental evidence indicated that the “open” TS 10 was favoured 

in coordinating solvents with X ligands incapable of acting as a bridging group (e.g. TfO, 

L) and the “closed” TS 11 was favoured in non-coordinating solvents with X ligands 

capable of acting as a bridging group (e.g. Cl, Br, I).
105-107

 The two transition states 10 and 

11 affect the stereochemistry of the reaction products, therefore, the understanding of the 

mechanism allows the reaction condition to be tailored for the preparation of a desired 

target molecule. 
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Scheme 8. Proposed “open” 10 and “closed” 11 transition states for Stille cross-coupling reactions. 

The critical role of base additive in the Suzuki-Miyaura cross-coupling was studied by 

Amatore and co-workers.
108

 The base was initially considered to be involved in the 

formation of aryl hydroxyborates R
2
B(OH)2(OR)

−
 and Pd

II
R

1
L2-OR (R = H, Me etc.) 

species as the reactive intermediates of the catalytic cycle. However, it was demonstrated 

by kinetic studies and stoichiometry reactions, that OH
−
 was required for the formation of 

the active complex trans-[Pd(R
1
)(OH)(L)2] 12, but also inhibited the reaction by forming 

poorly reactive anionic R
2
B(OH)3

−
 13 (Scheme 9). This was highlighted by the bell-shaped 

dependence of the reaction rate on the OH
−
 concentration. For reaction optimisation, it was 

then necessary to determine the concentration of the base additive required for generating 

maximum concentration of the active P
II
-OH 12 and minimum concentration of R

2
B(OH)3

−
 

13. 

 

Scheme 9. Transmetallation step involved in the Suzuki-Miyaura cross-coupling reactions. 

Unlike the cross-coupling reactions, Mizoroki-Heck reactions do not proceed through a 

transmetallation step. Instead, the key step for the reaction is the stereoselective syn-

insertion of alkene into the Pd–C bond, followed by the β-hydride elimination (Scheme 

10).
109

 The reaction was proposed as proceeding through two pathways starting with the 

dissociation of either anionic (X) or neutral (L) ligands.
110

 The difference in the 

electrophilicity of the resulting intermediates is one of the factors affecting the 

regioselectivity of the product formed. 
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Scheme 10. Alkene insertion (i), isomerisation (ii), and β-hydride elimination (iii) steps in the 

Mizoroki-Heck reaction. 

1.4 Pd-Mediated C–H Bond Functionalisation Reaction 

Metal-mediated direct C–H bond functionalisation reactions have been studied extensively 

in the past decade as cost-effective, eco-friendly and sustainable alternatives to 

conventional cross-coupling reactions, with better atom economy and less metal waste.
111

 

Synthetic methodologies such as oxidative direct arylation, direct arylation and 

dehydrogenative arylation all involve the activation of C–H bonds to a varying degree with 

the latter making the preparation of the organometallic reagent redundant (Scheme 11). The 

strategies are most commonly applied to aryl-aryl bond formation as it avoids the pre-

functionalisation of aromatics with electropositive heteroatoms.
112, 113

 

 

 

Scheme 11. Pd-catalysed methodologies for the synthesis of biaryls. 
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Although dehydrogenative arylation is considered the most atom-efficient C–C bond 

forming reaction, controlling the regioselectivity of two substrates with diverse C–H bond 

groups in an intermolecular reaction is a major problem.
114

 In this regard, direct arylation 

methodology provides a better control by using readily available aryl halides or 

pseudohalides.
115

 Over the last decade, a wide range of aromatic hydrocarbons have been 

shown to undergo C–H bond functionalisation reactions in the presence of carboxylates.
116

 

The strategy has been successfully applied to the functionalisation of electron-rich (e.g. 

indole)
117, 118

, neutral (e.g. benzene)
119

, and poor (e.g. pyridine N-oxide)
120

 aromatic systems. 

The direct arylation of a fluoroarene is an example with significant industrial interest for 

the potential in accessing fluorinated compounds without pre-synthesised organometallic 

species.
121

 The technique provides an additional tool for synthetic chemists to incorporate 

the fluorine atom into the target structure via intra- and inter-molecular reactions. The 

original work by Lafrance and co-workers reported on the synthetic methodology and the 

mechanism of the reaction based on density functional theory (DFT) calculations.
122

 Direct 

arylation of aryl halides 15 with polyfluorobenzenes 14 was catalysed by combination of 

Pd(OAc)2 and the HBF4 salt of di(tert-butyl)methylphosphine, in the presence of K2CO3 

(Scheme 12). The polyfluorinated biaryl products 16 were mostly isolated in good to 

excellent yields. The reaction has since been reported for Au
123

, Ru
124

 and Cu
125

 catalysts, 

and for modified reaction conditions
126, 127

, and utilised to access complex molecular 

structures.
128

 

 

Scheme 12. Direct arylation of aryl halide 15 with polyfluoroarene 14 (Lafrance and co.).
122

 

There are many examples of transition metal-catalysed intra- and inter-molecular C–H 

bond activation reactions reported to date with extensive mechanistic and kinetic 

investigation.
129

 A range of different reaction pathways have been proposed from Heck-

type
130-133

, oxidative additions, σ-bond metathesis to electrophilic aromatic substitution 

(SEAr)
117, 118, 134

, with the SEAr mechanism commonly reported for the direct arylation of 

electron-rich arenes such as benzoxazole and indolizine.
135

 More recently, a mechanism 

involving ambiphilic metal-ligand activation (AMLA) between an aryl-Pd κ
1
-carboxylate 

intermediate and an aromatic reactant has been proposed.
136, 137

 The AMLA(6)-TS is 

characterised by the simultaneous coordination of hydrogen atom of the aromatic substrate 

to the intramolecular carboxylate and the stabilisation of the carbanion by the metal 
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(Figure 2 a). The numbers in the bracket specifying the number of atoms involved in the 

cyclic TS. The earliest examples of AMLA(6) transition states were observed in 

stoichiometric reactions of mercuration
138, 139

 and cyclopalladation
140-142

 (Figure 2 b and 

Figure 2 c). The mechanism of AMLA(6) highlights the potential of enhancing the 

reactivity of typically inert bond by combination of multiple weak interactions working in 

synergy.
137

 As suggested by the name of the TS, the activation process of the C–H bond 

involves both the metal and the ligand. The H-bonding interaction between the C–H bond 

and the acetate increases the electron density on the C–H bond. The resulting enhancement 

in the agnostic interaction polarises the C–H bond and increases the acidity of the proton, 

making it easier to cleave. A variety of terms such as “internal electrophilic substitution” 

(IES)
143, 144

 and “concerted metalation deprotonation” (CMD)
137, 145, 146

 have been coined to 

describe the mechanism involving range of ligands and other transition metals (e.g. Ru and 

Ir). 

   

a b c 

Figure 2. Ambiphilic metal-ligand activation (AMLA) transition states for (a) direct arylation 

reaction, (b) mercuration reaction, (c) cyclopalladation reaction.
116

 

The mechanism for the direct arylation of polyfluoroarenes was proposed by Lafrance and 

co-workers (Scheme 13).
122

 The catalytic cycle is similar to the cross-coupling reaction, 

starting with the oxidative addition of aryl halide to Pd
0
 species. Following the ligand 

exchange of the halide with the carbonate anion, the resulting κ
2
-CO3 complex was 

hypothesised to react with polyfluoroarenes via AMLA(6)-TS to form the bisaryl-Pd 

complex. Similar to the Mizoroki-Heck reaction, the oxidation state of the Pd
II
 remains 

unchanged upon the addition of the second substrate.
147

 The reductive elimination of the 

product biaryl completed the catalytic cycle with the regeneration of the Pd
0
 species. 



Chapter 1: Introduction 

 

51 

 

Scheme 13. Proposed catalytic cycle for the direct arylation of aryl halide with polyfluorobenzene 

(Lafrance and co.).
122 

The challenge of intermolecular direct C–H bond functionalisation reaction, just like any 

C–H bond functionalisation, is to control the regioselectivity of the C–H bond cleaved in 

the process. One of the most common methods to overcome this obstacle is by using 

substrates with metal-coordinating functional groups that can act as a directing group (DG) 

(Figure 3).
115, 148-150

  

 

Figure 3. Examples of substrates reported in Pd-catlaysed, regioselective, DG assisted direct C–H 

bond functionalisation. The functionalised C–H bonds are highlighted in red. 
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The formation of cyclopalladated intermediate by the Lewis basic DG (e.g. nitrogen, sulfur, 

phosphorus and oxygen) facilitates an intramolecular C–H bond cleavage of substrates such 

as 2-phenylpyridine 17
151

 and indolizine 18, often ortho to the DG.
117

 Reactions taking 

advantage of removable DG have also been reported. An example of this strategy was 

highlighted by Sahoo and co-workers using S-methyl-S-2-pyridyl-sulfoximine (MPyS) 19 

as an easily removable and reusable DG.
152, 153

 Simpler structural motifs such as aniline 

carbamate 20
154

, and carboxylic acids 21 have also been utilised as removable DG post 

functionalisation.
155

 While the removal of aniline carbamate from compound 20 results in 

1° amine, the protodecarboxylation of compound 21 provides a method to functionalise in 

the meta-position to the R-group. Luo and co-workers also demonstrated a one-pot meta-

selective direct arylation of phenol 22 by performing carboxylation of the substrate under 

high pressure of carbon dioxide (Scheme 14).
156

 The reaction of phenol 22 under normal 

reaction conditions results in ortho-functionalisation as reported by Bedford and co-

workers.
157

 

 

Scheme 14. One-pot meta-selective direct arylation of phenol 22 utilising CO2 as transient DG (Luo 

and co.).
156

  

Another strategy employed in the DG driven C–H bond functionalisation is to use a 

molecular structure designed to provide a versatile template for the desired 

transformation.
158

 The meta-arylation of toluene derivatives 23, aniline, phenol and 

heterocycles were achieved by Yu and co-workers using nitrile-based DG.
159-162

 The same 

group have also demonstrated the functionalisation of C–H bond in the ortho-position to 

the N-methoxy amide (CONHOMe) 24 was favoured over the C–H bond in the ortho–

position to the pyridine.
163

 The use of N-methoxy amide 24 overcame the structural 

limitation of having multiple coordinating functional groups in the substrate and provided a 

synthetic route to functionalise medicinally important heterocyclic substrates. 

The success of DG assisted C–H bond functionalisation reactions has vastly expanded the 

application of direct arylation methodology. Despite the advantages of controlling the 

regioselectivity of the transformation, the functional group coordinating to the catalyst can 

often result in catalyst poisoning. Additionally, it is desirable to have regioselective 

reactions without the directing groups.
164

 Polyfluoroarenes are one of the few known group 
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of substrates to undergo regioselective functionalisations driven by the electronic and steric 

properties of the arenes. 

The substituent effects on intramolecular C–H bond cyclisation were studied by Garcia-

Cuadrado and co-workers comparing the regioselectivity in a molecule 25 capable of 

coupling to fluorinated and non-fluorinated arenes (Scheme 15 a).
165

 Experimental and 

computational DFT calculations suggested the fluorine atom was able to act as a directing-

group with 14:1 regioselectivity favouring the ortho-position to the fluorine. Similar results 

were obtained for the intermolecular reactions, notably the coupling of 1,3-difluorobenzene 

26 and 4-bromotoluene 27 which affords C2 substituted biaryl 28 in 85% yield (Scheme 15 

b).
122

 Competition experiments confirmed that the C–H bond between two ortho-fluorines 

to be more reactive than the C–H bond adjacent to one ortho-fluorine. Dehydrogenative 

cross-coupling of polyfluorobenzenes were reported by Li and co-workers, utilising the 

ortho-fluorine induced regioselectivity to form the desired products 30 from fluoroarene 26 

and benzene 29 (Scheme 15 c).
166, 167

 

 

Scheme 15. (a) Pd-catalysed intramolecular direct arylation of fluorine substituted 

bromobenzyldiarylmethanes 25 (Echavarran and co.).
165

 (b) Pd-catalysed direct arylation reaction of 

1,3-difluorobenzene 26 with 4-bromotoluene 27 to form the 2,6-difluoro-4ʹ-(methyl)biphenyl 28 

(Lafrance and co.).
122

 (c) Pd-catalysed dehydrogenative cross-coupling of 1,3-difluorobenzene 26 

with benzene 29 to regioselectively form the 2,6-(difluoro)biphenyl 30 (Li and co.).
166
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The fluorine-induced regioselectivity is commonly referred to as the ortho-fluorine effect. 

The best explanation for the origin of this effect has been illustrated by the correlation 

between the calculated energy barrier for AMLA(6)-TS and relative dissociation energies 

of the Pd–C bond formed (Figure 4 a).
168

 The substrates were successfully classified into 

three groups based on the number of fluorine atoms in the ortho–position to the activated 

C–H bond. An attempt has been made by Gorelsky and co-workers to link the 

regioselectivity to the pKa and thus the C–H bond dissociation energies of the Ar
F
–H 

bond.
169

 However, the reagent classification by this method failed to clearly distinguish 

between the three classes of fluoroarenes (Figure 4 b), and incorrectly predicted the 

regioselectivity of pyridine and 3-methylindolizine C–H bond functionalisation. Therefore, 

the acidity is unlikely to be a decisive factor for substrate reactivity, but rather a general 

trend that is observed. 

  

a b 

Figure 4. Correlation between calculated energy barriers and (a) dissociation energies of Pd–C bond,  

(b) the relative C–H bond dissociation energies of the Ar
F
–H bond.

168
 (Reprinted with permission 

from J. Guihaumé, E. Clot, O. Eisenstein and R.N. Perutz, Dalton Trans., 2010, 39, 10510–10519. 

Copyright 2016 Royal Society of Chemistry.). 

1.5 Mechanistic Studies on the AMLA Pathway 

The properties of metal complexes able to activate C–H bond and their modes of action are 

of great interest in understanding how to react conventionally inert bonds. Pioneering work 

on acetate-ligand-assisted C–H bond activation at Pd metal was reported by Ryabov and 

co-workers.
141

 The formation of cyclopalladated acetato-bridged dinuclear species 32 was 

observed in a mixture of trinuclear Pd3(OAc)6 and substituted N,N-dimethylbenzenes 31 

(Scheme 16). The ortho-selective C–H bond activation was directed by the amine 

coordination and driven by the proximity effects. The ortho-palladation involving C–H 

bond cleavage was identified as the rate-limiting (RL) step from the primary kinetic isotope 

effect (KIE) of kH/kD = 2.2 ± 0.2. A highly ordered TS was proposed based on the large 

negative activation entropy (ca. –250 J K
–1

 mol
–1

) of the reaction. The slope of the 
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Hammett plot obtained by varying the R
1
 and R

2
 substituents on compound 31 was ρ = –1.6, 

indicating positive charge build-up during the TS. Based on this experimental evidence, TS 

33 involving inner-sphere C–H bond cleaveage of metal arenium by the acetate was 

proposed. However, DFT calculations on the possible reaction pathways performed by 

Davies and co-workers indicated the reaction involved TS 34 with agostic C–H bond 

interaction
170

 instead of the originally proposed Wheland intermediate 33.
142

 The activation 

energy for the reaction with AMLA(6)-TS was calculated as 54 kJ mol
−1

, close to the 

experimentally determined activation enthalpy of 46 kJ mol
−1

. For some examples of 

cyclometalation reactions, the initial step of κ
2
-κ

1
 displacement of the acetate was shown to 

be the RL-step instead of the C–H bond activation step.
136

 

 

Scheme 16. Cyclopalladation of substituted N,N-dimethylbenzenes 31, and the proposed transition 

states 33 (Ryabov and co.)
141

 and 34 (Davies and co.).
170

 

In addition to the development of Pd-mediated stoichiometric C–H bond activation 

reactions, Ru-mediated reactions have been studied extensively. Detailed experimental and 

computational mechanistic studies on the cyclometalation reaction of complex 35 for the 

synthesis of ruthenium metathesis catalysts 36 were reported by Cannon and co-workers 

(Figure 5).
171

 The reaction was first-order in ruthenium dicarboxylate species generated in 

situ with increased rate for carboxylates (O2CR) with more electron donating R-groups. A 

primary KIE of kH/kD = 8.1 ± 1.7 was also reported. The kinetic observations made on the 

intramolecular methylene C(sp
3
)–H bond activation were consistent with AMLA(6) 

pathway involving inner-sphere carboxylates. 
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Figure 5. The structures and the free energies of potential intermediates involved in the 

cyclometalation of Ru-alkylidene complex 35 via AMLA(6) pathway. The energies are in kcal mol
−1

 

at 25 °C.
171

 (Reprinted with permission from J.S. Cannon, L. Zou, P. Liu, Y. Lan, D.J. O’Leary, K.N. 

Houk and R.H. Grubbs, J. Am. Chem. Soc., 2014, 136, 6733–6743. Copyright 2016 American 

Chemical Society.). 

An increasing number of catalytic reactions involving different substrate and conditions 

have been proposed to take place via the AMLA(6) pathway based on DFT calculations.
145

 

However, detailed experimental mechanistic studies of direct arylation are still limited, 

with the Pd-catalysed reaction of pyridine N-oxide 37 and arylbromide 38 being one of 

them (Scheme 17).
172

 Studies by 
1
H NMR spectroscopy showed first-order kinetics in 

pyridine N-oxide 37 and half-order kinetics in Pd(P
t
Bu3)2 catalyst concentration, suggesting 

an off-cycle equilibrium of mononuclear and dinuclear Pd species.
172

 The Arrhenius and the 

Hammett plots were also reported with the Ea = 77 kJ mol
−1

 and ρ = +1.53 for 4-

substrituted pyridine N-oxides. 

 

Scheme 17. Direct arylation of bromobenzene 38 with pyridine N-oxide 37 (Sun and co.).
172
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A half-order dependence in dinuclear Pd complex [Pd(μ-OAc)(
t
Bu2PCMe2CH2)]2 40 was 

later confirmed for the same reaction by Tan and co-workers.
173

 This complex was thought 

to be in equilibrium with the cyclometalated-κ
2
-acetato-Pd

II
 monomer 41. Contrary to the 

earlier report by Sun and co-workers
172

, the mechanism was suggested to involve two 

merging catalytic cycles (A and B) with two separate Pd centres (Scheme 18). The cycle A 

involved the oxidative addition of the arylbromide 38 to Pd
0
 complex. The C–H bond 

activation of pyridine N-oxide 37 was facilitated by the mononuclear complex 41 in 

equilibrium with the dinuclear species 40 in cycle B. The transmetallation of the aryl group 

from the complex 42 of cycle B to the oxidative addition product 43 in cycle A results in 

the biaryl complex Pd(Ar)(2-pyridyloxide)(P
t
Bu3) 44 which forms the product 39 by 

reductive elimination. Further evidence for the coorperative mechanism was provided by 

Duric and co-workers.
174

 Since the reaction rate was unaffected by the nature of the aryl 

halide and Pd–Ar complex, it was concluded that the Pd–Ar complex is not involved in the 

RL-step of the direct arylation reaction.  

 

 

Scheme 18. Cooperative catalytic cycles involving Pd species, proposed as the mechanism for the 

reaction shown in Scheme 17.
173

 (Adapted with permission from Y. Tan, F. Barrios-Landeros and 

J.F. Hartwig, J. Am. Chem. Soc., 2012, 134, 3683–3686. Copyright 2016 American Chemical 

Society.) 

In another study by Wakioka and co-workers, dinuclear [Pd(Ar)(μ-OAc)(PPh3)]2 (Ar = Ph, 

2-MeC6H4, 2,6-Me2C6H3) 45 complex was successfully reacted with 3-methylthiophene 46 

in 43% NMR yield (Scheme 19).
175

 Following reductive elimination of the biaryl product 

47, formation of Pd precipitate, AcOH and PPh3 were observed in the absence of any added 

base. The build-up of PPh3 in the reaction mixture was rationalised to result in the 

formation of catalytically inactive Pd(Ar)(κ
1
-OAc)(PPh3)2 48 as a by-product which was 

formed in 47% NMR yield. Based on the proposed AMLA(6) pathway, a delayed 

formation of the Pd by-product 48 was expected. However, a kinetic study to clarify on this 

41 

40 

cycle A                                    cycle B 

42 43 

44 39 

37 

38 
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hypothesis was not reported. The RL-step of the reaction was identified as the reductive 

elimination step based on lack of notable KIE. 

 

Scheme 19. Stoichiometric reaction of dinuclear complex 45 (Ar = Ph, 2-MeC6H4, 2,6-Me2C6H3) 

with 2-methylthiophene 46. The product yields based on NMR integration (Wakioka and co.).
175

 

Wakioka and co-workers also reported the isolation of a stable monomeric Pd complex 

with N-bound benzothiazole 50 from a mixture of [Pd(2,6-Me2C6H3)(μ-OAc)(PPh3)]2 45 

and benzothiazole 49 (Figure 6).
176

 Further heating at 65 °C achieved 50% NMR yield to 

the C2-arylated benzothiazole product. The primary KIE of kH/kD = 3.3–5.5 and DFT 

calculations supported RL-step involving AMLA(6)-TS with complex 50 as the 

intermediate following C–H bond activation. Furthermore, the key catalytic intermediate of 

the reaction, a monomeric Pd complex Pd(Ar)(κ
2
-OAc)(PPh3) 51, was shown to exist in 

equilibrium with the dinuclear complex 45 in solution (Scheme 20). 

 

Figure 6. X-ray crystal structure of [Pd(Ar)(N-BT)(κ
1
-OAc)(PPh3)] 50 (BT = benzothiazole), a 

monomeric Pd complex with N-coordinated benzothiazole 49 with 50% probability ellipsoids.
176

 

(Adapted with permission from M. Wakioka, Y. Nakamura, Y. Hihara, F. Ozawa and S. Sakaki, 

Organometallics, 2013, 32, 4423–4430. Copyright 2014 American Chemical Society.) 

 

Scheme 20. Equilibrium between dinuclear [Pd(Ar)(μ-OAc)(PPh3)]2 (Ar = Ph, 2-MeC6H4, 2,6-

Me2C6H3) 45 and mononuclear Pd(Ar)(κ
2
-OAc)(PPh3) 51 in solution. 

50 
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The kinetic investigation of Ru
II
 facilitated C–H bond activation of 2-phenylpyridine was 

reported by Ferrer Flegeau and co-workers.
177

 Three key observations were made regarding 

the role of the acetate anion in the reaction. Firstly, irreversible C–H bond cleavage was 

observed with no deuterium incorporation into the substrate in the presence of deuteron 

AcOH. Secondly, the reaction was accelerated by increased concentration of carboxylic 

acid, suggesting the involvement of non-coordinating acetate in the RL-step of the 

mechanism. Thirdly, an acetate-coordinated Ru complex [Ru-C6H4-Py(OAc)(p-cymene)] A 

was observed during the reaction prior to the solvent coordinated complex [Ru-C6H4-

Py(S)(p-cymene)] B
+
. Based on these observations, an autocatalytic mechanism involving 

irreversible C–H bond cleavage by intermolecular carboxylate was proposed (Scheme 21). 

In contrast, the equivalent Pd-catalysed reaction was not accelerated by the addition of 

AcOH and concluded to react via intramolecular process [i.e. AMLA(6)].
178

 

 

Scheme 21. Catalytic cycle for the Ru-catalysed direct arylation of phenyl pyridine.
177

 (Reprinted 

with permission from E.F. Flegeau, C. Bruneau, P.H. Dixneuf and A. Jutand, J. Am. Chem. Soc., 

2011, 133, 10161–10170. Copyright 2016 American Chemical Society.)  

The regioselective direct arylation reaction of iodoarene 53 with activated monofluoroarene 

52 (by non-covalent π-complexation with Cr(CO)3) was reported by Ricci and co-workers 

(Scheme 22).
179

 The reaction conditions suffer from poor atom economy. However, the 

approach provides a strategy for enhancing the reactivity of arenes previously inert towards 

direct C–H bond activation reactions. The product 54 was further functionalised at the C–F 

bond by nucleophilic aromatic substitution reactions. Additionally, the reaction conditions 
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were successfully applied to the direct arylation of unsubstituted benzene to form the 

product in 42% yield. 

 

Scheme 22. Pd-catalysed direct arylation of iodoarene 53 with fluoroarene-Cr(CO)3 complex 52 to 

form biaryl product 54 (Ricci and co.).
179

 

The mechanistic investigation of the reaction revealed zeroth-order kinetics in the 

iodoarene 53 and Pd, with positive order dependence in the fluoroarene 52, Ag, and PPh3. 

The C–H bond cleavage was identified as the RL-step of the reaction based on the primary 

KIE (ca. 2.3) observed. Since the AgAdCO2(PPh3) generated in situ was capable of 

reacting with the C–H bond of the substrate 52, a cooperative heterobimetallic catalytic 

cycles involving Ag and Pd species was proposed (Scheme 23).
180

 In a similar study, Lotz 

and co-workers demonstrated AgC6F5, formed from the reaction of AgOPiv and 

pentafluorobenzene via AMLA(6)-TS, as a transmetallating reagent in a Pd-catalysed 

reaction.
181

 It is important to note these studies were specifically concerned with AdCO2
−
 

and PivO
−
 as the inner-sphere base involved in the C–H bond activation. 

 

Scheme 23. Cooperative heterometallic catalytic cycles involving Ag and Pd species proposed as the 

mechanism for the reaction shown in Scheme 22 (Whitaker and co.).
180

 (Adapted with permission 

from D. Whitaker, J. Burés and I. Larrosa, J. Am. Chem. Soc., 2016, 138, 8384–8387. Copyright 

2016 American Chemical Society.) 
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The improved understanding of AMLA(6)-TS has inspired some creative modifications to 

the direct C–H bond functionalisation reaction. One such example is the catalytic direct 

borylation of heteroarenes (i.e. furans, pyrroles and electron-rich thiophenes) under metal-

free conditions reported by Légaré and co-workers.
182

 The mononuclear form of the 

frustrated Lewis pair 55 was designed to mimic the AMLA(6)-TS of metal-catalysed 

reactions (Scheme 24). The RL-step of the reaction was the C–H bond activation step of 

the heteroarenes and the resulting intermediate was proposed to react with pinacolborane 

(HBpin) via σ-bond metathesis. The reaction provides a method for synthesising products 

without using precious metals and free of toxic trace metal impurities. 

 

Scheme 24. AMLA(6)-TS inspired metal-free catalytic direct borylation reaction catalysed by 

molecule 55 (Légaré and co.).
182
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1.6 Project Aims and Objectives 

The aim of the project was to propose a reaction mechanism for the Pd-catalysed direct 

arylation of fluoroarenes based on rigorous mechanistic experiments. The focus was placed 

on the C–H bond activation step of the catalytic cycle, which provided access to the unique 

reactivity. In order to achieve this goal, the experiments were designed with following 

objectives: 

I. The limitations and factors affecting the reaction efficiency were highlighted 

with main focus on the pre-catalyst and the additives used (Chapter 2). 

II. Suitable experimental methods for monitoring the reaction progress by in situ 

FT-IR spectroscopic analysis were developed and mechanistic information was 

elucidated from the kinetic measurements (e.g. substrate and catalyst order 

dependence, KIE, temperature dependence etc.) (Chapter 3). 

III. The key catalytic reaction intermediates were identified using combination of 

in situ and ex situ analytical techniques and the reactivity of these species were 

tested in stoichiometric and catalytic reactions (Chapter 4). 

IV. A mechanistic scenario for the catalytic cycle consistent with the experimental 

observations was proposed (Chapter 5). 
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Chapter 2: Scope of Fluoroarene Direct Arylation and 

the Synthesis of Pd Complexes 

2.1 Selecting the Standard Model Reaction Condition 

There are two main parameters used in organometallic chemistry to describe the efficiency 

and the robustness of catalysis.
183

 The first, quantified as the turn-over-frequency (TOF), is 

the number of catalytic cycle completed per unit time. The second, described as the turn-

over-number (TON), is the maximum number of moles of the target product formed per 

mole of the catalyst until decay of activity. While TOF is related to the reaction rate, TON 

determines the reaction yield and dictates the minimum catalyst loading necessary to 

achieve quantitative conversion of the starting material to the desired product under specific 

reaction conditions. Periodical monitoring of reactions allows for either of these parameters 

to be determined. However, performing kinetic investigations on every reaction condition is 

a highly inefficient approach in mechanistic study. Therefore, the effect of reaction 

condition on the yield of the product formation after constant heating time was studied, 

while acknowledging the possibility of slow, but high yielding reaction conditions being 

ignored.  

The direct arylation of 4-iodotoluene 57 with pentafluorobenzene 56 was selected as the 

model reaction system (Scheme 25).
126

 Unless otherwise stated, the reaction was based on 

0.9 mmol scale of 4-iodotoluene 57 with 1.5 equivalents of pentafluorobenzene 56, 5 mol% 

of Pd(OAc)2, 10 mol% of PPh3 and 0.75 equivalents of Ag2CO3 in 2.5 cm
3
 degassed DMF. 

The solvent was selected on the merit of high product yield and overlap-free IR spectrum 

suitable for monitoring the reaction progress (see Chapter 3.2.1). Control experiments 

confirmed Pd(OAc)2, PPh3 and Ag2CO3 to be essential parts of the catalysis. 

 

Scheme 25. Direct arylation of 4-iodotoluene 57 with pentafluorobenzene 56. Quantitative 

conversion of substrate 57 was observed and the product 58 was isolated in 84% yield. 

The methyl group of reagent 57 provided a suitable 
1
H NMR handle outside the aromatic 

region of the spectrum. An aliquot of the reaction mixture was collected after 24 hours of 

heating, and diluted in chloroform-d. Conversion of 4-iodotoluene 57 was determined from 
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integration of methyl 
1
H signals of the starting material 57 and the product 58 at δ 2.31 and 

2.44 respectively. The yield of the isolated product was determined after purification by 

flash column chromatography on silica gel using petroleum-ether 40–60 °C as the eluent. 

Under the model reaction conditions, 2,3,4,5,6-pentafluoro-4ʹ-(methyl)biphenyl 58 was 

isolated in 84% yield with quantitative conversion of 4-iodotoluene 57. Although the same 

reaction with 4-bromotoluene 27 resulted in 49% conversion of 4-bromotoluene 27 and 

35% yield of the isolated product 58, the reaction of 4-chlorotoluene only resulted in a trace 

quantity of product 58 observed by 
1
H NMR spectroscopic analysis. 

The homocoupling side-product 59 was formed in trace quantity for reactions with over 10 

mol% of catalyst loading or without Ag. The methyl protons of this biaryl 59 was observed 

at δ 2.40 and did not interfere with the other methyl 
1
H signals of interest. The synthesis of 

compound 59 under conditions similar to the model reaction was reported in the literature 

using Cs2CO3 and benzoin additives (Scheme 26).
184

 The reaction gave the isolated product 

59 in 96% yield with full conversion of the starting material 57. The reaction was also 

successful using Ag2CO3 instead of Cs2CO3, but the starting material 57 conversion 

dropped to 75%, as determined by 
1
H NMR spectroscopic analysis. 

 

Scheme 26. Synthesis of 4,4ʹ-(dimethyl)biphenyl 59 by a homocoupling reaction.
184

 

2.2 Effect of Pre-Catalyst on the Yield of the Product 58 

The effect of catalyst loading on the conversion of 4-iodotoluene 57 and the yield of the 

isolated product 58 was studied (Table 1). Quantitative conversion of starting material 57 

was achieved at 3.4 mol% catalyst loading (Entry 5). At the lower loading, the yield did not 

improve with prolonged heating (i.e. 72 hours), which suggested a deactivation pathway for 

the catalyst – most likely by nanoparticle formation and precipitation (Entry 2). The 

conversion and the yield of the reaction followed a bell-curve trend, reaching a maximum 

of 84% around 5 mol% Pd(OAc)2 (Entry 6) and dropping to 7% for 1 equivalents of 

Pd(OAc)2 (Entry 9). The average TON of the catalyst determined from the reaction 

achieving partial conversion of reagent 57 was 105. For the reaction of 4-bromotoluene 27, 

the use of 20 mol% Pd loading improved the isolated yield from 35% to 47%. 



Chapter 2: Scope of the Fluoroarene DA and the Synthesis of Pd Complexes 

 

65 

Table 1. Conversions of 4-iodotoluene 57 and yield of the isolated product 58 obtained for reaction 

shown in Scheme 25 using different Pd(OAc)2 pre-catalyst loading. 

Entry Pd(OAc)2 / mol% PPh3 / mol% %Conversion 
a
 (%Yield 

b
) 

1 0.25 0.5 27 (23) 

2 0.5 1.0 59 (52) / 52 (50) 
c
 

3 1.0 2.0 88 (70) 

4 2.0 4.0 83 (70) 

5 3.4 6.7 quant. (82) 

6 5.0  10 quant. (84) / (35) 
d
 

7 11 22 90 (71) 

8 20 40 69 (52) / (47) 
d
 

9 1 equiv.  2 equiv. 23 (7) 

a
 Determined from integration of methyl 

1
H NMR peaks of the reagent 57, product 58 and side-

products. 
b
 After purification by flash chromatography. 

c 
Heated for 72 h. 

d
 Reaction for 4-

bromotoluene 27. 

The low conversion and the yield of product 58 were not accounted for by the 

homocoupling side-product 59. Alternative side-reactions involving substrate 57 were 

considered. Comparing the methyl region of the 
1
H NMR spectra (i.e. δ 2.60–2.00), 

additional signals were observed for reactions using higher catalyst loading (Figure 7). For 

reactions with 0.25 mol% and 5 mol% Pd(OAc)2 catalyst loadings, only the product 58 and 

the starting material 57 peaks were observed at δ 2.43 and 2.30 respectively. At increased 

catalyst loading of 20 mol% Pd(OAc)2 and 40 mol% PPh3, an additional peaks were 

observed at δ 2.18. Although this peak (i.e. 24%) remained unassigned, integration with the 

product 58 peak (i.e. 52 %) seemed to make up for the number of missing protons. 

Interestingly, the peak at δ 2.18 was not observed under any of the other reaction conditions. 

Further methyl peaks of significance were observed at δ 2.54, 2.42, 2.39 (side-product 59), 

2.38, and 2.08 for the reaction with 1 equivalents of Pd(OAc)2 and 2 equivalents of PPh3. 

The signal at δ 2.54 was assigned to the methyl protons of triphenyl(4-tolyl)phosphonium 

iodide 60. Formation of this side-product was expected as a consequence of reversible aryl-

aryl exchange of Pd
II
–Ar with PPh3.

185
 The side-product at δ 2.08 was hypothesised as a 4-

tolyl-group containing Ag phosphine complex. 
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Figure 7. Stacked 
1
H NMR of the crude reaction mixture diluted in chloroform-d. (1) 20 mol% 

Pd(OAc)2 + 0 mol% PPh3, (2) 0 mol% Pd(OAc)2 + 40 mol% PPh3, (3) 0.25 mol% Pd(OAc)2 + 0.5 

mol% PPh3 (4) 5 mol% Pd(OAc)2 + 10 mol% PPh3, (5) 20 mol% Pd(OAc)2 + 40 mol% PPh3 and (6) 

1 equiv. Pd(OAc)2 + 2 equiv. PPh3. 

During the initial study, changes in the colour of the reaction mixture were observed. 

Starting from opaque yellow, the colour darkened over time to khaki, and after 24 hours of 

heating, the reaction mixture had become a yellow solution with a black precipitate (Figure 

8). The black precipitate was only observed when the reaction was complete and 

hypothesised to be Pd aggregate, commonly referred to as Pd black. The shade of the 

mixture after reaction completion was darker for those reactions with higher catalyst 

loading. 

   

  5 min 60 min               320 min               

Figure 8. Progressive change in the colour of reaction mixture heated at 70 °C. 

The use of preformed Pd nanoparticles (Pd-NPs) as an alternative to Pd(OAc)2 pre-catalyst 

was examined in order to establish the type of catalyst (homogeneous and/or 

heterogeneous) involved in the reaction (Table 2). Direct arylation reaction of 
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polyfluorobenzene catalysed by heterogeneous Pd nanocrystals stabilised by 

curcurbit[6]uril, have been reported by Cao and co-workers.
127

 The catalytic activities of 

Pd-NPs supported on polyvinylpyrrolidone (PVP) of different polymer weights and particle 

sizes were tested. The mass quantity of the catalyst added to the reaction mixture was 

changed to maintain the mol quantity of the Pd at 5 mol%. The reaction at 70 °C required 

PPh3 and the yields were lower compared to using Pd(OAc)2 pre-catalyst (i.e. 84%) (Entries 

1–6). Reactions are often described as homogeneous or heterogeneous catalysis based on 

the pre-catalyst used.
101

 However, this ignores the possibilities of pre-catalyst undergoing in 

situ transformation. For example, heterogeneous Pd on charcoal has been shown to generate 

catalytically-active homogeneous species in the presence of phophines.
186

 Improved yields 

were obtained at elevated temperature of 100 °C, even without PPh3 (Entries 7 and 8). The 

frequency of Pd leaching is expected to increase with elevated temperature.
187-189

 A similar 

yield was obtained when 5 mol% Pd(OAc)2 was reacted under ligand-free condition at 

100 °C (Entry 9). Although the exact nature of the catalyst involved is difficult to confirm 

as completely homogeneous or heterogeneous, the product 58 formation was favoured 

under reaction conditions commonly associated with homogeneous catalysis. This was 

further demonstrated by the significantly different kinetic profile observed for the reactions 

catalysed with Pd-NPs stabilised by DMF solvation when compared to the standard 

reaction condition using Pd(OAc)2 (see Chapter 3). 

Table 2. Yields of isolated product 58 formed for the reaction shown in Scheme 25 using Pd-NPs on 

PVP support as the pre-catalyst. 

Entry 
Condition 

%Yield 
a
 

Catalyst Ligand T / °C 

1 2wt% Pd-NPs on 29K-PVP - 70 Trace 

2 8wt% Pd-NPs on 29K-PVP - 70 Trace 

3 2wt% Pd-NPs on 10K-PVP PPh3 70 55 

4 2wt% Pd-NPs on 29K-PVP PPh3 70 67 

5 8wt% Pd-NPs on 29K-PVP PPh3 70 59 

6 2wt% Pd-NPs on 55K-PVP PPh3 70 48 

7 8wt% Pd-NPs on 29K-PVP - 100 21 

8 2wt% Pd-NPs on 55K-PVP - 100 10 

9 5 mol% Pd(OAc)2 - 100 25 

a
 Yield of the isolated product 58 after purification by flash chromatography. 

In literature, Pd-catalysed C–H bond functionalisation reactions often start with Pd(OAc)2 

pre-catalyst in the presence of a base additive, commonly metal carbonates.
116

 Under such 

conditions, the identity of the base directly involved in the C–H bond cleavage is unclear 
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between the two carboxylates in the reaction mixture (i.e. acetate anion from the pre-

catalyst and the carbonate anion from the base). Studies have suggested the acetate anion to 

be the primary base that is regenerated from the AcOH by-product by the carbonate anion 

acting as a ‘proton-shuttle’.
119

 Computational calculations on the direct arylation of 

pyridine N-oxide 37 have also shown marginal 3.3 kJ mol
−1

 higher energy for AMLA(6)-

TS involving deprotonation by inner-sphere carbonate anion at Pd compared to the acetate 

anion.
172

 

The role of the acetate ligands on the pre-catalyst Pd(OAc)2 was studied by comparing the 

product 58 yields for reactions using Pd(PPh3)4, Pd(PPh3)2Cl2 and PdCl2 pre-catalysts 

(Table 3). Results comparable with Pd(OAc)2 were obtained for reactions catalysed by 

Pd(PPh3)4 (Entry 2) and Pd(PPh3)2Cl2 (Entry 3). The Pd(PPh3)4 pre-catalyst in the presence 

of AcO
−
 is known to exist primarily as [Pd(OAc)(PPh3)3]

−
 with traces of reactive 

[Pd(OAc)(PPh3)2]
− 

in solution.
190

 Oxidative addition of ArI results in a mixture of 

Pd(Ar)(κ
1
-OAc)(PPh3)2 and Pd(Ar)(I)(PPh3)2 in equilibrium with [Pd(Ar)(PPh3)2]

+
.
191

 The 

same transformation may take place for CO3
−2

 with the formation of [Pd(Ar)(κ
1
-

CO3)(PPh3)2]
−
 complex. If an identical catalytic cycle is assumed for all the pre-catalysts, 

these results highlight the carbonate anion as a competent base for C–H bond activation of 

pentafluorobenzene 56 via AMLA(6) pathway. It was interesting that reactions using 5 

mol% PdCl2 pre-catalyst with 10 mol% PPh3 (Entry 4) and 5 mol% Pd(PPh3)2Cl2 pre-

catalyst without added PPh3 (Entry 5) resulted in similar partial substrate 57 conversions. It 

is proposed that the presence of 4 equivalents of PPh3 per Pd-atom was required for the 

complete activation of these pre-catalysts. In the absence of PPh3, the reaction starting with 

Pd(OAc)2 pre-catalyst worked with very poor yield (Entry 6). The ligand PPh3 is 

understood to play a role in the activation of Pd
II
 to Pd

0
 and the stabilisation of the 

oxidative addition complex by σ-electron donation.
192

 It must be noted that the exact 

identity of the active catalyst depends on the pre-catalyst used, and the reaction mechanism 

can differ between them.
100

  

Without added base, no product 58 was observed for either 1.5 mol% Pd(OAc)2 or PdCl2 

(Entries 7 and 8). However, the product 58 was isolated in 14% yield in the absence of 

Ag2CO3 using 20 mol% Pd(OAc)2 (Entry 9). In contrast, no product 58 was formed at 20 

mol% PdCl2 (Entry 10) or Pd(PPh3)4 (Entry 11). These observations suggested the acetate 

ligands of Pd(OAc)2 was also capable of acting as an inner-sphere base for AMLA(6) 

pathway. 
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Table 3. Conversions of 4-iodotoluene 57 and the yields of the isolated product 58 obtained for 

reaction shown in Scheme 25 under conditions designed to highlight the role of carboxylate anions. 

Entry Variable 
a
 %Conversion 

b
 (%Yield 

c
) 

1 5 mol% Pd(OAc)2 quant. (84) 

2 5 mol% Pd(PPh3)4 quant. (85) 

3 5 mol% Pd(PPh3)2Cl2 quant. (87) 

4 5 mol% PdCl2 72 (61) 

5 5 mol% Pd(PPh3)2Cl2, no PPh3 60 (57) 

6 20 mol% Pd(OAc)2, no PPh3 (5) / 0 
d
 

7 1.5 mol% Pd(OAc)2, no Ag2CO3 0 

8 1.5 mol% PdCl2, no Ag2CO3 0 

9 20 mol% Pd(OAc)2, no Ag2CO3 (14) / (7) 
d 

10 20 mol% PdCl2, no Ag2CO3 0 

11 20 mol% Pd(PPh3)4, no Ag2CO3 0 

a 
0.75 equiv. Ag2CO3 present unless stated otherwise.

 b
 Determined from integration of methyl 

1
H 

NMR peaks of the reagent 57 and the product 58. 
c
 After purification by flash chromatography. 

d
 

Reaction for 4-bromotoluene 27. 

2.3 Effect of Base Additive on the Yield of the Product 58 

Of the metal carboxylates tested, Ag2CO3 resulted in the highest conversion of substrate 57 

and the yield of the isolated product 58 (Table 4, Entry 1). The Lewis acid characteristic of 

Ag
I
 cation is known to strongly interact with halides to form insoluble Ag salts and provide 

the driving force for chemical transformations.
193

 In the catalytic cycle, the Ag
I
 was 

hypothesised to act as a halide scavenger for the ArI oxidative addition intermediates.
191, 194

 

The high yield achieved for Ag2CO3 over K2CO3 and Cs2CO3 suggested the possibility of 

organosilver species involved in the mechanism. However, for the reaction of 4-

bromotoluene 27, K2CO3 and Cs2CO3 were better additives than Ag2CO3 (Entries 1–3). 

The TON of the reactions depended on the amount of carbonate added. Increasing the 

quantity of Ag2CO3 resulted in increased product 58 formation, with quantitative 

conversion achieved between 0.25–0.75 equivalents of Ag2CO3 (Table 4, Entries 4 and 5). 

It was noticed that the yields generally were twice the equivalents of Ag2CO3 added (i.e. 

quantitative conversion expected at 0.5 equivalents of Ag2CO3). This was most likely 

because 1 equivalents of Ag
I
 was required to abstract the iodide for catalyst turnover and 

0.5 equivalents of the dibasic carbonate anion (CO3
−2

) was required to scavenge 1 

equivalents of proton generated from the reaction. Changing the base to AgOAc resulted in 

lower yields (Entry 6), and the presence of equivalent Ag
I
 atoms (i.e. 1.5 equivalents of 

AgOAc) did not improve the outcome in DMF or DMAc (Entries 7 and 8). A similar result 
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was obtained for the reaction using Pd(PPh3)4 pre-catalyst (Entry 9). Similar to 4-

iodotoluene 57, the reaction of 4-bromotoluene 27 with KOAc additive (Entry 10) resulted 

in a lower yield compared to K2CO3 additive (Entry 2). However, unlike 4-iodotoluene 57, 

Pd(PPh3)4 was not a suitable pre-catalyst for 4-bromotoluene (Entries 11 and 12). 

Table 4. Conversions of 4-iodotoluene 57 and the yields of the isolated product 58 obtained for the 

reaction shown in Scheme 25 using different metal carboxylates. 

Entry Variable %Conversion 
a
 (%Yield 

b
) 

1 Ag2CO3 quant. (84) / 49 (35) 
c
 

2 K2CO3 40 (26) / 92 (68) 
c
 

3 Cs2CO3 70 (31) / 91 (73) 
c
 

4 0.25 equiv. Ag2CO3 56 (45) 

5 1.5 equiv. Ag2CO3 quant. (82) 

6 0.75 equiv. AgOAc 35 (25) 

7 1.5 equiv. AgOAc 31 (23) 

8 1.5 equiv. AgOAc in degassed DMAc 33 (25) 

9 1.5 equiv. AgOAc, Pd(PPh3)4 38 (24) 

10 1.5 equiv. KOAc 47 (37) 
c
 

11 1.5 equiv. KOAc, Pd(PPh3)4 2 (1) 
c
 

12 K2CO3, Pd(PPh3)4 5 (1) 
c
 

a
 Determined from integration of methyl 

1
H NMR peaks of the reagent 57 and the product 58. 

b
 After 

purification by flash chromatography. 
c
 Reaction for 4-bromotoluene 27. 

Testing the reactivity of other Ag additives, 0.75 equivalents of Ag2O was shown to give 

the desired product 58 in high yield (Table 5, Entries 1 and 2). A similar result was 

obtained when using 5 mol% Pd(PPh3)4 instead of Pd(OAc)2 (Entry 3). These reactions 

were not Ag catalysed as reagent 57 was fully recovered in the absence of Pd (Entry 4).  

Table 5. Conversions of 4-iodotoluene 57 and the yields of the isolated product 58 obtained for the 

reaction shown in Scheme 25 using different Ag additives. 

Entry Variable %Conversion 
a
 (%Yield 

b
) 

1 0.75 equiv. AgNO3 1 (1) 

2 0.75 equiv. Ag2O quant. (72) 

3 0.75 equiv. Ag2O, 5 mol% Pd(PPh3)4, no PPh3 (75) 

4 0.75 equiv. Ag2O without Pd 0 

5 0.75 equiv. Ag2O, bottle DMF, no PPh3 0 

6 0.75 equiv. Ag2O, 5 mol% Pd(PPh3)4, in NMP (81) 

7 0.75 equiv. Ag2O in bottle DMF 88 (72) 

a
 Determined from integration of methyl 

1
H NMR peaks of the reagent 57 and the product 58. 

b
 After 

purification by flash chromatography. 
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The reaction mechanism involving Ag2O as the additive and Pd(PPh3)4 as the pre-catalyst 

did not fit the model represented by the carboxylate anion directly involved in the C–H 

bond cleavage. Fang and co-workers had reported a direct arylation of potassium 4-

tolyltrifluoroborate 61 with pentafluorobenzene 56 to yield the product 58 in 83% isolation 

under similar reaction condition (Scheme 27).
195

 The model reaction catalysed by 5 mol% 

Pd(PPh3)4 with 0.75 equivalents of Ag2O in NMP was also high yielding (Entry 6). 

 

Scheme 27. Pd-catalysed direct arylation reaction of potassium 4-tolyltrifluoroborate 61 with 

pentafluorobenzene 56 in the presence of Ag2O additive (Fang and co.).
195

 

The proposed mechanism for this reaction involves Pd
II
(OAc)2-catalysed intramolecular 

acetate-mediated AMLA(6)-TS, with Ag
I
-oxidising Pd

0
 formed after reductive elimination 

of the product 58. However, this failed to account for the high yield obtained for the 

reaction in the absence of carboxylate (Entry 3) and the lack of reaction in the absence of 

PPh3 which is not required for Pd
II
-catalysed reaction (Entry 5).  

A possible catalytically-active Pd complex is proposed: a water-activated 

Pd(Ar)(OH)(PR3)2 complex. Takemoto and co-workers reported a room-temperature 

activation of a CF3–H bond by [Pd(Ph)(OH)(dppp)].
196

 The formation of AgOH from the 

reaction of Ag2O and H2O is a well-documented equilibrium.
197

 The degassed DMF used in 

the reaction contained 110 ppm water by mass (established by coulometer), which equated 

to 6 mM in the reaction mixture. This was a significant quantity considering the 18 mM Pd 

used in the reaction to catalytically arylate 360 mM 4-iodotoluene 57 with 

pentafluorobenzene 56 (1.5 equiv., 540 mM). Using reagent-grade DMF with 1400 ppm 

water by mass (i.e. 73 mM) also resulted in good yield of product 58 (Table 7, Entry 9). 

The effect of using non-Ag containing base was studied as a more environmentally friendly 

and cost effective alternative (Table 6). Arroniz and co-workers reported the use of 

[Me4N]OAc as an excellent substitute for AgOAc in the direct arylation reactions of 

iodoarenes with sp
2
 and sp

3
 C–H bonds.

198
 This organic salt was effective for replacing 

Ag2CO3 in the model system, achieving quantitative conversion of the starting material 57 

(Entry 1). On the other hand, using tetramethylammonium salts with bromide (Entry 2) and 
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chloride (Entry 3) counter-ions resulted in no reaction. The catalysis was less effective with 

[
n
Bu4N]OAc than [Me4N]OAc, achieving partial conversion of the reagent 57 (Entries 4–6). 

Table 6. Conversions of 4-iodotoluene 57 and the yields of the isolated product 58 obtained for the 

reaction shown in Scheme 25 using different amine base additives. 

Entry Variable %Conversion 
a
 (%Yield 

b
) 

1 1.5 equiv. [Me4N]OAc quant. (82) 

2 1.5 equiv. [Me4N]Br 0 

3 1.5 equiv.[Me4N]Cl 0 

4 0.75 equiv. [
n
Bu4N]OAc (26) 

5 1.5 equiv. [
n
Bu4N]OAc 48 (21) 

6 5 equiv. [
n
Bu4N]OAc (2) 

a
 Determined from integration of methyl 

1
H NMR peaks of the reagent 57 and the product 58. 

b
 After 

purification by flash chromatography. 

2.4 Effect of the Solvent on the Yield of the Product 58 

The transition metal-catalysed direct reaction of a C–H bond is an improvement on the 

atom efficiency from cross-coupling reaction. Many advances have been made in 

increasing the substrate scope and achieving the desired transformation under milder 

reaction conditions. This includes an effort to move away from the commonly employed 

high boiling point, polar, aprotic solvents such as N,N-dimethylformamide (DMF), N-

methylpyrrolidin-2-one (NMP) and N,N-dimethylacetamide (DMAc) that are considered to 

be hazardous.
199

 These solvents are understood to allow the inorganic salt to dissolve as 

well as play a role in the catalytic cycle via coordination. Unfortunately, DMF is reported 

to be a highly toxic solvent that can be easily absorbed through the skin with association to 

liver damage and cancer.
200

 Environmental concerns over disposal method and potential 

NOX formation also make replacement with low risk and environmentally benign solvent 

inevitable.
111

  

Alternative solvents utilised in the literature for C–H bond functionalisation reactions 

include dialkyl carbonates, PEG and water.
201

 Rene and co-workers have reported excellent 

yields obtained for direct arylation of polyfluorobenzene under similar condition to the 

model reaction in biphasic solvent-system of EtOAc and H2O at room temperature.
202

 

Furthermore, the model reaction was originally reported as a transformation in water.
126

 For 

these reasons, alternative solvents for the reaction were considered together with possible 

effect of non-inert atmosphere and using bottle solvents (Table 7). 
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The polar aprotic solvents such as DMAc (Entry 1) and NMP (Entry 2) resulted in 

comparable yield to DMF as expected. Other solvents commonly used in direct arylation 

reaction, such as toluene (Entry 3) and 1,4-dioxane (Entry 4), were less effective. Use of 

ethylene carbonate (Entry 5) and propylene carbonate (Entry 6) afforded the product 58 in 

reasonable yields. Propylene carbonate was also an effective solvent for the reaction 

starting with Pd(PPh3)4 pre-catalyst (Entry 7). Therefore, the low-cost and biodegradable 

cyclic carbonates
203

 were shown to be suitable replacements for DMF in the model reaction. 

Although many Pd-catalysed reactions are reported under inert atmosphere, it is often an 

unnecessary precaution. The yield of the model reaction was not affected by the presence of 

air (Entry 8) or water (Entry 9). These results, however, do not suggest that the reactions 

follow the same rates. Study of the Pd(OAc)2-catalysed Suzuki-Miyaura cross-coupling 

reaction by Adrio and co-workers demonstrated a kinetic profile in which a higher starting 

material conversion was achieved in the presence of O2, but with a slower reaction rate.
204

 

The effect of air and water on the rate of the reaction was reported in Chapter 3. 

Table 7. Effect of solvent and air on the conversions of 4-iodotoluene 57 and the yields of the 

isolated product 58 obtained for the reaction shown in Scheme 25. 

Entry Variable %Conversion 
a
 (%Yield 

b
) 

1  DMAc quant. (79) 

2 NMP (67) 

3 toluene 0 

4 1,4-dioxane 28 (15) 

5 ethylene carbonate (50) 

6 propylene carbonate 87 (51) 

7 5 mol% Pd(PPh3)4 in propylene carbonate 79 (40) 

8 prepared under air quant. (78) 

9 bottle DMF quant. (82) 

a
 Determined from integration of methyl 

1
H NMR peaks of the reagent 57 and the product 58. 

b
 After 

purification by flash chromatography. 

2.5 Substrate Scope of the Model Reaction Condition 

The original work by Chen and co-workers on the model system focused on the reaction 

optimisation and the substrate scope.
126

 Good to high yields (i.e. 40–96%) were reported for 

a variety of pentafluorophenyl-aryls formed from the corresponding iodoarenes. Both 

electron-donating (i.e. OMe and Me) and electron-withdrawing (i.e. Ph, Br, F, and NO2) 

substituents in the para-position of iodobenzene were tolerated. Furthermore, the reaction 

was successful for direct arylation of 5-iodo-1,3-benzodioxole, ethyl 3-iodobenzoate, and 

3-iodothiophene. 
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With the results already reported in mind, the iodoarene suitable for the model reaction in 

DMF was studied (Table 8). Good yields (i.e. 68–84%) were obtained for the products 

formed from iodobenzene 64 and para-substituted-iodobenezes with electron withdrawing 

substituents (i.e. F 65, CF3 66 and NO2 67). However, biaryl 58 was the only successful 

product formed for iodobenzene with electron-donating para-substituent (products 62 and 

63 were not formed). This was possibly due to catalyst inhibition by coordination of the 1° 

amine and the hydroxyl groups. Attempted synthesis of products formed from pentalfuoro-

iodobenzene 68 and 2-iodotoluene 69 were unsuccessful possibly due to the steric bulk in 

the ortho-position. Further experimental evidences are necessary to validate these 

hypotheses. The comparison of the reaction kinetics for the different para-substituted 

iodobenzenes was discussed in Chapter 3. 

Table 8. Yields of the isolated product 58, 62–69 for the direct arylation of iodoarenes with 

pentafluorobenzene 56. 

 

 

The reactivity of different polyfluoroarenes was also reported by Chen and co-workers.
126

 

Good yields (i.e. 36–86%) were achieved for range of tri- and tetra-fluorobenzenes. The 

reaction of 2,3,5,6-tetrafluoropyridine and 1-substituted-2,3,5,6-tetrafluorobenzenes with 

electron-donating (i.e. Me) and electron-withdrawing (i.e. Br, CF3 and CN) substituents 

resulted in identical yields within experimental error. This observation suggested the 

reaction yield was unaffected by a change in the C1-position of 1-substituted-2,3,5,6-
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tetrafluorobenzene. The only difluorobenzene reported in the work was 2,4-difluoro-1-

nitrobenzene which achieved 78% product isolation in DMF. For substrates with low 

reactivity in water, improved yields were achieved in DMF. 

A variety of polyfluorinated arenes were tested in the direct arylation of 4-iodotoluene 57 in 

DMF (Table 9). The results confirmed the observations reported by Chen and co-

workers.
126

 The tri- and tetra-fluorobenzenes successfully formed the mono-, di- and tri-

substituted products 70 and 71 respectively), with partial conversion of 4-iodotoluene 57. 

No product was formed for the reaction of difluorobenzenes (72 and 28), 

monofluorobenzene 73, trifluorotoluene 74, or benzene 75. Quantitative conversion of 4-

iodotoluene 57 was achieved for the 1-substituted-2,3,5,6-tetrafluorobenzenes to form 

products 76–80 in high yields. These substrates were used to characterise the electronic 

effect of the fluoroarenes on the reaction rate in Chapter 3.  

Table 9. Conversions of 4-iodotoluene 57 and the yields of the isolated products 28, 70–80 (in 

parentheses) for the direct arylation with fluoroarenes. 

 

 

I
 Monosubstituted. 

II
 Disubstituted. 

III
 Trisubstituted. 
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I II III 

An attempt was made to improve on the limited substrate scope of the reaction. The 

reaction temperature was increased to 75 °C, with large excess of fluoroarenes 26 and 

increased amount of PPh3 (15 mol%) (Scheme 28). Under these modified reaction 

conditions 1,3-difluorobenzene 26 was successfully functionalised regiospecifically at the 

C2-position ortho to the two fluorine atoms to form the product 28 in 68% isolated yield. 

The reactivity of other fluoroarene (i.e. 1,2-difluorobenzene, 1,4-difluorobenzene and 

fluorobenzene) under the modified reaction conditions was also tested, but these reactions 

only resulted in trace quantities of the respective biaryl products. The result was in 

agreement with the higher reactivity of the C–H bond between two fluorine atoms over 

single fluorine atom. 

 

Scheme 28. Direct arylation reaction of 4-iodotoluene 57 with 1,3-difluorobenzene 26. 

2.6 Synthesis of Potential Catalytic Pd Intermediates 

The identities of the catalytic intermediates are often unravelled by the kinetics of the 

stoichiometric reactions of isolated intermediate species.
205

 A range of mononuclear and 

dinuclear Pd-containing complexes were hypothesised as potential on-cycle and off-cycle 

intermediates of the catalytic cycle. Literature procedures were followed for the synthesis 

of these complexes. The structures and the purity were determined based on 

characterisation data from 
1
H NMR, 

31
P NMR, FT-IR spectroscopy and MS. 

Firstly, the oxidative addition products of Pd into iodobenzene 81 and 4-iodotoluene 57 

were prepared by stirring a mixture of Pd2dba3.CHCl3, PPh3 and ArI in DCM at ambient 

temperature (Scheme 29).
206

 The phenyl and the 4-tolyl analogues of the product with the 

general formula Pd(Ar)(I)(PPh3)2 (Ar = Ph 82a and 4-tolyl 82b) were isolated in 49% and 

80% yields respectively. The 
1
H and 

31
P NMR spectra of the products were in agreement 

with the published data. The species 82a and 82b were detected by ESI(+)-MS as the 
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molecular ion [M−I]
+
 at m/z 707.13 and 721.14 respectively with characteristic isotopic 

pattern of mononuclear Pd species. 

 

Scheme 29. Synthesis and isolated yields of Pd(Ar)(I)(PPh3)2 (Ar = Ph 82a and 4-tolyl 82b) from 

Pd2dba3.CHCl3 and ArI (Ar = Ph 81 and 4-tolyl 57). 

In catalysis, dinuclear transition metal complexes are often considered to act as a stable 

reservoir for the active mononuclear catalyst complex.
207, 208

 However, mechanisms 

involving on-cycle dinuclear complexes as the active catalytic species have been proposed 

in the literature. For example, Harakat and co-workers reported a dinuclear chloride bridged 

Pd complex as the active catalyst for the Wacker oxidation of alkenes based on an ESI-MS 

study.
209

 This was further supported by the reaction kinetics between first and second-order 

in the Pd pre-catalyst as determined by GC based kinetic study. Widenhoefer and co-

workers have also proposed a halide bridged dinuclear Pd species as the on-cycle species in 

the Buchwald-Hartwig amination based on study of stoichiometric reactions.
210

 

Computational DMF calculations on the structure of AMLA(6)-TS often suggest 

involvement of carboxylate-coordinated Pd species, such as Pd(Ar)(κ
2
-OAc)(PPh3) 51. The 

stoichiometric C–H bond functionalisation of 2-methylthiophene 46 with acetate-bridged 

dinuclear [Pd(Ar)(µ-OAc)(PPh3)]2 45 was reported by Wakioka and co-workers.
175

 The 

mononuclear acetate ligated Pd complex 51 was proposed as the active species in 

equilibrium with the stable dinuclear Pd species 45. 

In-order to synthesise the dinuclear complex 45, the hydroxo-analogue [Pd(Ar)(µ-

OH)(PPh3)]2 83 was prepared as the precursor.
211

 A biphasic reaction mixture of 

Pd(PPh3)2Cl2 and ArI (Ar = Ph 81 and 4-tolyl 57) in aqueous KOH and benzene were 

heated to reflux under continuous flow of nitrogen for 3 h (Scheme 30). The phenyl 

analogue 83a was isolated in 81% yield as air and moisture-stable white solid. However, 

the reaction of 4-tolyl resulted in a mixture of inseparable Pd-complexes with trace quantity 

of product [Pd(4-tolyl)(µ-OH)(PPh3)]2 83b observed by NMR spectroscopic analysis. 
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Scheme 30. Synthesis and isolated yields of dinuclear [Pd(Ar)(µ-OH)(PPh3)]2 (Ar = Ph 83a and 4-

tolyly 83b). 

An alternative synthetic route reported by Grushin and co-workers was followed for the 

preparation of the desired dinuclear complex 83b.
211

 A degassed suspension of complex 

[Pd(Ph)(µ-OH)(PPh3)]2 83a and 4-iodotoluene 57 in benzene was stirred under an 

atmosphere of CO (Scheme 31). The resulting red solution was degassed by three-cycles of 

freeze-pump-thaw and stirred under atmosphere of argon following the addition of 4-

iodotoluene 57 and aqueous KOH solution for 27 hours. Purification of the product 83b 

from excess 4-iodotoluene 57 was best achieved by recrystallization from chloroform and 

pentane to give isolated product 83b in 50% yield. The mechanism of this reaction is 

thought to involve the in situ generation of highly active ‘Pd
0
(PPh3)’ complex capable of 

oxidative addition.
211

 The analysis of the product 83b by LIFDI-MS confirmed the 

successful formation of the complex [Pd(4-tolyl)(µ-OH)(PPh3)]2 83b (m/z 954.14). 

However, the observation of PPh3(4-tolyl)
+
 60 (m/z 352.88) highlighted the potential aryl 

exchange reaction between Pd–Ar and P–Ph. This would result in the formation of 

inseparable dinuclear Pd–Ar 83b and Pd–Ph 83a mixture. Unfortunately, the overall yield 

of the isolated complex [Pd(4-tolyl)(µ-OH)(PPh3)]2 83b was unfavourable for performing 

further study on the reactivity. Therefore, the synthetic effort was focused on phenyl 

containing Pd species. 

  

Scheme 31. Synthesis and isolated yield of of dinuclear [Pd(4-tolyl)(µ-OH)(PPh3)]2 83b under 

atmosphere of CO. 

The structure of the dinuclear complex 83a was confirmed by characteristic spectroscopic 

data. The OH-groups bridging the two Pd metal centres absorb at 3610 cm
−1

 in the IR 

spectrum and appear in the negative ppm region of the 
1
H NMR spectrum. The trans- and 

cis-isomers were obtained in 3:1 ratio as also confirmed by both 
1
H and 

31
P NMR 

spectroscopic analysis (Figure 9). In solution the complexes did not isomerise, but 

gradually decomposed. These dinuclear structure of [Pd(Ph)(µ-OH)(PPh3)]2 83a was 
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confirmed by the LIFDI-MS with peak at m/z 926.09 showing characteristic isotopic 

pattern of dinuclear Pd complex. Additional peaks were observed for Pd(Ph)(PPh3) (m/z 

444.81), PPh4
+
 (m/z 338.93), and PPh3 (m/z 261.84). 

 

Figure 9. Trans- and cis-isomers of [Pd(Ph)(µ-OH)(PPh3)]2 83a obtained in 3:1 ratio. 

The acetato-bridged dinuclear [Pd(Ph)(µ-OAc)(PPh3)]2 84 species was successfully 

synthesised and isolated in 76% yield following the addition of excess AcOH to a 

suspension of [Pd(Ph)(µ-OH)(PPh3)]2 83a in benzene (Scheme 32). 
212

 The methyl group of 

the acetato-bridge was observed at δ 1.59 by 
1
H NMR spectroscopic analysis, and the 

strong IR absorption of the carbonyl group was observed between 1577–1415 cm
−1

. 

Analysis of the compound 84 by LIFDI-MS confirmed the dinuclear structure with isotopic 

pattern of dinuclear Pd species observed at m/z 1010.12. Additional peaks for Pd(Ph)(κ
1
-

OAc)(PPh3)–Pd(PPh3) (m/z 873.91), Pd(Ph)(OAc)(PPh3) (m/z 503.93), and PPh4
+
 (m/z 

338.98) were also detected. However, analysis by 
31

P NMR spectroscopy confirmed the 

presence of single phosphine species at δ 29.9 in benzene-d6 solution. 

 

Scheme 32. Synthesis and isolated yield of dinuclear [Pd(Ph)(µ-OAc)(PPh3)]2 84. 

The mononuclear Pd(Ph)(κ
1
-OAc)(PPh3)2 85 species was synthesised by addition of excess 

PPh3 to a suspension of dinuclear [Pd(Ph)(µ-OAc)(PPh3)]2 84 species in benzene (Scheme 

33).
212

 Addition of ice cold hexane to the resulting colourless solution resulted in isolation 

of the product 85 as a crystalline white solid in 81% yield. The 
1
H NMR signals of the 

acetate methyl group was observed at δ 0.86 and a single 
31

P NMR signal was detected at δ 

20.6. The analysis of the product by LIFDI-MS revealed the presence of mononuclear 

species Pd(Ph)(OAc)(PPh3)2 (m/z 766.12), Pd(Ph)(OAc)(PPh3) (m/z 503.90) and Pd(PPh3)3 

(m/z 892.27), as well as PPh3 (m/z 261.82) and PPh4
+
 (m/z 338.89). 
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Scheme 33. Synthesis and isolated yield of mononuclear Pd(Ph)(κ

1
-OAc)(PPh3)2 85. 

The iodide-bridged dinuclear Pd complex [Pd(Ph)(µ-I)(PPh3)]2 86 was prepared in 79% 

yield from complex 83a in the presence of excess sodium iodide in DCM solution (Scheme 

34).
211

 The 
1
H and 

31
P NMR spectroscopic analysis of the complex 86 in CD2Cl2 matched 

the characterisation data reported by Grushin and co-workers.
211

 A broad signal observed at 

δ 27.4 by 
31

P NMR spectroscopic analysis was resolved into two singlets at δ 28.3 and δ 

27.6 with integration of 1:2 upon decreasing the temperature to −20 °C. The signal 

averaging observed by 
31

P NMR spectroscopic analysis suggests the dinuclear complex 86 

underwent rapid cis-trans isomerisation in solution. This observation was consistent with 

rapid dissociation of dinuclear [Pd(Ph)(µ-I)(AsPh3)]2 complex into the mononuclear species 

in DMF reported by Amatore and co-workers during the mechanistic study on the reaction 

of Pd(Ph)(I)(AsPh3)2 with vinyl stannane.
207

 Iodo-bridged dinuclear Pd species have also 

been reported as effective pre-catalysts in cross-coupling reactions.
213

 

 

Scheme 34. Synthesis and isolated yield of dinuclear [Pd(Ph)(µ-I)(PPh3)]2 86. 

The synthesised mononuclear and dinuclear Pd species were stored at −20 °C in the 

glovebox under an atmosphere of argon. The reactivity under stoichiometric reaction 

condition and suitability as the catalysts are reported and discussed for the phenyl 

containing Pd complexes (82a, 83b, 84, 85 and 86) in Chapter 4. 

2.7 Conclusions 

The direct arylation reaction of 4-iodotoluene 57 with pentafluorobenzene 56 was selected 

as the benchmark model reaction for the mechanistic work. The yield of the product 58 

formed under various reaction conditions revealed that the reported conditions were already 

optimised for the system at 5 mol% Pd(OAc)2 catalyst loading. Homocoupling side-product 

59 was formed in trace quantity under reaction conditions using over 10 mol% catalyst 

loading, or in the absence of Ag. However, this side-reaction was negligible under the 
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majority of the reaction conditions tested. Observations were made regarding different pre-

catalysts, additives, solvents, and starting materials in order to understand the reaction 

condition necessary for effective C–H bond functionalisation. 

The suitability of Pd-NPs catalysed direct arylation reaction with pentafluorobenzene 56 

was demonstrated. A range of PVP stabilised Pd-NPs with different polymer sizes and 

particle sizes were tested. The catalyst required PPh3 at 70 °C which was the highest 

temperature applied during the kinetic experiments. However, at elevated temperature of 

100 °C the Pd-NPs were capable of forming the biaryl product 58 under ligand-free 

conditions. A similar result was obtained using Pd(OAc)2 without PPh3 at 100 °C. The 

product 58 formation was concluded to favour reaction conditions commonly associated 

with homogeneous catalysis. 

The reaction was successfully catalysed by pre-catalysts other than Pd(OAc)2. Quantitative 

conversion of substrate 57 was achieved for reactions using Pd(PPh3)4 and Pd(PPh3)2Cl2 

pre-catalysts. Results indicated 4 equivalents of PPh3 per Pd-atom were required for the 

complete activation of these pre-catalysts. Furthermore, experimental evidence suggested 

both carboxylate anions present in the reaction mixture (i.e. acetate and carbonate anions) 

were capable of being directly involved in the AMLA(6) pathway. Of the metal carbonates 

tested, the highest yield was achieved using Ag2CO3 for the reaction of 4-iodotoluene 57 

whereas K2CO3 or Cs2CO3 were better suited for 4-bromotoluene 27. The conversion of the 

substrate 57 depended on the quantity of the Ag2CO3 added, highlighting the significant 

role played by the additive. Ag2O and tetramethylammonium acetate were also shown to be 

comparably effective additives. 

Alternative solvents for the model reaction were considered in order to reduce the health 

risk and environmental impact of using DMF. Polar solvents were required for successful 

product 58 formation and the yield was unaffected by the presence of air or water. Ethylene 

carbonate and propylene carbonate, both biodegradable cyclic carbonates, were reported to 

be effective solvents with the product 58 isolated in 50% and 51% yields respectively. 

The substrate scope for the model reaction conditions was investigated. For the iodoarenes, 

the direct arylation of para-substituted-iodobenzenes with pentafluorobenzene 56 

successfully formed the desired product for R = Me 58, H 64, F 65, CF3 66 and NO2 67. No 

product formation was observed for R = OH 62 and NH2 63. For the fluoroarenes, the 

quantitative conversion of 4-iodotoluene 57 was achieved for reaction with 1-substituted-

2,3,5,6-tetrafluorobenzenes (R = NMe2 76, OMe 77, Me 78, Cl 79, and CF3 80). The 

reaction of 4-iodotoluene 57 with tetra- and tri-fluorobenzenes (70 and 71 respectively) 
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successfully formed the mono-, di- and tri-substituted products. No product was formed for 

di- and mono-fluorobenzenes under the model reaction conditions. However, stereospecific 

direct arylation of the 1,3-difluorobenzene 26 in the C2 position was achieved to give 2,6-

difluoro-4ʹ-(methyl)biphenyl 28 in 68% isolated yield under modified reaction conditions 

with excess reagent 26 and 15 mol% PPh3 at 75 °C. 

Potential phenyl-containing catalytic Pd intermediates of the reaction were synthesised in 

good yields following literature procedures. The mononuclear Pd species (i.e. 

Pd(Ar)(I)(PPh3)2 82a/82b and Pd(Ph)(κ
1
-OAc)(PPh3)2 85) and the dinuclear Pd species  (i.e. 

[Pd(Ph)(µ-OH)(PPh3)]2 83a/83b, [Pd(Ph)(µ-OAc)(PPh3)]2 84 and [Pd(Ph)(µ-I)(PPh3)]2 86) 

were characterised by 
1
H NMR, 

31
P NMR, FT-IR spectroscopy and MS. The reactivity of 

these Pd complexes under stoichiometric reaction conditions and their capability to act as 

the catalyst were reported and discussed in Chapter 4. The studies on the isolated 4-tolyl-

containing Pd species were abandoned due to poor overall yield of the reactions and the 

presence of inseparable impurities. 
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Chapter 3: Kinetic Observations 

3.1 Reaction Mechanism Studied by in situ FT-IR Spectroscopy 

Infrared absorption spectroscopy is a powerful technique for studying heterogeneous 

catalysis.
214

 In the past, in situ FT-IR spectroscopy has been applied extensively to studying 

surface chemistry of heterogeneous catalysis such as water-gas-shift reactions and methane, 

acetone, CO oxidations.
215, 216

 The ability to obtain quantitative and qualitative information 

in real-time makes in situ FT-IR spectroscopy a powerful technique for process 

development and process control in industry. Analysis of homogeneous catalysis has also 

been reported, but often focused on monitoring reaction progress, compound 

decomposition and intermediate identification.  

This approach was highlighted by the mechanistic study by He and co-workers on the 

copper-catalysed arylation of iodoarene 87 with β-diketone 88 (Scheme 35).
217

 The 

sequential stoichiometric reaction of β-diketone 88, K3PO4 and CuI in DMSO was 

monitored by the in situ FT-IR spectroscopy (Figure 10). Gradual formation of K(acac) 

was observed in a solution of K3PO4 and β-diketone 88. Upon addition of CuI, 

instantaneous loss of K(acac) and formation of an unidentified peak was observed. This 

unknown species, which was shown to convert into Cu
II
(acac)2, was proposed to be the 

active catalyst [Cu
I
(acac)2]

−
 based on additional experimental study and computational 

calculations based on DFT methodology. 

 

Scheme 35. Cu-catalysed C–C bond coupling reaction of iodoarene 87 with β-diketone 88 (He and 

co.).
217
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Figure 10. Three-dimensional FT-IR spectrum of the reaction shown in Scheme 35, with the 

moments of reagent addition in black and assignment of intermediate peaks in red.
217

 (Adapted with 

permission from C. He, G.H. Zhang, J. Ke, H. Zhang, J.T. Miller, A.J. Kropf, A.W. Lei, J. Am. 

Chem. Soc. 2013, 135, 488–493. Copyright 2014 American Chemical Society). 

In 2012, Sheikh and co-workers reported enantioenriched synthesis of general 2-

substituted-2-phenylpyrrolidines 89 and piperidines 90 with quaternary stereocentres 

(Scheme 36).
218

 The lithiation step was directed by the C=O bond of the Boc (CO2
t
Bu) 

protecting-group, and the free rotation of N-Boc bond was required for high yield of 

lithiation. Furthermore, for high stereoselectivity, the lithiated intermediates had to be 

configurationally stable. The reaction condition was optimised from the observations made 

monitoring the transformation by in situ FT-IR spectroscopy. 

 

Scheme 36. Optimised reaction condition for the general synthesis of 2-substituted-2-

phenylpyrrolidines 89 and piperidines 90 (Sheikh and co.).
218

 

Detailed kinetic study of reaction between acid chloride 91 and imine 92 to form β-lactams 

93 and 94 was reported by Lynch and co-workers (Scheme 37).
219

 In situ FT-IR 

spectroscopy at low temperature (i.e. −22 °C) was used to follow the IR bands of the acid 

add K3PO4 

add CuI 

Cu
II
(acac)2 

[Cu
I
(acac)2]

−
 

add β-diketone 83 
K(acac) 
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chloride 91 (1800 cm
−1

) and the β-lactams 93 and 94 (1750 cm
−1

). The reaction was first-

order in the concentrations of acid chloride 91 and N,N-diisopropylethylamine (DIEA). The 

reaction rate was found to be independent of the imine 92 concentration. The kinetic 

analysis showed that the reaction proceeded via ketene intermediate formed from the 

reaction of acid chloride 91 with DIEA. 

 

Scheme 37. Synthesis of β-lactams 93 and 94 from acid chloride 91 and imine 92 (Lynch and co.).
219

 

Use of in situ FT-IR system for determination of a kinetic model of acid-catalysed 

hydrolysis of sucrose to fructose and glucose was reported by Pintar and co-workers 

(Scheme 38).
220

 The effects of initial sucrose concentration, hydrogen ion concentration, 

and reaction temperature on the reaction rates were studied. The reaction was first-order 

with respect to the concentration of the sucrose, and first-order in the concentration of the 

hydrogen chloride in the presence of excess water. The second-order rate constant (k) was 

calculated as 1.22×10
−2

 mol
−1

 min
−1

 at 25 °C and the Ea was 95.0 kJ mol
−1

. This study 

established that in situ FT-IR was capable of obtaining high quality kinetic data of reactions 

in solution. 

 

Scheme 38. Acid-catalysed hydrolysis of sucrose to fructose and glucose (Pintar and co.).
220

 

Blackmond and co-workers have utilised in situ FT-IR spectroscopy as a powerful 

technique in the development of reaction progress kinetics analysis (RPKA).
221
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3.2 Kinetic Study using in situ FT-IR Spectroscopic Analysis 

3.2.1 Experimental Set-Up 

The IR activity of the reaction species in DMF was analysed to determine the suitability of 

the spectroscopic technique for studying kinetics of the model reaction system (Scheme 39). 

Strong IR absorptions around 1500 cm
−1

 (i.e. pentafluorobenzene 56 at 1533 cm
−1

 and 1513 

cm
−1

, 4-iodotoluene 57 at 1485 cm
−1

, and product 58 at 1528 cm
−1

, 1511 cm
−1

 and 1495 

cm
−1

) were unsuitable due to reagent and solvent peak overlap. However, distinctive 

absorption bands were identified for compounds 56, 57 and 58 at 944–957 cm
−1

, 1009 cm
−1

 

and 989 cm
−1

 respectively (Figure 11). These bands lie within the 1020–900 cm
−1

 region of 

DMF where the solvent does not absorb the IR radiation. Of the polar solvents tested, DMF 

was the only example with flat absorbance in this region of interest (ca. 900–1050 cm
−1

). 

 

Scheme 39. Direct arylation reaction condition selected for study by the in situ FT-IR spectroscopy. 

 

Figure 11. Overlaid FT-IR spectra of (1) DMF, and DMF solutions of (2) pentafluorobenzene 56, 

(3) 4-iodotoluene 57 and (4) the product 58 in the solution cell. 
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The band assignment for pentafluorobenzene 56 with C2v symmetry has been made by 

Steele and co-workers with the frequency at 957 cm
−1

 given as class b2 fundamental based 

on type-A contours with P- and R-bands with medium strength Q-band in between.
222, 223

 

Garrigoulagrange and co-workers studied the vibrational frequencies of various para-

disubstituted benzenes including 4-iodotoluene 57 which has C2v symmetry. In this work, 

the band observed at 1009 cm
−1

 was assigned as class a1 fundamental.
224, 225

 The IR 

spectrum of the product 58 with C2V symmetry had not been reported in the literature.  

The in situ FT-IR spectroscopic measurements were recorded by the ReactIR
TM

 equipped 

with a silicon ATR sensor at a resolution of 4 cm
-1

 with 167 scans per minute (Figure 12). 

The greatest advantages of in situ FT-IR spectroscopy using ATR probe is the convenience 

of monitoring the reaction progress. Since the probe is only required to be submerged 

below the solvent surface, the technique allows reaction mixtures with insoluble solids to 

be studied while being stirred. The IR absorptions of substrates (i.e. 56 and 57) and the 

product 58 were unaffected by being in the reaction mixture (i.e. 944–957 cm
−1

, 1009 cm
−1

 

and 989 cm
−1

 respectively). Since FT-IR spectroscopy is an integral measurement, the IR 

absorptions were used to calculate the substrate conversions (i.e. 1−(A/A0)) and the 

concentrations during the reaction. The reaction was initiated by the addition of 

pentafluorobenzene 56 to a mixture of 4-iodotoluene 57, Pd(OAc)2, PPh3 and Ag2CO3 

under continuous flow of nitrogen. The reaction temperature was monitored using an 

electronic thermometer with a K-type thermocouple submerged in the reaction mixture. The 

data were analysed by subtracting the spectrum of degassed DMF at the relevant reaction 

temperatures, and using two baseline-offset points at ca. 1015 cm
−1

 and 915 cm
−1

. The 

experimental results were treated as in situ rather than in operando as IR bands of the 

catalytic species were not observed.
226, 227

 

 

Figure 12. Experimental set-up for following the kinetics of the reaction shown in Scheme 39 using 

the ReactIR
TM

, an in situ FT-IR instrument. 
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3.2.2 Initial Kinetic Measurements and Observations 

The reaction profile generated by following the changes in IR absorptions at 1009 cm
−1

, 

989 cm
−1

 and 957 cm
−1 

showed rapid consumption of starting materials (i.e. 56 and 57) and 

the formation of product 58 (Scheme 13 and Figure 14). Instantaneous formation of 

product 58 was observed without any detectable induction period. This does not eliminate 

the possibility of an induction period for catalyst activation outside of the spectroscopic 

time-frame. However, it was not a problem for analysing the reaction rate, as the main 

interest lies in the steady-state characteristics of the catalysis. No intermediate species were 

detected on the time scale of the method. The reaction achieved quantitative conversion of 

4-iodotoluene 57 (pentafluorobenzene 56 was in slight excess), with overall first-order 

kinetics with kobs = (7.14 ± 0.03) × 10
−5

 s
−1

 at 56 ± 1 °C (Eq. 1). 

 

Figure 13. Stacked FT-IR spectra of the reaction mixture shown in Scheme 39 between 0–8 h 

reaction time generated by in situ FT-IR spectroscopic analysis. Absorbance observed for 4-

iodotoluene 57 (1009 cm
−1

), the biaryl product 58 (989 cm
−1

) and pentafluorobenzene 56 (957 cm
−1

 

and 944 cm
−1

). 

 

𝑟𝑎𝑡𝑒 =
−𝑑[𝐴𝑟𝐼 𝟓𝟕]

𝑑𝑡
=

−𝑑[𝐶6𝐹5𝐻 𝟓𝟔]

𝑑𝑡
=

+𝑑[𝑃 𝟓𝟖]

𝑑𝑡
=

1

𝑡
𝑙𝑛 (

[𝐴𝑟𝐼 𝟓𝟕]0

[𝐴𝑟𝐼 𝟓𝟕]𝑡
)              (1) 
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Figure 14. Changes in the IR absorbance observed during the reaction shown in Scheme 39. 

The direct arylation reaction of 0.18 M C6F5H 56 with 0.018 M 4-iodotoluene 57 was 

monitored simultaneously by in-situ FT-IR spectroscopic analysis and ex situ NMR 

spectroscopic analysis. The percentage conversion of 4-iodotoluene 57 to the product 58 

during the reaction was determined from integrating the methyl peaks observed by 
1
H 

NMR spectroscopic analysis of reaction mixture aliquots sampled at regular interval. The 

side-products were not observed under the reaction conditions employed for the kinetic 

investigation. The kinetic profiles observed by the two techniques (i.e. FT-IR and NMR) 

were in very good agreement confirming the in situ FT-IR spectroscopic analysis to be a 

viable and convenient method for studying the kinetics of the reaction (Figure 15). 

Furthermore, the concentrations of the starting material 57 and the product 58 during the 

reaction can be calculated successfully by correlating the change in the corresponding IR 

absorbance to the %conversion determined by 
1
H NMR spectroscopic analysis. However, 

the main disadvantage of the technique was the inability to detect short-lived intermediates 

or species in low concentration. 
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Figure 15. Progress of the reaction shown in Scheme 39 with 10-fold excess of substrate 56 (i.e. 

0.18 M) generated by (Black) in situ FT-IR spectroscopy and (Red) conversion determined by NMR 

spectroscopic analysis of sampled reaction mixture aliquots. 

Alternative methods of initiating the reaction were tested in order to establish the best 

approach for detailed kinetic study. An attempt was made to start the reaction by the 

addition of Pd(OAc)2 solution in DMF to a heated mixture of starting materials 56 and 57, 

PPh3 and Ag2CO3 in DMF (Figure 16). However, no reaction was observed between the 

addition of Pd(OAc)2 and one hour of heating at 56 ± 1 °C. Interestingly, the reaction failed 

to start upon the addition of further 10 mol% of solid PPh3. The reaction was finally 

initiated by the simultaneous addition of solid Pd(OAc)2 (5 mol%) and PPh3 (10 mol%). 

This result suggests the decomposition of Pd(OAc)2 and PPh3 in the absence of the 

counterpart. 
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Figure 16. Changes in the IR absorbance of 4-iodotoluene 57 at 1009 cm
−1

 during the attempted 

initiation of reaction shown in Scheme 39 by the addition of Pd(OAc)2 solution in DMF. 

The reaction initiated by the addition of 4-iodotoluene 57 showed trace quantity of product 

58 formation, but did not match the rate observed when initiated by pentafluorobenzene 56. 

Furthermore, the experiment suffered baseline shifting, most likely due to formation of Pd 

black. The complex formed between Pd(OAc)2 and PPh3 was potentially unstable in the 

absence of 4-iodotoluene 57. 

The reaction was successfully initiated by the addition of pre-mixed solution of Pd(OAc)2 

and PPh3 in DMF. The kobs = (4.56 ± 0.08) × 10
−4

 s
−1

 determined from the experiment was 

in agreement with what was obtained previously for the reaction initiated by the additon of 

pentafluorobenzene 56, kobs = (4.39 ± 0.14) × 10
−4

 s
−1

. Furthermore, identical kobs was 

obtained for reaction where DMF solution of the substrates (i.e. 56 and 57) was transferred 

into the reaction vessel with the solid reagents (i.e. Pd(OAc)2, PPh3 and Ag2CO3). Under 

this preparation method (see Chapter 6.2 General Procedures), an induction period was 

observed (ca. 4 min) after the reaction was at 56 ± 1 °C. It was therefore concluded that the 

reaction can be initiated either by the (1) addition of pentafluorobenzene 56 to a mixture of 

4-iodotoluene 57, Pd(OAc)2, PPh3 and Ag2CO3 in DMF or (2) by the addition of pre-mixed 

solution of Pd(OAc)2 and PPh3 in DMF or (3) mixing all the reagents together, to provide 

identical kinetic results. The consistent kinetic results highlighted the excellent 

reproducibility of the experimental data obtained by the estabilished in situ FT-IR 

spectroscopic analysis methodologies. 
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Observations were made on the changes in the appearance of the Pd(OAc)2 and PPh3 

catalyst mixture in DMF prior to addition (Figure 17). The sequence of colour changes 

observed suggests the in situ formation of Pd
0
 from the reduction of Pd

II
 by PPh3. The 

Pd
0
PPh3 most likely formed in the red solution is oxidised upon exposure to air (Figure 18). 

However, this complex was expected to form a stable oxidative addition complex 

Pd
II
(Ar)(I)(PPh3) in the presence of 4-iodotoluene 57. 

      

Stirred 1 min Stirred 3 min Heated 10 min 

Figure 17. Changes in the colour observed for the solution of Pd(OAc)2 and PPh3 in DMF. 

      

0 min - red 20 min - yellow 1 day - black 

Figure 18. Changes in the colour of solution seen in Figure 17 after exposure to air. 

The effects of water and air on the reaction kinetics were considered. The reaction in the 

presence of 50-fold excess H2O (kobs = (8.83 ± 0.16) × 10
−7

 mol dm
−3

 s
−1

) was at half the 

rate compared with the reaction without added H2O (kobs = (1.68 ± 0.02) × 10
−6

 mol dm
−3

 

s
−1

). Comparing the kobs for a reaction under continuous flow of nitrogen and a reaction 

open to air, it was revealed that the kinetics were unaffected by the reaction atmosphere. In 

order to maintain consistency of data, all of the kinetic experiments were performed in 

commercially purchased dried DMF, degassed and stored over 3Å molecular sieves, under 

continuous flow of nitrogen. 
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3.3 Modern Kinetic Analysis: Reaction Progress Kinetic Analysis 

and Variable Time Normalisation Analysis 

3.3.1 General Consideration and Kinetic Data 

Initial kinetic investigations were made following instructions provided by Blackmond for 

carrying out reaction progress kinetic analysis (RPKA)
205, 222

 and Burés for performing 

variable time normalisation analysis (VTNA).
228, 229

 These methodologies have been 

successfully applied for kinetic analysis of organic reactions and transition metal-catalysed 

transformations in recent years.
230-236

 The technique utilises all the data obtained from 

continuous reaction monitoring techniques and provide kinetic evidence based on visual 

graphical overlaps, with fewer experiments than classical kinetic analysis. Since RPKA and 

VTNA do not require the pseudo-n
th
-order conditions, they provide kinetic data under 

synthetically realistic reaction conditions. The information obtained from these methods 

were later compared and combined with the results from classical kinetic analysis 

approaches (see Chapter 3.4). The reaction with 93 mM [ArI 57] and 140 mM [C6F5H 56] 

(i.e. excess of 47 mM) catalysed by 4.6 mM [Pd]TOT at 56 ± 1 °C was selected as the 

standard conditions for both analyses (Table 10, Entry 1). 

Table 10. Reaction conditions selected for performing the RPKA and the VTNA. 

 

Entry Condition 
Concentration / mM 

[ArI 57] [C6F5H 56] [Pd]TOT [P 58] [xs] 
a
 

1 Standard 93 140 4.6 0 47 

2 Different [xs] 93 93 4.7 0 0 

3 Different [xs] 93 280 4.7 0 187 

4 Different [xs]ʹ 280 93 4.7 0 187 
b
 

5 Different [Pd]TOT 93 140 9.2 0 47 

6 Same [xs] 47 93 4.6 0 46 

7 Same [xs] + [P 58] 47 93 4.6 47 46 

a
 [xs] = [C6F5H 56] − [ArI 57]. 

b
 [xs]ʹ = [ArI 57] − [C6F5H 56]. 
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3.3.2 Reaction Progress Kinetic Analysis 

Unlike the classic method of kinetic investigation, RPKA can provide kinetic information 

on reactions with two changing substrate concentrations. This is achieved by utilising a 

parameter called the “excess” concentration and analysing plots of reaction rate against 

substrate concentration by “graphical rate equations”. The experiments were designed with 

different amounts of [“excess”] or [xs] defined as the difference in the concentrations of the 

two substrates. The standard reaction (Table 10, Entry 1) was repeated with two different 

amounts of [xs] pentafluorobenzene 56 (Entries 2 and 3) and the same amount of [xs], 

starting with 47 mM [ArI 57] and 93 mM [C6F5H 56] (Entry 6). The reaction achieved 

faster completion under higher concentration of C6F5H 56 (Figure 19). However, no rate 

enhancement was observed with 187 mM excess concentration of 4-iodotoluene 57 (Entry 

4). Therefore the reaction rate was dependent on the concentration of pentafluorobenzene 

56, but not the 4-iodotoluene 57. 

 

Figure 19. Kinetic profiles of the product 58 formation for the reaction shown in Table 10 with 

different values of excess (where [xs] = [C6F5H 56] − [ArI 57] and  [xs]ʹ = [ArI 57] − [C6F5H 56]). 

(1) Experimental data and (2) arbitrary polynomials fitted to the experimental data. 

The concentrations versus time data collected by the in situ FT-IR spectrometer at 56 ± 

1 °C were fitted to an arbitrary polynomial function (Figure 19). The reaction rates at each 

experimental data point were derived by the differential method of kinetic data analysis (i.e. 

differentiating the polynomial equations fitted to the experimental data). The calculated 

rates were significantly affected by the closeness of the fit. In order to improve the accuracy 
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of the rate profiles, the cells in the Excel spread sheets were referenced into the calculations 

to incorporate all decimal places. Additionally, suitable degrees of polynomial (up to n = 

16
th
) were applied, based on trial and error. Therefore, it is acknowledge that the error 

introduced from the aforementioned mathematical transformations may be significant. 

The calculated reaction rates were plotted against the concentration of the 4-iodotoluene 57 

over the course of the reaction to give the simplest form of the graphical rate equation 

(Figure 20). The reaction progress is shown from right to left in graphical rate equations. 

The kinetic data between 20–80% product 58 formation were analysed for the steady-state 

catalytic cycle. In addition to visualising the increase in reaction rate with increased 

pentafluorobenzene 56 concentration, this plot provided a relationship between change in 

rate and the change in [ArI 57]. Firstly, the rates of the reactions under different excess 

[C6F5H 56] values decreased linearly with similar gradients, m (Table 11). Secondly, a 

sharp drop in the rates was observed towards the end of the reactions when [xs] ≠ 0 mM. 

This was highlighted by the significant nonzero y-intercepts, c, present for the lines-of-

best-fit of these reactions. The graph also demonstrated that the reaction was dependent on 

the substrate 56 concentration in some way, as a reaction with zeroth-order in the two 

substrates would result in overlapping horizontal lines. 

 

Figure 20. Graphical rate equations of selected reactions shown in Table 10 with the rate plotted 

against [4-iodotoluene 57] for 20–80% reaction completion. The reaction rates from the standard 

[xs] experiment was compared to the results from same [xs] and different [xs] experiments (where 

[xs] = [C6F5H 56] − [ArI 57]). 
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Table 11.Values of the lines-of-best-fit for the graphical rate equations plotted in Figure 20. 

Entry [xs] 
a
 / mM m / 10

−5
 . dm

3
 mol

−1
 s

−1
 c / 10

−6
 . s

−1
 m•[xs] 

a
 / s

−1
 

1 47 4.31 ± 0.02 1.62 ± 0.01 2.03 × 10
−6

 

2 47 3.55 ± 0.04 1.50 ± 0.01 1.67 × 10
−6

 

3 0.14 4.75 ± 0.01 0.389 ± 0.006 6.84 × 10
−9

 

4 187 5.40 ± 0.13 4.99 ± 0.06 1.01 × 10
−5

 

a
 [xs] = [C6F5H 56] − [ArI 57] 

The observations made by RPKA discussed above, are characteristics of reaction with first-

order kinetics in [C6F5H 56] and zeroth-order kinetics in [ArI 57] (Eq. 2). Assuming 

constant [xs] during the reaction and substrate consumption consistent with the reaction 

stoichiometry, the concentration of [C6F5H 56] at any point in the reaction is the sum of the 

[ArI 57] and the [xs] (Eq. 3). Therefore, the plot of rate versus [ArI 57] was linear with the 

slope of k and the y-intercept of k[xs] (Eq. 4). 

 

𝑟𝑎𝑡𝑒 = 𝑘[𝐶6𝐹5𝐻 𝟓𝟔]                                                              (2) 

 

[𝐶6𝐹5𝐻 𝟓𝟔] = [𝐴𝑟𝐼 𝟓𝟕] + [𝑥𝑠]                                            (3) 

 

𝑟𝑎𝑡𝑒 = 𝑘[𝐴𝑟𝐼 𝟓𝟕] + 𝑘[𝑥𝑠]                                                    (4) 

 

The order in the substrates can be determined by utilising normalised rates, derived from 

normalisation of Eq. 2 by a substrate concentration (Eq. 5 and 6). One of the advantages of 

the RPKA is the visual determination of kinetic information based on graphical overlay and 

the plot shape. Overlapping of curves of the graphical rate equations normalised by the 

pentafluorobenzene 56 concentration suggests stable catalyst concentrations with first-order 

kinetics in C6F5H 56 concentration (Figure 21). Furthermore, the horizontal shapes indicate 

that the reaction is independent of changes in the 4-iodotoluene 57 concentration. These 

observations were consistent with the result obtained from the graphical rate equations 

normalised by the 4-iodotoluene 57 concentration (Figure 22). 

 

𝑝𝑒𝑛𝑡𝑎𝑓𝑙𝑢𝑜𝑟𝑜𝑏𝑒𝑛𝑧𝑒𝑛𝑒 𝟓𝟔 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑟𝑎𝑡𝑒 =
𝑟𝑎𝑡𝑒

[𝐶6𝐹5𝐻 𝟓𝟔]
= 𝑘                    (5) 

 

4 − 𝑖𝑜𝑑𝑜𝑡𝑜𝑙𝑢𝑒𝑛𝑒 𝟓𝟕 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑟𝑎𝑡𝑒 =
𝑟𝑎𝑡𝑒

[𝐴𝑟𝐼 𝟓𝟕]
=

𝑘[𝐶6𝐹5𝐻 𝟓𝟔]

[𝐴𝑟𝐼 𝟓𝟕]
             (6) 
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Figure 21. Graphical rate equation (Eq. 5) of selected reactions shown in Table 10 normalised to 

substrate 56 concentration. The reaction rates from the standard [xs] experiment was compared to 

the results from same [xs] and different [xs] experiments (where [xs] = [C6F5H 56] − [ArI 57]). 

 

 

Figure 22. Graphical rate equation (Eq. 6) of selected reactions shown in Table 10 normalised to 

substrate 57 concentration. The reaction rates from the standard [xs] experiment was compared to 

the results from same [xs] and different [xs] experiments (where [xs] = [C6F5H 56] − [ArI 57]). 
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The reaction at standard condition was repeated with increased catalyst loading at 9.2 mM 

(Table 10, Entries 5). Graphical rate equations can be used to determine the order with 

respect to the catalyst by plotting the turn-over-frequencies (TOF) against the 

concentrations of 4-iodotoluene 57. The best overlap was achieved for the plot of rate 

divided by catalyst concentration raised to the power of a half (Figure 23). This is 

characteristics of half-order kinetics in the catalyst concentration where an on-cycle 

mononuclear species are in equilibrium with off-cycle dinuclear species.
205, 237-241

  

 
Figure 23. (1) Experimental data showing the kinetic profiles of the product 58 formation for the 

reaction shown in Table 10 with different catalyst loadings (2) Graphical rate equations plotting the 

TOF of half-order catalyst against [ArI 57]. Other variables in the reaction were kept consistent with 

[ArI 57] = 93 mM, [C6F5H 56] = 140 mM and [xs] = 47 mM (where [xs] = [C6F5H 56] − [ArI 57]). 

3.3.3 Variable Time Normalisation Analysis 

A more suitable method for analysing the conversion reaction profiles obtained by in situ 

FT-IR spectroscopy is the variable time normalisation analysis (VTNA). The kinetic data 

was treated by the normalised time scale method, where the time axis was replaced with the 

multiple of the reaction time and the initial concentration of the reaction component of 

interest raised to the n
th
-power. This allowed the kinetic contribution of the respective 

reaction components to be removed from the kinetic profiles. The overlapping kinetic 

profiles were achieved for first-order kinetics in pentafluorobenzene 56 (Figure 24), 

zeroth-order kinetics in 4-iodotoluene 57 (Figure 25) and 0.5-order kinetics in the Pd 

catalyst (Figure 26). 



Chapter 3: Kinetic Observations 

 

99 

 

Figure 24. Kinetic profiles of the product 58 formation for the reaction shown in Table 10, 

normalised to the concentration of pentafluorobenzene 56 for (1) zeroth-order, (2) first-order, and (3) 

second-order kinetics. 

 

Figure 25. Kinetic profiles of the product 58 formation for the reaction shown in Table 10, 

normalised to the concentration of 4-iodotoluene 57 for (1) zeroth-order, (2) first-order, and (3) 

second-order kinetics. 
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Figure 26. Kinetic profiles of the product 58 formation for the reaction shown in Table 10, 

normalised to the concentration of the catalyst for (1) zeroth-order, (2) 0.5-order, (3) 0.75-order, and 

(4) first-order kinetics. 

3.3.4 Catalyst Robustness 

The results obtained from three “same [xs]” experiments (Table 10, entries 1, 6 and 7) 

were studied to understand the robustness of the catalyst. Firstly, the standard condition 

reaction with initial concentrations of 93 mM [ArI 57] and 140 mM [C6F5H 56] were 

compared to a reaction with initial concentrations of 47 mM [ArI 57] and 93 mM [C6F5H 

56] (Figure 27). The start of the latter reaction replicated the reaction condition of the 

former at 50% completion. The differences between the two reactions were the number of 

turn-overs made by the catalyst and the concentration of the product 58 in the reaction 

mixture. A change in the kinetic profile would suggest loss of catalytic activity or inhibition 

by the product 58 formed from 50% conversion of the starting material 57. In order to 

differentiate between these two possibilities, “the same [xs]” experiment was also repeated 

with 47 mM [product 58] added at the start of the reaction. The overlapping kinetic profiles 

of the product 58 formation from the three experiments suggested that neither catalyst 

deactivation nor product inhibition was taking place under the reaction condition of interest. 

Furthermore, kinetic data obtained with 2 equivalents of product 58 added to the reaction 

mixture confirmed the rate to be independent of product concentration and not auto-

catalytic. 
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Figure 27. Time and concentration adjusted kinetic profile of the product 58 formation of the 

reaction shown in Table 10. (1) Experimental data and (2) arbitary polynomials fitted to the 

experimental data. (Black) [ArI 57] = 93 mM; [C6F5H 56] = 140 mM; [Pd]TOT = 4.6 mM; [xs] = 47 

mM. (Red) [ArI 57] = 47 mM; [C6F5H 56] = 93 mM; [Pd]TOT = 4.6 mM; [xs] = 46 mM. (Blue) [ArI 

57] = 47 mM; [C6F5H 56] = 93 mM; [Pd]TOT = 4.6 mM; [P 58] = 47 mM; [xs] = 46 mM (where [xs] 

= [C6F5H 56] − [ArI 57]). 

3.3.5 Overall Rate Law Based on Modern Kinetic Analysis 

The kinetic results from RPKA and VTNA suggested the rate law of the reaction to be first-

order in pentafluorobenzene 56, zeroth-order 4-iodotoluene 57 and half-order in Pd catalyst 

concentrations. Based on these results, the proposed catalytic cycle was simplified to 

represent a mechanism involving transformation of two-substrates catalysed by Pd species 

generated from an off-cycle dinuclear complex (Scheme 40). The oxidative addition of aryl 

iodide and the subsequent iodide abstraction was assumed to be very fast and essentially 

irreversible with intermediate complex Pd1 fully saturated. The acetate ligand isomerisation 

of Pd1 to create a vacant site for pentafluorobenzene 56 coordination was assumed to be 

kinetically negligible.
231

 Furthermore, any loss and gain of PPh3 ligand was omitted. The 

kinetic data provide no information on the structure of the Pd species (i.e. cat, Pd1, Pd2 and 

D). 
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Scheme 40. Simplified mechanism for the model direct arylation shown in Table 10 (ArI 57 + 

C6F5H 56 −> Ar-C6F5 58). 

The overall rate law for the catalytic cycle shown above (Scheme 40) was derived by 

applying steady-state approximation to the elementary steps (Eq. 7 and 8) and applying 

quasi-equilibrium assumption between on/off-cycle species (Eq. 9). The total concentration 

of Pd intermediates involved in the reaction was assumed equal to the total concentration of 

the Pd pre-catalyst, [Pd]TOT (Eq. 10). 

 

+𝑑[𝑐𝑎𝑡]

𝑑𝑡
= 𝑘3[𝑃𝑑2] − 𝑘1[𝐴𝑟𝐼 𝟓𝟕][𝑐𝑎𝑡] ≈ 0                                           (7) 

 

+𝑑[𝑃𝑑2]

𝑑𝑡
= 𝑘2[𝐶6𝐹5𝐻 𝟓𝟔][𝑃𝑑1] − (𝑘3 + 𝑘−2)[𝑃𝑑2] ≈ 0                  (8) 

 

𝐾𝐷 =
[𝐷]

[𝑃𝑑1]2
                                                                                                    (9) 

 

[𝑃𝑑]𝑇𝑂𝑇 = [𝑐𝑎𝑡] + [𝑃𝑑1] + [𝑃𝑑2] + 2[𝐷]                                            (10) 

 

+𝑑[𝑃 𝟓𝟖] 

𝑑𝑡
=  𝑘3[𝑃𝑑2]                                                                                (11) 

 

𝑟𝑎𝑡𝑒 =
+𝑑[𝑃 𝟓𝟖]

𝑑𝑡
=  

2𝑘3[𝑃𝑑]𝑇𝑂𝑇

𝑏 +  √𝑏2  +  4𝑎[𝑃𝑑]𝑇𝑂𝑇

                                   (12) 

 

𝑎 = 2𝐾𝐷 (
𝑘3 +  𝑘−2

𝑘2[𝐶6𝐹5𝐻 𝟓𝟔]
)

2
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𝑏 =
𝑘2𝑘3[𝐶6𝐹5𝐻 𝟓𝟔] + 𝑘1(𝑘3  +  𝑘−2)[𝐴𝑟𝐼 𝟓𝟕] + 𝑘1𝑘2[𝐴𝑟𝐼 𝟓𝟕][𝐶6𝐹5𝐻 𝟓𝟔]

𝑘1𝑘2[𝐴𝑟𝐼 𝟓𝟕][𝐶6𝐹5𝐻 𝟓𝟔]
           

 

An identical model catalytic cycle was reported by Rosner and co-workers for the 

Mizoroki-Heck reaction of aryl halide 95 and olefin 96 with off-cycle dinuclear Pd species 

(Scheme 41).
239

 The order in the catalyst was shown to depend on the concentration of the 

Pd (Figure 28), rate constants, equilibrium constant for the on/off-cycle Pd species and 

substrate 96 concentration.
228

 

 

Scheme 41. Mizoroki-Heck reaction of 4-bromobenzaldehyde 95 with butyl acrylate 96 catalysed by 

palladacycle (Rosner and co.).
239

 

 

Figure 28. Effect of Pd concentration on the reaction order in Pd (Reprinted with permission from J. 

Burés, Angew. Chem.-Int. Ed., 2016, 55, 2028–2031. Copyright 2016 John Wiley and Sons). 

When dinuclear complex D is the dominant Pd species in the reaction (i.e. term a in Eq. 12 

is dominant), the overall rate equation simplifies to give exactly half-order kinetics in the 

catalyst concentration with kinetically negligible contribution from the oxidative addition 

step (Eq. 13).
237

 The overall one-and-a-half order rate law was consistent with results from 

RPKA and VTNA. The rate constants and the equilibrium constant were all included in the 

rate constant of the overall reaction (kr).  
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𝜈(𝑡) =
+𝑑[𝑃 𝟓𝟖]

𝑑𝑡
= 𝑘𝑟[𝐶6𝐹5𝐻 𝟓𝟔][𝑃𝑑]𝑇𝑂𝑇

1 2⁄
                              (13) 

 

𝑘𝑟 =
𝑘2𝑘3

(𝑘−2 + 𝑘3)√2𝐾𝐷

                                                                         (14) 

 

𝑤ℎ𝑒𝑛 𝑘3 > 𝑘−2                                                                                       (15) 

 

𝑘𝑟 =
𝑘2

√2𝐾𝐷

                                                                                              (16) 

 

The rates of catalytic iodoarene cross-coupling reactions are often limited by the slow 

transmetallation step.
242

 Similarly, the RL-step of the Pd-catalysed direct arylation of 

iodoarene with fluoroarene was hypothesised to be the AMLA(6) step, not the ligand 

exchange or the reductive elimination step. The rate constant of the overall reaction 

simplifies further under these conditions (Eq. 16). This equation was applied as the trial 

rate law in analysing the model reaction system. 

3.4 Classical Kinetic Analysis 

3.4.1 Isolation Method and Initial Rate 

The order with respect to the substrates and the catalyst was successfully determined by the 

modern kinetic analysis of the experimental data (see Chapter 3.3). However, further 

kinetic study was required for the values of the rate constants to be calculated. Of the 

different strategies for studying chemical kinetics, the classic kinetic approach of isolation 

method was employed to simplify the determination of the empirical rate law of the model 

reaction system.
243

 In this method, the order of each reactant is obtained under conditions 

where the concentration of all but the reactant of interest, is constant or nearly constant. 

The concentration factors assumed to be constant during the experiment can be included in 

the observed rate constant (kobs) to simplify the rate equation. This forces the rate law to 

take n
th
-order form, known as pseudo-n

th
-order rate law where the term-n corresponds to the 

order dependence on the isolated substrate with changing concentration during the 

reaction.
243

 The concentration of the Pd catalyst was assumed to stay constant without 

deactivation. Furthermore, the concentration of Ag2CO3 was assumed to be quasi-constant 

and low throughout the reaction due to poor solubility in DMF. 
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One of the disadvantages of the isolation method is the distorted concentration conditions 

that are applied in the experiments. For example, a reaction with 10-fold excess of 

pentafluorobenzene 56 (e.g. 0.93 M) involves 1.0 cm
3
 of the reagent 56 under the 

conditions studied by the modern kinetic analysis. Even at this lowest excess concentration 

of pentafluorobenzene 56 required for generating a pseudo-n
th
-order kinetics, the reaction 

medium was a v/v 9:1 mixture of DMF and pentafluorobenzene 56. This is not truly 

representative of the reaction under normal conditions and the effects of non-ideality are 

high with the potential of affecting the reaction kinetics. In order to minimise the effect of 

excess substrate on the reaction composition, the concentration of the reaction was diluted 

from the RPKA and VTNA experiments to make the concentration of limiting reagent 18 

mM which still presented acceptable signal-to-noise ratio (Scheme 42). 

 

Scheme 42. The standard reaction conditions set for kinetic study by isolation method. 

The kinetic data were collected from t = 0 s to reaction completion as change in 

concentration of reactants (i.e. 56 and 57) and the product 58 as a function of time. The 

temperatures of the reactions were maintained at 56 ± 1 °C unless otherwise stated. The 

rates of the reactions were derived following the integration method of kinetic data analysis. 

The Excel Solver was used to determine the best integrated form of the rate law for fitting 

the experimental data and thus the order of the reaction, based on the lowest coefficients of 

determination (R
2
).

244-246
 The observed rate constants (kobs) were calculated from the initial 

rate measurements, based on the line-of-best-fit between t = 300 s to half of the 

final %conversion achieved for the reaction conditions. The product 58 concentration was 

calculated by correlating the change in the IR absorbance at 989 cm
−1

 with the %conversion 

determined by 
1
H NMR spectroscopic analysis. The standard error of the gradient and the 

y-intercept of the lines-of-best-fits were deduced using Excel linear least-squares curve 

fitting (LINEST) function. 

Each of the reactants 56 and 57 were isolated in turn by adding 10-fold or more 

counterparts in excess. With reagent 57 added in 10-fold excess, the absorbance, and 

therefore [4-iodotoluene 57], was nearly constant during the reaction (Figure 29). The 

change in the concentration of pentafluorobenzene 56 determined from the depletion of IR 

absorption at 957 cm
−1

 revealed the exponential decay of the reagent over time. This is 
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characteristic of pseudo-first-order rate law following the rate equation −d[C6F5H 56]/dt = 

kobs[C6F5H 56]. The pseudo-first-order rate constant determined from the plot of the 

integrated rate law (Eq. 18, see Appendix 1 for full derivation) was kobs = (5.93 ± 0.02) × 

10
−5

 s
−1

 (Figure 30). The apparent first-order dependence in [C6F5H 56] was consistent 

with the result from the modern kinetic analysis. The half-life (t1/2) of the reaction was 1.16 

× 10
4
 s and the overall rate constant was kr = 5.85 × 10

−4
 dm

3/2
 mol

−1/2
 s

−1
 (with [Pd]TOT = 

10.27 mM). 

 

−𝑑[𝐶6𝐹5𝐻 𝟓𝟔]

𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝐶6𝐹5𝐻 𝟓𝟔]                                                    (17) 

 

𝑙𝑛[𝐶6𝐹5𝐻 𝟓𝟔]𝑡 = −𝑘𝑜𝑏𝑠𝑡 + 𝑙𝑛[𝐶6𝐹5𝐻 𝟓𝟔]0                                    (18) 

 

𝑘𝑜𝑏𝑠 = 𝑘𝑟[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

                                                                             (19) 

 

Figure 29. Isolation method of kinetic analysis with 10-fold excess of reagent 57. 
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Figure 30. Absorbance decay of pentafluorobenzene 56 under pseudo-first-order conditions. 

With reagent 56 added in 10-fold excess, the absorbance, and therefore [C6F5H 56], was 

nearly constant during the reaction (Figure 31). Linear decay in the concentration of 4-

iodotoluene 57 was observed based on the IR absorption at 1009 cm
−1

 following the rate 

law −d[ArI 57]/dt = kobs. The pseudo-zeroth-order rate constant calculated from the plot of 

the integrated rate law (Eq. 21) was kobs  = (5.78 ± 0.07) × 10
−5

 mol dm
−3

 s
−1

 (Figure 32). 

The observed zero-order dependence in [4-iodotoluene 57] was in agreement with the result 

from the modern kinetic analysis. The overall rate constant kr = 2.68 × 10
−4

 mol
1/2

 dm
−3/2

 s
−1

 

(with [C6F5H 56]ave = 2.07 M and [Pd]TOT = 10.27 mM) was lower than kr calculated from 

experiment where the concentration of pentafluorobenzene 56 was isolated. 

 

−𝑑[𝐴𝑟𝐼 𝟓𝟕]

𝑑𝑡
= 𝑘𝑜𝑏𝑠                                                                    (20) 

 

[𝐴𝑟𝐼 𝟓𝟕] = −𝑘𝑜𝑏𝑠𝑡 + [𝐴𝑟𝐼 𝟓𝟕]0                                             (21) 

 

𝑘𝑜𝑏𝑠 = 𝑘𝑟[𝐶6𝐹5𝐻 𝟓𝟔]𝑎𝑣𝑒[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

                                     (22) 
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Figure 31. Isolation method of kinetic analysis with 10-fold excess of reagent 56. 

 

Figure 32. Absorbance decay of 4-iodotoluene 57 under pseudo-zeroth-order conditions. 

Despite the different reaction conditions, the rate constant calculated from isolation 

methods were expected to be identical, assuming an accurate trial rate law. However, 

significant differences were observed in the overall rate constants, kr, determined from 

isolated [C6F5H 56] (5.85 × 10
−4

 mol
1/2

 dm
−3/2

 s
−1

) and isolated [4-iodotoluene 57] (2.68 × 

10
−4

 mol
1/2

 dm
−3/2

 s
−1

). Rosner and co-workers demonstrated that the half-order in Pd 
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catalyst depended on the total concentration of the catalyst, the ratios of the catalytic 

intermediates, and the equivalents of the substrates.
239

 The kinetics shifted towards first-

order in the catalyst at lower [Pd]TOT because a higher percentage of the total Pd atom is in 

the active on-cycle mononuclear form. Deviation from half-order kinetics in the total Pd 

concentration was also observed when Pd2 was the dominant catalytic intermediate instead 

of Pd1 (Scheme 40). Additionally, the half-order kinetics in the catalyst changed at higher 

excess of butyl acrylate 96 (Scheme 41). Therefore, the order with catalyst was expected to 

differ under different synthetic conditions. It is likely that the artificially large 

concentration of pentafluorobenzene 56 (i.e. 10-fold excess) affected the order dependence 

on the Pd catalyst by increasing the magnitude of deviation from half-order kinetics in 

[Pd]TOT. For example, the rate constant kr calculated for reaction with 0.65-order kinetics in 

Pd concentration would be 5.27 × 10
−4

 dm
3/2

 mol
−1/2

 s
−1

. Therefore, the study of the 

concentration dependence of the Pd catalyst and pentafluorobenzene 56 under the isolation 

method may vary from results obtained by the modern kinetics analysis. 

3.4.2 Reaction Rate Dependence on the Concentration of Pd  

The rate dependence in [Pd]TOT at 56 ± 1 °C was measured between 0.19 mM to 14.8 mM 

catalyst concentration under pseudo-zeroth-order reaction condition with 10-fold excess of 

pentafluorobenzene 56 (i.e. 0.18 M) to 4-iodotoluene 57 (i.e. 18 mM) (Table 12). The 

Pd(OAc)2/PPh3 ratio was maintained at 1:2 for each kinetic measurements. 

Table 12. The kobs obtained at varying total concentration of the Pd catalyst for the direct arylation 

reaction of 4-iodotoluene 57 at 56 ± 1 °C, as shown in Scheme 42 (with [C6F5H 56] = 180 mM). 

Entry mol% Equiv. [Pd]TOT / 10
−3

 . mol dm
−3

 kobs / 10
−6

 . mol dm
−3

 s
−1

 

1 1.0 0.19 0.352 ± 0.003 

2 2.5 0.46 0.790 ± 0.006 

3 5.0 0.92 1.69 ± 0.02 

4 10 1.86 1.84 ± 0.04 

5 20 3.70 3.61 ± 0.13 

6 40 7.43 5.73 ± 0.23 

7 80 14.8 11.4 ± 0.1 

 

The order with respect to the Pd concentration was determined from the double-logarithmic 

plot of log kobs against log [Pd]TOT (Figure 33). This was based on the mathematical 

determination of the order with respect to the reaction components involved in the trial rate 

law (Eq. 23). The concentration of Pd atom was used as the Pd catalyst concentration as the 



Chapter 3: Kinetic Observations 

 

110 

trinuclear Pd3(OAc)6 pre-catalyst is understood to dissociate readily to the mononuclear 

form in DMF.
204, 247

 The reaction kinetics was (0.75 ± 0.04)-order in [Pd]TOT under the 

reaction condition studied. The deviation from half-order kinetics in [Pd]TOT caused by the 

10-fold excess concentration of pentafluorobenzene 56 ([C6F5H 56]ave = 0.18 M) was 

expected to be constant. However, the effect of changing Pd concentration on the catalyst 

order could not be determined. 

 

𝑘𝑜𝑏𝑠 = 𝑘𝑟[𝐶6𝐹5𝐻 𝟓𝟔]𝑎𝑣𝑒
𝑎[𝑃𝑑]𝑇𝑂𝑇

𝑏
                                                      (23) 

 

𝑙𝑜𝑔 (𝑘𝑜𝑏𝑠) = 𝑙𝑜𝑔 (𝑘𝑟[𝐶6𝐹5𝐻 𝟓𝟔]𝑎𝑣𝑒
𝑎[𝑃𝑑]𝑇𝑂𝑇

𝑏
)                                           

 

𝑙𝑜𝑔 (𝑘𝑜𝑏𝑠) = 𝑙𝑜𝑔(𝑘𝑟) + 𝑎 ∙ 𝑙𝑜𝑔 [𝐶6𝐹5𝐻 𝟓𝟔]𝑎𝑣𝑒 + 𝑏 ∙ 𝑙𝑜𝑔[𝑃𝑑]𝑇𝑂𝑇            

 

Figure 33. Plot of log kobs against log [Pd]TOT to determine the order in Pd for the direct arylation 

reaction of 4-iodotoluene 57 at 56 ± 1 °C, as shown in Scheme 42. Graph constructed using data 

from Table 12. 

The kobs dependence on the [Pd]TOT were analysed graphically by plotting kobs against 0.75-

order in [Pd]TOT to determine the rate constant k (Figure 34). A positive linear dependence 

with slope of (2.61 ± 0.13) × 10
−4

 mol
1/4

 dm
−3/4

 s
−1

 was obtained. Attempt at calculating the 

rate constants were unsuccessful due to uncertainty in the rate equation under 0.75-order 

kinetics in the catalyst concentration. 
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Figure 34. Plot of kobs against [Pd]TOT
3/4

 between 0.19 mM and 14.8 mM for the direct arylation 

reaction of 4-iodotoluene 57 at 56 ± 1 °C, as shown in Scheme 42. Graph constructed using data 

from Table 12. 

One of the parameters commonly used to describe the efficiency of catalysis is the TOF. 

Here the TOF was calculated as the number of substrate molecule reacted per Pd atom (i.e. 

active site) in unit time, assuming homogeneous catalysis.
183, 248

 The TOF values at 50% 

reaction completion were determined for reactions with different concentrations of Pd pre-

catalyst at 56 ± 1 °C (Figure 35). An increase in TOF was observed at low Pd 

concentration. For homogeneous catalysis, higher TOF achieved at lower catalyst 

concentration is characteristics of off-cycle high order Pd species being the catalyst resting 

state or the TOF-determining-intermediate (TDI).
239, 249, 250

 This is rationalised as there 

being higher percentage of total Pd atoms in the catalytically active on-cycle mononuclear 

form at lower [Pd]TOT. Similar trends have been observed for reactions associated with 

catalysis involving nano-particles.
251-253
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Figure 35. The dependence of TOF, determined at 50% reaction completion, on the concentration of 

Pd catalyst in the direct arylation reaction of 4-iodotoluene 57 with pentafluorobenzene 56 at 56 ± 

1 °C, as shown in Table 10 and Scheme 42 (with [C6F5H 56] = 180 mM). 

3.4.3 Reaction Rate Dependence on the Concentration of 

Pentafluorobenzene 56 

The pseudo-zeroth-order rate constant of the reaction at concentrations of [C6F5H 56]ave 

between 0.18 M and 0.92 M at 56 ± 1 °C were measured (Table 13). The initial 

concentrations of 4-iodotoluene 57 and the pre-catalyst were maintained at 18 mM and 0.92 

mM respectively. The mean concentrations of the excess pentafluorobenzene 56, [C6F5H 

56]ave, during the reaction were calculated for each reaction conditions. At 50-fold excess 

concentration of pentafluorobenzene 56, the reaction mixture consists of 1.0 cm
3
 reagent 56 

and 8.7 cm
3
 DMF. The effect of change in the solvent composition at high 

pentafluorobenzene 56 concentration and the degree of deviation from half-order kinetics in 

the Pd remained unknown. 
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Table 13. The kobs obtained at varying concentration of pentafluorobenzene 56 for the direct 

arylation reaction of 4-iodotoluene 57 at 56 ± 1 °C, as shown in Scheme 42. 

Entry Equivalents [C6F5H 56]ave / mol dm
−3

 kobs / 10
−6

 . mol dm
−3

 s
−1

 

1 10 0.18 1.68 ± 0.02 

2 20 0.36 2.06 ± 0.03 

3 30 0.55 2.56 ± 0.04 

4 40 0.73 3.19 ± 0.06 

5 50 0.92 4.04 ± 0.07 

 

The results were further analysed graphically by plotting kobs against [C6F5H 56]ave (Figure 

36). The reaction rate showed a linear dependence on the concentration of 

pentafluorobenzene 56. However, the nonzero y-intercept suggested the observed rate 

constants consisted of multiple rate constants which were pentafluorobenzene 56 

concentration dependent (slope) and independent (y-intercept). 

 

Figure 36. Plot of kobs against [C6F5H 56]ave between 0.18 M and 0.92 M for the direct arylation of 

4-iodotoluene 57 at 56 ± 1 °C, as shown in Scheme 42. Graph constructed using data from Table 13. 

The values of rate constants under pseudo-zeroth-order kinetics were calculated from the 

graph of kobs against [C6F5H 56]ave based on the Eq. 25. Division of the gradient and the y-
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intercept by [Pd]TOT
1/2

 gave k2(2KD)
−1/2

 = (9.99 ± 0.75) × 10
−5

 dm
3/2

 mol
−1/2

 s
−1

 (Eq. 26) and 

kʹ = (3.36 ± 0.45) × 10
−5

 mol
1/2

 dm
−3/2

 s
−1

 (Eq. 27) respectively.  

 

𝑟𝑎𝑡𝑒 = 𝑘𝑜𝑏𝑠                                                                                              (24) 

 

𝑘𝑜𝑏𝑠 =
𝑘2

√2𝐾𝐷

[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

[𝐶6𝐹5𝐻 𝟓𝟔]𝑎𝑣𝑒 + 𝑘ʹ[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

           (25) 

 

𝑘2

√2𝐾𝐷

=
(3.04 ± 0.23) × 10−6 𝑠−1

[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

                                                  (26) 

= (9.99 ± 0.75) × 10−5 𝑑𝑚3 2⁄  𝑚𝑜𝑙−1 2⁄  𝑠−1                              

 

𝑘ʹ =
(1.02 ± 0.14) × 10−6 𝑚𝑜𝑙 𝑑𝑚−3 𝑠−1

[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

                                     (27) 

= (3.36 ± 0.45) × 10−5 𝑚𝑜𝑙1 2⁄  𝑑𝑚−3 2⁄  𝑠−1                                      

 

The calculation of the rate constants based on the kinetic data obtained by the isolation 

method was complicated by the uncertainties in the reaction order in [Pd]TOT. Therefore, the 

values of k2(2KD)
−1/2

 and kʹ were calculated for 0.5–1.0 order kinetics in Pd (Table 14). The 

exact value of the rate constant for the C–H bond activation step k2 could not be determined 

as the value of the equilibrium constant KD was unknown. However, the values of 

k2(2KD)
−1/2

 was ca. 3 times larger than kʹ. Changes in the reaction order with increased Pd 

and pentafluorobenzene 56 concentrations were unknown and may account for the 

discrepancies observed between the modern kinetic analysis and the classic kinetic analysis.  

Table 14. The values of k2(2KD)
−1/2

 and kʹ calculated for different order dependence in the Pd 

concentration. 

Entry n
th

-Order in [Pd]TOT 
k2(2KD)

−1/2
/ 10

−4
 .  

dm
3n

 mol
−n

 s
−1

 
kʹ . 10

−4
 

1 0.5 0.999 ± 0.075 0.336 ± 0..45 mol
1/2

 dm
−3/2

 s
−1

 

2 0.75 5.73 ± 0.43 1.92 ± 0.26 mol
1/4

 dm
−3/4

 s
−1

 

3 1 32.8 ± 2.5 11.1 ± 1.5 dm
3
 mol

−1
 s

−1
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3.4.4 Kinetic Study on the Direct Arylation Reaction of Iodobenzene 81 

with Pentafluorobenzene 56 

The syntheses of possible Pd intermediates with 4-tolyl substituents were attempted 

following a literature procedure (see Chapter 2.6).
211

 However, the preparation of the 

complexes in quantity and purity required for kinetic study were unsuccessful. Therefore, 

the phenyl analogues of the Pd species were synthesised. The change in the substrate from 

4-iodotoluene 57 to iodobenzene 81 was not expected to affect the mechanism of the 

catalysis. Furthermore, similar reaction kinetics were expected unless the oxidative addition 

becomes the RL-step of the catalytic cycle. 

In order to confirm the consistency in the reaction mechanism between the two substrates 

(i.e. 57 and 58), the kinetic experiments were repeated for the direct arylation reaction of 

iodobenzene 81 with pentafluorobenzene 56 (Scheme 43). The concentrations of the 

limiting reagent 81 of the reactions was increased to 55 mM (from 18 mM used for the 4-

iodotoluene 57 study) to accommodate for the lower peak intensities observed for 

iodobenzene 81 (at 1016 cm
−1

) and the biaryl product 64 (at 989 cm
−1

). 

 

Scheme 43. Direct arylation of iodobenzene 81 with pentafluorobenzene 56. 

The stoichiometric reaction of iodobenzene 81 with pentafluorobenzene 56 followed first-

order kinetics at 56 ± 1 °C. In the presence of 10-fold excess of pentafluorobenzene 56 (i.e. 

0.55 M), the reaction followed a pseudo-zeroth-order kinetics. These observations were 

consistent with the kinetic results for the reaction of 4-iodotoluene 57 where the reaction 

followed first-order kinetics in pentafluorobenzene 56 concentration and zeroth-order 

kinetics in iodobenzene 57 concentration. The pseudo-zeroth-order rate constants at 56 ± 

1 °C were measured for the concentrations of Pd between 2.8 mM and 16.7 mM in the 

presence of 0.55 M pentafluorobenzene 56 (Table 15). The reaction kinetics was half-order 

in the concentration of Pd, consistent with the non-integer order in catalyst observed for 4-

iodotoluene 57 (Figure 37). 
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Table 15. The kobs obtained at varying total concentration of the Pd catalyst for the direct arylation 

reaction of iodobenzene 81 with pentafluorobenzene 56 at 56 ± 1 °C, as shown in Scheme 43. 

Entry mol% Equiv. [Pd]TOT / 10
−3

 . mol dm
−3

 kobs / 10
−5

 . mol dm
−3

 s
−1

 

1 5 2.79 0.999 ± 0.011 

2 10 5.51 1.61 ± 0.01  

3 20 11.0 2.18 ± 0.03 

4 30 16.7 2.41 ± 0.04 

 

Reaction orders in [Pd]TOT were different between the reaction of 4-iodotoluene 57 [(0.75 ± 

0.04)-order)] and iodobenzene 81 [(0.48 ± 0.12)-order)] under kinetic conditions required 

for the isolation method. Despite the difference in the magnitude of deviation from first-

order behaviour, the non-integer order dependence on the [Pd]TOT was consistent with off-

cycle equilibrium in the reaction mechanism. 

 

Figure 37. Plot of kobs against [Pd]TOT
1/2

 between 2.8 mM and 16.7 mM for the direct arylation 

reaction of iodobenzene 81 at 56  ± 1°C, as shown in Scheme 43. Graph constructed using data from 

Table 15. 

The observed rate constants at concentrations of pentafluorobenzene 56 between 0.53 M 

and 2.19 M were also determined for the reaction at 56 ± 1 °C with 2.8 mM catalyst (Table 

16). The reaction rate was positively dependent on the concentration of pentafluorobenzene 

56 (Figure 38). Similar to the 4-iodotoluene 57 experiments, a significant nonzero y-
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intercept was observed signifying the reaction rate consisted of multiple rate constants 

which were pentafluorobenzene 56 concentration dependent (slope) and independent (y-

intercept).  

Table 16. The kobs obtained at varying concentration of pentafluorobenzene 56 for the direct 

arylation reaction of iodobenzene 81 at 56 ± 1 °C, as shown in Scheme 43. 

Entry Equivalents [C6F5H 56]ave / mol dm
−3

 kobs / 10
−5

 . mol dm
−3

 s
−1

 

1 10 0.53 0.999 ± 0.011  

2 20 1.08 1.24 ± 0.02  

3 30 1.63 1.57 ± 0.02  

4 40 2.19 2.07 ± 0.05  

 

 

Figure 38. Plot of kobs against [C6F5H 56]ave between 0.18 M and 1.19 M for the direct arylation 

reaction of iodobenzene 81 at 56 ± 1°C, as shown in Scheme 43. Graph constructed using data from 

Table 16. 

The rate constants k2(2KD)
−1/2

 and kʹ were calculated for the direct arylation of iodobenzene 

81 based on the Eq. 25. For half-order kinetics in Pd, the values of k2(2KD)
−1/2

 and kʹ were 

(1.21 ± 0.14) × 10
−4

 dm
3/2

 mol
−1/2

 s
−1

 and (1.14 ± 0.21) × 10
−4

 mol
1/2

 dm
−3/2

 s
−1

 respectively. 

Since the order dependence on Pd catalyst was unspecified under the isolation method, the 

values of k2(2KD)
−1/2

 and kʹ were calculated for 0.5–1.0 order kinetics in Pd (Table 17). The 

ratio of k2(2KD)
−1/2

 and kʹ was calculated as ca. 1. 
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Table 17. The values of k2(2KD)
−1/2

 and kʹ calculated for different orders in the Pd concentration. 

Entry n
th

-Order in [Pd]TOT 
k2(2KD)

−1/2
 / 10

−4
 . 

dm
3n

 mol
−n

 s
−1

 
kʹ / 10

−4
 

1 0.5 1.21 ± 0.14 1.14 ± 0.21 mol
1/2

 dm
−3/2

 s
−1

 

2 0.75 5.29 ± 0.61 4.98 ± 0.92 mol
1/4

 dm
−3/4

 s
−1

 

3 1 23.1 ± 2.7 21.7 ± 4.0 dm
3
 mol

−1
 s

−1
 

 

The values of k2(2KD)
−1/2

 and kʹ were compared between the reactions of iodobenzene 81 

and 4-iodotoluene 57. Differences were observed in the ratio of the rate constants 

(k2(2KD)
−1/2

/kʹ) which were 3:1 for 4-iodotoluene 57 and 1:1 for iodobenzene 81. Therefore 

the kʹ in the rate was more significant for iodobenzene 81. Despite the disparity highlighted 

above, the reaction mechanism between 4-iodotoluene 57 and iodobenzene 81 were shown 

to be consistent. Therefore the results obtained from studying the reactivity of potential 

catalytic intermediates with phenyl-substituents can be extended to the reaction of 4-

iodotoleuene 57. 

3.4.5 Effect of PPh3 Quantity on the Reaction Rate 

For any chemical transformation, it is favourable to have milder reaction conditions with 

minimum additives. The development of ligand-free aryl-aryl coupling reactions has been 

successful in this regard.
48, 49

 However, there are many examples in the literature where 

multiple additives are required for the best outcome but with great uncertainty regarding 

their role. This situation also applies to the model direct arylation reaction starting with 

Pd(OAc)2 pre-catalyst, with the ligand and a base additive being essential components for 

the reaction. 

The use of Pd(OAc)2 and nPPh3 (n ≥ 2) mixture in catalytic C–C bond formation reaction is 

well documented, especially for the Mizoroki-Heck reaction.
254-256

 The reaction between 

Pd(OAc)2 and PPh3 in DMF was studied by Amatore and co-workers.
257

 The initial 

formation of Pd(OAc)2(PPh3)2 was followed by intramolecular reduction to 

[Pd
0
(OAc)(PPh3)]

−
 complex. A dinuclear and mononuclear species were formed depending 

on the equivalents of PPh3 (Scheme 44). The formation of mononuclear species from 

dinuclear species was also highlighted by the synthesis of Pd(Ph)(κ
1
-OAc)(PPh3)2 85 

complex from [Pd(Pd)(µ-OAc)(PPh3)]2 84 in the presence of excess PPh3.
212

 Therefore, 

increased equivalents of ligand are expected to accelerate the rate of reactions involving 

off-cycle multinuclear species by increasing the concentration of on-cycle mononuclear 
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species. This is unlike catalytic cycles without multinuclear species, where addition of 

excess ligand results in reaction inhibition. 

 

Scheme 44. Formation of [Pd
0
(OAc)(PPh3)]2

2−
 and [Pd

0
(OAc)(PPh3)3]

−
 from [Pd

0
(OAc)(PPh3)]

−
.
60

 

The in-situ FT-IR spectroscopic analysis was used to study the effect of changing the 

ligand-to-Pd ratio on the pseudo-zeroth-order rate constants (Table 18). The concentration 

of Pd catalyst was maintained at 0.93 mM. Quantitative conversion of 4-iodotoluene 57 

was achieved in every reaction, except for 5 mol% PPh3 which terminated at 76% 

conversion (Entry 1). Increased formation of triphenyl(4-tolyl)phosphonium iodide side-

product 60 was not observed by 
1
H or 

31
P NMR spectroscopic analysis. 

Table 18. The kobs obtained for the direct arylation reaction of 4-iodotoluene 57 with 

pentafluorobenzene 56 at varying ratio of Pd-ligand at 56 ± 1 °C. 

 

Entry PPh3 quantity / mol% [PPh3] / [Pd(OAc)2] 
a
 kobs / 10

−6
 . mol dm

−3
 

1 5 1.01 0.604 ± 0.007 

2 10 2.00 1.68 ± 0.02 

3 15 3.04 2.78 ± 0.03 

4 20 4.00 3.73 ± 0.08 

5 25 5.01 2.72 ± 0.05 

6 30 6.12 2.67 ± 0.04 

7 40 8.03 2.71 ± 0.06 

a
 [Pd(OAc)2] = 0.93 mM 

Significant rate enhancement was observed up to 20 mol% of PPh3 (i.e. 4:1 ratio of 

PPh3/Pd(OAc)2) (Figure 39). The rate decreased slightly and reached a plateau at 25 mol% 

PPh3 (i.e. 5:1 ratio of PPh3/Pd(OAc)2) with average kobs = (2.70 ± 0.05) × 10
−6

 mol dm
−3

 s
−1

. 

Further inhibition was not observed at higher phosphine concentration. It was realised that 

the standard model condition using 10 mol% PPh3 was not optimised in terms of the 

reaction rate. 
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Figure 39. Plot of kobs against [PPh3]/[Pd(OAc)2] ratio for the reaction shown in Table 18 at 56 ± 

1 °C. 

One possible explanation involves the reaction between Ag2CO3 and PPh3, and a potential 

role of Ag
I
 salts in C–H bond activation of polyfluoroarenes. A colourless solution of 

AgBF4 and PPh3 (2 equivalents) in DMF was prepared in an NMR tube equipped with a 

Young’s tap. The mixture was left overnight at ambient temperature. Two peaks were 

observed by 
31

P NMR spectroscopic analysis at δ 25.6 (O=PPh3) and at δ 10.7 (Ag-

phosphine complex). The full conversion of PPh3 (expected at δ –0.54) explained the lack 

of reaction when Pd(OAc)2 was added to a pre-stirred mixture of pentafluorobenzene 56, 4-

iodotoluene 57, Ag2CO3 and PPh3 in DMF (Figure 16). The chemical shift was similar to 

complexes reported in the literature such as Ag(PPh3)ClO4 (δ 11.0 in chloroform-d), 

Ag(PPh3)NO3 (δ 8.0 in chloroform-d) and [Ag(PPh3)4]BF4 (δ 7.5 in methylene chloride-

d2).
258

 Analysis of the reaction mixture by ESI-MS in the positive mode showed Ag(PPh3)3
+
 

(m/z 895.18) as the major product and Ag(PPh3)2
+
 (m/z 631.08) as the minor product. The 

adduct of Ag(PPh3)
+
 and DMF was also observed as a minor product (m/z 444.05).  

The rate acceleration observed with increased concentration of PPh3 may result from the 

formation of the activated Ag polyfluoroarene species (e.g. Ag(PPh3)n-C6F5). Two 

independent studies led by Whitaker
180

 and Lotz
181

 have demonstrated Ag-carboxylates (i.e. 

Ag-CO2Ad and Ag-OPiv) as a capable C–H bond activation reagent for electron deficient 

arenes such as pentafluorobenzene 56 in toluene, THF and dioxane. The resulting Ag-C6F5 

species has a 
19

F NMR signal at δ −105 in THF. This complex was then successfully 

reacted with Pd(OAc)2(dtbpy) to yield a mixture of Pd(C6F5)(OR)(dtbpy) (R = Ac or Piv) 
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and Pd(C6F5)2(dtbpy). The reaction rate increased with the concentration of PPh3, explained 

as the formation of soluble Ag(PPh3)-CO2Ad species. Differences are expected between the 

carbonate anion CO3
2−

 and the bulky carboxylates employed. This was highlighted by the 

reaction condition requiring both Ag2CO3 and 1-AdCO2H. If Ag-C6F5 was generated in the 

model reaction condition, transmetallation with Pd-arene species could provide a faster 

alternative RL-step to the product 58. However, no evidence for the presence of Ag(PPh3)n-

C6F5 species were observed in any of the experimental data. It was noted that mechanisms 

of C–H bond activation involving heterodimetalic Pd-Ag species have also been proposed 

based on computational calculations using DFT methodologies.
160, 259

 

3.4.6 Effect of Ag2CO3 Quantity on the Reaction Rate 

Under the model reaction condition, the Ag2CO3 additive was considered to have two roles 

in the catalytic cycle; the Ag
I
 as an iodide scavenger and the carbonate anion as the base 

involved in the C–H bond cleavage together with the acetate anion. The effect of Ag2CO3 

quantity on the reaction rate was investigated (Table 19). Since the concentration of 

Ag2CO3 in the reaction mixture was unknown, this was represented as the number of 

equivalents of Ag2CO3 added relative to 4-iodotoluene 57. Quantitative conversion of 4-

iodotoluene 57 was achieved for reactions with 0.49 or greater equivalents of Ag2CO3 

(Entries 3–6). 

Table 19. kobs obtained for the direct arylation reaction of 4-iodotoluene 57 with pentafluorobenzene 

56 at varying equivalents of Ag2CO3 (x = 0.1 to 2.25 equivalents) added relative to substrate 57 at 56 

± 1 °C. 

 

Entry 
Equivalents relative to 

4-iodotoluene 57 
%Conversion kobs / 10

−6
 . mol dm

−3
 s

−1
 

1 0.10 9 0.42 ± 0.04 

2 0.24 39 0.79 ± 0.02 

3 0.49 quant. 1.35 ± 0.01 

4 0.74 quant. 1.68 ± 0.02 

5 1.47 quant. 1.65 ± 0.02 

6 2.24 quant. 1.71 ± 0.01 
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Increases in the reaction rates were observed up to 0.75 equivalents of Ag2CO3, after which 

the observed rate reached a plateau (Figure 40). The average value of kobs at the plateau 

was kobs = (1.68 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

. The sudden independence of the rate on the 

quantity of Ag2CO3 suggests that the effect of the additive saturates at ca. 0.75 equivalents 

in DMF at 56 ± 1 °C. This was unexpected as all the experiments followed pseudo-zeroth-

order kinetics. 

 

Figure 40. Plot of kobs against equivalents of Ag2CO3 added relative to 4-iodotoluene 57 for the 

reaction shown in Table 19 at 56 ± 1 °C. 

The solubility of Ag2CO3 in DMF at 56 ± 1 °C remains unknown. However, some idea was 

obtained by looking at the solubility of different Ag and potassium salts in water and DMF 

calculated from published values of solubility products (Ksp) (Table 20).
260, 261

 The 

maximum concentration of Ag2CO3 assuming complete dissolution under the standard 

reaction condition would be 1.38 × 10
−2

 M (1.34 × 10
−4

 mol in 9.7 cm
3
). The solubility of 

the salts compared was generally lower in DMF compared with H2O with the exception of 

AgI. Therefore assuming a quasi-constant concentration of Ag2CO3 in DMF during the 

reaction is reasonable.
134

 However, the actual solubility of the Ag2CO3 will be higher at the 

reaction temperature and may be even greater in the presence of phosphine with the 

formation of Ag phosphine complex. 
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Table 20. Solubility limit of selected Ag and potassium salts in H2O and DMF at 25 °C. 

Salt 
Solubility 

a
 / mol dm

−3
 

H2O DMF 

silver carbonate (Ag2CO3) 1.28 × 10
−4

 N/A 

silver acetate (AgOAc) 6.31 × 10
−2

 7.94 × 10
−6

 

silver chloride (AgCl) 1.26 × 10
−5

 5.62 × 10
−8

 

silver bromide (AgBr) 7.08 × 10
−7

 3.16 × 10
−8

 

silver iodide (AgI) 1.00 × 10
−8

 1.26 × 10
−8

 

potassium carbonate (K2CO3) 8.11 N/A 

potassium chloride (KCl) 0.36 1.99 × 10
−3

 

potassium bromide (KBr) 4.49 0.063 

potassium iodide (KI) 7.68 1.78 

a
 Calculated from published Ksp values. 

3.5 Kinetic Isotope Effect of the Functionalised C–H Bond 

Isotopic labelling is a powerful experimental technique where a naturally abundant isotope 

in the reaction mixture is substituted by an alternative isotope. Some of the common 

isotopes used include 
2
H, 

13
C and 

17
O. There are two major ways in which an isotopic label 

can provide useful insight into the reaction mechanism. Firstly, by selecting a 

spectroscopically active isotope it is possible to tag the atom and follow the structural 

transformation taking place during the reaction. This may be achieved by in situ 

observation of the intermediates or by characterisation of the products. Secondly, isotopic 

labelling can be used to aid in the identification of the RL-step. The effect of isotope 

substitution, at or near the reaction site, on the reaction rate is called the kinetic isotope 

effect (KIE).
262

 The KIE is calculated by the ratio of the rate constants for the reaction with 

naturally abundant isotope (e.g. kH) over the reaction with the altered isotope (e.g. kD) (Eq. 

28). Different conclusions regarding the RL-step can be made based on the magnitude of 

the calculated KIE. 

 

𝐾𝐼𝐸 =   
𝑘𝑙𝑖𝑔ℎ𝑡

𝑘ℎ𝑒𝑎𝑣𝑦
                                                               (28) 

Where klight = rate constant for reaction with naturally abundant isotope, e.g. 
1
H 

kheavy = rate constant for reaction with altered isotope, e.g. D or 
2
H 
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Since every C–H bond activation and functionalisation reactions involve the breaking of a 

C–H bond, the detrermination of KIE is an essential part of a mechanistic study. In 

reactions proposed to undergo AMLA(6)-TS, the C–H bond cleavage is often the RL-step 

characterised by a primary KIE. However, no KIE was observed for the direct arylation 

reaction of 2-methylthiophene 46 as the reductive elimination of the product 47 was the 

RL-step.
176

 In the case of the direct arylation reaction of pentafluorobenzene 56, the 

independence of the reaction rate on the concentration of 4-iodotoluene 57 suggests the 

resting state of the catalyst exists after the oxidative addition step. Based on the proposed 

catalytic cycle, this is either the ligand exchange, AMLA(6), or the reductive elimination 

steps. Determination of the KIE would allow the RL-step to be identified. 

Lafrance and co-workers have reported the KIE of a direct arylation reaction of 4-

bromotoluene 27 with fluoroarene based on a competition experiment involving 1.1 

equivalents each of 1-ethoxy-2,3,5,6-tetrafluorobenzene 97 and 1-methoxy-2,3,5,6-

tetrafluoro-4-deuterobenzene 98 (Scheme 45).
122

 It is noted that the 1.1 equivalents of the 

two substrates is not enough to accurately determine the KIE. Furthermore, the KIE 

determined from a competition experiment does not conclusively mean the C–H bond 

cleavage is in the RL-step.
263

 

 

Scheme 45. KIE of the direct arylation reaction of 4-bromotoluene 27 with fluoroarenes determined 

by intermolecular competition of reagents 97 and 98 (Lafrance and co.).
122

 

The KIE analysis of the functionalised C–H bond of the selected reaction system required 

the synthesis of pentafluorodeuterobenzene (C6F5D) 100. The compound 100 was prepared 

by decomposition of pentafluoromagnesiumbromide (C6F5MgBr) 99 generated in situ with 

D2O (Scheme 46).
264

 The purity of the product 100 was confirmed by 
1
H, 

2
H and 

19
F NMR 

spectroscopic analysis. 
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Scheme 46. Synthesis of deuteropentafluorobenzene 100. 

The reactions under pseudo-zeroth-order kinetics with 10-fold excess (i.e. 0.18 M) of 

deuteropentafluorobenzene (C6F5D) 100 at 56 ± 1 °C was monitored by in situ FT-IR 

spectroscopy (Scheme 47). The IR spectrum of C6F5D 100 was significantly different from 

that of C6F5H 56. The characteristic 4-iodotoluene 57 peak at 1009 cm
−1

 previously 

observed overlapped with the band of C6F5D 100 at 1007 cm
−1

. However, it was possible to 

follow the reaction progress by observing the peak of the product 58 at 989 cm
−1

. The kobs 

of separate reactions of C6F5H 56 (kobs(H)) and C6F5D 100 (kobs(D)) were obtained from the 

gradient (+d[P 58]/dt) between steady-state of the catalytic cycle (i.e. 20–80% formation of 

the product 58) (Figure 41). The KIE calculated from the ratio of kobs(H) to kobs(D) was 4.36 

± 0.06 at 56 ± 1 °C, making this a primary KIE with the cleavage of the C–H bond 

conclusively involved in the RL-step of the reaction.
263

 

 

Scheme 47. Direct arylation reaction of 4-iodotoluene 57 with pentafluorodeuterobenzene 100. 
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Figure 41. Change in the concentration of product 58 over time for the reaction of 4-iodotoluene 57 

with 10-fold excess of (Black) C6F5H 56 and (Red) C6F5D 100. 

Change in the KIE was observed at different temperatures and different concentrations of 

the fluoroarene substrates (i.e. 56 and 100) (Table 21). These are known variables for KIE 

measurements included in the Standards for the Reporting of Enzymological Data 

(STRENDA) guideline.
265, 266

 Comparing the KIE at 40 ± 1 °C and 56 ± 1 °C, the values 

decreased with increased temperature for the reactions at the same concentrations of 

polyfluorobenzenes 56 and 100. Based on the partition-function formulation of transition-

state theory, KIE is expected to dependent on the temperature (Eq. 29).
267, 268

 The inverse 

relationship between the temperature and the KIE was also reported by Cannon and co-

workers for the C–H bond activation at Ru
II
 benzylidene complex.

171
 The increase in the 

KIE at lower temperature excluded significant proton tunnelling involvement in the C–H 

bond cleavage of the selected model reaction system. Proton tunnelling is a quantum 

mechanical process of proton penetration through the activation energy barrier with little 

dependence on the temperature.
269, 270

 Temperature dependent tunnelling has been observed 

in enzymatic hydride transfer where the process is affected by protein dynamics.
271-273

 

However, the observed KIE values of 2–5 were too low to be considered a tunnelling 

process which often results in KIE above 50. 

 

 

 



Chapter 3: Kinetic Observations 

 

127 

𝐾𝐼𝐸 =  
𝑘𝐻

𝑘𝐷
=

𝜅𝐻

𝜅𝐷
 
𝑄‡

𝐻

𝑄𝐻

𝑄𝐷

𝑄‡
𝐷

𝑒−∆𝑍𝑃𝐸 𝑅𝑇⁄                                         (29) 

Where κ = transmission coefficient (assumed to be 1), Q
‡
 = partition function for the TS,  

Q = partition coefficient for the reagents, ZPE = zero-point energy, R = ideal gas constant, 

T = absolute temperature. 

 

Table 21. The KIE for the direct arylation reaction shown in Scheme 47 determined by comparing 

the kobs for the reaction of pentafluorobenzene 56 and deuteropentafluorobenzene 100 at different 

reaction temperatures and different polyfluorobenzene concentrations [Ar
F
]. 

Entry T / °C [Ar
F
]ave / mol dm

−3
 Isotope 

kobs / 10
−7

 . 

mol dm
−3

 s
−1

 

KIE 
a
 

(kobs(H)/kobs(D)) 

1 

40 ± 1 

0.18 
H 4.19 ± 0.02 

5.47 ± 0.05 
2 D 0.765 ± 0.002 

3 
0.73 

H 9.50 ± 0.12 
2.97 ± 0.05 

4 D 3.20 ± 0.02 

5 

56 ± 1 

0.18 
H 17.3 ± 0.2 

4.36 ± 0.06 
6 D 3.96 ± 0.02 

7 
0.73 

H 29.4 ± 0.3 
2.30 ± 0.04 

8 D 12.8 ± 0.1 

a
 kobs obtained under pseudo-zeroth-order rate law with [ArI 57] = 18 mM. 

An inverse relationship was also observed between the KIE and the concentration of 

polyfluorobenzenes (i.e. 56 and 100). The substrate concentration dependence on KIE was 

a result of the rate law of the reaction having a rate constant kʹ independent of the 

concentration of polyfluorobenzenes (i.e. 56 and 100) (Eq. 32). Interesting observation was 

made from the preliminary analysis of the kobs against [C6F5D 100]. Based on the 4 data 

points available, it appears as though the reaction pathway dependent on the concentration 

of the deuteropentafluorobenzene 100 is more dominant compared with the competing 

pathway independent of the concentration of the deuteropentafluorobenzene 100. Further 

experiments are required to confirm this finding (see Chapter 5.2). However, as a result the 

magnitude of the rate constant contribution to the overall KIE was affected by the 

concentration of polyfluorobenzenes (i.e. 56 and 100). 

 

𝑘𝑜𝑏𝑠(𝐻) = [𝑃𝑑]𝑇𝑂𝑇
1 2⁄

(𝑘1(𝐻) + 𝑘2(𝐻)[𝐶6𝐹5𝐻 𝟓𝟔])                                    (30) 

 

𝑘𝑜𝑏𝑠(𝐷) = [𝑃𝑑]𝑇𝑂𝑇
1 2⁄

(𝑘1(𝐷) + 𝑘2(𝐷)[𝐶6𝐹5𝐷 𝟏𝟎𝟎])                                  (31) 
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𝐾𝐼𝐸 =
𝑘𝑜𝑏𝑠(𝐻)

𝑘𝑜𝑏𝑠(𝐷)
=

[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

(𝑘1(𝐻) + 𝑘2(𝐻)[𝐶6𝐹5𝐻 𝟓𝟔])

[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

(𝑘1(𝐷) + 𝑘2(𝐷)[𝐶6𝐹5𝐷 𝟏𝟎𝟎])
                   (32) 

 

The magnitude of KIE has been used to describe the degree of C–H bond cleavage or the 

symmetry of the activated complex.
274

 The treatment of KIE based on kH/kD is known to be 

a simplification which only takes the changes in the zero-point energies (ZPE) between C–

H/D bond stretching frequencies into account.
275

 However, many interpretations of the KIE 

have been published, including the characterisation of the TS geometry by Kwart and co-

workers based on TDKIE (temperature dependent KIE).
276, 277

 This treatment of KIE 

compares the Arrhenius parameters between the protio- and deutero-substrates to determine 

the symmetry of the TS. The observation of a concerted TS by studying TDKIE would 

provide a strong evidence for AMLA(6)-TS. The detailed evaluation and the explanation 

for the differences in the KIE were beyond the scope of this work. However, it was 

concluded that the pentafluorobenzene 56 C–H bond was broken in the RL-step of the 

catalytic cycle based on the primary KIE observed under the different reaction conditions 

tested. 

The reversibility of the C–H bond activation step of the reaction was investigated. Analysis 

of the C6F5D 100 direct arylation reaction mixture by 
1
H and 

19
F NMR spectroscopy 

showed no formation of C6F5H 56 under the standard reaction condition. The reaction 

repeated in the presence of AcOH as a proton source resulted in the formation of C6F5H 56 

as well as the product 58 (Scheme 48). However, the formation of C6F5H 56 was also 

observed in the absence of Pd(OAc)2, confirming proton-deuterium exchange of 

polyfluoroarenes takes place without the Pd metal. The same observation was also reported 

by Li and co-workers.
166

 This could result from a proton acid catalysed mechanism in the 

presence of excess AcOH and Ag salts, or via Ag-catalysed C–H bond activation.
180, 278

 It is 

important to note that Pd was essential for the formation of the biaryl product 58, but not 

for the deprotonating of deuteropentafluorobenzene 100.  

Further evidence for the proton-deuterium scrambling was observed from a reaction of 3 

equivalents of C6F5H 56 in a 50% (v/v) mixture of DMF and D2O heated at 60 °C (Scheme 

49). A mixture of C6F5H 56, C6F5D 100 and the biaryl-product 58 was observed by 
19

F 

NMR spectroscopic analysis. 
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Scheme 48. Direct arylation of 4-iodotoluene 57 with deuteropentafluorobenzene 100 in the 

presence of acetic acid. 

 

Scheme 49. Direct arylation of 4-iodotoluene 57 with pentafluorobenzene 56 in 50% (v/v) mixture 

of DMF and D2O. 

3.6 Influence of the Temperature on the Rate of Reaction - Kinetic 

Activation Parameters 

For a reaction in solution phase, one of the important factors affecting the reaction rate 

apart from the concentration is the temperature. Chemical transformations are generally 

accelerated as the temperature is raised, for reasons rationalised first by the collision theory, 

and then by the transition-state theory. In the simplest form, the collision theory states the 

molecules are required to collide with enough kinetic energy and correct orientation to 

overcome the activation barrier of the kinetic profile. At higher temperature, more 

molecules have the speed and the kinetic energy necessary for the reaction, as described by 

Maxwell’s distribution of speeds in the gas phase.
279, 280

 The temperature dependence of the 

reaction rate based on the collision theory is commonly described by the mathematical 

expression called the Arrhenius equation (Eq. 33).
281, 282

  

Unlike the completely elastic treatment of chemical reactions by the collision theory, 

transition-state theory hypothesises the formation of an activated complex between the 

reactants as they approach one another. The maximum potential energy is reached at the TS 

where the activated complex can form the product or revert to the reactants. Thus the 

activated complex is in quasi-equilibrium with the reactants. The rate constant then 

describes how the activated complex is formed and decays over the course of the reaction 

progress. At elevated temperature, the vibration in the activated complex is increased 

resulting in the accelerated frequency for the product formation. The temperature 
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dependence of the reaction rate based on the transition-state theory is commonly described 

by the mathematical expression called the Eyring equation (Eq. 34).
283, 284

 Transition-state 

theory is suitable for describing reactions in both the gas phase and the solution phase. The 

activation parameters determined from temperature dependence study of the reaction rates 

provide invaluable information regarding the energetic states of the TS. 

 

𝑘𝑟 = 𝐴𝑒−𝐸𝑎 𝑅𝑇⁄                                                                  (33) 

 

𝑘𝑟 = 𝜅 ×
𝑘𝐵𝑇

ℎ
× 𝐾ǂ                                                         (34) 

 

Where kr = rate constant, A = pre-exponential factor, Ea = activation energy, R = gas constant,  

T = absolute temperature, κ = transmission coefficient, kB = Boltzmann constant, 

h = Planck constant, K
‡
 = activation equilibrium constant. 

A preliminary computational study on the reaction between pentafluorobenzene 56 and Pd 

catalyst was reported by Lafrance and co-workers using the B3LYP basis set.
122

 The 

calculation was run in the absence of solvent and the trialkylphosphine ligand (PR3) was 

replaced by PH3 for convenience. The lowest activation energy (Ea) for the AMLA(6)-TS 

was measured for a bicarbonate complex [Pd(Ph)(HCO3)(PH3)] at 41 kJ mol
−1

. Guihaume 

and co-workers reported computationally calculated activation energies of the inner-sphere 

AMLA(6) step for range of polyfluorobenzene (Ar
F
H) coordinated Pd complexes, 

Pd(Ph)(Ar
F
H)(κ

1
-OAc)(PMe3).

168
 The Ea for pentafluorobenzene 56 and 1,3-

difluorobenzene 26 were 60.5 kJ mol
−1

 and 77.4 kJ mol
−1

 respectively. Interestingly, high 

dissociation energy of 77.0 kJ mol
−1

 was required for the removal of AcOH from the 

product complex, Pd(Ph)(C6F5)(AcOH)(PMe3). The free energy of activation (ΔG
ǂ
(298K)) 

for the reaction of pentafluorobenzene 56 with [Pd(Ph)(κ
2
-OAc)(PMe3)] via AMLA(6)-TS 

was calculated as 93.3 kJ mol
−1

 by Gorelsky and co-workers using the B3LYP exchange 

correlation function.
135

 An experimentally determined Ea was reported by Sun and co-

workers for the coupling of 5-bromo-m-xylene with 4-nitropyridine-N-oxide.
172

 In Sun’s 

work, the inner-sphere AMLA(6) reaction mechanism was reasoned to be an energetically-

viable pathway based on the close proximity in the experimental and the computationally 

calculated Ea (77.4 kJ mol
−1

 and 73.6 kJ mol
−1

 respectively). 

The effect of temperature on the direct arylation reaction of 4-iodotoluene 57 with 

pentafluorobenzene 56 was studied using in situ FT-IR spectroscopic analysis. A typical 

Arrhenius temperature dependence was observed with exponential increase in the observed 
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rate constant with increased temperature, confirming the lack of quantum mechanical 

tunnelling in any significance. In order to calculate the Arrhenius parameters and the 

activation parameters associated with the experimentally determined rate constants 

k2(2KD)
−1/2

 and kʹ, the reaction rate dependence study on the concentration of 

pentafluorobenzene 56 under pseudo-zeroth-order kinetics was repeated for temperatures in 

the range 40–72 °C in DMF (Figure 42). Temperatures above 72 °C were not tested 

considering that the boiling point of pentafluorobenzene 56 is 85 °C. The IR spectrum of 

DMF showed slight changes in its absorbance at varying temperatures. The appropriate 

solvent spectrum was subtracted from the reaction spectra to take the shifting solvent 

baseline into account. The reaction temperature was directly monitored using an electronic 

thermometer with a K-type thermocouple submerged in the solvent. A significant 

difference between the temperature of the reaction mixture and the nominal temperature of 

the oil bath was observed. In general, the reaction temperature was lower than the oil bath 

temperature and the discrepancy increased at higher temperatures. The reaction progress 

was followed by monitoring the IR absorbance of the product 58 at 989 cm
−1

. 

 

Figure 42. Plot of kobs against [C6F5H 56]ave for the reaction shown in Scheme 42 at 40 ± 1 °C, 50 ± 

1 °C, 56 ± 1 °C, 64 ± 1 °C and 72 ± 1 °C. Each point represents a raw data with the linear fit lines 

(see Appendix 2). 

The values of pentafluorobenzene 56 concentration dependent and independent rate 

constants (i.e. k2(2KD)
−1/2

 and kʹ respectively) at the experimentally tested temperatures 

were determined from the slope and the y-intercepts of the lines-of-best-fit (Table 22). 
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Nonzero y-intercept was observed for each data set confirming the presence of a rate 

constant independent of the pentafluorobenzene 56 concentration. Both rate constants were 

positively dependent on the reaction temperature. The experimental results were analysed 

to calculate the activation parameters for better understanding of the TS. Since the reaction 

was established to follow one-and-a-half-order rate law by RPKA and VTNA, the actual 

rate constants k2(2KD)
−1/2

 and kʹ at each temperature were calculated by dividing both the 

slope and the y-intercept by [Pd]TOT
1/2

. 

Table 22. The values of k2(2KD)
−1/2

 and kʹ obtained from the plots of kobs against [C6F5H 56]ave 

(Figure 42) at T ranging between 40–72 °C assuming half-order kinetics in Pd ([Pd]TOT = 0.9 mM). 

Entry Temperature / K R
2
 

k2(2KD)
−1/2

 / 10
−4

 . 

dm
3/2

 mol
−1/2

 s
−1

 

kʹ / 10
−5

.  

mol
1/2

 dm
−3/2

 s
−1

 

1 313 ± 1 0.992 0.34 ± 0.02 1.02 ± 0.11 

2 323 ± 1 0.775 0.59 ± 0.18 2.32 ± 1.12 

3 329 ± 1 0.984 1.00 ± 0.07 3.35 ± 0.45 

4 337 ± 1 0.957 1.72 ± 0.21 4.99 ± 1.27 

5 345 ± 1 0.947 2.85 ± 0.48 9.47 ± 2.39 

 

The Arrhenius and the activation parameters for k2(2KD)
−1/2

 and kʹ were determined by 

graphical method using rearranged Arrhenius and Eyring equations (Eq. 35 and 36 

respectively). The activation Gibbs energy (ΔG
‡
) was derived using the values of activation 

enthalpy (ΔH
‡
) and the activation entropy (ΔS

‡
) obtained from the Eyring equation (Eq. 37). 

The Arrhenius and the Eyring plots constructed for the k2(2KD)
−1/2

 and kʹ resulted in R
2
 

values over 99% (Figure 43, see Appendix 2 for the other plots). 

 

ln 𝑘 = ln 𝐴 −
𝐸𝑎

𝑅
(

1

𝑇
)                                                           (35) 

 

ln
𝑘

𝑇
= ln

𝑘𝐵

ℎ
−

∆𝐻ǂ

𝑅𝑇
+

∆𝑆ǂ

𝑅
                                                   (36) 

 

∆𝐺 ǂ = ∆𝐻ǂ − 𝑇∆𝑆ǂ                                                                (37) 

 

Where k = rate constant, A = pre-exponential factor, Ea = activation energy, R = gas constant,  

T = absolute temperature, kB = Boltzmann constant, h = Planck constant, ΔH
‡
 = activation enthalpy,  

ΔS
‡
 = activation entropy, ΔG

‡
 = activation Gibbs energy. 
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Figure 43. Selected example of the Eyring plot based on k2(2KD)
−1/2

 value assuming half-order 

kinetics in the concentration of the Pd catalyst for the reaction shown in Scheme 42. Graph 

constructed using data from Table 22. 

The rate constant k2, dependent on the concentration of pentafluorobenzene 56 and 

expected to be the RL-step involving AMLA(6)-TS, could not be separated from KD. The 

Arrhenius parameters A and Ea of the rate constant k2(2KD)
−1/2

 were calculated as 6.59 × 

10
5
 and 61.9 ± 2.6 kJ mol

−1
 respectively, from the line-of-best-fit of the Arrhenius plot. The 

ΔH
ǂ
 and ΔS

ǂ
 for k2(2KD)

−1/2
 under the same reaction condition were 59.1 ± 2.6 kJ mol

−1
 and 

−143 ± 8 J K
−1

 mol
−1

 respectively, from the line-of-best-fit of the Eyring plot. The negative 

entropy calculated suggested the entropy of the TS is less than the entropy of the original 

intermediate (i.e. TS is more-ordered than the original complex). This was expected for a 

AMLA(6)-TS where the composition of the TS involves coordination of reagents 56 to Pd 

metal centre. The Gibbs energy of activation for the model reaction was calculated as 102 ± 

5 kJ mol
−1

 at 298 K. The experimentally determined thermodynamic parameters for 

k2(2KD)
−1/2

 and kʹ are summarised below (Table 23). These values can potentially be used 

as guidelines for performing DFT calculations. The Arrhenius and activation parameters for 

the rate constant kʹ were similar, if not identical, to the values calculated for k2(2KD)
−1/2

. 
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Table 23. Thermodynamic parameters calculated from experimentally determined k2(2KD)
−1/2

 and kʹ 

(Table 22) for half-order kinetic in Pd ([Pd]TOT = 0.9 mM). 

Activation parameter k2(2KD)
−1/2

 kʹ 

Ea 
a
 / kJ mol

−1
 61.9 ± 2.6 60.9 ± 3.0 

A 
a
 / s

−1
 6.59 × 10

5
 1.51 ×1 0

5
 

ΔH
‡
 
b
 / J mol

−1
 59.1 ± 2.6 58.2 ± 3.0 

ΔS
‡
 
b
 / J K

−1
 mol

−1
 −143 ± 8 −155 ± 9 

ΔG(298 K)
‡
 
b
 / J mol

−1
 102 ± 5 104 ± 6 

a
 Values determined from Arrhenius plot. 

b
 Value determined from Eyring plot. 

The kinetic parameters determined for k2(2KD)
−1/2

 involves the two-step reaction in steady-

state that are reversible.
285

 Evidently, the rate law highlighted the rate dependent on the 

concentration of substrate 56 and rate constant k2. The energy profile for a catalytic cycle 

involving an off-cycle species (CY) is shown below with k2(2KD)
−1/2

 corresponding to δE 

(Figure 44).
249, 250

 

 

 

Figure 44. Catalytic cycle with off-cycle intermediate CY in equilibrium with on-cycle species CX 

(A) k (rate constant)-representation and (B) E (energy)-representation (Reprinted with permission 

from S. Kozuch and J.M.L. Martin, ACS Catal., 2011, 1, 246–253. Copyright 2016 American 

Chemical Society.). 
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3.7 Linear Free-Energy Relationships of the Transition State 

3.7.1 Reactivity of 1-Substituted-2,3,5,6-Tetrafluorobenzene 

The structure-reactivity relationship between the electronic properties of the fluoroarenes 

and the reaction rates were studied to characterise the electronic state of the TS based on 

the Hammett equation (Eq. 38).
286, 287

 This equation was empirically derived by Hammett 

from the effect of meta- and para-substituents on the ionisation equilibrium of benzoic acid 

in aqueous solution (ρ = 1). A correlation can be made between the equilibrium constants, 

substituent constant (σ), which depends on the electronics, and the reaction constant (ρ) 

which depends on reaction and the condition. 

 

log
𝐾

𝐾0
= σρ                                                   (38) 

Where K = equilibrium constant with substituent R, K0 = equilibrium constant with R as H,  

σ = substituent constant, ρ = reaction constant 

 

Values of ρ were expected to differ between mechanisms following a SEAr pathway and a 

AMLA(6) pathway. A positive charge carried by the Wheland intermediate of SEAr was 

expected to favour electron donating substituents giving negative value of ρ (Figure 45).
118 

Formation of such an intermediate in the model reaction, where the C–H bond is 

surrounded by highly electronegative fluorine atoms, was not expected. On the other hand, 

AMLA(6) pathway was expected to favour electron withdrawing substituents which can 

stabilise the negative charge at the TS (i.e. formation of carbanion stabilised by the metal), 

resulting in positive value of ρ.
172 Since the pentafluorobenzene 56 C–H bond is broken in 

the RL-step of the catalytic cycle, a definitive distinction between the two hypothesised 

reaction pathways can be made. 

 

Figure 45. Possible reaction mechanism via AMLA(6) or SEAr pathways. 
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The electronics of fluoroarenes were tuned by varying the substituents on the C1 position 

of 2,3,5,6-tetrafluorobenzene for minimum change in the steric environment of the reactive 

C–H bond.
288

 Furthermore, this decision was based on the commercial availability of 1-

substituted-2,3,5,6-tetrafluorobenzenes. Functional groups with electronic properties 

ranging between electron-donating dimethylamino to electron-withdrawing trifluoromethyl 

were selected. The reaction of these fluoroarenes achieved quantitative conversion of the 

starting material 57 to the desired products (i.e. 58, 76, 77, 79 and 80) after 24 hours of 

heating at 70 °C. 

The structural alterations between the 1-substituted-2,3,5,6-tetrafluorobenzenes resulted in 

significant changes to the FT-IR spectra. The differences in the IR absorption of the 

compounds meant in situ FT-IR spectroscopic analysis was not a suitable method for 

consistent kinetic analysis. Alternatively, the substituent effect was analysed from relative 

rates obtained by competition reaction between 10 equivalents each of the 1-X-2,3,5,6-

tetrafluorobenzene (where X = NMe2, OMe, F, Cl and CF3) and pentafluorobenzene 56 

(Scheme 50).
289

 Competition experiments were well suited as C–H bond cleavage was 

identified as the RL-step of the reaction. An aliquot of the crude reaction mixture was 

sampled after 20 hours of heating at 60 °C and analysed by 
19

F NMR spectroscopic analysis. 

The relaxation delay was set to 30 s (full relaxation was between 20–25 s) for accurate 

signal integration of the 4-X-2,3,5,6-tetrafluorobiaryl products, P
X
 (where X = NMe2 76, 

OMe 77, F 58, Cl 79 and CF3 80) and the pentafluorobiaryl product 58, P
F
. 

 

Scheme 50. Competition reaction of pentafluorobenzene 56 and 1-X-2,3,5,6-tetrafluorobenzene 

(where X = NMe2, OMe, F, Cl and CF3) heated at 60 °C for 20 h.  

The original method of Hammett analysis involves the comparison of the reaction rates and 

equilibrium constants. The Hammett equation was modified by substitution of the relative 

reaction rates represented by the ratio of the two products (P
X
/P

F
), into the ratio of the two 

rate constants (k
X
/k

F
) (Eq. 39).

290
 Faster rates were achieved with more electron-

withdrawing functional group in the C1 position (Table 24). A linear free-energy 

relationship (LFER) was observed with the logarithms of the relative rates being directly 

proportional to the substituent constants (Figure 46). The resonance of the charge on the 

aromatic ring of the TS was taken into account by using the substituent constant σ
+
 to 
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represent the electronic properties of these fluoroarenes. The values of σ
+
 are referenced to 

SN1 reaction of 4-substituted-phenyldimethyl chloromethanes.
291

 The R
2
 of the graphs 

plotted using σ
+
 and σp were 0.954 and 0.940 respectively. The reaction constant (ρ) 

determined from the slope of the LFER was +0.28 ± 0.02, consistent with AMLA(6) 

pathway for which a small positive ρ value was expected. 

 

log (
PX

PF
) = ρ · 𝜎+                                                 (39) 

 

Where P
X
 = integration of 4-X-2,3,5,6-tetrafluorobiaryl (where X = NMe2 76, OMe 77, F 58, Cl 79 

and CF3 80), P
F
 = integration of pentafluorobiaryl 58, ρ = reaction constant, σ

+
 = substituent constant. 

 

Table 24. The product ratio (P
X
/P

F
) from the reaction shown in Scheme 50 and the substituent 

constants (σ
+
) for X in 1-X-2,3,5,6-tetrafluorobenzenes (where X = NMe2, OMe, F, Cl and CF3). 

Entry X P
x
 σ

+
 for X P

X
/P

F
 
a
 

1 NMe2 76 −1.70 0.33 

2 OMe 77 −0.78 0.56 

4 F 58 −0.07 1.00 

5 Cl 79 +0.11 1.17 

6 CF3 80 +0.61 1.38 

a
 Calculated from integration of 

19
F NMR signals of the crude reaction mixture in chloroform-d with 

512 scans and 30 s relaxation delay. 
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Figure 46. Hammett plot of the competition reaction shown in Scheme 50. Graph constructed using 

data from Table 24. 

3.7.2 Reactivity of 4-Substituted-Iodoarenes 

The electronic effect of the iodoarene (ArI) was studied by comparing the kobs obtained for 

the direct arylation reactions of different 4-substituted-iodoarenes with 10-fold excess 

pentafluorobenzene 57 under pseudo-zeroth-order kinetics condition at 56 ± 1 °C (Table 

25). The kobs values were calculated from 5–50% formation of the products determined by 

following the IR bands of the respective products around 990 cm
−1

. Slight but definite 

differences in the reaction rates were observed between the iodoarenes despite the zeroth-

order kinetics which suggested a fast oxidative addition step for the range of substrates 

tested. The rates ranged between (1.01 ± 0.03) × 10
−6

 mol dm
−3

 s
−1

 and (1.68 ± 0.04) × 10
−6

 

mol dm
−3

 s
−1

. Therefore the rate of the RL-step was affected by the electronic nature of the 

iodoarene. The difference in the kobs was expected to result from differences in the energies 

and the reactivity of the Pd
II
 complexes formed from the oxidative addition of the ArI. 

Unfortunately, the attempt to correlate the rates with the σpara and the electronic properties 

of the C4-substituents was unsuccessful. Regardless of the reason behind the rate 

dependence on the nature of the iodoarene, this observation was in agreement with the RL-

step of the catalytic cycle involving a Pd–Ar complex.
174
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Table 25. The kobs for the direct arylation reaction of iodoarenes with pentafluorobenzene 56 at 56 ± 

1 °C to form the C4ʹ-substituted biaryls (where C4ʹ = OH 62, NH2 63, Me 58, H 64, F 65 and CF3 

66). 

 

Entry X σpara kobs 
a
 / 10

−6
 . mol dm

−3
 s

−1
 

1 OH 62 −0.30 N/A 

2 NH2 63 −0.38 N/A 

3 Me 58 −0.14 1.68 ± 0.04 

4 H 64 0.00 1.01 ± 0.03 

5 F 65 +0.15 1.68 ± 0.04 

6 CF3 66 +0.53 1.13 ± 0.03 

a
 kobs calculated from 5–50% formation of the products 58, 64–66. 

3.8 Determination of the Type of Catalyst – Homogeneous vs 

Heterogeneous Catalysis 

3.8.1 Background 

Chemical catalysts are commonly categorised as homogeneous or heterogeneous.
292

 In 

homogeneous catalysis, the catalyst and the reaction mixture are in a single phase.
293

 The 

catalyst is often associated with high selectivity and activity. A significant effort has been 

made to fine-tune electronic and steric properties at the metal centre to influence the 

chemoselectivity, regioselectivity, and/or enantioselectivity based on molecular design 

principles. The catalytic systems are easier to study and optimise, but often difficult to 

separate and recycle. Alternatively, in heterogeneous catalysis the catalyst is in a different 

phase (commonly solid) from the reagents and the reaction takes place at the interface.
294

 

Compared to homogeneous catalysis, heterogeneous catalysis are considered to be less 

selective and active, with only a fraction of the surface metal available for substrate 

interaction and limited by mass transfer. The development of heterogeneous catalysts is 

based on material design principles, and the characterisation of the active sites can be 

challenging. However, it is more widely applied on industrial scale due to low cost, ease of 

separation and recyclability. 
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Ranges of homogeneous and heterogeneous pre-catalysts are available today to perform 

different chemical transformations.
101

 A strong argument for homogeneous or 

heterogeneous active catalyst can be made based on results obtained from a combination of 

different techniques designed to distinguish the nature of species involved in the 

catalysis.
295

 However, complications arise due to the potential formation of soluble 

colloidal metal in homogeneous catalysts
296

 and leaching of soluble metal from 

heterogeneous catalyst.
297

 Furthermore, the classification of a reaction as purely 

homogeneous or heterogeneous catalysis may be an over-simplification as some have 

suggested catalytic cycle involving both colloidal and molecular Pd species.
298-300

 Results 

from selected analytical techniques are presented here in an attempt to highlight the nature 

of catalysis involved in the Pd-mediated direct arylation reaction of 4-iodotoluene 57 with 

pentafluorobenzene 56. 

3.8.2 Hg0 and PVPy Poisoning 

One of the methods to distinguish between homogeneous and heterogeneous Pd catalysis is 

by the addition of inhibitor to the reaction. Certain additives are known to coordinate to 

metal species in specific oxidation states. For example, elementary mercury can quench 

reactions involving “naked” Pd
0
 metal by forming Hg

0
-Pd

0
 amalgam

301-303
, and polyvinyl-4-

pyridine (PVPy) can act as a solubilised Pd
II
 scavenger by coordinating through its nitrogen 

lone-pair.
304

 The reaction condition previously set as the standard condition for the modern 

kinetic analysis was used for comparison (Scheme 51). It was noticed that the reaction 

mixtures were coloured moss green during the reaction, and turned black only after the 

reaction was complete. Palladium nanoparticle catalysed reactions are often associated with 

black mixtures of Pd
0
 commonly known as Pd black. 

 

Scheme 51. Standard reaction condition selected for testing the effects of inhibitors. 

For the mercury drop-test, Hg
0
 (200 equivalents to Pd) was added to the reaction mixture at 

ca. 50% (i.e. 170 min) and ca. 20% (i.e. 70 min) starting material 57 conversion determined 

from past experiment under identical reaction condition. The addition of mercury at two 

different stages of the reaction resulted in instant quenching (Figure 47). The formation of 

Hg
0
-Pd

0
 amalgam does not necessarily mean the reaction was proceeding under 
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heterogeneous catalysis, but confirms the presence in the reaction mixture of bare Pd
0
 

species that are low ligated.
305

 Within the proposed catalytic cycle, Pd
0
 species were 

expected to form following the reductive elimination of the biaryl-product 58. Therefore 

the result obtained from the mercury drop-test maybe interpreted as consistent with the 

proposed catalytic cycle assuming the rate of Hg
0
-Pd

0
 formation was faster than the TOF of 

the Pd
0
 intermediates. Additionally, the quenching of the reaction could potentially result 

from silver precipitation as observed by addition of Hg
0
 to Ag

I
NO3.

306
 The silver cation was 

understood to be necessary in the catalytic cycle for removing iodide from Pd species. To 

test this hypothesis, the use of tetramethylammonium acetate, an effective alternative to Ag
I
 

salts often used in C–H bond functionalisation reactions, was considered.
198

 Quantitative 

formation of the product 58 was previously confirmed for the reaction using [Me4N]OAc 

instead of Ag2CO3. Unfortunately, the kinetics of the reaction using the organic salt was 

completely different from that of the inorganic salt. Thus the role of [Me4N]OAc maybe as 

a phase-transfer reagent assisting in the formation of catalytic Pd nanoparticles. Further 

experiment using 1.5 equivalents of AgOAc is required to validate this hypothesis. 

 

Figure 47. The kinetic profiles of the standard reaction condition shown in Scheme 51 with (Black) 

no inhibitor, (Purple) addition of PVPy (200 equiv. to Pd) at ca. 50% conversion, (Red) addition of 

Hg (200 equiv. to Pd) at ca. 50% conversion, (Blue) addition of Hg (200 equiv. to Pd) at ca. 20% 

conversion and (Olive) using [Me4N]OAc instead of Ag2CO3. 

The involvement of soluble cationic Pd
II
 species in the catalytic cycle was tested by the 

addition of PVPy (200 equivalents to Pd) to the reaction mixture at ca. 50% (i.e. 170 min) 
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starting material 57 conversion. The reaction achieved quantitative conversion of the 

starting material 57 with slight deviation from the kinetics of the standard condition 

(Figure 47). The result suggested a catalytic cycle without long lived Pd
II
 species for the 

polymer to coordinate to.
307, 308

 This was inconsistent with the kinetic observation which 

indicates the RL-step involves the reaction of oxidative addition product Pd
II
–Ar with 

pentafluorobenzene 56. The stability of PVPy in the reaction mixture and the coordination 

ability to dinuclear Pd species involved in the reaction remains unknown. It is possible that 

the ligand stabilised catalytically active Pd
II
 species and the hypothesised off-cycle 

dinuclear Pd
II
 species may not bind to the polymer. It is necessary to perform control 

experiments to understand the stability of PVPy under the reaction condition. 

3.8.3 Hot-Filtration 

The involvement of soluble catalyst species were further studied by monitoring the reaction 

progress before and after hot-filtration
309, 310

 through a pre-heated Celite®-pad at ca. 50% 

(i.e. 92 min) conversion of 4-iodotoluene 57. The standard reaction condition was modified 

with larger excess of pentafluorobenzene 56 in anticipation of the reagent loss by 

evaporation during hot-filtration and the resulting deceleration of the reaction rate (Scheme 

52). A layer of green solid was removed by the Celite®-pad (Figure 48) and the colourless 

filtrate was collected into a second reaction vessel containing the same quantity of Ag2CO3 

as the start of the reaction. The green solid removed by filtration was identified as Ag2CO3 

based on the appearance, confirming the low solubility of the inorganic salt in the reaction 

mixture at elevated temperature. 

 

Scheme 52. Reaction condition selected for testing the effect of hot-filtration through Celite®-pad. 

Monitoring the reaction after filtration, a continued formation of the product 58 was 

observed at a slower rate (Figure 49). The deceleration was expected to result from loss of 

catalyst and pentafluorobenzene 56 during filtration, and the dilution of the reaction 

mixture after washing the Celite®-pad with DMF. Loss of 4-iodotoluene 57, 

pentafluroorbenzene 56 and product 58 was highlighted by the slight drop in the 

absorbance of the corresponding peaks. For heterogeneous catalysis involving insoluble 

particles, the reaction was expected to quench after the hot-filtration. Thus the result 
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suggests the product 58 was formed via homogeneous catalysis involving molecular Pd 

species or soluble nanoparticles. 

 

Figure 48. Photograph of the Celite®-pad after hot-filtration of the reaction shown in Scheme 52. 

The green solid collected at the top was identified as Ag2CO3 based on the appearance. 

 

Figure 49. The kinetic profiles of the standard reaction condition shown in Scheme 52 with (Black) 

no filtration and (Red) hot filtration at ca. 50% conversion of 4-iodotluene 57. 
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3.8.4 Kinetic of Reaction Catalysed by Colloidal Pd 

The formation of colloidal metal in aprotic polar solvent (e.g. DMF) at temperatures above 

100 °C is commonly reported in “ligand-free” coupling reactions.
311, 312

 Saha and co-

workers observed Pd-NP formation by TEM in a C–H bond functionalisation of 

benzothiazole 49 with aryliodide starting with Pd(OAc)2 pre-catalyst (Scheme 53).
313

 

 

Scheme 53. Direct C–H bond arylation of benzothiazole 49 with aryliodide (Saha and co.).
313 

Storr and co-workers demonstrated that the amine ligand facilitated formation of Pd-NPs 

by heating Pd(OAc)2(NHR2)2 complex in DMF at 80 °C.
314

 This result suggested that the 

high temperature commonly required for NP formation in DMF was for generating amines 

via decomposition of the solvent into NHMe2 and CO. The important role of solvent was 

also highlighted by Yano and co-workers who reported high TON cross-coupling reactions 

catalysed by well-defined DMF stabilised Pd-NPs, prepared by heating aqueous PdCl2 

solution in large excess of DMF at 140 °C for 6 hours.
315

 
316

  

The possible role of Pd-NPs in the model reaction was considered by monitoring the 

reaction kinetics of direct arylation reaction using pre-formed DMF stabilised Pd-NPs 

solution (0.9 mM) (Scheme 54). The reaction required PPh3 at the tested temperature, in 

agreement with the observations discussed in Chapter 2.2. Although the DMF stabilised 

Pd-NPs were a competent catalyst, the reaction achieved 54% conversion of 4-iodotoluene 

57 after 40 h (Figure 50). In comparison, the reaction catalysed by Pd(OAc)2 achieved 

quantitative conversion of substrate 57 in 3 h. The result suggested the two reactions were 

catalysed by different active species. 

 

Scheme 54. Standard reaction condition selected for testing the catalytic activity of DMF stabilised 

Pd-NPs compared to Pd(OAc)2. 
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Figure 50. Reaction profile of direct arylation reaction shown in Scheme 54 catalysed by (Black) 

Pd(OAc)2 pre-catalyst and (Red) Pd-NPs stabilised in DMF. 

3.9 Catalyst Optimisation 

3.9.1 Kinetics for Pd(OAc)2/PPh3 (1:4) Catalyst System - Reaction Rate 

Dependence on the Concentration of Pd 

The study of the effect of varying quantity of PPh3 had demonstrated 1:4 ratio of 

Pd(OAc)2/PPh3 to provide the fastest reaction rate (Figure 39). This was most likely due to 

a change in the concentration of the reactive intermediates or a change in the reaction 

mechanism. Under the optimised catalyst system (Scheme 55), the equilibrium between 

intermediate species may shift from the off-cycle dinuclear Pd species to the on-cycle 

mononuclear Pd species. Consequently the reaction order with respect to [Pd]TOT was 

expected to be closer to an integer. 

 

Scheme 55. Direct arylation reaction of 4-iodotoluene 57 with pentafluorobenzene 56 under the 

optimised catalyst condition with Pd(OAc)2/PPh3 (1:4). 
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In order to test this hypothesis, the rate dependence on Pd concentration under the 

optimised catalyst system was investigated (Table 26). Pseudo-zeroth-order rate constants 

were measured with 10-fold excess of pentafluorobenzene 56 (i.e. 0.18 M). A linear 

increase in the value of kobs was observed with increased Pd concentration. The double-

logarithmic plot of log kobs against log [Pd]TOT revealed the reaction followed (0.65 ± 0.10)-

order dependence with respect to [Pd]TOT. This was lower than the order dependence 

observed for the catalyst system with 1:2 ratio of Pd/PPh3. 

Table 26. The kobs of the reaction shown in Scheme 55 at 56 ± 1 °C with different [Pd]TOT 

maintaining Pd(OAc)2/PPh3 (1:4) catalyst system. 

Entry [Pd]TOT / 10
−3

 . mol dm
−3

 kobs / 10
−6

 . mol dm
−3

 s
−1

 

1 0.93 3.73 ± 0.08 

2 1.87 5.96 ± 1.02 

3 2.81 6.74 ± 0.84 

4 3.70 9.91 ± 1.70 

 

The lines-of-best-fit for the experimental data of kobs against [Pd]TOT were compared 

between the two catalyst systems (Figure 51). The slope of the optimised condition was 3 

times greater than that of the standard condition. The y-intercepts were unchanged within 

the standard error in the experimental data. This result suggests a three-fold increase in the 

concentration of catalytically relevant species in the reaction mixture under the optimised 

catalyst system. 
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Figure 51. Plot of kobs against [Pd]TOT catalyst system with (Black) 5 mol% Pd(OAc)2 + 10 mol% 

PPh3 and (Red) 5 mol% Pd(OAc)2 + 20 mol% PPh3. Graph constructed using data from Table 12 

and Table 26. 

3.9.2 Kinetics for Pd(OAc)2/PPh3 (1:4) Catalyst System - Reaction Rate 

Dependence on the Concentration of Pentafluorobenzene 56 

The effect of pentafluorobenzene 56 concentration between 0.18 M and 0.73 M on the 

observed rate constants under the optimised catalyst system was studied (Table 27). The 

catalyst concentration was kept constant at 0.93 mM. The kobs showed a positive 

dependence on the concentration of pentafluorobenzene 56. 

Table 27. The kobs of the reaction shown in Scheme 55 at 56 ± 1 °C with different excess 

concentrations of pentafluorobenzene 56. 

Entry [C6F5H 56]ave / mol dm
−3

 kobs / 10
−6

 . mol dm
−3

 s
−1

 

1 0.18 3.73 ± 0.08 

2 0.36 4.18 ± 0.60 

3 0.54 5.13 ± 0.30 

4 0.73 5.50 ± 0.30 

 

The lines-of-best-fit for the plot of kobs against [C6F5H 56]ave were compared between the 

two catalyst systems (Figure 52). The slopes of the lines-of-best-fit were identical within 

the standard error, indicating the kobs increased by (2.20 ± 0.71) × 10
−6

 mol dm
−3

 s
−1
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regardless of the C6F5H 56 concentration. The y-intercept (kʹ) of the optimised condition 

[(3.10 ± 0.21) × 10
−6

 mol dm
−3

 s
−1

] was 3 times greater than the standard condition [(1.14 ± 

0.11) × 10
−6

 mol dm
−3

 s
−1

]. This was the same increase observed for the slope of the kobs 

against [Pd]TOT plot (Figure 51). 

 

Figure 52. Plot of kobs against [C6F5H 56]ave under catalyst system with (Black) 5 mol% Pd(OAc)2 + 

10 mol% PPh3 and (Red) 5 mol% Pd(OAc)2 + 20 mol% PPh3. Graph constructed using data from 

Table 13 and Table 27. 

Part of the rate law independent of [C6F5H 56] was increased by a constant value, 

suggesting PPh3 is involved in a step of the catalytic cycle independent of [C6F5H 56]ave. 

The reaction with rate constant kʹ may be attributed to increased formation of either a 

mononuclear Pd species (i.e. not Pd1 in Scheme 40) from the off-cycle dinuclear Pd 

species or a Ag(PPh3)n-C6F5 (n = 1, 2 or 3) complex. If increased PPh3 resulted in increased 

formation of Pd1, the plot of kobs against [C6F5H 56] was expected to resemble the plot of 

kobs against [Pd]TOT as Pd1 was hypothesised as the active catalyst complex involved in the 

RL-step with pentafluorobenzene 56. Instead, increased [PPh3] may shift the equilibrium 

from off-cycle dinuclear species D to the mononuclear Pd(Ar)(κ
1
-OAc)(PPh3)2 85 which is 

easier to form Pd1 via ligand loss than complex D.
147

 The concentration of Pd(Ar)(κ
1
-

OAc)(PPh3)2 85 could not be identified as it was included in the [Pd]TOT, based on steady-

state approximation. However, since [PPh3] was constant for each experimental 

measurement, the concentration of Pd(Ar)(κ
1
-OAc)(PPh3)2 85 was expected to be identical. 

Alternatively, increased [PPh3] may result in the formation of Ag(PPh3)n-C6F5 (n = 1, 2 or 
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3) complexes soluble in DMF. These Ag complexes are expected to react competitively 

with catalytic Pd
II
–Ar species via transmetallation to yield Pd

II
(Ar)(C6F5) instead of the C–

H bond activation expected for C6F5H 56. 

In order to distinguish between these two possibilities, the KIE of the Pd(OAc)2/PPh3 (1:4) 

catalyst system was determined from the kobs measurements from reactions of C6F5H 56 [i.e. 

(2.74 ± 0.04) × 10
−6

 mol dm
−3

 s
−1

] and C6F5D 100  [(i.e. (7.09 ± 0.11) × 10
−7

 mol dm
−3

 s
−1

)] 

in 10-fold excess. A primary KIE of kH/kD = 3.86 ± 0.12 was observed, slightly lower that 

the KIE for the standard catalyst system (i.e. kH/kD = 4.36 ± 0.06) with higher ratio of 

reaction taking place via the cleavage of pentafluorobenzene C–H bond in the RL-step. 

Since C–D bond resulted in the inhibition of the alternative pathway, this KIE may only 

reflect the reaction pathway where C–D bond cleavage is the RL-step. Therefore a reaction 

involving the activated pentafluorobenzene complex such as Ag-C6F5 cannot be ruled out 

as the source of nonzero y-intercept.  

3.9.3 Effect of Different Trialkylphosphine on the Reaction Rate  

In homogeneous catalysis, one of the most widely studied concepts is the effect of ligand 

on the activity of the catalyst. Korenaga and co-workers reported that electron-poor 

phosphine ligands improved the yield of product formation for an intramolecular AMLA(6) 

process.
317

 Rene and co-workers also demonstrated the electron-deficient biarylphosphine 

as an effective ligand for the C–H bond arylation of otherwise unreactive heterocycles.
318

 

The effect of changing the phosphine ligand on the %conversion of 4-iodotoluene 57 (i.e. 

TON) and the observed rate constants of the catalytic cycle (i.e. TOF) under the model 

reaction condition was investigated (Table 28). 
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Table 28. The effect of phosphine ligands on the %conversion of starting material 57 and the 

observed rate constants for the direct arylation reaction at 56 ± 1 °C. 

 

Entry Ligand %Conversion 
a
 kobs 

b
 / 10

−6
 . mol dm

−3
 s

−1
 

1 PPh3 quant. 1.68 ± 0.02 

2 P(4-FC6H4)3 quant. 0.835 ± 0.014 

3 P(3,5-(CF3)2C6H3)3 quant. 0.705 ± 0.005 

4 P(2-Furyl)3 quant. 1.66 ± 0.02 

5 P(2-MeOC6H4)3 89 4.37 ± 0.10 

6 P(4-MeOC6H4)3 69 1.71 ± 0.03 

7 P(2-MeC6H4)3 24 8.60 ± 1.33 

8 20 mol% P(2-MeC6H4)3 57 4.24 ± 0.21 

9 PCy3 11 0.736 ± 0.086 

10 JohnPhos 23 1.33 ± 0.08 

a
 Determined by integration of the methyl-peaks of the starting material 57 and the product 58 by 

1
H 

NMR spectroscopic analysis of the reaction mixture. 
b
 Determined from 5–50% reaction completion 

monitored by in situ FT-IR spectroscopy. 

 

The reaction achieved quantitative conversion of 4-iodotoluene 57 to the product 58 using 

PPh3, P(3,5-(CF3)2C6H3)3, and P(4-FC6H4)3 (Entries 1–3). These are considered to be 

relatively electron-poor phosphine ligands. An exception was observed when P(2-Furyl)3 

was used (Entry 4). On the other hand, the catalyst stopped turning over before complete 
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conversion of substrate 57 when more electron-rich ligands of P(2-OMeC6H4)3, P(4-

MeOC6H4)3, P(2-MeC6H4)3 and PCy3 were used (Entries 5–9). Wakioka and co-workers 

have previously reported the equilibrium between dinuclear and mononuclear Pd species.
319

 

Of the range of ligands studied, P(2-MeOC6H4)3 was shown to shift the equilibrium most 

favourably towards the mononuclear species with bidentate coordination via phosphine and 

the methoxy-group lone pairs (Figure 53). Significant improvement in the reaction rate was 

observed with P(2-MeOC6H4)3 (Entry 5). However, the catalyst stopped turning over after 

89% conversion of substrate 57. A similar bidentate binding mode was anticipated for P(2-

Furyl)3, but the reaction rate was identical to PPh3 most likely due to the strained 4-

membered ring structure required for bidentate binding. 

 

Figure 53. Hypothesised bidentate binding modes of P(2-Furyl)3 (Entry 4) and P(2-MeOC6H4)3 

(Entry 5) ligands coordinated to Pd metal centres. 

An effort was made to differentiate the electronic and the steric effects of the methoxy-

group of P(2-MeOC6H4)3. The reaction with P(4-MeOC6H4)3 resulted in both lower starting 

material conversion and reaction rate compared to P(2-MeOC6H4)3, but comparable to 

PPh3, within experimental error (Entry 6). The reaction with P(2-MeC6H4)3 (Tolman cone 

angle of 194 ± 6 °)
320

 resulted in the highest reaction rate, but with poor starting material 

conversion (Entry 7). Previous experiments had shown that doubling PPh3 loading from 10 

mol% to 20 mol% doubled the reaction rate. However, doubling the ligand loading of P(2-

MeC6H4)3 resulted in doubling the starting material 57 conversion, but halving the reaction 

rate (Entry 8). The bulky group in the ortho-position of the aromatic ring appears to have 

significant effect on both the TON and the TOF. Very poor starting material conversion 

was obtained for bulky phospines of PCy3 (Entry 9) and JohnPhos (Entry 10).  

Based on the limited range of trialkylphosphines tested, electron-poor phosphine ligands 

were shown to result in better yields of product 58 formation for the model reaction. 

However, the reaction rate was not inherently improved. The rate acceleration can be 

achieved by steric hindrance at the ortho-position of the aryl group with loss of product 58 

yield. A range of other ligands must be tested to further establish the properties of the 

ligands necessary to improve the catalytic efficiency defined by TOF and TON. 
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One of the important roles played by the phosphine ligand when used in combination with 

Pd
II
 pre-catalyst such as Pd(OAc)2 is as the reductant.

257
 It is well understood that electron 

withdrawing groups on the PPh3 results in easier reduction, and electron donating groups on 

the PPh3 results in easier oxidation. Additionally, the ability of tertiary phosphine to reduce 

Pd
II
 into Pd

0
 is known to be complicated by the changes in either the electronic or the steric 

factor.
194

 Therefore the reduction properties of the ligands are not discussed here. However, 

the efficiency of the ligands was expected to be influenced by their ability to reduce Pd
II
 

into active Pd
0
 species for oxidative addition. This may explain why a more electronically 

neutral ligand such as PPh3 provides the best overall outcome with regards to TON and 

TOF. It is noted here that the O=PPh3 by-product formed from reduction of Pd
II
(OAc)2 to 

Pd
0
 was not a competent catalyst achieving 11% conversion of the starting material 57. 

3.9.4 Reaction with Alternative Pre-Catalyst and Ag Additive 

In addition to studying the effect of the different phosphine ligands, alternative pre-

catalysts and Ag additives were investigated. Quantitative conversion of 4-iodotoluene 57 

was observed for a reactions using Pd(PPh3)4 instead of Pd(OAc)2 and Ag2O instead of 

Ag2CO3, during the scope study on the selected model reaction (see Chapter 2). Therefore 

the kinetics of reactions with different combinations of pre-catalyst and additive were 

monitored using in situ FT-IR spectroscopic analysis (Table 29). The pseudo-zeroth-order 

rate constants were determined from 20–80% conversion of 4-iodotoluene 57. 

Table 29. The kobs of direct arylation reaction of 4-iodotoluene 57 with pentafluorobenzene 56 at 50 

± 1 °C using Ag2CO3 or Ag2O additive with Pd(OAc)2 or Pd(PPh3)4 pre-catalysts. 

 

Entry Catalyst Ligand Additive 
kobs / 10

−5
 . 

mol dm
−3

 s
−1

 

1 
Pd(OAc)2 PPh3 

Ag2CO3 3.05 ± 0.03 

2 Ag2O 3.78 ± 0.03 

3 
Pd(PPh3)4 N/A 

Ag2CO3 9.12 ± 0.04 

4 Ag2O 0.514 ± 0.002 
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The kinetics of reactions catalysed by 5 mol% Pd(OAc)2 and 10 mol% PPh3 mixture were 

similar between the two additives (i.e. Ag2CO3 and Ag2O). The observed rate constant for 

the reaction with 0.75 equivalents of Ag2CO3 (kobs = (3.05 ± 0.03) × 10
−5

 mol dm
−3

 s
−1

) was 

slightly lower than the reaction with 0.75 equivalents of Ag2O (kobs = (3.78 ± 0.03) × 10
−5

 

mol dm
−3

 s
−1

) (Figure 54). Assuming both reactions proceed through similar catalytic 

cycles involving AMLA-TS, the proximity in the kobs suggested that the two Ag additives 

were playing the same role in the reaction. Silver carbonate is known to decompose to 

Ag2O and CO2, but when heated at 210 °C.
321

 As the involvement of Ag2O in AMLA(6)-TS 

is unknown, Ag2CO3 and Ag2O were most likely involved in the reaction as mild bases 

with the acetate from Pd(OAc)2 pre-catalyst acting as the inner sphere base. 

For the reaction starting with 5 mol% Pd(PPh3)4 pre-catalyst, significant differences were 

observed between the two additives. The reaction with 0.75 equivalents of Ag2CO3 (kobs = 

(9.12 ± 0.04) × 10
−5

 mol dm
−3

 s
−1

) was about 20 times faster than the reaction with 0.75 

equivalents of Ag2O (kobs = (0.514 ± 0.002) × 10
−5

 mol dm
−3

 s
−1

). The rate for the reaction 

with Ag2CO3 was comparable to the reaction using Pd(OAc)2 pre-catalyst, especially when 

considering the rate enhancement expected for the reaction with Pd/PPh3 ratio of 1:4 which 

is ca. 3-times faster than reaction with Pd/PPh3 of 1:2. While the kinetic profile provides no 

information on the actual mechanism, the slow rate for the reaction with Ag2O suggested a 

catalytic cycle involving different active species. Assuming the C–H bond activation of 

pentafluorobenzene 56 proceeded only via the AMLA(6)-TS, it appears that the carboxylate 

anions (i.e. OAc
−
 and CO3

−2
) played the same role in the reaction mechanism. Further 

evidence for the role of acetate and the carbonate anions may be obtained by studying the 

kinetics of reactions using Pd(PPh3)2Cl2 pre-catalyst. 

 

Figure 54. Reaction profiles of product 58 formation for the reactions shown in Table 29. 
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3.10 Conclusions 

Experimental conditions for monitoring the reaction kinetics by in situ FT-IR spectroscopic 

analysis was established. Characteristic IR absorbances for 4-iodotoluene 57, 

pentafluorobenzene 56 and the product 58 were observed at 1009 cm
−1

, 957–944 cm
−1

 and 

989 cm
−1

 respectively. The correlation between the changes in IR absorbances and the 

concentrations of the substrate (i.e. 56 and 57) and the product 58 were demonstrated by the 

identical kinetic profile obtained by the %conversion determined by NMR spectroscopic 

analysis. 

In situ FT-IR spectroscopy was used to obtain valuable kinetic data on the reaction system. 

The order in each substrate (i.e. 56 and 57) and the catalyst was established by RPKA and 

VTNA at 56 ± 1 °C. The reaction kinetics followed first-order in pentafluorobenzene 56, 

zeroth-order in 4-iodotoluene 57 and half-order in Pd catalyst. The reaction rate was 

independent of the biaryl product 58 concentration and did not suffer from significant 

catalyst deactivation under the conditions tested. Further kinetic studies were performed 

with the isolation method. A discrepancy between the order in the catalyst concentration 

under the pseudo-zeroth-order reaction condition (i.e. 0.75-order) and the modern kinetic 

analysis (i.e. 0.5-order) was noticed. The deviation from half-order in catalyst was 

attributed to the unusually large excess of pentafluorobenzene 56 concentration required for 

the isolation method. Increase in the TOF of the catalytic cycle was observed at low 

concentration of the Pd catalyst, indicative of off-cycle high-order Pd species being the 

catalyst resting state. The rate dependence on the concentration of pentafluorobenzene 56 

revealed the rate law consisted of rate constants dependent (i.e. k2(2KD)
−1/2

) and 

independent (i.e. kʹ) of the pentafluorobenzene 56 concentration. The KIE of the reaction 

was determined by comparing the kobs for the reaction of pentafluorobenzene (C6F5H) 56 

with that of pentafluorodeuterobenzene (C6F5D) 100. At 56 ± 1 °C under pseudo-zeroth-

order kinetic condition with 10-fold excess of the fluoroarene, the KIE of 4.4 ± 0.1 

highlighted the RL-step of the catalytic cycle to involve C–H bond cleavage. Although the 

magnitude of the KIE depended inversely on the reaction temperature and the concentration 

of the fluoroarene, primary KIE was observed under every reaction conditions tested. 

Accordingly, a rate law focused on the kinetically important region of the catalytic cycle 

was derived. The reaction rate was in accordance with a mechanism involving C–H bond 

activation of pentafluorobenzene 56 after dissociation of off-cycle dinuclear Pd species into 

on-cycle mononuclear Pd species. The kinetic results obtained for the direct arylation of 

iodobenzene 81 were consistent with 4-iodotoluene 57, suggesting that the two substrates 

undergo reaction by identical mechanisms. 
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The effect of changing the amount of PPh3 and Ag2CO3 on the reaction rate was also 

investigated. The optimal reaction rate was achieved for catalyst system with 

Pd(OAc)2/PPh3 in 1:4 ratio. Comparison of the kinetic results for the catalyst systems with 

Pd(OAc)2/PPh3 ratio of 1:2 and 1:4 revealed the latter condition accelerated the reaction 

pathway independent of pentafluorobenzene 56 concentration. Saturation kinetics in 

Ag2CO3 were observed under the model reaction conditions, allowing quasi-constant 

concentration of the additive during the reaction to be assumed. 

The effect of temperature on the reaction rate was investigated. The pentafluorobenzene 56 

concentration dependent (i.e. k2(2KD)
−1/2

) and independent (i.e. kʹ) rate constants at 

temperatures between 40–72 °C were calculated from experimental results. A typical 

Arrhenius temperature dependence was observed with exponential increase in the rate 

constants with the reaction temperature. The thermodynamic parameter for k2(2KD)
−1/2

 was 

calculated from Arrhenius and Eyring plots with the activation parameters being ΔH
‡
 = 

59.1 ± 2.6 J mol
−1

, ΔS
‡
 = −143 ± 8 J K

−1
 mol

−1
 and ΔG(298 K)

‡
 = 102 ± 5 J mol

−1
. These 

values were proposed to characterise the reaction pathway following AMLA(6)-TS. The 

thermodynamic parameters for kʹ was similar, if not identical to the values calculated for 

k2(2KD)
−1/2

. The exact identity of the alternative reaction pathway remained uncertain. 

The LFER of the electronic properties of the fluoroarene on the reaction rate was 

investigated based on Hammett equation. Different 1-substituted-2,3,5,6-

tetrafluorobenzenes (i.e. NMe2, OMe, Me, F, Cl and CF3) were reacted with 4-iodotoluene 

57 in a competition experiment with pentafluorobenzene 56, in order to determine the 

relative rates. The value of ρ calculated from the gradient of the line-of-best-fit of the 

Hammett plot was +0.28 ± 0.02. This was consistent with the proposed AMLA(6)-TS 

where no significant charge build up was expected. The reaction rate was also affected by 

the electronic properties of 4-substituted-iodobenzene suggesting Pd–Ar species to be 

involved in the RL-step of the catalytic cycle. 

The experimental evidence obtained from studies designed to distinguish homogeneous and 

heterogeneous catalysis provided insight into the nature of the catalyst. The quenching of 

the reaction observed by the mercury drop-test indicated the reaction involved a 

heterogeneous catalyst or a homogeneous catalysis with long lived Pd
0
 species. The 

continued product formation observed following the addition of PVPy to the reaction 

mixture suggested the catalytic cycle had no long lived Pd
II
 species for the polymer to 

coordinate to. The hot-filtration demonstrated the reaction was catalysed by homogeneous 

species. In conclusion, the direct arylation of 4-iodotoluene 57 with pentafluorobenzene 56 

involves a homogeneous catalysis with long lived Pd
0
 species, but not Pd

II
 species. Further 
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analysis of the reaction mixture by techniques such as TEM, HPLC-MS and three-phase 

test are required for making clear distinction between homogeneous and heterogeneous 

catalysis.
322-325

 However, these techniques do not differentiate reactions involving both 

homogeneous and heterogeneous catalysis. 

The effect of phosphine ligands on the conversion of the starting material 57 and the 

reaction rate was investigated to understand the nature of the active catalyst. The most 

balanced ligand was the PPh3 with quantitative conversion of 4-iodotoluene 57 with modest 

observed reaction rate of (1.68 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

. A better reaction rate of (4.37 ± 

0.10) × 10
−6

 mol dm
−3

 s
−1

 was observed using P(2-MeOC6H4)3 with 89% conversion of 

substrate 57. The highest reaction rate of (8.60 ± 1.33) × 10
−6

 mol dm
−3

 s
−1

 was achieved by 

using P(2-MeC6H4)3, but only 24% conversion of 4-iodotoluene 57 was achieved. 

Kinetic observations were also made on reactions using Pd(PPh3)4 pre-catalyst and Ag2O 

additives. For reactions starting with Pd(OAc)2 pre-catalyst, comparable reaction rates were 

obtained for both Ag2CO3 and Ag2O additives. Similar reaction kinetics were observed for 

the reaction catalysed by Pd(PPh3)4 pre-catalyst and Ag2CO3. However, the reaction 

catalysed by Pd(PPh3)4 pre-catalyst and Ag2O was significantly slower than other reaction 

conditions. The result suggested the carboxylate anions (i.e. acetate and carbonate) played 

the same role in the reaction mechanism. In the absence of carboxylate anions, the reaction 

appeared to react via slower reaction path. 
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Chapter 4: Characterisation of Catalytic 

Intermediates 

4.1 In situ NMR Spectroscopy Studies in the Literature 

Chemical kinetics provides the rate equation and the reaction order with respect to the 

starting materials. To complement this process the identification of the key intermediates is 

essential for deciphering a complete mechanism. The postulated reaction intermediates are 

based on experimental observations and often supported by computational calculations (e.g. 

using DFT methods).
326

 The ultimate objective for the identification of catalyst 

intermediate is for effective reaction optimisation. 

One of the most common methods for the identification of reaction intermediates is by 

characterising species in the reaction mixture using multiple analytical techniques.
327

 The 

reaction mixture can be analysed in real time/in situ or by sampling an aliquot/ex situ, with 

the former providing a non-invasive method of analysis.
328, 329

 Advances in the technology 

have allowed for improved methods of application. For example, mass spectrometry (MS) 

is not simply a way to identify the composition of the reaction mixture, but may be used to 

construct the kinetic profiles of low concentration intermediates.
330

 Continuous monitoring 

of the reaction allows for time-dependent processes to be elucidated. Additionally, certain 

techniques like nuclear magnetic resonance (NMR) are non-destructive, whereas MS is 

destructive and often requires the species of interest to be charged. It is also important to be 

aware that the observed species maybe an artefact under the analytical condition of MS and 

not exist in solution. On the other hand, NMR spectroscopy can be unsuitable for detecting 

short-lived intermediates due to the time scale required for data collection and the 

averaging of the signals.
331

 Combinations of multiple techniques are essential for complete 

mechanistic understanding. 

The in situ FT-IR spectroscopic analysis provided a way to monitor the progress of the 

reaction in real time and helped in the derivation of reaction kinetics (see Chapter 3). In 

addition to following the absorbance of the starting materials and the product, possible 

reaction between Pd(OAc)2 and PPh3 was observed at high reaction concentration where 

the IR signal of Pd(OAc)2 and PPh3 disappeared simultaneously. However, new signals 

corresponding to low concentration catalytic intermediates were not observed in the FT-IR 

spectra, possibly due to signal overlap and low signal-to-noise ratio. 

The analysis of the reaction mixture by 400 MHz NMR spectrometer resulted in broad 

signals due to poor shimming caused by the low solubility of Ag2CO3 in DMF. In order to 
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improve the signal resolution of the spectrum, a 400 MHz NMR spectrometer equipped 

with magic-angle spinning (MAS) capability was used. In NMR spectroscopy, MAS is a 

technique in which the sample is physically spun at a high frequency (ca. 1–100 kHz) at an 

angle ϴm of 54.74° with respect to the direction of the magnetic field.
332-334

 Nuclear dipole-

dipole coupling calculated by 3cos
2
ϴ−1 is orientation-dependent and becomes averaged to 

zero at the magic angle, resulting in the broad lines becoming narrower. Although MAS is 

often applied to solid-state NMR spectroscopy, it can also be used to improve the signal 

resolution of solution NMR spectrum affected by insufficient averaging of dipole-dipole 

interaction.
335

 Therefore high-resolution magic angle spinning (HR-MAS) NMR 

spectroscopy was applied to obtain in situ spectra of the reaction mixture affected by line 

broadening caused by the presence of insoluble particles (Figure 55). 

 

Figure 55. Stacked 
1
H NMR spectra of the reaction mixture shown in Scheme 58 at 285 K with (1) 

0 Hz spin and (2) 3 kHz spin. 

In the literature, HR-MAS NMR spectroscopy has been frequently applied for the analysis 

of biological samples and structural study on heterogeneous catalysts.
336-339

 Posset and co-

workers characterised suspension of silica supported Pd/Cu catalysts for the Sonogashira 

cross-coupling reaction by HR-MAS NMR spectroscopic analysis.
340

 Based on the 

migration of the Pd along the linker observed and the loss of catalytic activity, the silica-

supported Pd catalyst was shown to suffer a significant metal leaching. Combination of 

heterogeneous silica supported copper catalyst and a homogeneous Pd(PPh3)2Cl2 catalyst 

was reported as the optimised catalyst system. Pinoie and co-workers reported the use of 

monoalkyltin trichloride on polystyrene as a catalyst for the transesterification of ethyl 

acetate and n-octanol.
341

 HR-MAS NMR spectroscopy was used to characterise the 

heterogeneous catalyst in solution as well as to demonstrate its recyclability. However, the 
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analysis of the esterification reaction was limited to aliquots due to the reaction temperature 

being unsuitably high for running inside the spectrometer. 

Application of HR-MAS NMR spectroscopy for real time reaction monitoring has been 

reported over the past few years. Roy and co-workers have reported the detailed kinetic 

study on the H2SO4-silica assisted synthesis of 2,2-di-substituted quizolin-4(3H)-ones 101 

based on real time monitoring by HR-MAS NMR spectroscopic analysis (Scheme 56).
342

 

Conversion of non-protonated acetone into protonated acetone was observed indirectly as 

two new dimethyl proton peaks, suggesting the activation of acetone by the acid was the 

initial step of the reaction mechanism. 

 

Scheme 56. H2SO4-silica assisted synthesis of 2,2-di-methyl quinazolin-4(3H)-one 101 (Roy and 

co.).
342

 

Gauniyal and co-workers reported a HR-MAS NMR spectroscopy based study on the 

heterogeneous Cs2CO3 catalysed [3+3]-cyclocondensation reaction for the synthesis of 

pyrimido [1,2-a]indole 102 (Scheme 57).
343

 Based on the lack of intermediate observed 

during the reaction, the transformation was proposed to proceed by a concerted mechanism 

with both N–C bonds forming simultaneously. 

 

Scheme 57. Cs2CO3 catalysed synthesis of 2-(4-methoxyphenyl)-4-phenylpyrimido[1,2-a]indole-10-

carboxylate 102 (Gauniyal and co.).
343

 

4.2 Results from the in situ NMR Spectroscopy Study 

The HR-MAS NMR spectroscopy was applied to monitor the direct arylation reaction of 4-

iodotoluene 57 with pentafluorobenzene 56 proposed to involve a homogeneous Pd catalyst. 

An attempt was made to replicate the kinetic measurements previously obtained with the in 

situ FT-IR analysis by HR-MAS NMR spectroscopic analysis. Measuring out the 

compounds accurately as planned proved to be problematic as the maximum total volume 
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of the reaction mixture was constrained by the size of the rotor (ca. 50 µL). The use of non-

deuterated DMF for stock solutions was desirable for measuring accurate substrate 

quantities. The resulting solvent peaks at δ 8.03, 2.93 and 2.78 affected the analysis of the 

1
H NMR spectrum. The simultaneous subtractions of both peaks at δ 2.93 and 2.78 affected 

the methyl peaks at δ 2.31 used to determine the conversion of the starting material 57 to 

the product 58. Attempts at subtracting the peaks individually usually affect a narrower 

range of the spectrum. Unfortunately, the Bruker probe attached to the solid state 

spectrometer did not allow sequential subtraction of the peaks. Use of stock solutions in 

methylene chloride-d2 was unsuccessful, most likely due to catalyst decomposition prior to 

the reaction. The HR-MAS NMR spectroscopic analysis was, therefore, treated as an 

operando technique aimed at observing catalytic intermediates. The reaction condition was 

changed to 50 mol% Pd(OAc)2 and 100 mol% PPh3 in order to observe possible species 

involved in the catalytic cycle (Scheme 58). Once the reaction was prepared in the rotor, 

the first NMR spectrum was collected as soon as the spectrometer temperature was 

stabilised, and the peaks were shimmed appropriately. After heating at 328.4 K for 30 min, 

broad signals were observed at δ 7.32, 7.11 (overlapping with 4-iodotoluene 57 signal at δ 

7.04) and 6.55. The peaks disappeared following the completion of the reaction. These 

were hypothesised to be potential intermediate species of the catalytic cycle. As a result of 

increased catalyst loading, the reaction rate increased and achieved quantitative conversion 

of 4-iodotoluene 57 to the product 58 in 83 min. 

 

Scheme 58. Direct arylation of compound 57 monitored by HR-MAS NMR spectroscopy in DMF-d7. 

Due to the overlapping signals in the NMR spectrum of the reaction mixture, the 

identification of the catalytic species relied on matching the signals with isolated Pd species 

(i.e. 82a, 83a, 84, 85 and 86). However, the Pd complexes prepared for analysis contain a 

phenyl substituent instead of a 4-tolyl group. Therefore the experiment was continued for 

the reaction of pentafluorobenzene 56 with iodobenzene 81 (Scheme 59). The reaction 

mixture was studied by 
1
H, 

1
H-

1
H COSY, 

19
F, 

31
P and 

1
H-

31
P HMQC NMR spectroscopic 

analysis at 285.0 K, 328.5 K, 308.5 K, 288.5 K, 268.5 K and 248.5 K. The reaction 

temperature was decreased from 328.5 K to 308.5 K after ca. 20% conversion of 

iodobenzene 81. 
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Scheme 59. Direct arylation of iodobenzene 81 with pentafluorobenzene 56 followed by HR-MAS 

NMR spectroscopy in DMF-d7. 

Analysis of the reaction mixture at 285.0 K revealed weak signals at δ 7.02, 6.73, 6.56 and 

6.30 (Figure 56). Similar to the reaction of 4-iodotoluene 57, broad signals were observed 

at δ 6.83 and 6.69 of the 
1
H NMR spectrum at 328.5 K with the loss of peaks at δ 6.56 and 

6.30. The peak at δ 6.73 overlapped the newly-formed broad signals. Cooling the reaction 

mixture to 288.5 K resulted in the reappearance of signals at δ 6.58 and 6.31, although very 

weak. The temperature was further lowered to 248.5 K resulting in better resolution of the 

broad peaks into clear triplets and the appearance of the carboxylic acid proton of the 

AcOH at δ 12.63. Analysis by 2D 
1
H-

1
H COSY NMR experiment revealed the presence of 

two species in the region of interest (Figure 57). The triplet signal at δ 6.75 was correlated 

with the other triplet at δ 6.91 and to a signal at δ 7.29 overlapping with other aromatic 

signals. A second species was observed with correlation between weak signals at δ 6.29 and 

6.53. These upfield aromatic signals were assigned to the sp
2
 protons of arene bound to a 

Pd metal with shielding from π-stacking interaction with PPh3 ligands.
344-346

  

 

Figure 56. Stacked 
1
H NMR spectra of the reaction shown in Scheme 59 at (1) 285 K (t = 0 min), 

(2) 328 K (t = 75 min), (3) 308 K (t = 110 min), (4) 288 K (t = 135 min), (5) 268 K (t = 159 min) and 

(6) 248 K t = 238 min). Note t is the time since the first NMR spectrum was recorded and not the 

reaction time. 
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Figure 57. 2D 
1
H-

1
H COSY NMR spectrum of the reaction shown in Scheme 59 at 248.5 K. 

The movement of phosphines during the reaction was monitored by 
31

P NMR spectroscopic 

analysis (Figure 58). The signal of the free PPh3 (δ −0.5 in DMF)
257

 was never observed. 

Upon heating the reaction to 328.5 K, the peak at δ 25.0 (assigned to O=PPh3) increased 

significantly. The sharp peak at δ 14.7 (assigned to Pd(OAc)2(PPh3)2)
347

 decreased in 

intensity and disappeared after 1 h. Broad peaks were observed at δ 29.8 and 20.3 following 

the loss of sharp signals around δ 29.5 and 20.5. Cooling the reaction mixture resulted in 

the sharpening of these broad signals at δ 29.3 and 20.7. At 248.5 K, weak peaks were 

observed at δ 31.4, 26.6 and 21.1. No changes were observed to the peak at δ 25.3 and 21.5 

upon cooling. Analysis by 
1
H-

31
P HMQC experiment was hindered by the complexity of 

the aromatic region of the 
1
H NMR spectrum. 

 

Figure 58. Stacked 
31

P NMR spectra of the reaction shown in Scheme 59 at (1) 285.0 K (t = 0 min), 

(2) 328.5 K (t = 21 min), (3) 328.5 K (t = 83 min), (4) 288.5 K (t = 138 min) and (5) 248.5 K (t = 

243 min). Note t is the time since the first NMR spectrum was recorded and not the reaction time. 
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In order to replicate the conditions in which the NMR spectra were collected for the 

reaction mixture, the Pd species in DMF-d7 were analysed at 285.0 K, 328.5 K, 308.5 K, 

288.5 K, 268.5 K and 248.5 K. Of the five Pd species analysed, [Pd(Ph)(µ-OAc)(PPh3)]2 84 

was the only complex retaining complete structural integrity after heating. Decomposition 

products such as O=PPh3 were observed for other complexes. Additionally, the dinuclear 

[Pd(Ph)(µ-OH)(PPh3)]2 83a and [Pd(Ph)(µ-I)(PPh3)]2 86 species were observed in the 
1
H 

and 
31

P NMR spectra of mononuclear Pd(Ph)(κ
1
-OAc)(PPh3)2 85 and Pd(Ph)(I)(PPh3)2 82a 

complexes respectively. Despite the differing extents of decomposition observed, the 

chemical shifts of the complexes in DMF-d7 at 248.5 K were successfully determined 

(Table 30). Comparing the phenyl protons of the Pd complexes with the intermediate 

observed during the reaction, it was revealed that the reaction mixture most likely contained 

[Pd(Ph)(µ-OAc)(PPh3)]2 84 with trace quantities of Pd(Ph)(κ
1
-OAc)(PPh3)2 85 (Figure 59). 

The 
31

P NMR signals of the dinuclear and the mononuclear acetate species were also 

observed in the reaction mixture (Figure 60). It is noted that the monotriphenylphosphine 

ligated complex Pd(Ph)(κ
2
-OAc)(PPh3) was not synthesised as isolated complex and the 

1
H 

and 
31

P NMR chemical shifts in DMF were not known. 

 

Figure 59. Stacked 
1
H NMR spectra at 248.5 K of (1) the reaction shown in Scheme 59, (2) 

Pd(Ph)(κ
1
-OAc)(PPh3)2 85 in DMF-d7, (3) [Pd(Ph)(µ-OAc)(PPh3)]2 84 in DMF-d7, (4) 

Pd(Ph)(I)(PPh3)2 82a in DMF-d7, (5) [Pd(Ph)(µ-I)(PPh3)]2 86 in DMF-d7 and (6) [Pd(Ph)(µ-

OH)(PPh3)]2 83a in DMF-d7. 
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Table 30. 
1
H and 

31
P NMR characterisation of Pd species in DMF-d7 at 248.5 K. 

Entry Complex 
Nucleus 

1
H / δ

 31
P / δ

 

1 
a
 Pd(Ph)(κ

1
-OAc)(PPh3)2 85 

7.50–7.37 (30 H, m, PPh3), 6.55 (1 H, t, J = 

7.28 Hz, 4-CH), 6.49 (2 H, d, J = 7.52 Hz, 

Ph), 6.28 (2 H, t, J = 7.40 Hz, Ph), 0.81 (3 

H, s, CH3) 

20.6 (s) 

2 
[Pd(Ph)(µ-OAc)(PPh3)]2 

84 

7.46 (8 H, t, J = 6.98 Hz, PPh3), 7.28–7.18 

(23 H, m, PPh3+Ph), 6.89 (2 H, t, J = 7.10 

Hz, 4-CH), 6.74 (4 H, t = 7.12 Hz, Ph), 1.13 

(6 H, s, CH3) 

29.3 (s) 

3 
a
 Pd(Ph)(I)(PPh3)2 82a 

7.57–7.34 (30 H, m, PPh3), 6.62 (2 H, d, J = 

7.60 Hz, Ph), 6.32 (1 H, t, J = 7.02 Hz,  4-

CH), 6.21 (1 H, t, J = 7.32 Hz, Ph) 

33.2 (s), 

22.9 (s) 

4 
a, b

 [Pd(Ph)(µ-I)(PPh3)]2 86 

7.46–7.38 (30 H, m, PPh3), 6.91–6.87 (2 H, 

m, Ph), 6.62–6.53 (4 H, m, Ph), 5.91–5.90 (2 

H, m , Ph) 

23.9 (s) 

5 
a
 

[Pd(Ph)(µ-OH)(PPh3)]2 

83a 

7.53–7.38 (30 H, m, PPh3), 7.01–6.94 (4 H, 

m, Ph), 6.65–6.60 (6 H, m, Ph), −0.66 to 

−0.67 (0.6 H, m, cis-OH), −1.88 (1.5 H, d, J 

= 2.96 Hz, trans-OH), −3.17 to −3.19 (0.6 

H, m, cis-OH) 

33.2 (s), 

32.7 (s) 

6 iodobenzene 81 

7.77 (2H, d, J = 7.0 Hz, 2,6-H), 7.43 (1H, t, 

J = 7.5 Hz, 4-CH), 7.22 (2H, t, J = 7.5 Hz, 

3,5-CH) 

N/A 

7 pentafluorobenzene 56 7.91 (m, CH) N/A 

8 product 64 7.64–7.55 (m, Ph) N/A 

a
 Decomposition observed. 

b
 Complex was poorly soluble in DMF-d7. 
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Figure 60. Stacked 
31

P NMR spectra at 248.5 K of (1) the reaction shown in Scheme 59, (2) 

Pd(Ph)(κ
1
-OAc)(PPh3)2 85 in DMF-d7, (3) [Pd(Ph)(µ-OAc)(PPh3)]2 84 in DMF-d7, (4) 

Pd(Ph)(I)(PPh3)2 82a in DMF-d7, (5) [Pd(Ph)(µ-I)(PPh3)]2 86 in DMF-d7 and (6) [Pd(Ph)(µ-

OH)(PPh3)]2 83a in DMF-d7. 

The 
31

P NMR spectrum of the reaction mixture confirmed the presence of the dinuclear 

[Pd(Ph)(µ-OAc)(PPh3)]2 84 and the mononuclear Pd(Ph)(κ
1
-OAc)(PPh3)2 85 species. 

Indeed, the well-resolved phenyl ring proton signals of [Pd(Ph)(µ-OAc)(PPh3)]2 84 in 

DMF-d7 at 328.5 K were broadened when the dinuclear complex was used as the catalyst 

for the reaction (Scheme 60). It was likely that the [Pd(Ph)(µ-OAc)(PPh3)]2 84 involved in 

the reaction was in equilibrium with the mononuclear analogue. Furthermore, the use of 

dinuclear [Pd(Ph)(µ-OAc)(PPh3)]2 84 as the catalyst for the direct arylation reaction of 4-

iodotoluene 81 yielded a mixture of two biaryl products (i.e. 58 and 64). Therefore, the 

dinuclear Pd complexes was able to react with pentafluorobenzene 56 to form the phenyl-

biaryl product 64 and then to work as the catalyst to turn over 4-iodotoluene 57 to form the 

4-tolyl-biaryl product 58. 

 

Scheme 60. Direct arylation reaction of iodobenzene 81 with pentafluorobenzene 56 catalysed by 

[Pd(Ph)(µ-OAc)(PPh3)]2 84. 



Chapter 4: Characterisation of Catalytic Intermediates 

 

166 

The reaction was repeated with added PPh3 to determine the reason for rate acceleration 

with increased PPh3. The addition of 0.25 equivalents of PPh3 resulted in the increased 

formation of mononuclear Pd(Ph)(κ
1
-OAc)(PPh3)2 85 as the major species with the 

dinuclear species 84 becoming the minor species as observed by 
1
H NMR spectroscopic 

analysis (Figure 61). The reaction achieved 25% conversion after 1 h, confirming the rate 

acceleration compared to the 12% conversion achieved in the absence of added PPh3. 

Increasing the quantity of PPh3 to 0.75 equivalents resulted in increased formation of 

Pd(Ph)(κ
1
-OAc)(PPh3)2 85 and accelerated the reaction rate significantly (i.e. 57% 

conversion after 20 min). The addition of 0.65 equivalents of O=PPh3 did not result in the 

formation of mononuclear species (Figure 62 and Figure 63). 

 

  
Figure 61. Stacked 

1
H NMR spectra of the reaction shown in Scheme 60 with 0.25 equivalents of 

PPh3 added. Spectra recorded at (1) 285.0 K, (2) 328.5 K and (3) 248.5 K. (4) Pd(Ph)(κ
1
-

OAc)(PPh3)2 85 in DMF-d7 at 248.5 K. 
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Figure 62. Stacked 
1
H NMR spectra of the reaction mixtures at 248.5 K in DMF-d7. Reaction 

catalysed by (1) 50 mol% Pd(OAc)2 + 100 mol% PPh3, (2) 25 mol% [Pd(Ph)(µ-OAc)(PPh3)]2 84, (3) 

25 mol% [Pd(Ph)(µ-OAc)(PPh3)]2 84 + 25 mol% PPh3, (4) 25 mol% [Pd(Ph)(µ-OAc)(PPh3)]2 84 + 

75 mol% PPh3 and (5) 25 mol% [Pd(Ph)(µ-OAc)(PPh3)]2 84 + 65 mol% O=PPh3. 

 

 

Figure 63. Stacked 
31

P NMR spectra of the reaction mixtures at 248.5 K in DMF-d7. Reactions 

catalysed by (1) 50 mol% Pd(OAc)2 + 100 mol% PPh3, (2) 25 mol% [Pd(Ph)(µ-OAc)(PPh3)]2 84, (3) 

25 mol% [Pd(Ph)(µ-OAc)(PPh3)]2 84 + 25 mol% PPh3 and (4) 25 mol% [Pd(Ph)(µ-OAc)(PPh3)]2 84 

+ 75 mol% PPh3. (5) Pd(Ph)(κ
1
-OAc)(PPh3)2 85 in DMF-d7. 
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A mixture of Pd(OAc)2 and 2PPh3 in DMF-d7 was analysed. Unexpectedly, the peaks 

assigned to species [Pd(Ph)(µ-OAc)(PPh3)]2 84 were observed in addition to other peaks 

formed in the reaction mixture by 
1
H and 

31
P NMR spectroscopic analysis after heating at 

328.5 K. The presence of tetraphenylphosphonium cation 103 was observed by LIFDI-MS 

(m/z 339.18). The formation of the Pd-phenyl bond most likely resulted from the oxidative 

addition of [Ph-PPh2OAc]
+
, generated from reduction of Pd(OAc)2(PPh3)2 complex formed 

in situ.
194

 The resulting Pd(Ph)(OAc)(PPh3) 51 complex would be capable of forming the 

dinuclear [Pd(Ph)(µ-OAc)(PPh3)]2 84 or lose PPh4
+
 103 via reductive elimination. 

The reaction catalysed by Pd(Ph)(I)(PPh3)2 82a was monitored by NMR spectroscopic 

analysis (Scheme 61). The 2D 
1
H-

1
H COSY NMR spectrum indicates the presence of two 

species in the reaction mixture (Figure 64). Singlet signals were observed in the 
31

P NMR 

spectrum at δ 32.6, 29.9, 25.2, 23.4, 20.3 and 19.8. The species observed were neither 

[Pd(Ph)(µ-OAc)(PPh3)]2 84 nor Pd(Ph)(κ
1
-OAc)(PPh3)2 85 observed in the reaction 

catalysed by Pd(OAc)2 and 2PPh3 (Figure 65). The peak for Pd(Ph)(I)(PPh3)2 82a were not 

observed, suggesting that the reaction was catalysed by species generated in-situ. 

 

Scheme 61. Direct arylation reaction of iodobenzene 81 with pentafluorobenzene 56 catalysed by 

Pd(Ph)(I)(PPh3)2 82a. 

 

Figure 64. 2D 
1
H-

1
H COSY NMR spectrum of the reaction shown in Scheme 61 at 248.5 K. 



Chapter 4: Characterisation of Catalytic Intermediates 

 

169 

 

Figure 65. Stacked 
1
H NMR spectra in DMF-d7 at 248.5 K. (1) Reaction catalysed by 

Pd(Ph)(I)(PPh3)2 82a, (2) reaction catalysed by Pd(OAc)2 and 2PPh3, (3) Pd(Ph)(I)(PPh3)2 82a in 

DMF-d7, (4) Pd(Ph)(κ
1
-OAc)(PPh3)2 85 in DMF-d7 and (5) [Pd(Ph)(µ-OAc)(PPh3)]2 84 in DMF-d7. 

4.3 Mass Spectrometry Studies in the Literature 

Electrospray ionization mass spectrometry (ESI-MS) has been extensively applied to the 

mechanistic study of homogeneous catalysis. The technique allows for a fast, selective 

detection of low concentration charged species in a complex reaction system. Identification 

of Pd-containing species is made easier by the characteristic isotopic distribution with 
106

Pd 

being the most abundant isotope. The charged or chargeable species may be an inherent 

part of the reaction, formed inadvertently, or introduced as charge tag.
348

 It must be noted 

that the detection of neutral species requires alternative techniques such as liquid injection 

field desorption ionisation mass spectrometry (LIFDI-MS).
349

 

Sabino and co-workers applied ESI(+)-MS in the mechanistic study of the Mizoroki-Heck 

reaction of aryldiazonium salts 105 with olefin 104 (Scheme 62).
350

 Key cationic 

intermediates such as the σ-aryl Pd
II
 oxidative addition products and the species prior, and 

post β-hydride elimination were detected successfully. Furthermore, a time-dependent 

dynamic ligand exchange equilibria was observed between the different oxidative addition 

products (i.e. [Pd
II
(Ar)(CH3CN)3]

+
, [Pd

II
(Ar)(CH3CN)(dba)]

+
 and [Pd

II
(Ar)(dba)2]

+
). The 

addition of olefin 104 at times with maximum concentration of each species identified 

[Pd
II
(Ar)(CH3CN)(dba)]

+
 as the most reactive species to undergo olefin 104 insertion. 
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Scheme 62. Mizoroki-Heck reaction of olefin 104 with aryldiazonium salts 105 (Sabino and co.).
350

 

Vasseur and co-workers reported ESI(+)-MS study on the dehydrogenative Mizoroki-Heck 

reaction of furans with acrylates.
351

 Dissociation of trinuclear Pd2(OAc)6 pre-catalyst into a 

range of mononuclear and dinuclear Pd species was observed in the DMSO/acetate solvent 

system. The proposed catalytic cycle consisted of active mononuclear catalyst with the 

dinuclear species being off-cycle complexes. The role of dinuclear Pd species as the resting 

state of the catalyst was also highlighted in the ESI-MS study of the Suzuki-Miyaura 

reaction reported by Agrawal and co-workers.
352

 

4.4 Results from the Mass Spectrometry Study 

Real time analysis of the reaction mixture by HR-MAS NMR spectroscopy provided strong 

evidence for the involvement of dinuclear [Pd(Ph)(µ-OAc)(PPh3)]2 84 and mononuclear 

Pd(Ph)(κ
1
-OAc)(PPh3)2 85 complexes as catalytic intermediates. As an additional 

characterisation method, MS was selected for its high sensitivity compared with other 

analytical techniques. Although most of the catalytic species were expected to be 

uncharged, any iodide coordinated Pd complexes were expected to become cationic via 

halide loss. Furthermore, the observation of other charged species could highlight 

unconsidered reaction pathways. The direct arylation reaction of 4-iodotoluene 57 with 

pentafluorobenzene 56 under model catalytic conditions with typical reaction concentration 

was selected for analysis (Scheme 63). The experiment was run in tandem with in situ FT-

IR spectroscopic analysis for real time kinetic data, and NMR spectroscopic analysis for 

kinetics and intermediate observation from the sampled aliquots of the reaction mixture. A 

glass syringe was used throughout to prevent contamination from plasticisers. 

 

Scheme 63. Direct arylation reaction condition selected for study by ESI-MS and LIFDI-MS. 
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An aliquot of the reaction mixture was collected at 22% conversion of 4-iodotoluene 57 and 

filtered through a Celite®-pad into two vials to give Sample 1 and Sample 2. Sample 1 was 

analysed without dilution and Sample 2 was diluted in acetonitrile, a molecule known to 

coordinate and stabilise Pd species. Both samples were analysed in positive (+) and 

negative (−) ion modes between m/z 40–1600 and m/z 60–1050 respectively. The spectra 

collected were complex and some of the signals remain unassigned. 

Many cationic Pd species were observed by ESI(+)-MS (Table 31). In Sample 1, Pd
II
 

species of [Pd(C6F5)(PPh3)]
+
 (m/z 534.10) and the solvent coordinated analogue (m/z 

609.17) were detected. These complexes may have formed via AMLA pathway involving 

Pd
II
 species

124
, or from loss of aryl group from Pd(Ar)(C6F5)(PPh3) during MS 

measurements. The oxidative addition product was observed as [Pd(4-tolyl)(PPh3)2]
+
 (m/z 

721.12) with the loss of iodide. Unfortunately, the mononuclear Pd species at m/z 737.12, 

812.19, 834.13 and 1015.21, and the dinuclear Pd species at m/z 993.11 and 1091.12 were 

not identified.  

The acetonitrile-coordinated Pd species were observed for Sample 2. In addition to [Pd(4-

tolyl)(PPh3)]
+
 60 (m/z 459.05), [Pd(4-tolyl)(DMF)(PPh3)]

+
 (m/z 532.10) and [Pd(4-

tolyl)(PPh3)2]
+
 (m/z 721.15), the oxidative addition product was detected as [Pd(4-

tolyl)(CH3CN)(PPh3)2]
+
 (m/z 500.08). The complex [Pd(C6F5)(PPh3)2]

+
 (m/z 797.09) and 

the acetonitrile coordinated analogue (m/z 838.12) were also identified. The signals of 

mononuclear Pd species at m/z 737.15, 1015.24 1029.25, 1055.61, 1083.64, 1091.19 and 

1293.85 were unassigned as well as the dinuclear Pd species at m/z 1119.09.  

The quaternary phosphonium cation [P(4-tolyl)Ph3]
+
 60 (m/z 354.14) was observed in both 

Samples 1 and 2. This side-product was also observed in the literature for the ESI-MS 

study of a Pd-catalysed oxyarylation reaction of olefins in the presence of Ag2CO3.
353

 The 

analysis by ESI(−)-MS was less successful. In Sample 1, mononuclear Pd species were 

observed at m/z 738.93, 770.90 and 868.94, but remained unassigned. Similarly, the 

mononuclear Pd species of Sample 2 at m/z 606.88, 868.96 were unassigned. The signal at 

m/z 501.89 was attributed to [(Pd(CH3CN)2(I)2(CO3)]
−
 with the negative charge on the 

carbonate ligand. The formation of pentacoordinated anionic Pd species 

[Pd
II
(Ph)(I)(OAc)(PPh3)2]

−
 in the reaction mixture, starting with Pd(OAc)2 pre-catalyst in 

DMF, was reported by Amatore and co-workers.
147

 The formation of tricoordinated Pd
0
 

complexes with the formula [Pd(X)(PPh3)2]
−
 (where X = halide, acetate and aryl anions) 

was also reported in the same study. 
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Table 31. The m/z of Pd-containing species detected by ESI(+)-MS and possible assignments. 

Sample * Observed m/z Assignment 

1 

534.10 

556.05 

609.17 

721.12 

[Pd(C6F5)(PPh3)]
+
 

[Pd(CO3H2)(I)(PPh3)]
+
 

[Pd(C6F5)(DMF)(PPh3)]
+
 

[Pd(4-tolyl)(PPh3)2]
+
 

2 

459.05 

500.08 

532.10 

721.15 

797.09 

838.12 

[Pd(4-tolyl)(PPh3)]
+
 60 

[Pd(4-tolyl)(CH3CN)(PPh3)]
+
 

[Pd(4-tolyl)(DMF)(PPh3)]
+
 

[Pd(4-tolyl)(PPh3)2]
+
 

[Pd(C6F5)(PPh3)2]
+
 

[Pd(C6F5)(CH3CN)(PPh3)2]
+
 

* Sample 1 was analysed without dilution whereas Sample 2 was diluted in CH3CN. 

Vikse and co-workers reported the use of a charged substrate 107 (i.e. 4-

iodobenzyltriphenylphosphonium hexafluorophosphate) to continuously monitor the 

copper-free Sonogashira reaction in real time using ESI-MS to obtain kinetic 

information.
354

 The charge tag and the counter-ion were selected for minimum interference 

with the reaction while providing a strong signal. The compound 107 was synthesised 

following the literature procedure from 4-iodobenzyl bromide 106 (Scheme 64).  

 

Scheme 64. Synthesis of 4-iodobenzyltriphenylphosphonium hexafluorophosphate 107. 

This cationic aryl phosphonium salt 107 was used instead of 4-iodotoluene 57 to improve 

the MS sensitivity of the intermediates and simplify the spectrum obtained (Scheme 65). 

However, the reaction of this substrate with pentafluorobenzene 56 proved to be low-

yielding and slow under the standard reaction conditions. This may be due to interaction 

between the phosphonium salt and the Pd metal centre. An aliquot of the reaction mixture 

after 1 day of heating was analysed. The starting material 107 and the product 108 were 

observed as well as the oxidative addition Pd complex 109 (m/z 847.04) and the biaryl Pd 

complex 110 (m/z 887.13). These two complexes were the only Pd-containing species 

observed. 
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Scheme 65. Direct arylation reaction of 4-iodobenzyltriphenylphosphonium hexafluorophosphate 

107 with pentafluorobenzene 56 to give the product 108. Reaction intermediates containing Pd were 

observed as m/z 845.03 for 109 and m/z 885.11 for 110. 

The detection of uncharged Pd species in the reaction mixture required analysis by LIFDI-

MS (m/z 30–1400). Identical reaction condition as the ESI-MS study was applied with the 

reaction progress monitored by in situ FT-IR and NMR spectroscopy (Scheme 63). The 

sampled reaction mixtures were injected directly into the MS without dilution as LIFDI-MS 

is less sensitive compared with ESI-MS. A total of six aliquots were collected at different 

stages of the experiment to obtain time-dependent data on the reaction composition (Table 

32). 

The first sample analysed was a solution of 4-iodotoluene 57, Pd(OAc)2 and PPh3 in DMF 

(Entry 1). A series of tetra-aryl phosphonium cations [PPh4]
+
 103, [P(4-tolyl)Ph3]

+
 60, [P(4-

tolyl)2Ph2]
+
 and [P(4-tolyl)3Ph]

+
 were detected, most likely from oxidative addition and 

reductive elimination of 4-iodotoluene 57 and different phosphine species to the Pd metal 

centre. The addition of Ag2CO3 and heating the mixture to 56 ± 1 °C resulted in the 

formation of Pd-tolyl species in addition to the phosphonium cations already observed 

(Entry 2). The Pd-tolyl species identified were the 4-tolyl analogues of the dinuclear 

[Pd(Ph)(µ-OAc)(PPh3)]2 84 and mononuclear Pd(Ph)(κ
1
-OAc)(PPh3)2 85 complexes 

previously observed by NMR spectroscopic analysis of the reaction between iodobenzene 

81 and pentafluorobenzene 56. Additionally, signals matching the m/z values and the 

isotopic pattern of anionic [Pd(OAc)(PPh3)2]
−
 and Pd(4-tolyl)(κ

1
-OAc)(PPh3)–Pd(PPh3) 

complexes were detected. The mononuclear Pd(4-tolyl)(OAc)(PPh3) species was still 

observed 5 min and 60 min into the reaction following the addition of pentafluorobenzene 

56 (Entries 3 and 4). However, the signals for the dinuclear Pd(4-tolyl)(κ
1
-OAc)(PPh3)–

Pd(PPh3) was very weak for the latter aliquot and [Pd(4-tolyl)(µ-OAc)(PPh3)]2 84b was not 
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observed. The only phosphonium species observed at this stage of the reaction was [P(4-

tolyl)Ph3]
+
 60. Signals matching the m/z of Pd(C6F5)(OAc)(PPh3) and 

Pd(C6F5)(OAc)(PPh3)2 were observed after the reaction was complete (Entry 5). Analysis of 

the reaction mixture 40 min afterwards indicated the presence of Pd(C6F5)(OAc)(PPh3), 

Pd(C6F5)2(PPh3)2, and other high m/z Pd species that were not assigned (Entry 6). 

Phosphine species of P(4-tolyl)Ph2 and [P(4-tolyl)Ph3]
+
 60 were observed during and after 

the reaction. The formation of aryl phosphine species with a mixture of phenyl and 4-tolyl 

substituents is expected to result from an aryl-aryl exchange reaction between the phenyl 

group from the phosphine ligand and the aryl group from the oxidative addition product of 

the 4-iodotoluene 57 to Pd
0
 metal centre (Scheme 66).

355
 The oxidative addition and 

reductive elimination of the quaternary phosphonium cations must be in equilibrium to 

account for the formation of [P(Ph)(4-tolyl)3]
+
. Kong and co-workers have reported the 

reaction of Pd(4-tolyl)(I)(PPh3)2 and PPh3 in CDCl3 at 60 °C to give Pd(Ph)(I)(PPh3)2 82a 

and P(4-tolyl)Ph2 in 90% conversion.
356

 The side-reaction has been problematic for some 

transition metal catalysed reactions starting with Pd
0
 pre-catalysts such as Pd(PPh3)4 and 

Pd2(dba)3.
357-359

 Electron donating substituents on the aryl substituents favour the formation 

of quaternary phosphonium cations, most likely due to positive charge stabilisation.  

 

Scheme 66. Mechanism for aryl-aryl exchange reaction proposed by Goodson and co.
355

 

For the reaction of iodobenzene 81 with pentafluorobenzene 56, the phenyl group of the 

substrate is expected to scramble with the phenyl rings of PPh3. Facile equilibriation of the 

Pd-aryl/P-aryl interchange reaction of Pd(C6D5)(I)(Ph3P)2 and PPh3 in DMF has been 

reported by Grushin and co-workers.
360

 However, the scrambled side-product 64 (i.e. 

2,3,4,5,6-pentafluorobiphenyl) for the reaction of 4-iodotoluene 57 was never observed by 

19
F NMR spectroscopic analysis. This is surprising considering the oxidative addition and 

reductive elimination of the quaternary phosphonium cations (i.e. [PPh4]
+
 103 and [P(4-

tolyl)Ph3]
+
 60) were understood to be in equilibrium.

185
 Therefore these cationic species 
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must only exist in trace quantity during the reaction or result as the by-product of MS 

analysis. 

Table 32. Aliquot collection time and species identified by LIFDI-MS of reaction shown in Scheme 

63. 

Entry Collection Timing Observed m/z Assignment 

1 
T = 19 ± 1 °C 

before heating 

339.05 

353.05 

367.08 

381.11 

[PPh4]
+
 103 

[P(4-tolyl)Ph3]
+
 60 

[P(4-tolyl)2Ph2]
+
 

[P(4-tolyl)3Ph]
+
 

2 

T = 56 ± 1 °C 

t = 0 

before C6F5H 56 

addition 

339.05 

353.07 

367.09 

381.11 

518.03 

689.03 

885.95 

1038.11 

[PPh4]
+
 103 

[P(4-tolyl)Ph3]
+
 60 

[P(4-tolyl)2Ph2]
+
 

[P(4-tolyl)3Ph]
+
 

Pd(4-tolyl)(OAc)(PPh3) 

Pd(OAc)(PPh3)2 

Pd(4-tolyl)(κ
1
-OAc)(PPh3)–Pd(PPh3) 

[Pd(4-tolyl)(µ-OAc)(PPh3)]2 84b 

3 

T = 56 ± 1 °C 

t = 6 min 

5% conversion of 4-

iodotoluene 57 

353.12 

518.05 

886.94 

1038.16 

[P(4-tolyl)Ph3]
+
 60 

Pd(4-tolyl)(OAc)(PPh3) 

Pd(4-tolyl)(κ
1
-OAc)(PPh3)–Pd(PPh3) 

[Pd(4-tolyl)(µ-OAc)(PPh3)]2 84b 

4 

T = 56 ± 1 °C 

t = 47 min 

60% conversion of 4-

iodotoluene 57 

277.98 

353.02 

517.96 

887.88 

P(4-tolyl)Ph2 

[P(4-tolyl)Ph3]
+
 60 

Pd(4-tolyl)(OAc)(PPh3) 

Pd(4-tolyl)(κ
1
-OAc)(PPh3)–Pd(PPh3) 

5 

T = 56 ± 1 °C 

t = 86 min 

quant. conversion of 4-

iodotoluene 57 

277.98 

353.04 

593.90 

856.02 

P(4-tolyl)Ph2 

[P(4-tolyl)Ph3]
+
  60 

Pd(C6F5)(OAc)(PPh3) 

Pd(C6F5)(κ
1
-OAc)(PPh3)2 

6 

T = 56 ± 1 °C 

t = 126 min 

quant. conversion of 4-

iodotoluene 57 

277.98 

353.01 

593.92 

963.96 

P(4-tolyl)Ph2 

[P(4-tolyl)Ph3]
+
 60 

Pd(C6F5)(OAc)(PPh3) 

Pd(C6F5)2(PPh3)2 
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4.5 Stoichiometric Reaction of the Pd Complexes 

The relevance of potential reaction intermediates are often examined by studying the 

reactivity of the isolated suspect species as reactants under stoichiometric reactions 

conditions.
205

 In these experiments, the ability of one intermediate to form another is tested. 

Furthermore, the reaction kinetics of the key intermediate involved in the RL-step is 

expected to be consistent with the actual reaction under catalysis. Reactivity of Pd
0
 and Pd

II
 

complexes under representative conditions for key elementary steps of the C–C bond 

forming catalytic cycles have been reported for oxidative addition
361, 362

, cis-trans 

isomerisation
363, 364

, transmetalation
105, 242, 365-370

, and reductive elimination
371-375

 reactions. 

Reactions studied independently at stoichiometric quantity may differ from those of real 

catalysis, with overlooked intermediates and innocent species outside of the catalytic 

cycle.
100

 However, such stoichiometric reactions can provide valuable insight into the 

possible reactive species and, ultimately, the mechanism. 

A series of dinuclear and mononuclear Pd species potentially involved in the catalytic cycle 

were synthesised following literature procedures (see Chapter 2.6). These dinuclear and 

mononuclear Pd species were all possible intermediates of the catalytic cycle of interest. In 

catalysis, a dinuclear transition metal complex is often considered as a potential source of 

the active catalyst complex. However, a dinuclear chloride bridged Pd complex has been 

proposed by Harakat and co-workers as the active catalyst for the Wacker oxidation of 

alkenes based on an ESI-MS study.
209

 The kinetics studied by GC showed between first- 

and second-order dependence on the catalyst concentration. In another study, a 

computational DFT calculation was applied to show dinuclear Pd
II
 as the active catalyst.

376
 

The µ-OH complex 83a may form in situ from the water present in the DMF used as the 

solvent. The µ-I complex 86 can form following oxidative addition of iodobenzene 81. The 

µ-OAc complex 84 was the hypothesised off-cycle dinuclear Pd species in equilibrium with 

the active, monomeric Pd complex. Based on the 
31

P NMR spectra of the three Pd 

complexes in methylene chloride-d2, the broad signal of iodo-bridged complex 86 

suggested it was easier to cleave than the hydroxo-bridged 83a or the acetato-bridged 84 

complexes. This observation was consistent with the lack of dinuclear [Pd(Ph)(µ-

OAc)(PPh3)]2 84 dissociation in DCM reported by Wakioka and co-workers based on the 

FT-IR spectroscopic analysis of  νCO2 stretching frequencies.
175

 However, the equilibrium 

was expected to shift towards the mononuclear complex 85 in a coordinating solvent such 

as DMF and at elevated temperature. All complexes showed partial solubility in DMF at 

room temperature with sonication. The solubility of the three complexes was tested in 

DMSO, MeOH, acetonitrile, dichloromethane and benzene. Both the µ-OAc 84 and µ-OH 
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83a complexes were fully soluble in dichloromethane and benzene. Benzene-d6, in addition 

to DMF, was therefore considered as the solvent for performing kinetic experiments. 

Unfortunately the µ-I 86 complex was only partially soluble in dichloromethane and 

benzene. 

The reactivity of these Pd complexes with pentafluorobenzene 56 in non-deuterated DMF 

and benzene-d6 was studied. The experiments were prepared in the glove box using an 

NMR tube equipped with a Young’s tap. For the reaction in DMF, the yield of the product 

64 was calculated from the integration of 
19

F NMR signals of the hexafluorobenzene 

(internal standard) singlet at δ −162.87 (6F) with the product 64 triplet-of-doublet at 

−163.11 (2F, 3,5-F) (Figure 66). The poor shimming was due to the use of non-deuterated 

DMF. Black precipitates were observed after heating, as expected from the Pd
0
 formation 

following reductive elimination of the biaryl 64 from Pd
II
 intermediate formed in situ. A 

shift in the 
19

F NMR signals of the reaction mixture with respect to hexafluoprobenzene 

internal standard was observed in different solvents at different temperatures. This became 

significant when the 3,5-fluorine atom signal of product 64 shifted up-field from δ −162.76 

to −162.86 in benzene-d6, overlapping with the hexafluorobenzene internal standard peak  

(i.e. δ −162.87) at elevated temperature. Therefore, C6H5F with triplet-of-triplet signal at δ 

−112.91 was used as the new internal standard and integrated with the 2,6- and 4-fluorine 

atom signals of the product 64 to determine the change in the yield during the reaction. All 

spectra were collected with 30 seconds of relaxation delay to achieve full relaxation of the 

internal standards and the product 64. 

 

Figure 66. 
19

F NMR spectra of reaction shown in Scheme 67 with internal standard C6F6 at δ 

−162.87 and triplet-of-doublet peak of the product 64 (1) in benzene-d6 at 55.5 °C, (2) in benzene-d6 

at 25.0 °C, (3) in DMF at 55.5 °C and (4) in DMF at 25.0 °C. 

internal standard                   product 64 
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Scheme 67. Stoichiometric reaction of dinuclear Pd species (X = OAc 84, OH 83a and I 86) and 

pentafluorobenzene 56 in DMF (not deuterated) or benzene-d6. 

The dinuclear species with the formula [Pd(Ph)(µ-X)(PPh3)]2 (where X = OAc 84, OH 83a 

and I 86) were heated at 70 °C in the presence of 20-fold excess of pentafluorobenzene 56 

for 14 h in DMF (Scheme 67). Formation of the product 64 was observed for the reaction 

of [Pd(Ph)(µ-OAc)(PPh3)]2 84 and [Pd(Ph)(µ-OH)(PPh3)]2 83a in quantitative and 60% 

yields respectively, but not the [Pd(Ph)(µ-I)(PPh3)]2 86 complex (Table 33, Entries 1–3). 

However, partial formation of the product 64 was observed in the presence of 3 equivalents 

of Ag2CO3 or 6 equivalents of AgOAc (Entries 4 and 5). No further yield improvement was 

observed with prolonged heating. The high reactivity of acetate-bridged complex 84 was 

further demonstrated by reaction with 20-fold excess 1,3-difluorobenzene 26 to form the 

2,6-difluoro-1,1ʹ-biphenyl product 30, regioselectively, with 16% NMR yield. Formation of 

AcOH at δ 1.52 was observed by 
1
H NMR spectroscopic analysis potentially from the 

proton of the cleaved pentafluorobenzene 56 C–H bond. This is consistent with the 

mechanism involving AMLA(6)-TS.
136

  

The result from the reaction of hydroxo-bridged complex 83a was interesting as the OH 

group is possibly acting as an intramolecular base via an AMLA(4)-TS.
143, 144

 However, no 

water peak was observed at δ 0.40 by
 1
H NMR spectroscopic analysis, but instead a broad 

peak was observed at δ 0.65. This was in contrast to the lack of reactivity for the hydroxo-

bridged complex 83a towards 2-methylthiophene 46 reported by Wakioka and co-

workers.
175

 The reactions were repeated in benzene-d6 for better shimming and peak 

resolution. After 21 hours of heating at 70 °C showed that the reaction was less efficient 

compared with DMF and resulted in lower product 64 yields (Entries 1–3). These results 

suggested that the reaction was assisted by a polar aprotic solvent or benefited from the 

presence of water in the reaction mixture (i.e. 110 ppm). 
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Scheme 68. Stoichiometric reaction of mononuclear Pd species [i.e. Pd(Ph)(κ
1
-OAc)(PPh3)2 85, 

Pd(Ph)(I)(PPh3)2 82a, and Pd(4-tolyl)(I)(PPh3)2 82b] with pentafluorobenzene 56 in DMF. 

The mononuclear species Pd(Ph)(κ
1
-OAc)(PPh3)2 85, Pd(Ph)(I)(PPh3)2 82a, and Pd(4-

tolyl)(I)(PPh3)2 82b were heated at 70 °C for 14 h in the presence of 10-fold excess of 

pentafluorobenzene 56 (Scheme 68). The Pd(Ph)(κ
1
-OAc)(PPh3)2 85 complex formed the 

product 64 in 45% NMR yield (Table 33, Entry 6). The lower than expected yield of 

Pd(Ph)(κ
1
-OAc)(PPh3)2 85 maybe attributed to the low stability of the complex in solution 

compared with the dinuclear species. However, quantitative conversion of the complex was 

achieved in the presence of 2 equivalents of Ag2CO3 and 7 equivalents of AgOAc (Entries 

7 and 8). 

As with the dinuclear iodide complex, the mononuclear Pd(Ph)(I)(PPh3)2 82a complex was 

unreactive towards pentafluorobenzene 56 unless in the presence of Ag2CO3 (49%) and 

AgOAc (67%) (Entries 9–11). Similar results were obtained for the mononuclear Pd(4-

tolyl)(I)(PPh3)2 82b complex (Entries 13–15). This was different from what Sun and co-

workers reported for the role of base in the direct arylation reaction of pyridine N-oxide 

37.
172

 A potential catalytic intermediate, Pd(Ph)(Br)(P
t
Bu3), was reacted in stoichiometric 

quantity with 4-nitropyridine-N-oxide in the presence of different equivalents of K2CO3 

and/or KOPiv. The yield of the product only depended on the presence of KOPiv, 

suggesting the pivalate anion to be the base directly involved in the C–H bond cleavage. No 

product 64 was formed in the mixture of Pd(Ph)(I)(PPh3)2 82a and AgBF4 (Entry 12), 

confirming carboxylate anions are required for the transformation. 
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Table 33. NMR yields of product 58/64 from the stoichiometric reaction of Pd species and 

pentafluorobenzene 56 as shown in Scheme 67 and Scheme 68. 

Entry Complex 
NMR Yield (%) 

DMF 
a
 C6D6 

b
 

1 [Pd(Ph)(µ-OAc)(PPh3)]2 84 99 67 

2 [Pd(Ph)(µ-OH)(PPh3)]2 83a 60 18 

3 [Pd(Ph)(µ-I)(PPh3)]2 86 0 0 

4 [Pd(Ph)(µ-I)(PPh3)]2 86 + 3Ag2CO3 36 - 

5 [Pd(Ph)(µ-I)(PPh3)]2 86 + 7AgOAc 22 - 

6 Pd(Ph)(κ
1
-OAc)(PPh3)2 85 45 - 

7 Pd(Ph)(κ
1
-OAc)(PPh3)2 85 + 2Ag2CO3 99 - 

8 Pd(Ph)(κ
1
-OAc)(PPh3)2 85 + 7AgOAc 98 - 

9 Pd(Ph)(I)(PPh3)2 82a 0 - 

10 Pd(Ph)(I)(PPh3)2 82a + 2Ag2CO3 49 - 

11 Pd(Ph)(I)(PPh3)2 82a + 4AgOAc 67 - 

12 Pd(Ph)(I)(PPh3)2 82a + 7AgBF4 0 - 

13 Pd(4-tolyl)(I)(PPh3)2 82b 0 - 

14 Pd(4-tolyl)(I)(PPh3)2 82b + 2Ag2CO3 46 - 

15 Pd(4-tolyl)(I)(PPh3)2 82b + 4AgOAc 56 - 

a
 Based on integration of C6F6 (internal standard) and 3,5-fluorines of the product 58/64. 

b 
Based on integration of C6H5F (internal standard) and 4-fluorines of the product 58/64.

  

 

The addition of a Ag
I
 salt (base) assisted the formation of product (i.e. 58 and 64) for the 

iodide-containing complexes (i.e. 82a, 82b and 86). The halide-extracting ability of Ag
I
 salt 

was studied by reaction of [Pd(4-tolyl)(I)(PPh3)2] 82b with Ag2CO3 in DMF. Analysis of 

the reaction mixture by ESI(+)-MS showed formation of peak at m/z 353.14 and 721.14 

with isotopic pattern corresponding to [P(4-tolyl)Ph3]
+
 60 and [Pd(4-tolyl)(PPh3)2]

+
 species 

respectively. The formation of the quaternary arylphosphonium cation is thought to result 

from thermal decomposition of the Pd complex.
377

 The RT decomposition of 

[Pd(R)(I)(PPh3)2] 111 to [PRPh3]PF6 and Pd black upon addition of AgPF6 was reported by 

Burns and co-workers (Scheme 69).
206

 

 

Scheme 69. RT decomposition of [Pd(R)(I)(PPh3)2] 111 facilitated by AgPF6 (Burns and co.).
206
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A mixture of Pd(4-tolyl)(I)(PPh3)2 82b, AgBF4 and MeCN-d3 in DCM-d2 at ambient 

temperature resulted in a yellow solution with instantaneous precipitation of a grey solid 

(Scheme 70). Instantaneous conversion of Pd(4-tolyl)(I)(PPh3)2 82b to [Pd(4-

tolyl)(PPh3)2]
+
 112 was confirmed by the changes observed in the 

1
H and 

31
P NMR 

spectroscopic analysis. The 4-tolyl aromatic protons of [Pd(4-tolyl)(PPh3)2]
+
 112 appeared 

at δ 7.27–7.50, and the methyl protons at δ 2.04. Analysis by 
31

P NMR spectroscopy 

initially showed a major peak of [Pd(4-tolyl)(PPh3)2]
+
 112 complex at δ 21.15. Isotopic 

pattern corresponding to [P(4-tolyl)Ph3]
+
 60 and [Pd(4-tolyl)(PPh3)2]

+
 112 species were 

detected by ESI(+)-MS analysis after three days. Decomposition of [Pd(4-tolyl)(PPh3)2]
+
 

112 into [P(4-tolyl)Ph3]
+
 60 was observed with the appearance of aromatic 

1
H signals at δ 

7.58–7.91. Additionally, the methyl signal of [Pd(4-tolyl)(PPh3)2]
+
 112 was completely 

replaced by a methyl peak of [P(4-tolyl)Ph3]
+
 60 at δ 2.52 and the 

31
P NMR peak of [P(4-

tolyl)Ph3]
+
 60 at δ 22.93 became the major peak after a week. The 

19
F NMR spectra of 

[Pd(4-tolyl)(PPh3)2]BF4 112 peak at δ −153 was also replaced by a peak at δ −76 

corresponding to [P(4-tolyl)Ph3]BF4 compound 60. The reaction had resulted from 

instantaneous formation of [Pd(4-tolyl)(PPh3)2]
+
 112 and AgI, followed by slow reductive 

elimination of [P(4-tolyl)Ph3]
+
 60 from the complex 112. 

 
Scheme 70. Reaction of AgBF4 and Pd(4-tolyl)(I)(PPh3)2 82b in DCM-d2 with trace MeCN-d3. 

4.6 Kinetics of Direct Arylation Reaction of 4-Iodotoluene 57 with 

Pentafluorobenzene 56 Catalysed by the Isolated Pd Complexes 

The kinetics of reactions in the presence of catalytic quantity of the isolated stable Pd
II
 

species were monitored by in situ FT-IR spectroscopic analysis (Table 34). The kobs were 

determined from 5–50% product 64 formation for reactions following pseudo-zeroth-order 

rate law. The mononuclear and the dinuclear complexes were added in 5 mol% and 2.5 

mol% loading respectively, to give 5 mol% Pd-atom loading per reaction. Compared to the 

reactions studied under stoichiometric quantity, the catalytic condition provides a closer 

representation to the actual reaction of interest. As previously discussed, reaction starting 

with Pd species involved in the catalytic cycle should mirror the kinetics of model reaction 

catalysed by the 5 mol% Pd(OAc)2 and 10 mol% PPh3 mixture (Entry 1). Thus, strong 

evidence for the involvement of a complex in the catalysis can be obtained from the 
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reaction rates. It must be noted that the stability of these complexes under the exact reaction 

condition was unknown. However, thermal decomposition at 56 ± 1 °C was observed by 

HR-MAS NMR study for every complex expect for [Pd(Ph)(µ-OAc)(PPh3)]2 84. 

Table 34. Observed rate constants for the direct arylation reaction of iodobenzene 81 with 

pentafluorobezene 56 catalysed by isolated Pd species (5 mol% Pd-atom). 

 

Entry Catalyst (5 mol% Pd-atom) kobs / 10
−6

 . mol dm
−3

 s
−1

 

1 Pd(OAc)2 + 2PPh3 9.90 ± 0.04 

2 [Pd(Ph)(µ-OAc)(PPh3)]2 84 7.90 ± 0.05 

3 [Pd(Ph)(µ-OAc)(PPh3)]2 84 + 2PPh3 7.56 ± 0.06 

4 [Pd(Ph)(µ-OH)(PPh3)]2 83a - 

5 [Pd(Ph)(µ-I)(PPh3)]2 86 - 

6 [Pd(Ph)(µ-OH)(PPh3)]2 83a + 2AcOH 9.71 ± 0.10 

7 [Pd(Ph)(µ-I)(PPh3)]2 86 + 2AcOH 8.32 ± 0.05 

8 Pd(Ph)(κ
1
-OAc)(PPh3)2 85 8.52 ± 0.09 

9 Pd(Ph)(I)(PPh3)2 82a 14.83 ± 0.01 

10 Pd(OAc)2 + 3PPh3 14.58 ± 0.01 

11 Pd(Ph)(I)(PPh3)2 82a + AcOH 7.34 ± 0.04
 

12 Pd(Ph)(I)(PPh3)2 82a + 2AcOH 11.10 ± 0.14 

13 Pd(Ph)(I)(PPh3)2 82a + 4AcOH 14.00 ± 0.01 

 

The kinetic profiles and the observed rate constants for the dinuclear Pd complex catalysed 

reactions were compared with the base catalyst mixture of 5 mol% Pd(OAc)2 and 10 mol% 

PPh3 (Entry 1). Of the dinuclear Pd complexes tested, the reaction rate of [Pd(Ph)(µ-

OAc)(PPh3)]2 84 catalyst was the closest to the standard condition (Entry 2). Addition of 10 

mol% PPh3 to this reaction did not improve the reaction rate despite the expected in situ 

formation of more active mononuclear Pd(Ph)(κ
1
-OAc)(PPh3)2 85 complex (Entry 3). The 

[Pd(Ph)(µ-OH)(PPh3)]2 83a and [Pd(Ph)(µ-I)(PPh3)]2 86 complex catalysed reactions 

followed first-order kinetics and proceeded significantly slower than the model catalytic 

conditions (Figure 67 a). As previously observed in the stoichiometric reaction study, the 

[Pd(Ph)(µ-I)(PPh3)]2 86 complex was an active catalyst in the presence of Ag2CO3. 

However, significant rate acceleration was observed for the reactions catalysed by the 

hydroxo- and iodo-bridged dinuclear complexes 83a and 86 in the presence of 5 mol% 
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AcOH (Figure 67 b). The pseudo-zeroth-order rate constants calculated were then similar 

to the model reaction (Entries 6 and 7). 

  

a b 

Figure 67. Kinetic profiles showing the product 64 formation for the reactions catalysed by (a) the 

dinuclear complexes (Table 34, Entries 1, 2, 4 and 5) and (b) the dinuclear complexes with added 

AcOH (Entries 1, 2, 6 and 7). 

The reaction rates for the mononuclear Pd complex catalysed reactions were also studied 

(Table 34 and Figure 68). The kobs for the reaction catalysed by the Pd(Ph)(κ
1
-OAc)(PPh3)2 

85, expected to be the active intermediate of the RL-step, was slower than expected (Entry 

8). This may be attributed to the decomposition of the complex during the reaction. On the 

other hand, the reaction using the oxidative addition complex Pd(Ph)(I)(PPh3)2 82a as the 

catalyst formed the product 64 at the same rate as the reaction catalysed by 5 mol% 

Pd(OAc)2 and 15 mol% PPh3 catalyst mixture (Entries 9 and 10). Addition of 5 mol% 

AcOH to Pd(Ph)(I)(PPh3)2 82a catalysed reaction results in initial period of slow product 

64 formation, followed by dramatic reaction rate acceleration (Entry 11). The kobs 

determined for the later part of the reaction was comparable to the reaction under the model 

catalytic conditions. The addition of increased amount of AcOH (i.e. 10 mol% and 20 

mol%) resulted in increased reaction rates (Entries 12 and 13). 
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Figure 68. Kinetic profiles showing the product 64 formation for the reactions catalysed by 5 mol% 

of mononuclear Pd species (Table 34, Entries 1, 8, 9, 11–13). 

The initial induction period observed for the reaction mixture with Pd(Ph)(I)(PPh3)2 82a 

and 5 mol% AcOH (Entry 11) was confirmed as the in situ formation of Pd(Ph)(κ
1
-

OAc)(PPh3)2 85.
257

 Sequential addition of AcOH to a mixture of Pd(Ph)(I)(PPh3)2 82a and 

Ag2CO3 in DMF-d7 was analysed by 
31

P NMR spectroscopy and LIFDI-MS. Quantitative 

conversion of complex 82a into complex 85 was observed as the 
31

P NMR signal at δ 22.94 

for 82a was replaced by a singlet at δ 20.62 for 85 (Figure 69). Upon further addition of 

AcOH (i.e. 2 and 4 equivalents), additional peaks were observed including the dinuclear 

[Pd(Ph)(µ-OAc)(PPh3)]2 84 species at δ 29.34. Pd-containing mononuclear species 

Pd(Ph)(OAc)(PPh3) (m/z 503.05), Pd(Ph)(κ
1
-OAc)(PPh3)2 85 (m/z 766.14) and dinuclear 

species 84 (m/z 1010.10) were also detected successfully by LIFDI-MS. It must be noted 

that Ag2CO3 was present in much greater excess under the catalytic reaction condition and 

some of these species may not be formed under the catalytic reaction conditions. However, 

the addition of excess AcOH most likely increases the rate of the reaction by coordinating 

and stabilising the homogeneous Pd species formed in situ.
190
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Figure 69. Stacked 
31

P NMR spectra of Pd(Ph)(I)(PPh3)2 82a in DMF-d7 with different additives. (1) 

1.4 equiv. Ag2CO3, (2) 1.4 equiv. Ag2CO3 + 1 equiv. AcOH, (3) 2.8 equiv. Ag2CO3 + 2 equiv. 

AcOH and (4) 2.8 equiv. Ag2CO3 + 4 equiv. AcOH. 

4.7 Conclusions 

The direct arylation of iodoarenes (i.e. 57 and 81) with pentafluorobenzene 56 was studied 

by range of in situ and ex situ analytical techniques to characterise the reaction 

intermediates. The HR-MAS NMR spectroscopic analysis was applied as an in situ 

technique for observing species formed in heterogeneous reaction mixture. The technique 

allowed for the observation of NMR signals belonging to potentially catalytically important 

intermediates. The broad signals observed by 
1
H and 

31
P NMR spectroscopic analysis 

during the reaction (at 328.5 K) were resolved at low temperature (i.e. 248.5 K). The peaks 

were identified as the phenyl proton signals of [Pd(Ph)(µ-OAc)(PPh3)]2 84 and Pd(Ph)(κ
1
-

OAc)(PPh3)2 85 complexes as major and minor species respectively. Increasing the quantity 

of PPh3 in the reaction mixture resulted in the mononuclear Pd(Ph)(κ
1
-OAc)(PPh3)2 85 

complex  becoming the major species and significant acceleration of the reaction rate. The 

Pd-aryl intermediates observed during the reaction catalysed by Pd(Ph)(I)(PPh3)2 82a did 

not match those observed during the model reaction, suggesting a reaction of different 

mechanism. 

Charged species in the reaction mixture were analysed by ex situ ESI-MS analysis in both 

the positive and negative ion modes. The Pd
I
 complexes of the formula [Pd(Ar)(PPh3)n]

+
 (n 

= 1 or 2 and Ar = 4-tolyl or C6F5) were detected as well as the solvent coordinated 

analogues. The oxidative addition product Pd(Ar
+
)(I)(PPh3) 109 and the bis-aryl Pd 
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complex Pd(Ar
+
)(C6F5)(PPh3) 110 were also observed using a charge-tagged iodoarene 107 

(i.e. 4-iodobenzyltriphenylphosphonium hexafluorophosphate). 

The ex situ LIFDI-MS analysis of the reaction mixture allowed for the observation of Pd 

species such as Pd(4-tolyl)(OAc)(PPh3) and [Pd(4-tolyl)(µ-OAc)(PPh3)]2 84b, expected for 

reaction proceeding via AMLA(6) pathway. Furthermore, multiple arylphosphine species 

were observed throughout the experiment highlighting the side-reactions taking place 

between the iodoarene and the PPh3 in the presence of Pd. 

The reactivity of the hypothesised catalytic intermediates was tested by heating 

stoichiometric quantity of the isolated stable Pd complexes at 70 °C in the presence of 

pentafluorobenzene 56. The reaction of [Pd(Ph)(µ-OAc)(PPh3)]2 84 resulted in quantitative 

conversion of the phenyl-substituent to the biaryl product 64. The mononuclear Pd(Ph)(κ
1
-

OAc)(PPh3)2 85 achieved 45% conversion to the product 64, most likely due to 

decomposition in solution as observed by heating the complex in DMF-d7. Quantitative 

NMR conversion was achieved in the presence of 2 equivalents of Ag2CO3 or 7 equivalents 

of AgOAc. The hydroxo-bridged complex [Pd(Ph)(µ-OH)(PPh3)]2 83a was also reactive, 

achieving 60% conversion to the product 64. The mononuclear (i.e. 82a and 82b) and the 

dinuclear (i.e. 86) iodide containing complexes required addition of Ag2CO3 or AgOAc to 

form the product 64. The significant role played by the carboxylate anions were highlighted 

by the AgBF4 being an ineffective additive. 

The catalytic activities of the isolated Pd complexes were evaluated by in situ FT-IR 

spectroscopic analysis. The reaction rates and reaction profiles observed were compared 

with results obtained for the model reaction catalysed by 5 mol% Pd(OAc)2 and 10 mol% 

PPh3 mixture. Of the dinuclear Pd complexes tested, comparable kobs was obtained for 

reaction catalysed by [Pd(Ph)(µ-OAc)(PPh3)]2 84. Improved reaction rate was observed for 

Pd(Ph)(I)(PPh3)2 82a catalysed reaction, although the catalytic cycle was expected to 

proceed via a different mechanism. Addition of less than 4 equivalents of AcOH to the 

reaction catalysed by this complex 82a negatively affected the reaction rate, following 

quantitative conversion of complex 82a into the acetate ligated complex 85. The effect of 

higher equivalents of AcOH was not tested. 

The analysis of the direct arylation of iodoarenes (i.e. 57 and 81) with pentafluorobenzene 

56 by HR-MAS NMR, ESI(±)-MS and LIFDI-MS all indicated the presence of the 

dinuclear [Pd(Ar)(µ-OAc)(PPh3)]2 84 and mononuclear Pd(Ar)(OAc)(PPh3)2 85 species 

during the reaction. The reactivity of potential Pd intermediates tested by the stoichiometric 

reactions and their catalytic activity suggested [Pd(Ar)(µ-OAc)(PPh3)]2 84 as the key 
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intermediate. Base on the collective experimental evidence, the mononuclear  

Pd(Ph)(κ
2
-OAc)(PPh3) was concluded as the catalytically active on-cycle species with the 

dinuclear [Pd(Ar)(µ-OAc)(PPh3)]2 84 acting as the stable off-cycle reservoir.
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Chapter 5: Conclusions and Future Work 

5.1 Conclusions 

5.1.1 Summary of Experiments Performed 

The experimental results reported in this thesis were designed to reveal mechanistic details 

of the metal-catalysed direct arylation reaction involving fluoroarenes. Direct arylation 

methodologies have rapidly developed over the last decade as cost-effective, eco-friendly 

and sustainable alternatives to cross-coupling reactions. One of the main challenges in the 

field is controlling the regioselectivity of the reaction. Fluoroarenes are attractive substrates 

due to the fluorine-substitution effect
11

 as well as the ability to control the regioselectivity 

of C–H bond activation by the ortho-fluorine effect.
168

 Understanding the reaction 

mechanisms are crucial for making improvements to the C–H bond functionalisation field 

and provides access to unique reactivities.  

Initially, yields were studied to determine the limitations and the factors affecting the 

reaction efficiency. A series of pre-catalysts and inorganic salt additives were tested. 

Acetate anion and carbonate anion were determined as suitable carboxylate ligands for the 

reaction. The reaction was also successfully catalysed by combination of Pd(PPh3)4 catalyst 

and Ag2O additive in the absence of carboxylate anion. Although the substrate scope of the 

reaction was somewhat limited at the studied reaction temperature, the selected model 

reaction did regioselectively functionalise 1,3-difluorobenzene 26 at the C2 position. 

 

Scheme 71. The model reaction studied by in situ FT-IR spectroscopic analysis. 

The reaction conditions and the setup were tailored for monitoring the progress by in situ 

FT-IR spectroscopic analysis (Scheme 71). Kinetic information regarding the relationship 

between the reaction rate and factors such as concentrations, temperature, C–H bond 

strength and the electronic properties of the substrates were established. Furthermore, the 

effects of using ligands other than PPh3 were explored. The reaction was also tested for the 

possible involvement of heterogeneous catalysis. The catalytically relevant species were 

identified by in situ HR-MAS NMR spectroscopy, and ex situ ESI(±)-MS and LIFDI-MS. 

The reactivities of these species were confirmed by stoichiometric reactions and the ability 
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to act as a catalyst. From here onwards, the elementary steps of the proposed catalytic 

cycles are presented with experimental evidence to support the hypothesis. 

5.1.2 Pre-Catalyst Activation 

The model reaction conditions for the direct arylation of 4-iodotoluene 57 with 

pentafluorobenzene 56 were similar to the Mizoroki-Heck reaction which commonly uses a 

carbonate base and DMF as the solvent.
378, 379

 Therefore, the mechanism and the active 

species involved was expected to be analogous, at least up to the oxidative addition product 

of the catalytic cycle.
100

  

The generally-agreed first step of the catalytic cycle is the activation of the organic halide 

or pseudohalide by a Pd
0
 species.

380, 381
 For this reason, the air- and moisture-stable Pd

II
 pre-

catalyst used in the model reaction must be reduced somehow to form Pd
0
 species. This was 

highlighted by the induction period observed by in situ FT-IR spectroscopy when the 

reaction was initiated by the mixing of the liquid reagents with the solid reagents (see 

Chapter 6.2 General Procedures). Work by Amatore and co-workers reported rapid 

formation of yellow Pd(OAc)2(PPh3)2 complex I from a mixture of Pd(OAc)2 and 2 

equivalents of PPh3 in DMF, characterised by 
31

P NMR and cyclic voltammetry (Scheme 

72).
257

 This divalent Pd complex was shown to undergo spontaneous intramolecular 

reduction with PPh3 in DMF to form a non-isolable anionic [Pd
0
(PPh3)(OAc)]

−
 II. The 

resulting [AcO-PPh3]
+
 converts to a mixture of acetic acid, O=PPh3 and a proton in the 

presence of water. It was understood that the pre-catalyst exists as a trinuclear Pd3(OAc)6 

but the scheme was simplified for clarity. 

 

Scheme 72. The proposed activation of Pd(OAc)2 by 2 equivalents of PPh3 in DMF. 

Although the [Pd
0
(OAc)(PPh3)]

−
 complex II was not directly observed, indirect 

experimental evidence suggests the in situ generation of complex II. The formation of 

Pd(OAc)2(PPh3)2 I in the early stages of the reaction was suspected by the colour changes 

observed during experimental preparation and confirmed by HR-MAS 
31

P NMR 

spectroscopic analysis (observed at δ 14.6). The formation of O=PPh3 at the expense of 

complex I was also observed in the same experiment, as well as the generation of AcOH by 

HR-MAS 
1
H NMR spectroscopic analysis. Furthermore, Pd(C6F5)(OAc)(PPh3)n (n =1 or 2) 
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and [Pd(C6F5)(PPh3)]
+
 were detected by LIFDI-MS and ESI(+)-MS respectively. These 

species may be generated via C–H bond activation of pentafluorobenzene 56 by the 

intermediate [Pd
0
(OAc)(PPh3)]

−
 II. However, the complex II was expected to quickly 

dimerise to [Pd
0
(μ-OAc)(PPh3)]2

2−
 IV, potentially solvated by DMF (Scheme 73).

194, 382, 383
 

Additionally, a complex such as [Pd
0
(DMF)(OAc)(PPh3)]

−
 III, analogous to well-

established active complex [Pd
0
(OAc)(PPh3)2]

−
, can exist in equilibrium.

207
 

 

Scheme 73. The possible equilibrium of the active Pd
0
 complexes. 

5.1.3 Oxidative Addition and Halide Abstraction 

The oxidative addition of iodobenzene 81 into [Pd
0
(OAc)(PPh3)2]

−
 to afford a mixture of 

Pd(Ph)(I)(PPh3)2 82a and Pd(Ph)(κ
1
-OAc)(PPh3)2 85 have been well documented by 

Amatore and co-workers.
190

 Therefore, the addition of aryl iodide to 

[Pd
0
(DMF)(OAc)(PPh3)]

−
 III was expected to result in the formation of σ-aryl Pd complex 

[Pd
II
(Ar)(I)(κ

1
-OAc)(PPh3)]

−
 V with dissociation of DMF (Scheme 74).

384
 The halide is 

then abstracted by Ag
I
 to give Pd

II
(Ar)(κ

2
-OAc)(PPh3) VI. Such a reaction is known for the 

titration of [Pd
I
(I)(Cl)(PPh3)2]

−
 with Ag

I
 to yield Pd

I
(Cl)(PPh3)2 and AgI.

385
 The reaction is 

driven by the lattice energy and the insolubility of the AgI salt. 

 

Scheme 74. The proposed oxidative addition of ArI into Pd
0
 centre, followed by halide abstraction 

by Ag
I
. 

A variety of σ-aryl Pd intermediates similar to species V and VI were observed during the 

model reaction. The use of charge-tagged iodoarene 107 (i.e. 4-iodobenzyltriphenyl-



Chapter 5: Conclusions and Future Work 

 

191 

phosphonium hexafluorophosphate) allowed the detection of Pd(Ar
+
)(I)(PPh3) 109 (Ar

+
 = 

C6H4-4-CH2PPh4
+
) by ESI(+)-MS analysis. The oxidative addition products were detected 

as [Pd(Ar)(PPh3)n]
+
 (n = 1 or 2) species for reactions using neutral iodoarenes. The halide 

abstraction by Ag
I
 was supported by the precipitation of solid upon addition of silver salt to 

a solution of Pd(Ar)(I)(PPh3)2 82b complex in DMF. The resulting complex Pd(Ar)(κ
2
-

OAc)(PPh3) VI was observed by LIFDI-MS, 
1
H and 

31
P NMR spectroscopic analysis.  

The involvement of [Pd(Ar)(I)(OAc)(PPh3)]
−
 V was supported by the change in the 

reaction intermediates and the kinetics observed for the reaction using Pd(Ph)(I)(PPh3)2 82a 

pre-catalyst without AcO
−
 in the reaction mixture. This result highlighted the role of 

acetate-coordinated palladium species in the model reaction. 

5.1.4 C–H Bond Activation 

The mononuclear bidentate acetate ligated Pd complexes VI is known to exist in 

equilibrium with the dinuclear [Pd(Ar)(μ-OAc)(PPh3)]2 VIII in solution (Scheme 75). The 

14-electron Pd complex VII was considered to be too unstable to exist as a discrete 

intermediate. Solvent or ligand coordinated mononuclear Pd species IX are also likely 

involved in the equilibrium, which was studied by Wakioka and co-workers.
175

 

 

Scheme 75. The proposed equilibrium of acetate ligated σ-aryl Pd species VI–IX. 

The monomeric 16-electron Pd complexes Pd
II
(Ar)(κ

2
-OAc)(PPh3) VI was proposed as the 

active catalytic species involved in the C–H bond activation step (Scheme 76). The 

mechanism proposed is similar to the reaction postulated by published DFT calculations 

with the initial complex Pd(Ph)(κ
1
-OAc)(DMF)(PMe3) reacting via AMLA(6)-TS X.

168
 

However, this monomeric complex VI was shown to exist in pre-equilibrium with the 

dinuclear complex VIII. Reactions involving dinuclear Pd complexes similar to VIII are 

commonly characterised by half-order kinetic dependence in [Pd]TOT. 
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Scheme 76. The proposed C–H bond activation of fluorobenzene with Pd VI via AMLA(6)-TS X. 

The proposed mechanism for the C–H bond activation step of the catalytic cycle was 

supported by the evidence from detailed kinetic investigations. The reaction followed first-

order kinetics in pentafluorobenzene 56 and half-order kinetics in Pd, while being 

independent of iodoarenes (i.e. 57 and 81) concentration. This result indicated that the 

resting state of the catalyst lies after the oxidative addition of the iodoarene to the Pd 

catalyst. However, since the rate was dependent on the structure of the iodoarene, the Pd 

species involved in the RL-step was identified as a σ-aryl Pd complex. The primary KIE 

identified the C–H bond activation step of pentafluorobenzene 56 as the RL-step of the 

catalytic cycle. A slight negative charge build up in the TS was determined from 

competition experiments of 1-substituted-2,3,5,6-tetrafluorobenzene with pentafluoro-

benzene 56. The largely negative activation entropy of ΔS
‡
 = −143 ± 8 J K

−1
 mol

−1
 and the 

activation energy of Ea = 61.9 ± 2.6 kJ mol
−1

 were determined from the temperature 

dependence of the reaction rate. In summary the RL-step of the catalytic cycle involves the 

C–H bond cleavage of the fluoroarene by σ-aryl Pd species via highly-ordered TS with 

marginal negative charge build up. These observations were in strong agreement with what 

is commonly associated with reaction proceeding via AMLA(6)-TS X. 

The dinuclear species 84 (intermediate VIII) and the mononuclear species 85 (intermediate 

IX) were identified as the resting states of the catalytic cycle by HR-MAS NMR 

spectroscopic analysis and ex situ LIFDI-MS analysis of the reaction mixture. The catalytic 

abilities of these species were confirmed by using individually synthesised complexes to 

catalyse the model reaction. Furthermore, the stoichiometric reaction of these acetate-

containing complexes with pentafluorobenzene 56 resulted in successful formation of the 

biaryl product 64 without requiring additives.  
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One of the unanswered questions is the role played by the two carboxylates present in the 

reaction mixture (i.e. acetate and bicarbonate). There are multiple possibilities: i) the 

bicarbonate can displace the acetate ligand prior to the RL-step, during stages of Pd
0
 

generation or from the oxidative addition product. The displacement may take place later 

on in the catalytic cycle depending on the energetic state of the Pd, ii) the carbonate may 

deprotonate the acetic acid by-product to regenerate acetate ligand to re-coordinate to Pd
0
, 

iii) after the first catalytic cycle and the dissociation of acetic acid, the carbonate can 

coordinate to the Pd
0
 to complete the catalytic cycle thereafter. At high concentration of 

CO3
2−

 the first situation may be likely. Computational calculations by Sun and co-workers 

have shown marginal 3.3 kJ mol
−1

 energy difference favouring the AMLA(6)-TS X 

involving inner sphere acetate over carbonate ligand.
172

 Despite the excess of Ag2CO3 

added compared with the acetate ligated pre-catalyst, the poor solubility of the salt in DMF 

complicates determination of the concentration of carbonate in a reaction mixture. For this 

reason, the exact nature of the base involved in the AMLA pathway remains uncertain. 

Experimental results have indicated both AcO
−
 and CO3

2−
 as suitable additives for the 

reaction. However, carbonate coordinated Pd species were not observed by ESI(−)-MS or 

LIFDI-MS analysis. It was concluded, therefore, the acetate anion was the base involved in 

the C–H bond cleavage, with CO3
2− 

acting as a proton sponge to regenerate AcO
−
 from 

acetic acid by-product. 

Under the model reaction condition catalysed by Pd/PPh3 (1:2) system, the dinuclear 

species 84 (intermediate VIII) was observed as the major species with trace quantities of 

the mononuclear species 85 (intermediate IX) present. The addition of PPh3 resulted in 

increased formation of complex 85 and rate acceleration. The rate acceleration was also 

observed for reactions using ortho-substituted phosphine ligands (e.g. P(2-MeOC6H4)3 and 

P(2-MeC6H4)3) expected to prevent the formation of dinuclear species such as 84. The 

mononuclear VI complex (accessible via species 84 and 85) was, therefore, concluded as 

being the catalytically active species. The dinuclear species VIII was postulated to act as a 

stable, off-cycle Pd-reservoir. In support of this hypothesis, the Pd specie 85 readily 

decomposed in solution at elevated temperature, whereas the Pd species 84 was stable upon 

heating.  

5.1.5 Alternative Reaction Pathway 

The proposed C–H bond activation step (referred to as path-1) was strongly supported by 

the experimental results. However, this mechanism on its own does not take into account 

the nonzero y-intercept observed for the pentafluorobenzene 56 concentration dependence 
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of the reaction rate. The nonzero y-intercept more specifically suggested the presence of an 

alternative reaction pathway (referred to as path-2). 

Some observations were made regarding path-2 which was independent of the 

concentration of pentafluorobenzene 56. The temperature-dependence study suggested the 

kinetic parameters were similar to the proposed AMLA(6)-TS (i.e. path-1). The reaction 

rate acceleration observed by the addition of PPh3 was experimentally confirmed as the 

result of increased rate of path-2. This observation suggested the Pd(Ar)(κ
1
-OAc)(PPh3)2 85 

(intermediate IX) was a path-2 intermediate. Based on limited experimental results, the 

magnitude of the nonzero y-intercepts was significantly reduced for reactions of 

deuteropentafluorobenzene 100 suggesting a path-2 inhibition. 

The most likely mechanisms for path-2 was the involvement of an activated 

pentafluorobenzene 56 species such as Ag(PPh3)n-C6F5 (n = 1, 2 or 3). As reported by 

Whitaker and co-workers
180

, these Ag complexes were able to react with catalytic Pd
II
–Ar 

species IX via transmetallation to yield Pd
II
(Ar)(C6F5)(PPh3)n complex XII as the RL-step 

(Scheme 77). This mechanism was in agreement with the rate acceleration observed by the 

increased concentration of Pd
II
(Ar)(κ

1
-OAc)(PPh3)2 85 (intermediate IX), the observed 

nonzero y-intercept and the energetic similarities in the two reaction pathways. However, 

no evidence for the formation of Ag-C6F5 was obtained from the 
19

F NMR spectroscopic 

analysis (reported at δ −105 in THF)
181

 or MS of the reaction mixture. 

 

Scheme 77. Possible mechanism for path-2 involving silver species. 

Alternatively the reaction of Pd(Ar)(κ
1
-OAc)(PPh3)2 IX could proceed via a dissociative 

mechanism in which the ligand loss was the RL-step of the reaction (Scheme 78). Although 

this mechanism would take the nonzero y-intercept into account, it does not fit the large 

negative entropy of activation observed for path-2. 
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Scheme 78. Possible mechanism for path-2 involving PPh3 ligand dissociation as the RL-step. 

Another possibility for path-2 was a Pd-NPs-catalysed reaction pathway. The pre-formed 

Pd-NPs in the presence of a stabilising polymer were catalytically active, albeit less 

effectively. It was recognised that the Pd-NPs formed in situ were expected to be more 

active than pre-formed Pd-NPs. A series of tests were performed to determine the role of 

heterogeneous catalysis in the reaction. The results were inconclusive due to the 

uncertainties in the experiments (i.e. Hg
0
 drop-test and PVPy poisoning experiments). The 

involvement of Pd-NPs in the reaction mechanism cannot be ruled out and may contribute 

to the observed nonzero y-intercept. 

There were a few possible explanations for the reduced contribution of path-2 to the overall 

rate for the reaction of deuteropentafluorobenzene 100. While the pentafluorobenzene 56 

was commercially purchased and used without purification, the synthesised 

deuteropentafluorobenzene 100 was purified by distillation. There might, therefore, be a 

promoter or an inhibitor in the commercially purchased pentafluorobenzene 56 or in the 

deuterated material 100. The proposed mechanisms for the path-2 are speculative and 

further experimental work is required for clarification. At this stage it was not possible to 

propose a mechanism fully consistent with the results. 

5.1.6 Reductive Elimination 

Bis(phosphine)diorganopalladium complexes of the formula Pd
II
R2(PRʹ3)2 are known to 

thermally decompose leading to C–C bond formation.
386, 387

 In this study a sequential 

mechanism is proposed involving the initial loss of the AcOH, generated from the C–H 

bond activation, from the intermediate XI (Scheme 79). The resulting tricoordinated 

complex XIII then undergoes concerted intramolecular 1,1-reductive elimination to give 

the Ar
F
-Ar product.

388
 The resulting “Pd(PPh3)” XIV intermediate can regenerate the active 

catalyst [Pd
0
(CO2R)(PPh3)]

−
 I by coordination of carboxylate to complete the catalytic 

cycle, or precipitate out as Pd black.
176
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Scheme 79. The proposed reductive elimination step of the catalytic cycle (R = Me or OAg). 

Intermediate XI was not directly observed experimentally, although complex XIII was 

detected by ESI(+)-MS as Pd(Ar
+
)(C6F5)(PPh3) 110 (Ar

+
 = C6H4-4-CH2PPh4

+
) using a 

charge-tagged iodoarene cation 107 as the substrate. No kinetic information regarding the 

step was obtained as it follows that the C–H bond activation step was identified as the RL-

step of the catalytic cycle. 

5.1.7 Overall Catalytic Cycle 

The elementary steps discussed in the previous sections were combined to propose a 

catalytic cycle for the direct arylation reaction of iodoarene with fluorobenzene (Scheme 

80). It was discovered that the key step in the catalytic cycle involved equilibrium between 

on-cycle mononuclear Pd complex and off-cycle dinuclear Pd species. All of the active and 

inactive Pd species co-exists in endergonic equilibria during the multistep catalytic process. 

The proposed mechanism for the reaction is consistent with the experimental results and 

provides strong evidence for the AMLA(6)-TS. The alternative reaction pathway was 

attributed to the transmetallation reaction of Ag(PPh3)n-C6F5 species. Although these 

species were not observed during the reaction, it is a plausible reaction pathway which 

agreed most strongly with the kinetic observations. 
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Scheme 80. The proposed 2-path mechanism for the Pd-catalysed direct arylation of iodoarene with 

polyfluorobenzene. 

5.2 Future Work 

5.2.1 Continued Mechanistic Study on the Model Reaction 

Despite best efforts to cover as many mechanistic aspects of the direct arylation reaction of 

fluoroarenes, there are still uncertainties in the proposed catalytic cycle. Firstly, 

experiments focussing on the characterisation of the RL-step independent of the 

concentration of pentafluorobenzene 56 are necessary to support the proposed involvement 

of Ag(PPh3)n-C6F5 species. The isolated pentafluorophenylsilver 113 can be prepared 

following the procedure reported by Sun and co-workers (Scheme 81).
389

 The reactivity of 

the complex under the model reaction condition can then be studied in detail. 
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Scheme 81. Literature procedures for the synthesis of perfluorophenylsilver 113 (Sun and co.).
389

 

The kinetic behaviour detailed in the model reaction suggests the catalytic cycle is mostly 

homogeneous in nature. However, based on the reasonable reactivity of Pd-NPs on PVP, 

the sigmoidal kinetic profile for the reaction using [Me4N]OAc additive and the report of 

polyfluoroarene C–H bond functionalisation catalysed by Pd-NCs
127

, it is not possible to 

unequivocally deny the possible involvement of Pd aggregates in the reaction. Firstly, it is 

necessary to determine the formation of NPs during the reaction by using transmission 

electron microscopy (TEM). The possible leaching of operationally homogeneous catalyst 

from the Pd-NPs can be tested by the three-phase test,
301, 390

 studying the direct arylation of 

free pentafluorobenzene 56 with iodoarene attached to a solid support 114 (Scheme 82). 

Successful formation of the product 115 would indicate the Pd-NPs suffers from leaching. 

Additionally, the catalytic ability of different NPs can be probed to investigation the 

possible role of Pd-NPs. 

 

Scheme 82. Suggested reaction condition for the three-phase test of the model reaction. 

Additional experiments are also required to explore the rate dependence on the 

concentration of deuteropentafluorobenzene 100. Rationalisation of the apparent reduced 

contribution of path-2 to the overall rate of the reaction is expected to provide evidence on 

the nature of path-2. Additionally, this would allow the TS geometry of the RL-step to be 

characterised following the TDKIE analysis reported by Kwart and co-workers.
276

 

Obtaining the rate constants for the concentrations of deuteropentafluorobenzene 100 

between the 4 data points shown below can be beneficial (Figure 70). 
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Figure 70. The preliminary results on the rate dependence on [C6F5D 100]ave. 

It is important to study the equilibrium between the dinuclear Pd species and the 

mononuclear Pd species, determined to play a significant role in the catalytic cycle, in 

further detail. The favoured formation of the dinuclear species 84 over the mononuclear 

species 85 was based on the 
1
H and 

31
P NMR spectroscopic analysis of the isolated Pd 

complexes in DMF-d7. This was in agreement with the study reported by Wakioka and co-

workers on the equilibrium between dinuclear 45 and mononuclear 51 species in DCM 

(Scheme 83).
175

 Formation of the mononuclear species 51 is expected under the reaction 

condition with elevated temperature (e.g. 56 °C). By determining the equilibrium constant 

(KD), it would be possible to determine the second order rate constant (k2) for the C–H 

bond activation step (i.e. k2(2KD)
−1/2

 = (5.73 ± 0.43) × 10−4 dm
3/2

 mol
−1/2

 s
−1

). 

 

Scheme 83. Equilibrium between dinuclear 45 and mononuclear 51 Pd-OAc species in DCM studied 

by FT-IR spectroscopy (Wakioka and co.).
175

 

Another aspect of the reaction that was not studied in detail was the role played by the 

solvent in the reaction mechanism. The research focussed on the use of DMF as the solvent 

due to the lack of solvent peak in the region of the IR spectrum of interest for monitoring 
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the reaction by in situ FT-IR spectroscopic analysis. Based on the results obtained from 

testing the effect of the solvent on the yield of the product 58 formation, propylene 

carbonate was shown as a less hazardous alternative to DMF (see Chapter 2.4). The 

reaction in water could also be tested, as the original methodology
126

 was performed in 

water. 

The mechanistic study could benefit greatly from computational calculations using DFT 

methods, based on the proposed catalytic cycle (Scheme 80) and the experimentally 

determined kinetic parameters (See Chapter 3). Furthermore, the roles played by the two 

carboxylate ligands could also be clarified, in addition to comparing mechanism involving 

inner-sphere and outer-sphere C–H bond activation. 

5.2.2 Exploring the Possibility of AMLA(4) Pathway 

During testing, the use of different palladium pre-catalyst and base additives, the 

combination of Pd(PPh3)4 and Ag2O was observed to be effective. Similar to Ag2CO3, 

Ag2O is often attributed to act as a base, a mild oxidant and halogen scavenger.
391

 

Hirabayashi and co-workers reported the cross-coupling of organosilicon reagents 116 

using Pd(PPh3)4 pre-catalyst and Ag2O additive (Scheme 84).
392

 The transmetallation step 

of the catalytic cycle was proposed to involve 6-membered TS 118. Similar reaction 

mechanism may be possible for the reaction of pentafluorobenzene 56 with the Ar
F
–H bond 

instead of R–Si bond. 

 

Scheme 84. Pd-catalysed Hiyama cross-coupling reaction promoted by silver(I) oxide with proposed 

transmetallation via 6-membered TS 118 (Hiyama and co.).
392

 

A similar mechanism may exist for the reaction of Pd(Ar)(I)(PPh3)2 82a in the presence of 

Ag2O. Alternatively, the model reaction may involve hydroxide anion generated from the 

reaction of Ag2O with the H2O present in the DMF (i.e. 110 ppm).
393

 This could result in 

the formation of arylpalladium hydroxide complex involved in AMLA(4)-TS. The 

possibility of such TS 119 was observed in the stoichiometric reaction of [Pd(Ph)(µ-

OH)(PPh3)]2 83a with pentafluorobenzene 56 which resulted in successful product 64 
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formation (Scheme 85). For further experiments, use of [Pd(4-tolyl)(µ-OH)(PPh3)]2 83b 

would be beneficial with the methyl proton to follow by 
1
H NMR spectroscopic analysis. 

 

Scheme 85. Stoichiometric reaction of Pd(Ph)(µ-OH)(PPh3)]2 83a with pentafluorobenzene 56. 

5.2.3 Mechanism of Dehydrogenative Arylation of Fluoroarenes 

Through the progressive development of C–C bond forming reactions, dehydrogenative 

arylation is emerging as a viable synthetic strategy for certain substrates.
394, 395

 The Pd-

catalysed dehydrogenative arylation of fluoroarenes were reported by Li and co-workers.
166

 

The proposed mechanism involved the deprotonation of pentafluorobenzene 56 and the 

formation of polyfluoroarylpalladium species 120. The intermediate 120 then reacted via 

AMLA(6)-TS followed by reductive elimination of the biaryl product 64. The similarities 

in the reaction conditions with the direct arylation reaction of polyfluoroarenes suggest the 

experimental procedures detailed in the thesis can be directly applied in the mechanistic 

investigation of this reaction. 

 

Scheme 86. The Pd
0
/Pd

II
 catalytic cycle proposed for the dehydrogenative arylation of 

pentafluorobenzene 56 (Li and co.).
166

 



Chapter 6: Experimental 

202 

Chapter 6: Experimental 

6.1 General Information on Chemicals and Instruments 

Solvents and Reagents 

Unless stated otherwise, all reagents were purchased from commercial sources (Acros 

Organics, Alfa Aesar, Fischer Scientific, Fluorochem, Sigma-Aldrich or TCI) and used 

without further purification. Pd(OAc)2 was purchased from Precious Metals Online. PPh3 

was recrystallized from ethanol and dried over P2O5. Iodobenzene 81, pentafluorobenzene 

56, 1,3-difluorobenzene 26 and pentafluorobromobenzene 99 were degassed by three cycles 

of freeze-pump-thaw and stored over 3 Å molecular sieves. Extra dry DMF (99.8%, water 

< 50 ppm) purchased from Acros Organics was degassed by bubbling with nitrogen gas 

under sonication for 30 minutes and stored in an ampoule over 3 Å molecular sieves. Other 

dry solvents (e.g. benzene, methanol) were collected from the solvent purification system 

and distilled under argon. Chloroform-d was dried by stirring over CaH2 for 24 h, degassed 

by three cycles of freeze-pump-thaw and distilled at high vacuum (0.03 mm Hg). The 

synthesised Pd complexes were stored at −20 °C in the freezer inside the glove box.  

Reaction Conditions 

Room temperature reactions were carried out at temperatures between 15–25 °C without 

thermostatic control. Air and moisture sensitive procedures were carried out using oven- or 

flame-dried glassware, inside dry argon filled glove box (< 0.5 ppm O2) or using standard 

Schlenk line (10
−2

 mbar) techniques connected to oxygen-free argon or nitrogen gas. 

Nitrogen gas from the liquid nitrogen tank was dried by passing through a column of 

sodium hydroxide pellets and silica prior to use. 

Flash Chromatography 

Merck aluminium backed thin-layer chromatography (TLC) plates with silica gel 60 F254 

were used for TLC. The spots were visualised using ultraviolet lights (λmax = 254 nm). 

Retention factors (Rf) are reported to two decimal places with the solvent system used for 

purification. Fluka 60 silica gel (35–75 µm particle size) was used for flash column 

chromatography.  
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Nuclear Magnetic Resonance (NMR) Spectroscopy 

Solution NMR spectra were recorded using Jeol ECX400 MHz or Jeol ECS400 MHz (
1
H 

400 MHz; 
13

C 101 MHz; 
19

F 376 MHz; 
31

P 162 MHz) spectrometers (from JEOL Ltd, 

Japan). Higher frequency NMR spectra were recorded using Bruker AMX 500 (
1
H 500 

MHz; 
2
H 77 MHz; 

13
C 126 MHz; 

19
F 471 MHz; 

31
P 202 MHz) spectrometer (from Bruker 

Co., Germany). Solution phase NMR of suspensions (i.e. HR-MAS NMR) were recorded 

using a Bruker Avance III HD spectrometer (from Bruker Co., Germany) equipped with 4 

mm MAS BB/BB/1H/19F H8906–20/0003. The spectra were measured at rotation 

frequencies of 3 kHz. Unless stated otherwise, the NMR spectra were measured at 

temperatures between 22–25 °C. The chemical shifts are quoted in parts per million (ppm, 

δ) relative to tetramethylsilane (TMS). Residual protio solvent resonances of DMF-d7 (δH 

8.03), benzene-d6 (δH 7.16), chloroform-d (δH 7.26) and dichloromethane-d2 (δH 5.32) were 

used as internal reference for proton (
1
H) NMR spectra and reported to two decimal places. 

Residual deutero solvent resonance of benzene (δH 7.26) was used as internal reference for 

deuterium (
2
H) NMR spectra and reported to two decimal places. Carbon-13 (

13
C) NMR 

spectra were internally referenced to residual solvent resonances of chloroform-d (δC 77.2) 

and benzene-d6 (δC 128.1) and reported to one decimal place. Fluorine-19 (
19

F) NMR 

spectra were externally referenced to CFCl3 with 
1
H decoupling and reported to two 

decimal places. Phosphorus-31 (
31

P) NMR spectra were externally referenced to H3PO4 

with 
1
H decoupling and reported to one decimal place. Coupling constants (J) are reported 

to ±0.5 Hz. Peak multiplicities are described as singlet (s), doublet (d), triplet (t), quartet (q), 

quintet (quin), sextet (sext), heptet (hept), multiplet (m), apparent (app) or broad (br). 

MestReNova
TM

 version 6.0.2-5475 and Bruker TopSpin
TM

 version 3.2 and 3.5 were used to 

analyse the generated NMR spectrum. 

Mass (MS) Spectrometry  

Electrospray ionisation (ESI) mass spectrometry was measured using a Bruker micrOTOF 

spectrometer (from Bruker Daltonics Co., Germany). The m/z values were accurate to four 

decimal places. Electrospray spectrometry (EI) mass spectrometry and liquid injected field 

desorption ionization (LIFDI) mass spectrometry were measured using Waters GCT 

Premier mass spectrometer (from Waters Co., USA). The m/z values were accurate to two 

decimal places. Mass-to-charge ratio (m/z) was reported in Daltons (Da) with the 

percentage abundance of the ion. For compounds with multiple isotopic peaks, the most 

abundant ion was reported. Naturally occurring isotopes of Pd are 
102

Pd, 
104

Pd, 
105

Pd, 
106

Pd, 

108
Pd and 

110
Pd. The isotope distribution plots were made using OriginPro

TM
 2016 (from 

Origin Lab Co., USA) version b9.3.226 (64-bit). 
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Infrared (IR) Spectroscopy 

A solid phase IR spectrum was prepared by means of a KBr disc, and a liquid phase IR 

spectrum prepared in CaF2 solution cell was recorded using a Unicam Research Series FT-

IR spectrometer. WinFIRST software was used to process and analyse the data. A solid 

phase IR spectrum, obtained by method of ATR, was recorded using an ALPHA FT-IR 

spectrometer (from Bruker Optics, Germany). OPUS (build 7.2.139.1294) was used to 

process and analyse the data. Results are presented as absorption maxima in wavenumbers 

(νmax cm
−1

) and described as weak (w), medium (med), strong (st) or broad (br). 

In situ FT-IR spectra were recorded using K6 Conduit (16 mm probe) with a SiComp 

(silicon ATR sensor)-fitted ReactIR
TM

 iC10 (from Mettler-Toledo AutoChem, Inc., USA). 

Spectra were collected every minute between 4000–650 cm
−1

 at resolution of 4 cm
−1

 with 

167 scans min
−1

. Obtained data were analysed using MC-IR
TM

 version 4.0 and Microsoft 

Excel 2010 version 14.7106.5003 (32-bit). The results were presented using Origin Pro 

2016 (from Origin Lab Co., USA) version b9.3.226 (64-bit). 

Thermometer 

A Tenma 72-7715 (from Farnell, UK) thermometer connected to a K-type thermocouple 

with 0.2% ± 0.6 °C accuracy calibrated in an ice bath at 0 °C. The thermocouple was 

submerged in the solvent to monitor the temperature of the reaction mixture. 

Melting Points 

Stuart
TM

 digital SMP3 (from Stuart Equipment, UK) with resolution of 0.1 °C and accuracy 

±0.5 °C at 20 °C, ±1.5 °C at 360 °C, was used to measure the melting points of synthesised 

compounds. Decomposition temperatures (dec.) were quoted for Pd complexes. 

Elemental Analysis 

Elemental (CHN) analysis was run on Exeter Analytical CE-440 Elemental Analyser. The 

percentages were an average of three runs and recorded to two decimal places. 

Testing the Water Content in the Solvents 

The water content of the DMF was determined using Mettler Toledo DL32 Karl Fischer 

Coulometer (from Fischer Scientific, UK) with double platinum pin electrodes. 
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6.2 General Procedures 

General Procedure A: Synthesis of Fluorinated Biaryls 

A light-protected Schlenk tube with Ag2CO3 (0.186 g, 0.68 mmol, 0.75 equiv.), PPh3 (24 

mg, 0.092 mmol, 10 mol%) and Pd(OAc)2 (10 mg, 0.045 mmol, 5 mol%) was evacuated 

and backfilled with atmosphere of nitrogen three times. To this, haloarene (0.9 mmol, 1 

equiv.) was added against the flow of nitrogen, followed by the fluoroarene (1.35–2.70 

mmol, 1.5–3 equiv.) and 2.5 cm
3
 DMF. The mixture was heated at 70 °C for 24 hours under 

atmosphere of nitrogen. After the crude mixture had cooled to ambient temperature, it was 

extracted with 80 cm
3
 EtOAc and 40 cm

3
 deionized water. The aqueous phase was back-

extracted with EtOAc (2 × 40 cm
3
), dried over Na2SO4, filtered and solvent removed under 

vacuum to give a crude product. 

General Procedure B: Synthesis of 1,3-Difluoro Biaryls 

A light-protected Schlenk tube with Ag2CO3 (93 mg, 0.34 mmol, 0.75 equiv.), PPh3 (18 mg, 

0.069 mmol, 15 mol%) and Pd(OAc)2 (5 mg, 0.022 mmol, 5 mol%) was evacuated and 

backfilled with atmosphere of nitrogen three times. To this, haloarene (0.45 mmol, 1 

equiv.) was added against the flow of nitrogen, followed by the fluoroarene (4.5 mmol, 10 

equiv.) and 2.5 cm
3
 DMF. The mixture was heated at 75 °C for 24 hours under atmosphere 

of nitrogen. After the crude mixture had cooled to ambient temperature, it was extracted 

with 80 cm
3
 EtOAc and 40 cm

3
 deionized water. The aqueous phase was back-extracted 

with EtOAc (2 × 40 cm
3
), dried over Na2SO4, filtered and solvent removed under vacuum 

to give a crude product. 

General Procedure C: Using in situ FT-IR Spectroscopy to Monitor the Kinetics of a 

Reaction Initiated by the Addition of Pentafluorobenzene 56 

A light-protected three-necked 100 cm
3
, round-bottom flask equipped with a stir bar was 

fitted to the IR probe with the second neck connected to the Schlenk line and the third neck 

sealed with a rubber septum. The flask was evacuated and refilled with nitrogen (× 3) 

before configuring the probe under nitrogen atmosphere. The IR instrument was set up by 

collecting second atmosphere background, followed by the solvent background of DMF. 

Data collection was started immediately after the set up. Reagents were added in the order 

of iodoarene, PPh3, Pd(OAc)2, and Ag2CO3 with 30 minutes gap between the addition of 

Pd(OAc)2 and Ag2CO3. The mixture was heated in a pre-heated oil bath at 60 °C. The 

reaction was initiated by the addition of pentafluorobenzene 56. The total volume of the 

mixture was maintained at 9.7 cm
3
. The reaction mixture was stabilised at 56 ± 1 °C and 
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temperature measured using the digital thermometer, and stirred at a constant rate under 

continuous flow of nitrogen. The reaction progress was monitored following the IR signals 

of iodobenzene 81 (1016 cm
−1

 and 998 cm
−1

), 4-iodotoluene 57 (1009 cm
−1

), product 58 

(989 cm
−1

) and pentafluorobenzene 56 (957 cm
−1

 and 944 cm
−1

). 

General Procedure D: Using in situ FT-IR Spectroscopy to Monitor the Kinetics of a 

Reaction Initiated by Mixing the Liquid and Solid Reagents of the Reaction  

A light-protected three-necked 100 cm
3
, round-bottom flask equipped with a stir bar was 

fitted to the IR probe with the second neck connected to the Schlenk line and the third neck 

sealed with a rubber septum. The round-bottom flask was charged with the solid reagents 

(e.g. pre-catalyst, Ag2CO3 and ligand in certain examples). The flask was evacuated and 

refilled with nitrogen (× 3) before configuring the probe and starting the data collection. A 

DMF (8.0 cm
3
) solution of iodobenzene 81 and pentafluorobenzene 56 in a Schlenk tube 

was transferred into the round-bottom flask using a cannula. The Schlenk tube and the 

needle were rinsed with DMF, making the total volume of the mixture to 9.76 cm
3
. The 

reaction was heated in a pre-heated oil bath at 60 °C and stirred at a constant rate under 

continuous flow of nitrogen. The temperature of the reaction mixture was stabilised at 56 ± 

1 °C after ca. 10 min monitoring using the digital thermometer. The reaction progress was 

monitored following the IR signals of iodobenzene 81 (1016 cm
−1

 and 998 cm
−1

), 4-

iodotoluene 57 (1009 cm
−1

), product 58 (989 cm
−1

) and pentafluorobenzene 56 (957 cm
−1

 

and 944 cm
−1

). 
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6.3 Synthetic Procedures and Compound Data 

Synthesis of 2,3,4,5,6-pentafluoro-4ʹ-(methyl)biphenyl (58) 

 

Pentafluorobenzene 56 (150 μL, 227 mg, 1.35 mmol, 1.5 equiv.) and 4-iodotoluene 57 (196 

mg, 0.899 mmol, equiv.) were reacted following the general procedure A. Purification by 

flash chromatography (SiO2, Rf = 0.53, petroleum-ether 40–60 °C) gave the product 58 

(195 mg, 84%) as a white crystalline solid; m.p. 118.9–119.4 °C (lit.
126

 111–113 °C); 

νmax/cm
−1

 (disc, KBr) 3043 (C–H aromatic str.), 2927 (CH3 str.), 1514 (–CH=CH– str.), 

1491 (C=C aromatic str.), 1062 (C–F str.), 988 (=C–H in-plane bend), 821 (=C–H oop 

bend); 
1
H NMR (400 MHz, 16 scans, C6D6): δ = 7.10 (2 H, d, J = 8.0 Hz, 2ʹ,6ʹ-H), 6.97 (2 

H, d, J = 8.0 Hz, 3ʹ,5ʹ-H), 2.06 (3 H, s, 4ʹ-CH3); 
13

C NMR (100 MHz, 1024 scans, CDCl3): 

δ = 144.3 (dm, J = 246.5 Hz, CF), 140.4 (dm, J = 233.5, 4-CF), 139.6 (s), 138.0 (dm, J = 

250.5 Hz, CF), 130.1 (dt, J = 2.0, 1.0 Hz, 2ʹ,6ʹ-C), 129.6 (s, 3ʹ,5ʹ-C), 123.6–123.5 (m), 

116.1 (dt, J = 16.5, 3.5 Hz), 21.5 (s, CH3); 
19

F NMR (376 MHz, 64 scans, C6D6): δ = 

−143.50 (2F, dd, J = 23.5, 8.0 Hz, 2,6-F),  −156.20 (1 F, t, J = 21.5 Hz, 4-F), −162.27 (2 H, 

ddd, J = 23.5, 21.5, 8.0 Hz, 3,5-F); MS (EI) m/z (%) 258.0461 ([M]
+
, 100) (C13H7F5 

requires 258.0468). 

The analytical data obtained were in agreement with the literature.
126

 

(Lab book reference number: GMHP-1-10) 
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Synthesis of 4,4ʹ-(dimethyl)biphenyl (59) 

 

A mixture of 4-iodotoluene 57 (437 mg, 2.0 mmol, 1 equiv.), Pd(OAc)2 (22 mg, 5 mol%) 

PPh3 (52 mg, 10 mol%), Ag2CO3 (607 mg, 2.2 mmol, 1.1 equiv.) and benzoin (255 mg, 1.2 

mmol, 0.6 equiv.) in 3 cm
3
 DMF was heated at 120 °C for 5 hours under atmosphere of 

argon. The reaction mixture rapidly changed colour from yellow to black upon heating. The 

crude mixture was worked-up as described in the general procedure. Purification by flash 

chromatography (SiO2, Rf = 0.21, petroleum-ether 40–60 °C) gave the product 55 (77 mg, 

42%) as a white solid; m.p. 104.6–106.0 °C (lit.
396

 119–120 °C); νmax/cm
−1

 (disc, KBr) 3029 

(C–H aromatic str.), 2918 (CH3 str.), 1510 (–CH=CH– str.), 808 (=C–H oop bend); 
1
H 

NMR (400 MHz, 32 scans, CD2Cl2): δ = 7.49 (4 H, d, J = 8.0 Hz, 2,2ʹ,6,6ʹ-H), 7.25 (4 H, d, 

J = 8.0 Hz, 3,3ʹ,5,5ʹ-H), 2.39 (6 H, s, CH3); 
13

C NMR (100 MHz, 1024 scans, CD2Cl2): δ 

=138.6 (s), 137.4 (s), 130.0 (s, 3,3ʹ,5,5ʹ-H), 127.1 (s, 2,2ʹ,6,6ʹ-CH), 21.3 (s, CH3); MS (EI) 

m/z (%) 182.1102 ([M]
+
, 100) (C14H14 requires 182.1096). 

A literature procedure was followed for the synthesis of this compound.
184

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-2-69, GMHP-2-71) 
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Synthesis of 2,3,4,5,6-pentafluorobiphenyl  (64) 

 

Pentafluorobenzene 56 (150 μL, 227 mg, 1.35 mmol, 1.5 equiv.) and iodobenzene 81 (100 

μL, 0.894 mmol, 1 equiv.) were reacted following the general procedure A. Purification by 

flash chromatography (SiO2, Rf = 0.51, petroleum-ether 40–60 °C) gave the product 64 

(182 mg, 84%) as a white crystalline solid; m.p. 111.6–112.3 °C (lit.
397

 111–112 °C); 

νmax/cm
−1

 (disc, KBr) 3054 (C–H aromatic str.), 2987 (CH3 str.), 1526 (–CH=CH– str.), 

1496 (C=C aromatic str.), 1063 (C–F str.), 984 (=C–H in-plane bend), 853 (=C–H oop 

bend); 
1
H NMR (400 MHz, 8 scans, CDCl3): δ = 7.53–7.45 (3 H, m, 2ʹ,4ʹ,6’-H), 7.44–7.41 

(2H, m, 3ʹ,5ʹ-H); 
13

C NMR (100 MHz, 1024 scans, CDCl3): δ = 144.3 (dm, J = 247.5 Hz, 

CF), 140.5 (dm, J = 248.5 Hz, 4-CF), 138.0 (dm, J =250.5 Hz, CF), 130.3 (t, J = 1.5 Hz, 

3ʹ,5ʹ-CH), 129.5 (s, 4ʹ-H), 128.9 (s, 2ʹ,6’-H), 126.5 (q, J = 2.0 Hz), 116.1 (td, J = 17.5, 4.0 

Hz); 
19

F NMR (376 MHz, 64 scans, CDCl3): δ = −143.17 (2 F, dd, J = 23.0, 8.0 Hz, 2,6-F), 

−155.53 (1 F, t, J = 21.0 Hz, 4-F), −162.09 to −162.24 (2 F, m, 3,5-F); MS (EI) m/z (%) 

244.0311 ([M]
+
, 100) (C12H5F5 requires 244.0311). 

The analytical data obtained were in agreement with the literature.
91

 

(Lab book reference number: GMHP-3-158) 
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Synthesis of 2,3,4,5,6-pentafluoro-4ʹ-(nitro)biphenyl (67) 

 

Pentafluorobenzene 56 (150 μL, 227 mg, 1.35 mmol, 1.5 equiv.) and 4-iodonitrobenzene 

(224 mg, 0.90 mmol, 1 equiv.) were reacted following the general procedure A. Purification 

by flash chromatography (Rf = 0.21, petroleum-ether 40–60 °C : EtOAc / 50 : 1) gave the 

product 67 (203 mg, 78%) as a white crystalline solid; m.p. 93.4–93.9 °C (lit.
126

 86–88 °C); 

νmax/cm
−1

 (disc, KBr) 3115 (C-H aromatic str.), 1523 and 1495 (NO2), 1348 (C–H str.), 

1064 (C–F str.), 989 (=C–H in-plane bend), 866 and 840 (=C–H oop bend); 
1
H NMR (400 

MHz, 8 scans, CDCl3): δ = 8.36 (2 H, dtd, J = 9.0, 2.3, 0.5 Hz, 3ʹ,5ʹ-H), 7.66–7.63 (2 H, dm, 

J = 8.5 Hz, 2ʹ,6ʹ-H); 
13

C NMR (100 MHz, 1024 scans, CDCl3, 22.2 °C): δ = 148.4 (s, 4ʹ-C), 

144.1 (dm, J = 250.0 Hz, CF), 141.4 (dm, J = 256.5 Hz, 4-CF), 138.2 (dm, J = 252.5 Hz, 

CF), 133.1–133.0 (m), 131.4 (td, J = 2.0, 1.0 Hz, 2ʹ,6ʹ-C), 124.0 (s, 3ʹ,5ʹ-C), 113.9 (td, J = 

16.5, 4.0 Hz); 
19

F NMR (376 MHz, 64 scans, CDCl3): δ = −142.38 to −142.46 (2 F, m, 2,6-

F), −152.38 (1 F, tt, J = 21.0, 1.5 Hz, 4-F), −160.63 to −160.76 (2 F, m, 3,5-F); MS (EI) m/z 

(%) 289.0177 ([M]
+
, 100) (C12H4F5NO2 requires 289.0162). 

The analytical data obtained were in agreement with the literature.
126

 

(Lab book reference number: GMHP-3-161) 
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Synthesis of 2,3,4,5,6-pentafluoro-4ʹ-(trifluoromethyl)biphenyl (66) 

 

Pentafluorobenzene 56 (150 μL, 227 mg, 1.35 mmol, 1.5 equiv.) and 4-

iodobenzotrifluoride (130 µL, 0.885 mmol, 1 equiv.) were reacted following the general 

procedure A. Purification by flash chromatography (SiO2, Rf = 0.42, hexane) gave the 

product 66 (187 mg, 68%) as a white crystalline solid; m.p. 60.1–61.7 °C (lit.
398

 59–60 °C); 

νmax/cm
−1

 (disc, KBr) 2930 (C–H aromatic str.), 1533 (–CH=CH– str.), 1489 (C=C aromatic 

str.), 1327, 1164, 1063 (C–F str.), 988 (=C–H in-plane bend), 848 (=C–H oop bend); 
1
H 

NMR (400 MHz, 16 scans, C6D6): δ = 7.30 (2 H, d, J = 8.0 Hz, 2ʹ,6ʹ-H), 6.95 (2 H, d, J = 

8.0 Hz, 3ʹ,5ʹ-H); 
13

C NMR (100 MHz, 1024 scans, CDCl3): δ = 144.3 (dm, J = 249.0 Hz, 

CF), 141.2 (dm, J = 255.5 Hz, 4-CF), 138.2 (dm, J = 252.0 Hz, CF), 131.6 (q, J = 33.0 Hz), 

130.8 (td, J = 2.0, 0.5 Hz, 3ʹ,5ʹ-C), 130.3 (s), 125.9 (q, J = 4.0 Hz, 2ʹ,6ʹ-C), 124.0 (q, J = 

272.5 Hz, CF3), 114.7 (td, J = 17.0, 4.2 Hz); 
19

F NMR (376 MHz, 64 scans, C6D6): δ = 

−62.60 (1 F, s, CF3), −143.69 to −143.77 (2 F, m, 2,6-F), −154.54 (1 F, tt, J = 21.5, 1.5 Hz, 

4-F), −161.83 to −161.97 (2 H, m, 3,5-F); MS (EI) m/z (%) 312.0190 ([M]
+
, 100) (C13H4F8 

requires 312.0185). 

The analytical data obtained were in agreement with the literature.
91

 

(Lab book reference number: GMHP-5-278) 
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Synthesis of 2,3,4,5,6-pentafluoro-4ʹ-(fluoro)biphenyl (65) 

 

Pentafluorobenzene 56 (150 μL, 227 mg, 1.35 mmol, 1.6 equiv.) and 1-fluoro-4-

iodobenzene (100 μL, 0.867 mmol, 1 equiv.) were reacted following the general procedure 

A. Purification by flash chromatography (SiO2, Rf = 0.39, hexane) gave the product 65 (185 

mg, 81%) as a white crystalline solid; m.p. 115.5–116.4 °C (lit.
91

 116–118 °C); νmax/cm
−1

 

(ATR) 2918 (C–H aromatic str.), 1489 (C=C aromatic str.), 982 (C–F str.), 843 (=C–H oop 

bend); 
1
H NMR (400 MHz, 32 scans, C6D6): δ = 6.92–6.88 (2 H, m, 3ʹ,5ʹ-H), 6.79–6.73 (2 

H, m, 2ʹ,6ʹ-H); 
13

C NMR (100 MHz, 4096 scans, CDCl3): δ = 163.2 (d, J = 250.0 Hz, 4ʹ-

CF), 144.3 (dm, J = 247.5 Hz, 2,6-CF), 140.6 (dm, J = 254.5 Hz, 4-CF), 138.1 (dm, J 

=251.5 Hz, 3,5-CF), 132.2 (dtd, J = 8.5 Hz, 2.0, 0.5 Hz, 3ʹ,5ʹ-C), 122.4–122.3 (m), 116.1 (d, 

J = 22.0, 2ʹ,6ʹ-C), 115.1 (td, J = 17.5, 4.4 Hz); 
19

F NMR (376 MHz, 64 scans, C6D6): δ = 

−111.21 (1 F, tt, J = 8.5, 5.5 Hz, 4ʹ-F), −144.02 (2 F, dd, J = 23.0, 8.0 Hz, 2,6-F), −155.85 

(1 F, t, J = 21.5 Hz,4-F), −162.35 to −162.50 (2 F, m, 3,5-F). 

The analytical data obtained were in agreement with the literature.
91

 

(Lab book reference number: GMHP-5-281) 
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Synthesis of 2,3,5,6-tetrafluoro-4ʹ-(methyl)biphenyl (70
I
) 

 

The reaction of 1,2,4,5-tetrafluorobenzene (300 μL, 403 mg, 2.69 mmol, 3 equiv.) and 4-

iodotoluene 57 (197 mg, 0.904 mmol, 1 equiv.) was prepared following the general 

procedure A. Purification by flash chromatography (SiO2, Rf =0.33, petroleum-ether 40–

60 °C) gave the major product 70
I
 (126 mg, 58%) as a white solid; m.p. 85.2–86.6 °C  

(lit.
122

 88–89 °C); νmax/cm
−1

 (disc, KBr) 3078 (C–H aromatic str.), 2926 (CH3 str.), 1502 (–

CH=CH– str.), 1490 (C=C aromatic str.), 1175 (C–F str.), 930 (=C–H in-plane bend), 814 

(=C–H oop bend); 
1
H NMR (400 MHz, 8 scans, CDCl3): δ = 7.36 (2 H, d J = 8.5 Hz, 2ʹ,6ʹ-

H), 7.31 (2 H, d, J = 8.0 Hz, 3ʹ,5ʹ-H), 7.05 (1 H, tt, J = 9.5, 7.5 Hz, 4-H), 2.43 (3 H, s, CH3); 

13
C NMR (100 MHz, 1024 scans, CDCl3): δ = 146.4 (dm, J = 247.0 Hz, CF), 144.0 (dm, J 

= 242.0 Hz, CF), 139.4 (s), 130.1 (t, J = 2.0 Hz, 2ʹ,6ʹ-C), 129.5 (s, 3ʹ,5ʹ-C), 124.6 (t, J = 2.5 

Hz), 121.7 (t, J = 17.0 Hz), 104.4 (tt, J = 22.5, 0.5 Hz), 21.5 (s, CH3); 
19

F NMR (376 MHz, 

64 scans, CDCl3): δ = −139.25 (2 F, ddd, J = 22.5, 13.0, 9.5 Hz, 2,6-F), −143.86 to –143.97 

(2 F, m, 3,5-F); MS (EI) m/z (%) 240.0568 ([M]
+
, 100) (C13H8F4 requires 240.0562). 

The analytical data obtained were in agreement with the literature.
122

 

(Lab book reference number: GMHP-3-128) 
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Synthesis of 1,4-di(4ʹ,4ʹʹ-tolyl)-2,3,5,6-tetrafluorobenzene (70
II
) 

 

The compound was obtained as the minor product in the 2,3,5,6-tetrafluoro-4ʹ-

(methyl)biphenyl 70
I
 reaction. Purification by flash column chromatography (SiO2, Rf = 

0.17, petroleum-ether 40–60 °C) gave the product 70
II
 (33 mg, 11%) as a white solid; m.p. 

221.3–222.9 °C (lit.
122

 210–212 °C); νmax/cm
−1

 (disc, KBr) 3041 (C–H aromatic str.), 2926 

(CH3 str.), 1475 (C=C aromatic str.), 1193 (C–F str.), 971 (=C–H in-plane bend), 818 (=C–

H oop bend); 
1
H NMR (400 MHz, 16 scans, CD2Cl2): δ = 7.41 (4 H, d, J = 8.0 Hz, 

2ʹ,2ʹʹ,6ʹ,6ʹʹ-H), 7.34 (4 H, d, J = 8.0 Hz, 3ʹ,3ʹʹ,5ʹ,5ʹʹ-H), 2.43 (6 H, s, CH3); 
19

F NMR (376 

MHz, 64 scans, CD2Cl2): δ = −145.35 (4 F, s, 2,3,5,6-F); MS (EI) m/z (%) 330.1032 ([M]
+
, 

100) (C20H14F4 requires 330.1032). 

The analytical data obtained were in agreement with the literature.
122

 

(Lab book reference number: GMHP-3-128) 
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Synthesis of 2,4,6-trifluoro-4ʹ-(methyl)biphenyl (71
I
) 

 

The reaction of 1,3,5-trifluorobenzene (280 μL, 358 mg, 2.71 mmol, 3 equiv.) and 4-

iodotoluene 57 (197 mg, 0.904 mmol, 1 equiv.) was prepared following the general 

procedure A. Purification by flash chromatography (SiO2, Rf = 0.45, petroleum-ether 40–

60 °C) gave the major product 71
I
 (114 mg, 57%) as a white solid; m.p. 70.9–71.6 °C 

(lit.
122

 74–75 °C); νmax/cm
−1

 (disc, KBr) 3038 (C–H aromatic str.), 2922 (CH3 str.), 1596 (–

CH=CH– str.), 1486, 1438 and 1404 (C=C aromatic str.), 1123 (C–F str.), 1029 and 999 

(=C–H in-plane bend), 840 and 818 (=C–H oop bend); 
1
H NMR (400 MHz, 16 scans, 

C6D6): δ = 7.32 (2 H, d, J = 8.0 Hz, 2ʹ,6ʹ-H), 6.99 (2 H, dd, J = 8.0, 0.5 Hz, 3ʹ,5ʹ-H), 6.28 (2 

H, td, J = 8.0, 1.0 Hz, 3,5-H), 2.06 (3 H, s, CH3); 
13

C NMR (100 MHz, 1024 scans, CDCl3): 

δ = 161.7 (dt, J = 249.0, 15.5 Hz, 4-CF), 160.4 (ddd, J = 249.0, 15.0, 10.0 Hz, 2,6-CF), 

138.4 (s), 130.2 (t, J = 1.5 Hz, 2ʹ,6ʹ-C), 129.3 (s, 3ʹ,5ʹ-C), 125.4 (s), 115.1 (td, J = 19.5, 5.0 

Hz), 100.8–100.3 (m, 3,5-C), 21.4 (s, CH3); 
19

F NMR (376 MHz, 64 scans, C6D6): δ = 

−109.63 (1 F, tt, J = 9.0, 6.0 Hz, 4-F), –111.21 (2 F, t, J = 6.5 Hz, 2,6-F); MS (EI) m/z (%) 

222.0655 ([M]
+
, 100) (C13H9F3 requires 222.0656). 

The analytical data obtained were in agreement with the literature.
122

 

(Lab book reference number: GMHP-3-127) 
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Synthesis of 1,3-di(4ʹ,4ʹʹ-tolyl)-2,4,6-trifluorobenzene (71
II

) 

 

The compound was obtained as the minor product in the 2,4,6-trifluoro-4ʹ-(methyl)biphenyl 

71
I
 reaction. Purification by flash chromatography (SiO2, Rf = 0.23, petroleum-ether 40–

60 °C) gave the minor product 71
II
 (27 mg, 19%) as a white solid; m.p. 81.5–83.1 °C (lit.

122
 

84–85 °C); νmax/cm
−1

 (disc, KBr) 3024 (C-H aromatic str.), 2924 (CH3 str.), 1598 (–

CH=CH– str.), 1483–1397 (C=C aromatic str.), 1142 (C–F str.), 1038 and 1017 (=C–H in-

plane bend), 833 and 817 (=C–H oop bend); 
1
H NMR (400 MHz, 32 scans, C6D6): δ = 7.33 

(4 H, d, J = 7.6 Hz, 2ʹ,2ʹʹ,6ʹ,6ʹʹ-H), 7.02 (4 H, d, J = 8.0 Hz, 3ʹ,3ʹʹ,5ʹ,5ʹʹ-H), 6.47 (1 H, td, J = 

9.5, 2.0 Hz, 5-H), 2.08 (6H, s, CH3); 
13

C NMR (100 MHz, 4096 scans, CDCl3): δ = 158.9 

(ddd, J = 248.5, 15.5, 10.0 Hz, 3,5-CF), 157.4 (dt, J = 248.5, 9.5 Hz, 2-CF), 138.4 (s, C), 

130.3 (dd, J = 3.0, 1.5 Hz, 2ʹ,2ʹʹ,6ʹ,6ʹʹ-H), 129.3 (s, 3ʹ,3ʹʹ,5ʹ,5ʹʹ -CH), 125.8 (s, C), 115.2 (td, 

J = 21.0, 2.0 Hz, C), 100.5 (td, J = 27.0, 4.0 Hz, 5-C), 21.5 (CH3); 
19

F NMR (376 MHz, 64 

scans, C6D6): δ = −113.26 (2 F, dd, J = 9.5, 6.5 Hz, 4,6-F), −114.89 (1 F, td, J = 6.5, 1.0 Hz, 

2-F); MS (EI) m/z (%) 312.1127 ([M]
+
, 100) (C20H15F3 requires 312.1126). 

The analytical data obtained were in agreement with the literature.
122

 

(Lab book reference number: GMHP-3-127) 
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Synthesis of 1,3,5-tri(4ʹ,4ʹʹ,4ʹʹʹ-tolyl)-2,4,6-trifluorobenzene (71
III

) 

 

The compound was obtained as the minor product in the 2,4,6-trifluoro-4ʹ-methyl-1,1ʹ-

biphenyl 71
I
 reaction. Purification by flash chromatography (SiO2, Rf = 0.1, petroleum-

ether 40–60 °C : Et2O / 100 : 1) gave the minor product 71
III

 (5 mg, 4%) as a white solid; 

m.p. 185.9–190.1 °C (lit.
122

 186–187 °C); νmax/cm
−1

 (disc, KBr) 3034 (C–H aromatic str.), 

2965 (CH3 str.), 1608 (–CH=CH– str.), 1458 and 1401 (C=C aromatic str.), 1262 (s), 1040 

(C–F str.), 808 (=C–H oop bend); 
1
H NMR (400 MHz, 16 scans, CDCl3): δ = 7.39 (6 H, d, 

J = 8.0 Hz, 2ʹ,2ʹʹ,2ʹʹʹ,6ʹ,6ʹʹ,6ʹʹʹ-H), 7.28 (6H, d, J = 8.0 Hz, 3ʹ,3ʹʹ,3ʹʹʹ,5ʹ,5ʹʹ,5ʹʹʹ-H), 2.41 (9 H, s, 

CH3); 
19

F NMR (376 MHz, 64 scans, CDCl3): δ = −116.92 (3 F, s, 2,4,6-F); MS (EI) m/z 

(%) 402.1591 ([M]
+
, 100) (C27H21F3 requires 402.1595). 

The analytical data obtained were in agreement with the literature.
122

 

(Lab book reference number: GMHP-3-127) 
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Synthesis of 2,6-difluoro-4ʹ-methyl-1,1ʹ-biphenyl (28) 

 

The reaction of 1,3-difluorobenzene 26 (450 μL, 523 mg, 4.59 mmol, 11 equiv.) and 4-

iodotoluene 57 (94 mg, 0.431 mmol, 1 equiv.) was prepared following the general 

procedure B. Purification by silica-gel packed column chromatography (Rf = 0.28, 

petroleum-ether 40–60 °C) gave the product 28 (60 mg, 68%) as a white solid; m.p. 32.4–

36.6 (lit.
122

 39–40 °C); νmax/cm
−1

 (ATR) 3017 (C–H aromatic str.), 2927 (CH3 str.), 1460 

(C=C aromatic str.), 1227 (C–F str.), 993 (=C–H in-plane bend), 816 (=C–H oop bend); 
1
H 

NMR (400 MHz, 32 scans, CD2Cl2): δ = 7.36 (2 H, dt, J = 8.0, 1.5 Hz), 7.34–7.26 (3 H, m), 

7.04–6.97 (2 H, m), 2.42 (3H, s, CH3); 
13

C NMR (100 MHz, 1024 scans, CD2Cl2): δ = 

160.7 (dd, J = 247.5, 7.0 Hz, 2,6-CF), 138.9 (s, C), 130.6 (t, J = 2.0 Hz, CH), 129.5 (s, CH), 

129.3 (t, J = 10.5 Hz, 4-C), 126.7 (s, C), 119.0 (t, J = 19.0 Hz, C1), 112.1 (dd, J = 19.5, 7.0 

Hz, 3,5-C), 21.6 (s, CH3); 
19

F NMR (376 MHz, 64 scans, CD2Cl2): δ = −115.27 (2 F, td, J = 

6.5, 1.0 Hz, 2,6-F); MS (EI) m/z (%) 204.0752 ([M]
+
, 100) (C13H10F2 requires 204.0751). 

The analytical data obtained were in agreement with the literature.
122

 

(Lab book reference number: GMHP-7-456) 
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Synthesis of 2,6-difluoro-1,1ʹ-biphenyl (30) 

 

The reaction of 1,3-difluorobenzene 26 (450 μL, 523 mg, 4.59 mmol, 10 equiv.) and 

iodobenzene 81 (50 µL, 0.447 mmol, 1 equiv.) was prepared following the general 

procedure B. Purification by silica-gel packed column chromatography (Rf = 0.38, 

petroleum-ether 40–60 °C) gave the product 30 (70 mg, 82%) as a white solid; m.p. 91.9–

93.7 °C (lit.
399

 93–94 °C); νmax/cm
−1

 (ATR) 3061 (C–H aromatic str.), 1462 (C=C aromatic 

str.), 1227 (C–F str.), 992 (=C–H in-plane bend), 783 (=C–H oop bend); 
1
H NMR (400 

MHz, 32 scans, CD2Cl2): δ = 7.51–7.40 (5 H, m, 2ʹ,3ʹ,4ʹ,5ʹ,6ʹ-H), 7.36–7.29 (1 H, m, 4-CH), 

7.06–6.98 (2 H, m, 3,5-CH); 
13

C NMR (100 MHz, 1024 scans, CD2Cl2): δ = 160.7 (dd, J = 

247.5, 7.5 Hz, 2,6-CF), 131.0–130.7 (m, CH), 129.8 (s, 4-C), 129.6 (t, J = 10.5 Hz, CH), 

128.9–128.7 (m, 2 overlapping CH), 119.0 (t, J = 19.0 Hz, C), 112.4–111.9 (m, 3,5-CH); 

19
F NMR (376 MHz, 64 scans, CD2Cl2): δ = 115.26 (t, J = 7.0 Hz, 2,6-F). 

The analytical data obtained were in agreement with the literature.
399

 

(Lab book reference number: GMHP-7-453) 
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Synthesis of 2,3,5,6-tetrafluoro-4,4ʹ-(dimethyl)biphenyl (78) 

 

The reaction of 2,3,5,6-tetrafluorotoluene (165 μL, 222 mg, 1.35 mmol, 1.5 equiv.) and 4-

iodotoluene 57 (198 mg, 0.908 mmol, 1 equiv.) was prepared following the general 

procedure A. Purification by flash chromatography (SiO2, Rf =0.38, petroleum-ether 40–

60 °C) gave the product 78 (214 mg, 93%) as a white crystalline solid; m.p. 65.3–66.6 °C 

(lit.
122

 67–68 °C); νmax/cm
−1

 (ATR) 2924 (CH3 str.), 1473 (C=C aromatic str.), 1062 (C–F 

str.), 921 (=C–H in-plane bend), 813 (=C–H oop bend); 
1
H NMR (400 MHz, 16 scans, 

C6D6): δ = 7.27 (2 H, dt, J = 6.5, 1.4 Hz, 2ʹ,6ʹ-H), 6.99 (2 H, d, J = 8.0 Hz 3ʹ,5ʹ-H), 2.07 (3 

H, s, 4ʹ-CH3), 1.81 (3 H, t, J = 2.0 Hz, 4-CH3); 
13

C NMR (100 MHz, 1024 scans, CDCl3): δ 

= 145. 4 (dddd, J = 244.0, 14.5, 7.5, 4.0 Hz, CF), 143.7 (dddd, J = 245.5, 14.5, 5.5, 4.0 Hz, 

CF), 139.1 (s), 130.1 (t, J = 2.0 Hz, 2ʹ,6ʹ-C), 129.4 (s, 3ʹ,5ʹ-C), 124.9 (t, J = 2.5 Hz), 118.1 

(t, J = 17.0 Hz), 114.9 (t, J = 19.5 Hz), 21.4 (s, 4ʹ-CH3), 7.6 (tt, J = 3.5, 2.0 Hz, 4-CH3); 
19

F 

NMR (376 MHz, 64 scans, C6D6): δ = −144.45 (2 H, ddq, J = 23.0, 13.0, 2.0 Hz, 3,5-F), 

−145.81 (2 H, dd, J = 22.5, 12.5 Hz, 2,6-F); MS (EI) m/z (%) 254.0720 ([M]
+
, 100) 

(C14H10F4 requires 254.0719). 

The analytical data obtained were in agreement with the literature.
122

 

(Lab book reference number: GMHP-6-364, GMHP-7-441) 
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Synthesis of 2,3,5,6-tetrafluoromethoxy-4ʹ-(methyl)biphenyl (77) 

 

The reaction of 2,3,5,6-tetrafluoroanisole (190 μL, 246 mg, 1.36 mmol, 1.5 equiv.) and 4-

iodotoluene 57 (198 mg, 0.908 mmol) was prepared following the general procedure A. 

Purification by flash chromatography (SiO2, Rf =0.16, petroleum-ether 40–60 °C) gave the 

product 77 (227 mg, 92%) as a white solid; m.p. 43.6–45.0 °C  (lit.
122

 49–51 °C); νmax/cm
−1

 

(disc, KBr) 2953 and 2925 (CH3 str.), 1501 (–CH=CH- str.), 1487 (C=C aromatic str.), 

1095 (C–F str.), 981 (=C–H in-plane bend), 825 (=C–H oop bend); 
1
H NMR (400 MHz, 16 

scans, C6D6): δ = 7.22 (2 H, d, J = 8.0 Hz, 2ʹ,6ʹ-H), 6.99 (2 H, d, J = 8.0 Hz, 3ʹ,5ʹ-H), 3.50 

(3 H, t, J = 1.0 Hz, OCH3), 2.07 (3 H, s, CH3); 
13

C NMR (100 MHz, 1024 scans, CDCl3): δ 

= 144.5 (dm, J = 245.5 Hz, CF), 141.3 (ddt, J = 246.5, 16.0, 4.5 Hz, CF), 139.0 (s), 137.4 

(tt, J = 12.0, 3.5 Hz, 4-C), 130.2 (t, J = 2.0 Hz, 2ʹ,6ʹ-C), 129.4 (s, 3ʹ,5ʹ-C), 124.4 (t, J = 2.0 

Hz), 114.4 (t, J = 17.5 Hz), 62.3 (t, J = 3.5 Hz, OCH3), 21.4 (s, CH3); 
19

F NMR (376 MHz, 

64 scans, C6D6): δ = −145.47 (2 F, dd, J = 22.5, 9.0 Hz, 2,6-F), −158.45 (2 F, dd, J = 22.5, 

8.5 Hz, 3,5-F); MS (EI) m/z (%) 270.0679 ([M]
+
, 100) (C14H10F4O requires 270.0668). 

The analytical data obtained were in agreement with the literature.
122

 

(Lab book reference number: GMHP-5-253, GMHP-7-442) 
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Synthesis of 2,3,5,6-tetrafluorochloro-4ʹ-(methyl)biphenyl (79) 

 

The reaction of 1-chloro-2,3,5,6-tetrafluorobenzene (165 μL, 254 mg, 1.38 mmol, 1.5 

equiv.) with 4-iodotoluene 57 (198 mg, 0.909 mmol, 1 equiv.) was prepared following the 

general procedure A. Purification by flash chromatography (SiO2, Rf =0.40, petroleum-

ether 40–60 °C) gave the product 79 as a white crystalline solid (237 mg, 95%); m.p. 

126.5–128.0 °C; νmax/cm
−1

 (ATR) 3033 (C–H aromatic str.), 2926 (CH3 str.), 1466 (C=C 

aromatic str.), 967 (=C–H in-plane bend), 819 (=C–H oop bend); 
1
H NMR (400 MHz, 16 

scans, C6D6): δ = 7.13 (2 H, dt, J = 6.5, 1.5 Hz, 2ʹ,6ʹ-H), 6.97 (2 H, d, J = 8.0 Hz, 3ʹ,5ʹ-H), 

2.06 (3 H, s, CH3); 
13

C NMR (100 MHz, 1024 scans, CDCl3): δ = 144.5 (dddd, J = 249.0, 

16.5, 4.5, 2.5 Hz, CF), 144.3 (dddd, J = 248.0, 12.5, 6.0, 5.0 Hz, CF), 139.7 (s), 130.1 (t, J 

= 2.0 Hz, 2ʹ,6ʹ-C), 129.6 (s, 3ʹ,5ʹ-C), 123.8 (t, J = 2.0 Hz), 119.7 (t, J = 17.0 Hz), 110.9 (tt, J 

= 19.0, 3.0 Hz), 21.5 (s, CH3); 
19

F NMR (376 MHz, 64 scans, C6D6): δ = −141.89 (2 F, td, J 

= 12.0, 4.0 Hz, 2,6-F), −143.12 to −143.22 (2 F, m, 3,5-F); MS (EI) m/z (%) 274. 0172 

([M]
+
, 100) (C13H7ClF4 requires 274.01722). 

(Lab book reference number: GMHP-5-270, GMHP-7-455) 
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Synthesis of 2,3,5,6-tetrafluoro(trifluoromethyl)-4ʹ-(methyl)biphenyl (80) 

 

The reaction of 2,3,5,6-tetrafluorobenzotrifluoride (185 μL,  296 mg, 1.36 mmol, 1.5 

equiv.) with 4-iodotoluene 57 (198 mg, 0.908 mmol, 1 equiv.) was prepared following the 

general procedure A. Purification by flash chromatography (SiO2, Rf =0.38, petroleum-

ether 40–60 °C) gave the major product 80 (259 mg, 93 %) as a white crystalline solid; m.p. 

116.5−118.0 °C (lit.
126

 111–114 °C); νmax/cm
−1

 (disc, KBr) 3044 (C–H aromatic str.), 2927 

(CH3 str.), 1477 (C=C aromatic str.), 1339, 1146 (C–F str.), 988 (=C–H in-plane bend), 825 

(=C–H oop bend); 
1
H NMR (400 MHz, 16 scans, C6D6): δ = 7.09 (2 H, d, J = 8.1 Hz, 2ʹ,6ʹ-

H), 6.95 (2 H, d, J = 8.0 Hz, 3ʹ,5ʹ-H), 2.05 (3 H, s, 4-H); 
13

C NMR (100 MHz, 1024 scans, 

CDCl3): δ = 144.6 (dm, J = 258.5 Hz, CF), 144.3 (ddt, J = 248.5, 13.0, 4.5 Hz, CF), 140.4 

(s), 130.0 (t, J = 2.0 Hz, 2ʹ,6ʹ-C), 129.7 (s, 3ʹ,5ʹ-C), 125.1 (t, J = 16.5 Hz), 123.2 (s), 122.5–

119.7 (dm, J = 275.0 Hz, CF3), 108.9–107.8 (m), 21.5 (CH3); 
19

F NMR (376 MHz, 64 scans, 

C6D6): δ = −55.94 (3 F, t, J = 21.5 Hz, CF3), −141.35 to −141.49 (2 F, m, 3,5-F), –142.17 

(2 F, td, J = 15.0, 5.5 Hz, 2,6-F); MS (EI) m/z (%) 308.0416 ([M]
+
, 100) (C14H7F7 requires 

308.0436). 

The analytical data obtained were in agreement with the literature.
126

 

(Lab book reference number: GMHP-5-256, GMHP-7-443) 
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Synthesis of 2,3,5,6-tetrafluoro(dimethylamino)-4ʹ-(methyl)biphenyl (76) 

 

The reaction of 2,3,5,6-tetrafluoro-N,N-dimethylaniline 121 (200 μL, 266 mg, 1.38 mmol, 

1.5 equiv.) and 4-iodotoluene 57 (197 mg, 0.904 mmol, 1 equiv.) was prepared following 

the general procedure A. Purification by flash chromatography (SiO2, Rf =0.07 petroleum-

ether 40–60 °C) gave the major product 76 (232 mg, 91%) as a white solid; m.p. 

116.5−118.0 °C (lit.
126

 111–113 °C); νmax/cm
−1

 (ATR) 2923 (CH3 str.), 1640, 1512 (–

CH=CH– str.), 1480 (C=C aromatic str.), 1221 (C–F str.), 1056 (C–H str.), 972 (=C–H in-

plane bend), 827 (=C–H oop bend); 
1
H NMR (400 MHz, 16 scans, C6D6): δ = 7.32 (2 H, dt, 

J = 8.0, 1.5 Hz, 2ʹ,6ʹ–H), 7.00 (2 H, dt, J = 8.0, 0.5 Hz, 3ʹ,5ʹ-H), 2.59 (6 H, t, J = 2.0 Hz, 

N(CH3)2), 2.07 (3 H, s, CH3);
 13

C NMR (100 MHz, 1024 scans, CDCl3): δ = 144.9 (dddd, J 

= 198.0, 18.0, 9.0, 5.0 Hz), 142.4 (dddd, J = 194.0, 15.5, 6.5, 4.0 Hz, CF), 138.6 (s), 130.2 

(t, J = 2.0 Hz, 2ʹ,6ʹ-C), 129.4 (s, 3ʹ,5ʹ-C), 128.6 (s), 125.1–125.0 (m), 112.9 (t , J = 17.5 Hz), 

43.5 (t, J = 4.0 Hz, N(CH3)2), 21.5 (s, CH3); 
19

F NMR (376 MHz, 64 scans, C6D6): δ = 

−146.27 to −146.35 (2 F, m, 2,6-F), −151.96 to −152.05 (2 F, m, 3,5-F); MS (EI) m/z (%) 

283.0986 ([M]
+
, 100) (C15H13F4N requires 283.0984).  

The analytical data obtained were in agreement with the literature.
126

 

(Lab book reference number: GMHP-6-365, GMHP-7-469) 
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Synthesis of pentafluorodeuterobenzene (100) 

 

Magnesium-turnings (5.50 g, 0.23 mol, 1.4 equiv.), and 160 cm
3
 of dry diethylether were 

sequentially added to a three-neck round-bottom flask equipped with condenser under 

atmosphere of nitrogen. The reaction was initiated by quick addition of 6 cm
3
 dry 

pentafluorobromobenzene 99 (20 cm
3
, 40 g, 0.16 mol, 1 equiv.) followed by slow, 

dropwise addition. After two hours of stirring, D2O (14 cm
3
, 15 g, 0.77 mol, 4.8 equiv.) was 

added to the brown reaction mixture and stirred for 30 min. The yellow organic phase was 

dried over Mg2SO4, solvent removed on the rotary evaporator and purified by distillation 

under continuous flow of nitrogen at 100 °C. The product 100 was obtained as colourless 

oil (7 cm
3
, 11 g, 40%); b.p. 84 °C; density 1.532 g cm

3
; νmax/cm

−1
 (CaF2 cell, DCM) 1642 

and 1516 (–CH=CH– str.), 1069 (C–F str.), 1018 and 1006 (=C–H in-plane bend); 
2
H NMR 

(76 MHz, 16 scans, C6H6): δ = 5.83 (s); 
13

C NMR (126 MHz, 6729 scans, CDCl3): δ = 

146.4 (dm, J = 249.5 Hz, CF), 142.0 (dtt, J = 254.0, 13.5, 5.0 Hz, CF), 137.8 (dm, J = 

250.5 Hz, CF), 101.1–100.3 (m, CD); 
19

F NMR (471 MHz, 16 scans, CDCl3): δ = −136.44 

(2 F, dd, J = 21.5, 8.5 Hz, 2,6-F), −151.15 (1 F, t, J = 20.0 Hz, 4-F), −159.55 (2 F, td, J = 

21.0, 8.5 Hz, 3,5-F). 

A literature procedure was followed for the synthesis of this compound.
264

 The analytical 

data obtained were in agreement with the literature.  

(Lab book reference number: GMHP-5-254, GMHP- 6-341) 
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Synthesis of 2,3,5,6-tetrafluoro-N,N-dimethylaniline (121) 

 

A mixture of pentafluorobenzene 56 (2.6 cm
3
, 3.9 g, 0.023 mol) and 33% w/w ethanolic 

dimethylamine (5.0 cm
3
) were heated in pressure tube at 75 °C for 20 hours. Once the crude 

mixture was cooled to room temperature, 200 cm
3
 Et2O and 40 cm

3
 deionized water were 

added for liquid-liquid extraction. The aqueous phase was back-extracted with Et2O (2 × 

200 cm
3
). The combined organic phase was dried over Na2SO4, filtered and solvent 

removed under vacuum to give the product 121 as clear yellow oil (1.9 g, 43%). The 

product contained 10% of 2,3,4,5-tetrafluoro-N,N-dimethylaniline; νmax/cm
−1

 (ATR) 2981 

(C–H aromatic str.), 2889 (CH3 str.), 1641 (–CH=CH– str.), 1499 (C=C aromatic str.), 1055 

(C–F str.), 933 (=C–H in-plane bend), 813 (=C–H oop bend); 
1
H NMR (400 MHz, 32 scans, 

CDCl3): δ =6.63 (1 H, tt, J = 10.0, 7.0 Hz, 1-CH), 2.95 (6H, t, J = 2.0 Hz, N(CH3)2); 
13

C 

NMR (100 MHz, 1024 scans, CDCl3): δ = 146.8 (dm, J = 245.5 Hz, CF), 142.3 (dm, J = 

244.0 Hz, CF), 132.2 (tt, J = 10.5, 2.5 Hz), 97.9 (tm, J = 23.0 Hz), 43.3–43.2 (m, Me); 
19

F 

NMR (376 MHz, 128 scans, CDCl3): δ = −141.06 to –141.17 (2 F, m, CF), −151.59 to 

−151.68 (2 F, m, CF). 

A literature procedure was followed for the synthesis of this compound.
400

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-6-361, GMHP-7-467) 
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Synthesis of 4-iodobenzyltriphenylphosphonium bromide (122) 

 

An oven-dried Schlenk tube was charged with 4-iodobenzylbromide (780 mg, 2.63 mmol, 1 

equiv.) and PPh3 (717 mg, 2.73 mmol, 1 equiv.). Dry toluene (ca. 10 cm
3
) was transferred 

into the Schlenk tube using a double-pointed needle and the colourless solution was stirred 

for 21 hrs at ambient temperature under atmosphere of N2. The solvent was removed from 

the opaque reaction mixture by filter cannula, and the resulting white solid was washed 

with dry toluene (ca. 10 cm
3
 × 5) to give the product 122 (322 mg, 22%) as a white solid; 

m.p. 248.1–250.7 °C (lit.
354

 248 °C); νmax/cm
−1

 (ATR) 3009 (C–H aromatic str.), 2902 (CH2 

str.), 1485 (–CH=CH– str.), 1437 (C=C aromatic str.), 1110 (=C–H in-plane bend), 692, 

495 (C–I str.); 
1
H NMR (400 MHz, 8 scans, CDCl3): δ = 7.80–7.74 (9 H, m, 2,4,6-Ph), 7.62 

(6 H, td, J = 7.5, 3.5 Hz, 3,5-Ph), 7.41 (2H, d, J = 7.5 Hz, 3,5-CH), 6.92 (2H, dd, J = 8.5, 

2.5 Hz, 2,6-CH), 5.53 (2H, d, J = 14.5 Hz, CH2); 
13

C NMR (100 MHz, 1024 scans, CDCl3): 

δ = 137.9 (d, J = 3.0 Hz, 3,5-Bn), 135.1 (d, J = 3.0 Hz, 4-Ph), 134.6 (d, J = 10.0 Hz, 2,6-

Ph), 133.7 (d, J = 5.5 Hz, 2,6-Bn), 130.3 (d, J = 12.6 Hz, 3,5-Ph), 127.2 (d, J = 9.0 Hz, 1-

Bn), 117.8 (d, J = 86.0 Hz, 1-Ph), 94.6 (d, J =5.0 Hz, 4-Bn), 30.3 (d, J = 46.5 Hz, CH2); 
31

P 

NMR (162 MHz, 64 scans, CDCl3): δ = 23.7 (s); MS (ESI(+)) m/z (%) 479.0407 ([M–Br]
+
, 

100) (C25H21IP requires 479.0426). 

A literature procedure was followed for the synthesis of this compound.
354

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-7-481) 
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Synthesis of 4-iodobenzyltriphenylphosphonium hexafluorophosphate (107) 

 

Dry methanol (ca. 5 cm
3
) was added to a Schlenk tube charged with 4-iodobenzyl-

triphenylphosphonium bromide 122 (187 mg, 0.334 mmol, 1 equiv.) and sodium 

hexafluorophosphate (115 mg, 0.685 mmol, 2.1 equiv.). The mixture was stirred for 1 h 

under atmosphere of nitrogen before removing the solvent under vacuum. The resulting 

solid was washed with dry methanol (ca. 3 × 3 cm
3
) to give the product 107 (54 mg, 26%) 

as a white solid; m.p. 235.8–238.1 °C (lit.
354

 248 °C); νmax/cm
−1

 (ATR) 3050 (C–H aromatic 

str.), 2933 (CH2 str.), 1486, 1437, 1108, 827, 556 ; 
1
H NMR (400 MHz, 16 scans, CDCl3): 

δ = 7.80 (3 H, td, J = 7.0, 1.0 Hz, 4-Ph), 7.64 (6H, td, J = 8.0, 3.5 Hz, 2,6-Ph), 7.54–7.45 (8 

H, m, 3,5-Ph + 3,5-CH), 6.65 (2H, dd, J = 8.5, 2.5 Hz, 2,6-CH), 4.52 (2H, d, J = 14.5 Hz, 

CH2); 
13

C NMR (100 MHz, 4094 scans, CDCl3): δ = 138.3 (d, J = 3.0 Hz, 3,5-Ph or 3.5-

CH), 135.6 (d, J = 3.0 Hz, 4-Ph), 134.1 (d, J = 9.5 Hz, 3,5-Ph or 3.5-CH), 133.0 (d, J = 5.5 

Hz, 2,6-CH), 130.5 (d, J = 12.5 Hz, 2,6-Ph), 126.4 (d, J = 8.5 Hz, C), 117.0 (d, J = 86.0 P–

C), 95.0 (d, J = 5.0 Hz, C), 30.0 (d, J = 49.0 Hz, CH2); 
19

F NMR (376 MHz, 64 scans, 

CDCl3): δ = −71.17 (s), −73.07 (s); 
31

P NMR (162 MHz, CDCl3, 21.1°C): δ = 23.9 (s), 

−143.63 (sext, J = 714 Hz, PF6
−
); MS (ESI(+)) m/z (%) 479.0407 ([M–PF6]

+
, 100) 

(C25H21IP requires 479.0426). 

A literature procedure was followed for the synthesis of this compound.
354

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-7-483) 
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Synthesis of tetraphenylphosphonium iodide (103) 

 

A solution of iodobenzene 81 (225 µL, 410 mg, 2.01 mmol, 1 equiv.), PPh3 (526 mg, 2.00 

mmol, 1 equiv.) and Pd(OAc)2 (5 mg, 1 mol%) in toluene (3 cm
3
) was heated at 120 °C 

under continuous flow of nitrogen for 25 h. The reaction mixture was filtered and washed 

with benzene to give the product 103 (950 mg, quant.) grey solid; νmax/cm
−1

 (ATR) 1584, 

1480, 1434, 1106, 996, 720, 686, 522; 
1
H NMR (400 MHz, 16 scans, DMF-d7, 11.9 °C): δ 

= 8.08–8.03 (4 H, m, 4-Ph), 7.91–7.87 (16 H, m, 2,3,5,6-Ph); 
13

C NMR (100 MHz, 4094 

scans, CDCl3): δ = 135.9 (d, J = 3.0 Hz, 4-CH), 134.6 (d, J = 10.5 Hz, 3,5-CH), 131.0 (d, J 

= 13.0 Hz, 2,6-CH), 117.5 (d, J = 89.5 Hz, P–C);
 31

P NMR (162 MHz, 256 scans, DMF-d7, 

11.9 °C): δ = 22.7 (s); MS (ESI(+)) m/z (%) 339.1293 ([M−I]
+
, 100) (C24H20P requires 

339.1303). 

A literature procedure was followed for the synthesis of this compound.
401

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-7-498) 
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Synthesis of triphenyl(4-tolyl)phosphonium iodide (60) 

 

A solution of 4-iodotoluene 57 (437 mg, 2.01 mmol, 1 equiv.), PPh3 (525 mg, 2.00 mmol, 1 

equiv.) and Pd(OAc)2 (5 mg, 1 mol%) in toluene (3 cm
3
) was heated at 120 °C under 

continuous flow of nitrogen for 25 h. The reaction mixture was filtered and washed with 

benzene to give the product 60 (887 mg, 92%) white solid; m.p. 209.8–212.4 °C (lit.
401

 

214 °C); νmax/cm
−1

 (ATR) 3434, 3048, 1598, 1434, 1107, 723, 691, 527; 
31

P NMR (162 

MHz, 256 scans, DMF-d7, 11.9 °C): δ = 22.4 (s); MS (ESI(+)) m/z (%) 353.1452 ([M−I]
+
, 

100) (C25H22P requires 353.1459). 

A literature procedure was followed for the synthesis of this compound.
401

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-7-499) 
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Synthesis of bis(triphenylphosphine)palladium(dichloride) (123) 

 

A yellow suspension of PdCl2 (1.51 g, 8.50 mmol, 1 equiv.) in anhydrous DMSO (150 cm
3
) 

was stirred until fully dissolved. PPh3 (4.46 g, 17.0 mol, 2 equiv.) was added to the 

resulting orange solution. The reaction mixture was heated at 90 °C for 6 hours under 

continuous flow of argon, cooled to room temperature, filtered and washed with DMSO (2 

× 10 cm
3
) and Et2O (5 × 50 cm

3
). The product 123 (5.25 g, 88%) was obtained as a yellow 

solid; 
1
H NMR (400 MHz, 16 scans, CDCl3): δ = 7.74–7.68 (12 H, m, 2,6-C6H5P), 7.46–

7.36 (18 H, m, 3,4,5-C6H5P); 
31

P NMR (162 MHz, 128 scans, CDCl3): δ = 23.9 (s); MS 

(LIFDI ) m/z (%) 702.03 ([M]
+
, 100) (PdC36H30Cl2P2 requires 702.02). 

A literature procedure was followed for the synthesis of this compound.
402

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-2-54, GMHP-4-177) 
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Synthesis of tetrakis(triphenylphosphine)palladium (124) 

 

A yellow suspension of PdCl2 (0.502 g, 2.83 mmol, 1 equiv.) and PPh3 (3.71 g, 14.1 mmol, 

5 equiv.) in anhydrous DMSO (40 cm
3
) under atmosphere of argon was heated until fully 

dissolved into an orange solution (ca. 160 °C). The heat was removed and hydrazine 

monohydrate (0.55 cm
3
, 0.568 g, 11.3mmol, 4 equiv.) was slowly added over a minute, 

resulting in a bubbling green mixture. The reaction mixture was cooled to RT, filtered 

under atmosphere of argon and the solid washed with EtOH (3 × 10 cm
3
) and diethyl ether 

(3 × 10 cm
3
). The product 124 (3.06 g, 94%) was obtained as a yellow crystalline solid 

which gradually darkened into orange when left open to air for a few days; 
1
H NMR (400 

MHz, 16 scans, CDCl3): δ = 7.73–7.61 (24 H, m, 3,5-C6H5P), 7.39–7.30 (36 H, m, 2,4,6-

C6H5P); 
31

P NMR (202 MHz, 4096 scans, C6D6): δ = 24.7 (s); MS (LIFDI) m/z (%) 892.31 

([M−PPh3]
+
, 100) (PdC54H45P3 requires 892.18). 

A literature procedure was followed for the synthesis of this compound.
403

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number:  GMHP-3-120) 
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Synthesis of dinuclear di(μ-hydroxo)-bis(phenyl)-di(triphenylphosphine)palladium(II), 

[Pd(C6H5)(µ-OH)(PPh3)]2 (83a) 

 

Separate solutions of KOH (4.07 g, 0.0726 mol, 51 equiv.) in deionised water (4 cm
3
) and 

iodobenzene 81 (340 μL, 620 mg, 3.04 mmol, 2.1 equiv.) in benzene (20 cm
3
) were 

degassed by two freeze-pump-thaw cycles. The degassed liquids were charged to apparatus 

with Pd(PPh3)2Cl2 123 (1.00 g, 1.43 mmol, 1 equiv.) to give a yellow suspension which was 

then refluxed (ca. 83 °C) under atmosphere of argon for 3 hours. During this time, the 

mixture changed colour from orange to green, and then colourless, with black precipitate. 

The organic phase was separated while hot and the aqueous phase was washed with warm 

benzene (5 × 4 cm
3
). The combined colourless organic phase was filtered through a cotton 

plug, removing the black solids from yellow solution, and the solvent was removed under 

vacuum to give cream-coloured crude product. Washing the solid with acetone (4 × 4 cm
3
) 

yielded the product 83a of a 1:3 mixture of cis and trans isomers (0.539 g, 81%) as a white 

solid; νmax/cm
−1

 (ATR) 3608 and 3603 (OH str., shp), 3047 (C–H aromatic str.), 1564 (–

CH=CH– str.), 1435 (C=C aromatic str.), 1096 (=C–H in-plane bend); 
1
H NMR (500 MHz, 

16 scans, CD2Cl2): δ = 7.51–7.33 (18 H, m, 2,4,6-C6H5P), 7.28–7.24 (12 H, m, 3,5-C6H5P), 

7.00 (4H, d, J = 6.1 Hz, 2,6-C6H5Pd), 6.66–6.62 (6H, m, 3,4,5-C6H5Pd), −0.59 (0.23 H, s, 

cis-OH), −1.80 (1.35 H, s, trans-OH), −3.51 (0.21 H, s, cis-OH); 
31

P (202 MHz, 128 scans, 

CD2Cl2): δ = 33.23 (3 P, s, trans), 32.7 (1 P, s, cis); MS (LIFDI) m/z (%) 926.09 ([M]
+
, 

100) (Pd2C48H42O2P2 requires 926.08). 

A literature procedure was followed for the synthesis of this compound.
211

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-3-115, GMHP-5-265, GMHP-5-311) 
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Synthesis of di(μ-hydroxo)-bis(4-tolyl)-di(triphenylphosphine)palladium(II) dimer, 

[Pd(4-tolyl)(µ-OH)(PPh3)]2 (83b) 

 

A white suspension of [Pd(Ph)(µ-OH)(PPh3)]2 83a (0.400 g, 0.433 mmol, 1 equiv.) and 4-

iodotoluene 57 (0.387 g, 1.78 mmol, 4.1 equiv.) in benzene (10 cm
3
) was degassed by two 

freeze-pump-thaw cycles. The mixture was then stirred under 1 atm of CO for 24 hours 

after complete dissolution. The resulting red solution was degassed and refilled with argon 

before addition of 4-iodotoluene 57 (0.381 g, 1.75 mmol, 4 equiv.) and a solution of KOH 

(2.64 g, 47.1 mmol, 109 equiv.) in degassed deionised water (3.96 cm
3
). The mixture was 

stirred for 19 hours, extracted with warm benzene (open to air), filtered, and solvent 

removed under vacuum. The yellow solid was washed with acetone (5 × 2 cm
3
) to give the 

1:4 mixture of cis-trans  isomers 83b (206 mg, 50%) as a cream coloured solid; νmax/cm
−1

 

(ATR) 3638 (OH str.), 3048 (C–H aromatic str.), 2981 (CH3 str.), 1479 (–CH=CH– str.), 

1434 (C=C aromatic str.), 1093 (=C–H in-plane bend); 
1
H NMR (400 MHz, 8 scans, 

CDCl3): δ = 7.50–7.19 (30 H, m, C6H5P), 6.90 (4 H, d, J = 7.0 Hz, 2,6-C6H5), 6.47 (4 H, d, 

J = 7.5 Hz, 3,5-C6H5), 2.08–2.03 (6 H, m, (CH3)C6H4Pd-cis and trans), −0.30 (0.14H, s, 

OH-cis), −1.49 (1.17 H, s, OH-trans), −3.41 (0.11 H, s, OH-cis); 
13

C NMR (100 MHz, 

1024 scans, CDCl3): δ = 137.4 (s), 134.4 (d, J = 12.0 Hz), 134.3 (d, J = 12.0 Hz), 131.6 (d, 

J = 4.0 Hz), 131.3 (s), 131.1 (s), 128.3 (d, J = 11.0 Hz), 127.9 (d, J = 36.5 Hz), 21.2 (s, cis 

or trans-CH3), 20.8 (s, cis or trans-CH3); 
31

P NMR (202 MHz, 32 scans, CDCl3): δ = 33.4 

(3 P, s, trans), 32.77 (1 P, s, cis); MS (LIFDI) m/z (%) 954.14 ([M]
+
, 100) (Pd2C50H46O2P2 

requires 954.10). 

A literature procedure was followed for the synthesis of this compound.
211

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-3-137, GMHP-4-237, GMHP-5-269) 
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Synthesis of di(μ-acetato)-bis(phenyl)-di(triphenylphosphine)palladium(II) dimer, 

[Pd(Ph)(µ-OAc)(PPh3)]2 (84) 

 

Glacial AcOH (45 μL, 47 mg, 0.79 mmol, 3.2 equiv.), degassed by bubbling through with 

nitrogen, was added to a white suspension of [Pd(Ph)(µ-OH)(PPh3)]2 83a (226 mg, 0.244 

mmol, 1 equiv.) in dry benzene (ca. 8 cm
3
). The reaction mixture quickly turned into clear 

yellow solution. The solvent was removed under vacuum and the resulting solid was 

washed with hexane (4 × 4 cm
3
) to give the product 84 (186 mg, 76%) as a cream-coloured 

solid; νmax/cm
−1

 (ATR) 3054 (C–H aromatic str.), 1581 and 1558 (CO str.), 1434 and 1415 

(CO str.), 1097 (=C–H in-plane bend), 692 (s); 
1
H NMR (500 MHz, 64 scans, C6D6): δ = 

7.78 (4 H, dd, J = 7.5, 3.5 Hz, 2,6-C6H5Pd), 7.51–7.47 (12 H, m, 2,6-C6H5P), 7.00 (2 H, t, J 

= 7.0 Hz, 4-C6H5Pd), 6.93–6.88 (10 H, m, 4-C6H5P and 3,5-C6H5Pd), 6.84 (12 H, td, J = 7.5, 

2.0 Hz, 3,5-C6H5P), 1.59 (6 H, s, O2C(CH3)); 
13

C NMR (125 MHz, 14731 scans, C6D6): δ = 

180.3 (s), 150.0 (d, J = 5.5 Hz), 138.3 (d, J = 4.5 Hz), 135.2 (d, J = 11.5 Hz), 131.0 (s), 

130.5 (s), 130.2 (d, J = 1.5 Hz), 127.3 (d, J = 1.5 Hz), 123.5 (s), 24.6 (d, J = 2.5 Hz); 
31

P 

NMR (202 MHz, 512 scans, C6D6): δ = 29.9 (s); MS (LIFDI) m/z (%) 1010.12 ([M]
+
, 100) 

(Pd2P2O4C52H46 requires 1010.10). 

A literature procedure was followed for the synthesis of this compound.
212

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-7-445, GMHP-5-292) 
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Synthesis of di(μ-acetato)-bis(4-tolyl)-di(triphenylphosphine)palladium(II) dimer, 

[Pd(4-tolyl)(µ-OAc)(PPh3)]2 (84b) 

 

Addition of degassed glacial AcOH (3 μL, 0.05 mmol, 3.8 equiv.) to a white suspension of 

[Pd(4-tolyl)(µ-OH)(PPh3)]2 83b (12 mg, 0.013 mmol, 1 equiv.) in dry benzene (0.5 cm
3
) 

resulted in clear yellow solution. The solvent was removed under vacuum and the resulting 

solid washed with hexane (3 × 1 cm
3
) to give the product 84b (12 mg, 89 %) as a cream 

coloured solid; νmax/cm
−1

 (ATR) 3052 (C–H aromatic str.), 2923 (CH3 str.), 1566 and 1414 

(CO str.); 
1
H NMR (500 MHz, 8 scans, C6D6): δ = 7.66–7.65 (4 H, m, 2,6-MeC6H4Pd), 7.51 

(12 H, dd, J = 10.5, 8.0 Hz, 2,6-C6H5P), 6.93 (6 H, dd, J = 7.5, 6.0 Hz, 4-C6H5P), 6.86 (12 

H, t, J = 6.5 Hz, 3.5-C6H5P), 6.75 (4 H, d, J = 7.5 Hz, 3,5-MeC6H4Pd), 2.26 (6 H, s, Me), 

1.59 (6 H, s, O2C(CH3)); 
31

P NMR (203 MHz, 64 scans, C6D6): δ = 29.7 (9P, s), 29.0 (1P, 

s); MS (LIFDI) m/z (%) 1038.28 ([M]
+
, 100) (Pd2C54H50O4P2 requires 1038.13). 

A literature procedure was followed for the synthesis of this compound.
212

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-4-214, GMHP-4-245) 
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Synthesis of di(μ-iodo)-bis(phenyl)-di(triphenylphosphine)palladium(II) dimer, 

[Pd(Ph)(µ-I)(PPh3)]2 (86) 

 

A solution of [Pd(Ph)(µ-OH)(PPh3)]2 83a (148 mg, 0.160 mmol, 1 equiv.) in 

dichloromethane (1.5 cm
3
) was added to a solution of sodium iodide (0.994 g, 6.6 mmol, 41 

equiv.) in acetone (4.5 cm
3
) to give a yellow solution. The precipitate formed by addition of 

water (0.5 cm
3
) was collected by vacuum filtration and washed with water (× 3), acetone (× 

3) and pentane (× 3) to give the product 86 (144 mg, 79%) as a yellow solid; νmax/cm
−1

 

(ATR) 3046 (C–H aromatic str.), 1560 (–CH=CH– str.), 1425 (C=C aromatic str.), 1094 

(=C–H in-plane bend); 
1
H NMR (500 MHz, 32 scans, CD2Cl2): δ = 7.48 (12 H, dd, J = 10.5, 

8.5 Hz, 2,6-C6H5P), 7.38 (6 H, t, J = 7.0 Hz, 4-C6H5P), 7.28 (12 H, t, J = 7.0 Hz, 3,5-

C6H5P), 7.02 (4 H, d, J = 4.0 Hz, 2,6-C6H5Pd), 6.63–6.57 (6 H, m, 3,4,5-C6H5Pd); 
31

P NMR 

(202 MHz, 1024 scans, CD2Cl2, 25.3 °C): δ = 27.4 (br); 
31

P NMR (202 MHz, 256 scans, 

CD2Cl2, −20.3 °C): δ = 28.3 (1 P, cis-P), 27.6 (2 P, trans-P); MS (ESI(+)) m/z (%) 

707.1285 ([M−(I+(PPh3)2Pd(Ph)I)]
+
, 100) (Pd2C42H35P2 requires 707.1249). 

A literature procedure was followed for the synthesis of this compound.
211

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-5-312) 
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Synthesis of iodo-bis(triphenylphosphine)-(phenyl)palladium(II), 

Pd(Ph)(I)(PPh3)2 (82a) 

 

Degassed iodobenzene 81 (23 µL, 41 mg, 0.20 mmol, 1 equiv.) was added to a suspension 

of Pd(PPh3)4 124 (232 mg, 0.20 mmol, 1 equiv.) in dry benzene (ca. 3 cm
3
). The black 

reaction mixture was stirred for 20 h under atmosphere of nitrogen, filtered and washed 

with hexane (5 × 5 cm
3
) to give the product 82a (72 mg, 43%) as a grey coloured solid; 

νmax/cm
−1

 (ATR) 3052 (C–H aromatic str.), 1558 (–CH=CH– str.), 1434 (C=C aromatic str.), 

1095 (=C–H in-plane bend), 688, 495; 
1
H NMR (500 MHz, 64 scans, CDCl3): δ = 7.51 (12 

H, d, J = 5.5 Hz, 2,6-C6H5P), 7.32 (6 H, t, J = 7.0 Hz, 4-C6H5P), 7.26–7.23 (12 H, m, 3,5-

C6H5P), 6.61 (2 H, d, J = 6.5 Hz, 2,6-C6H5Pd), 6.34 (1H, t, J = 7.0 Hz, 4-C6H5Pd), 6.22 (2 

H, t, J = 7.0 Hz, 3,5-C6H5Pd); 
13

C NMR (126 MHz, 16048 scans, CDCl3): δ = 136.1 (t, J = 

5.0 Hz, CH), 135.0 (t, J = 6.0 Hz, CH), 132.3 (t, J = 23.0 Hz, CH), 129.8 (s, CH), 127.9 (t, 

J = 5.0, CH), 122.0 (s, CH). 
31

P NMR (202 MHz, 128 scans, CDCl3): δ = 22.9 (s); MS 

(ESI(+)) m/z (%) 707.1253 ([M−I]
+
, 100) (PdC42H35P2 requires 707.1249). 

A literature procedure was followed for the synthesis of this compound.
242

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-6-426, GMHP-7-444) 
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Synthesis of iodo-bis(triphenylphosphine)-(4-tolyl)palladium(II), 

Pd(4-tolyl)(I)(PPh3)2 (82b) 

 

A solution of 4-iodotoluene 57 (88 mg, 0.40 mmol, 3.1 equiv.) in DCM (60 cm
3
), degassed 

by three cycles of freeze-pump-thaw, was added to Pd2dba3.CHCl3 (137 mg, 0.13 mmol, 1 

equiv.) and PPh3 (140 mg, 0.53 mmol, 4.1 equiv.) under atmosphere of nitrogen. The clear 

violet solution had changed colour to clear yellow after stirring for 1 hour. The solvent was 

removed under vacuum, and the resulting yellow solid was washed with diethylether (5 × 

15 cm
3
) to give the product 82b (180 mg, 80%) as a grey coloured solid; νmax/cm

−1
 (ATR) 

3050 (C–H aromatic str.), 2981 (CH3 str.), 1478 (–CH=CH– str.), 1432 (C=C aromatic str.), 

1094 (=C–H in-plane bend), 688, 507; 
1
H NMR (500 MHz, 64 scans, CDCl3): δ = 7.52–

7.48 (12 H, m, 2,6-C6H5P), 7.31 (6 H, t, J = 7.5 Hz, 4-C6H5P), 7.23 (12 H, t, J = 7.5 Hz, 

3,5-C6H5P), 6.42 (2 H, dt, J = 8.0, 2.0 Hz, 2,6-C6H5Pd), 6.08 (2 H, d, J = 7.5 Hz, 3,5-

C6H5Pd), 1.92 (3H, s); 
31

P NMR (202 MHz, 128 scans, CDCl3): δ = 22.5 (s); MS (LIFDI) 

m/z (%) 848.08 ([M]
+
, 100) (PdC43H37IP2 requires 848.05). 

A literature procedure was followed for the synthesis of this compound.
206

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-6-400, GMHP-6-422) 
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Synthesis of bis(triphenylphosphine)-(phenyl)palladium(II)acetate, Pd(Ph)(κ
1
-

OAc)(PPh3)2 (85) 

 

To a white suspension of [Pd(Ph)(µ-OAc)(PPh3)]2 84 (101 mg, 0.110 mmol, 1 equiv.) in 

dry benzene (ca. 6 cm
3
) was added PPh3 (70 mg, 0.27 mmol, 2.5 equiv.). The reaction 

mixture was stirred at room temperature to give a colourless solution. The volume of the 

solution was reduced to ca. 2cm
3
 and ice cold dry hexane (5 × 2 cm

3
) was added to give 

white precipitate after 1 h. The crystals were washed with ice-cold hexane (2 cm
3
 × 6) to 

yield the product 85 (100 mg, 65%) as white solid; νmax/cm
−1

 (ATR) 3051 (C–H aromatic 

str.), 1604(CO st.), 1434 (C=C aromatic str.), 1372 (C–O str.), 1096 (=C–H in-plane bend), 

690, 508; 
1
H NMR (500 MHz, 32 scans, C6D6): δ = 7.70 (12 H, br, 2,6-C6H5P), 7.04–6.95 

(20 H, m, 3,4,5-C6H5P + 2,6-C6H5Pd), 6.59 (1 H, t, J = 7.0 Hz , 4-C6H5Pd), 6.41 (2 H, t, J = 

7.5 Hz, 3,5-C6H5Pd), 1.41 (3H, s, O2C(CH3));
 31

P NMR (202 MHz, 128 scans, C6D6): δ = 

21.3 (s); MS (LIFDI) m/z (%) 766.12 ([M]
+
, 100) (PdC44H38O2P2 requires 766.14). 

A literature procedure was followed for the synthesis of this compound.
212

 The analytical 

data obtained were in agreement with the literature. 

(Lab book reference number: GMHP-6-388, GMHP-7-446) 
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6.4 Monitoring Reaction Progress by in situ FT-IR Spectroscopy 

6.4.1 Reaction Progress Kinetic Analysis and Variable Time 

Normalisation Analysis of the Direct Arylation of 4-Iodotoluene 57 with 

Pentafluorobenzene 56 

Reaction at standard condition (Table 10, Entry 1) 

A mixture of 4-iodotoluene 57 (197 mg, 117µL, 0.904 mmol, 1 equiv.), pentafluorobenzene 

56 (150 µL, 227 mg, 1.35 mmol, 1.5 equiv.), Pd(OAc)2 (10 mg
 a
, 0.045 mmol, 5 mol%), 

PPh3 (24 mg
 b
, 0.091 mmol, 10 mol%) and Ag2CO3 (185 mg, 0.671 mmol, 0.74 equiv.) in 

DMF (9.4 cm
3
 total volume) was prepared following general procedure C. The reaction 

progress was monitored by in situ FT-IR spectroscopy. Quantitative conversion of starting 

material 57 was achieved. 

a
 Using 500 µL of 0.09 M Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 1 cm
3
 DMF for 10 min. 

b
 Using 500 µL of 0.18 M PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 1 cm
3
 DMF for 5 min. 

(Lab book reference number: GMHP-7-474) 

Reaction at different [“excess”] condition 1 (Table 10, Entry 2) 

A mixture of 4-iodotoluene 57 (197 mg, 117 µL, 0.904 mmol, 1 equiv.), 

pentafluorobenzene 56 (100 µL, 151 mg, 0.901 mmol, 1 equiv.), Pd(OAc)2 (10 mg 
a
, 0.045 

mmol, 5 mol%), PPh3 (24 mg
 b
, 0.091 mmol, 10 mol%) and Ag2CO3 (187 mg, 0.678 mmol, 

0.75 equiv.) in DMF (9.45 cm
3
 total volume) was prepared following general procedure C. 

The reaction progress was monitored by in situ FT-IR spectroscopy. Quantitative 

conversion of starting material 57 was achieved. 

a
 Using 500 µL of 0.09 M Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 1 cm
3
 DMF for 10 min. 

b
 Using 500 µL of 0.18 M PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 1 cm
3
 DMF for 5 min. 

(Lab book reference number: GMHP-7-477) 
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Reaction at different [“excess”] condition 2 (Table 10, Entry 3) 

A mixture of 4-iodotoluene 57 (196 mg, 117 µL, 0.899 mmol, 1 equiv.), 

pentafluorobenzene 56 (300 µL, 454 mg, 2.70 mmol, 3 equiv.), Pd(OAc)2 (10 mg 
a
, 0.045 

mmol, 5 mol%), PPh3 (24 mg
 b
, 0.091 mmol, 10 mol%) and Ag2CO3 (186 mg, 0.675 mmol, 

0.75 equiv.) in DMF (9.25 cm
3
 total volume) was prepared following general procedure C. 

The reaction progress was monitored by in situ FT-IR spectroscopy. Quantitative 

conversion of starting material 57 was achieved. 

a
 Using 500 µL of 0.09 M Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 1 cm
3
 DMF for 10 min. 

b
 Using 500 µL of 0.18 M PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 1 cm
3
 DMF for 5 min. 

(Lab book reference number: GMHP-7-473) 

Reaction at different [“excess”] condition 3 (Table 10, Entry 4) 

A mixture of 4-iodotoluene 57 (593 mg, 353 µL, 2.72 mmol, 2 equiv.), pentafluorobenzene 

56 (100 µL, 151 mg, 0.90 mmol, 1 equiv.), Pd(OAc)2 (10 mg 
a
, 0.045 mmol, 5 mol%), PPh3 

(24 mg
 b
, 0.091 mmol, 10 mol%) and Ag2CO3 (185 mg, 0.671 mmol, 0.75 equiv.) in DMF 

(9.215 cm
3
 total volume) was prepared following general procedure C. The reaction 

progress was monitored by in situ FT-IR spectroscopy. Quantitative conversion of starting 

material 57 was achieved. 

a
 Using 500 µL of 0.09 M Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 1 cm
3
 DMF for 10 min. 

b
 Using 500 µL of 0.18 M PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 1 cm
3
 DMF for 5 min. 

(Lab book reference number: GMHP-7-480) 

Reaction at different catalyst concentration 1 (Table 10, Entry 5) 

A mixture of 4-iodotoluene 57 (197 mg, 117 µL, 0.904 mmol, 1 equiv.), 

pentafluorobenzene 56 (150 µL, 227 mg, 1.35 mmol, 1.5 equiv.), Pd(OAc)2 (20 mg, 9 µL, 

0.089 mmol, 10 mol%), PPh3 (47 mg, 43 µL, 0.18 mmol, 20 mol%) and Ag2CO3 (186 mg, 

0.675 mmol, 0.75 equiv.) in DMF (9.35 cm
3
 total volume) was prepared following general 

procedure C. The reaction progress was monitored by in situ FT-IR spectroscopy. 

Quantitative conversion of starting material 57 was achieved. 
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(Lab book reference number: GMHP-7-475) 

Reaction at different catalyst concentration 2 

A mixture of 4-iodotoluene 57 (196 mg, 117 µL, 0.899 mmol, 1 equiv.), 

pentafluorobenzene 56 (150 µL, 227 mg, 1.35 mmol, 1.5 equiv.), Pd(OAc)2 (30 mg, 14 µL, 

0.13 mmol, 15 mol%), PPh3 (71 mg, 65 µL, 0.27 mmol, 30 mol%) and Ag2CO3 (187 mg, 

0.678 mmol, 0.75 equiv.) in DMF (9.32 cm
3
 total volume) was prepared following general 

procedure C. The reaction progress was monitored by in situ FT-IR spectroscopy. 

Quantitative conversion of starting material 57 was achieved. 

(Lab book reference number: GMHP-7-476) 

Reaction at the same [“excess”] (Table 10, Entry 6) 

A mixture of 4-iodotoluene 57 (98 mg, 58 µL, 0.45 mmol, 1 equiv.), pentafluorobenzene 56 

(100 µL, 151 mg, 0.90 mmol, 2 equiv.), Pd(OAc)2 (10 mg
 a
, 0.045 mmol, 5 mol%), PPh3 

(24 mg
 b

, 0.091 mmol, 10 mol%) and Ag2CO3 (186 mg, 0.675 mmol, 1.5 equiv.) in DMF 

(9.51 cm
3
 total volume) was prepared following general procedure C. The reaction progress 

was monitored by in situ FT-IR spectroscopy. Quantitative conversion of starting material 

57 was achieved. 

a
 Using 500 µL of 0.09 M Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 1 cm
3
 DMF for 10 min. 

b
 Using 500 µL of 0.18 M PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 1 cm
3
 DMF for 5 min. 

(Lab book reference number: GMHP-7-478) 

Reaction at the same [“excess”] with product added to the reaction mixture (Table 10, 

Entry 7) 

A mixture of 4-iodotoluene 57 (98 mg, 58 µL, 0.45 mmol, 1 equiv.), pentafluorobenzene 56 

(100 µL, 151 mg, 0.90 mmol, 2 equiv.), 2,3,4,5,6-tetrafluoro-4ʹ-(methyl)biphenyl 58 (116 

mg, 320 µL, 0.45 mmol, 1equiv.), Pd(OAc)2 (10 mg
 a
, 0.045 mmol, 5 mol%), PPh3 (24 mg

 b
, 

0.091 mmol, 10 mol%) and Ag2CO3 (186 mg, 0.675 mmol, 1.5 equiv.) in DMF (9.475 cm
3
 

total volume) was prepared following general procedure C. The reaction progress was 

monitored by in situ FT-IR spectroscopy. Quantitative conversion of starting material 57 

was achieved. 
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a
 Using 500 µL of 0.09 M Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 1 cm
3
 DMF for 10 min. 

b
 Using 500 µL of 0.18 M PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 1 cm
3
 DMF for 5 min. 

(Lab book reference number: GMHP-7-479) 

6.4.2 Kinetic Analysis of the Direct Arylation of 4-Iodotoluene 57 with 

Pentafluorobenzene 56 by Isolation Method 

Order with respect to Pd catalyst with Pd(OAc)2/PPh3 1:2 pre-catalyst 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), pentafluorobenzene 56 (0.2 

cm
3
, 0.3 g, 1.8 mmol, 10 equiv.), Pd(OAc)2 (see below), PPh3 (see below) and Ag2CO3 (37 

mg, 0.13 mmol, 0.75 equiv.) in DMF (9.5 cm
3
 total volume) were prepared following the 

general procedure C. The reaction progress was monitored by in situ FT-IR spectroscopy 

(Figure 71). 

1. Pd(OAc)2 (0.4 mg 
a
, 1.8 × 10

−6
 mol, 1.0 mol%), PPh3 (0.94 mg 

b
, 3.6 × 10

−6
 mol, 

2.0 mol%). 
a
 Using 120 µL of 0.015 M Pd(OAc)2 stock solution made from stirring 

20 mg Pd(OAc)2 (0.089 mmol) in 6 cm
3
 DMF for 10 min. 

b
 Using 120 µL of 0.03 

M PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) in 6 cm
3
 DMF 

for 5 min; 77% conversion of starting material 57 was achieved with kobs = (3.52 ± 

0.03) × 10
−7

 mol dm
−3

 s
−1

 (Table 12, Entry 1). (Lab book reference number: 

GMHP-5-304) 

2. Pd(OAc)2 (1.0 mg 
a
, 4.5 × 10

−6
 mol, 2.5 mol%), PPh3 (2.4 mg 

b
, 9.0 × 10

−6
 mol, 5.0 

mol%). 
a
 Using 100 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 

mg Pd(OAc)2 (0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 100 µL of 90 mM 

PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) in 2 cm
3
 DMF for 

5 min; Quantitative conversion of starting material 57 was achieved with kobs = 

(7.90 ± 0.06) × 10
−7

 mol dm
−3

 s
−1

 (Table 12, Entry 2). (Lab book reference 

number: GMHP-6-345) 

3. Pd(OAc)2 (2 mg 
a
, 9 × 10

−6
 mol, 5.0 mol%), PPh3 (4.7 mg 

b
, 1.8 × 10

−5
 mol, 10 

mol%). 
a
 Using 150 µL of 0.059 M Pd(OAc)2 stock solution made from stirring 20 

mg Pd(OAc)2 (0.089 mmol) in 1.5 cm
3
 DMF for 10 min. 

b
 Using 150 µL of 0.12 M 

PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) in 1.5 cm
3
 DMF 

for 5 min; Quantitative conversion of starting material 57 was achieved with kobs = 
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(1.69 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

 (Table 12, Entry 3). (Lab book reference 

number: GMHP-4-233) 

4. Pd(OAc)2 (4.0 mg 
a
, 0.018 mmol, 10 mol%), PPh3 (9.4 mg, 0.036 mmol, 20 mol%). 

a
 Using 400 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg 

Pd(OAc)2 (0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 400 µL of 90 mM PPh3 

stock solution made from stirring 47 mg PPh3 (0.18 mmol) in 2 cm
3
 DMF for 5 

min; Quantitative conversion of starting material 57 was achieved with kobs = (1.84 

± 0.04) × 10
−6

 mol dm
−3

 s
−1

 (Table 12, Entry 4). (Lab book reference number: 

GMHP-5-272) 

5. Pd(OAc)2 (8.1 mg 
a
, 0.036 mmol, 20 mol%), PPh3 (18.9 mg, 0.072 mmol, 40 

mol%). 
a
 Using 800 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 

mg Pd(OAc)2 (0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 800 µL of 90 mM 

PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) in 2 cm
3
 DMF for 

5 min; Quantitative conversion of starting material 57 was achieved with kobs = 

(3.61 ± 0.13) × 10
−6

 mol dm
−3

 s
−1

 (Table 12, Entry 5).  (Lab book reference 

number: GMHP-5-273) 

6. Pd(OAc)2 (16 mg, 0.071 mmol, 0.4 equiv.), PPh3 (38 mg, 0.014 mmol, 0.8 equiv.); 

Quantitative conversion of starting material 57 was achieved with kobs = (5.73 ± 

0.23) × 10
−6

 mol dm
−3

 s
−1

 (Table 12, Entry 6). (Lab book reference number: 

GMHP-5-274) 

7. Pd(OAc)2 (32 mg, 0.14 mmol, 0.8 equiv.), PPh3 (76 mg, 0.29 mmol, 1.6 equiv.); 

Quantitative conversion of starting material 57 was achieved with kobs = (1.14 ± 

0.01) × 10
−5

 mol dm
−3

 s
−1

 (Table 12, Entry 7). (Lab book reference number: 

GMHP-5-275) 

Order with respect to pentafluorobenzene 56 for Pd(OAc)2/PPh3 1:2 pre-catalyst 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), pentafluorobenzene 56 (see 

below), Pd(OAc)2 (2 mg 
a
, 8.9 × 10

−6
 mol, 5 mol%), PPh3 (4.7 mg 

b
, 0.018 mmol, 10 mol%) 

and Ag2CO3 (37 mg, 0.13 mmol, 0.75 equiv.) in DMF (see below) was prepared following 

general procedure C. The reaction progress was monitored by in situ FT-IR spectroscopy 

(Figure 72). 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 200 µL of 90 mM PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 2 cm
3
 DMF for 5 min. 



Chapter 6: Experimental 

246 

1. Pentafluorobenzene 56 (0.2 cm
3
, 1.8 mmol, 0.3 g, 10 equiv.), DMF (9.5 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(1.68 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

 (Table 13, Entry 1). (Lab book reference 

number: GMHP-4-233) 

2. Pentafluorobenzene 56 (0.4 cm
3
, 0.6 g, 3.6 mmol, 20 equiv.), DMF (9.3 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(2.06 ± 0.03) × 10
−6

 mol dm
−3

 s
−1

 (Table 13, Entry 2). (Lab book reference 

number: GMHP-6-395) 

3. Pentafluorobenzene 56 (0.6 cm
3
, 0.9 g, 5.4 mmol, 30 equiv.), DMF (9.1 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(2.56 ± 0.04) × 10
−6

 mol dm
−3

 s
−1

 (Table 13, Entry 3). (Lab book reference 

number: GMHP-4-235) 

4. Pentafluorobenzene 56 (0.8 cm
3
, 1.2 g, 7.2 mmol, 40 equiv.), DMF (8.9 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(3.19 ± 0.06) × 10
−6

 mol dm
−3

 s
−1

 (Table 13, Entry 4). (Lab book reference 

number: GMHP-4-236) 

5. Pentafluorobenzene 56 (1 cm
3
, 1.5 g, 9 mmol, 50 equiv.), DMF (8.7 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(4.04 ± 0.07) × 10
−6

 mol dm
−3

 s
−1

 (Table 13, Entry 5). (Lab book reference 

number: GMHP-4-234) 

Order with respect to Pd catalyst with Pd(OAc)2/PPh3 1:4 pre-catalyst 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), pentafluorobenzene 56 (0.2 

cm
3
, 0.3 g, 1.8 mmol, 10 equiv.), Pd(OAc)2 (see below), PPh3 (see below) and Ag2CO3 (37 

mg, 0.13 mmol, 0.75 equiv.) in DMF (9.5 cm
3
 total volume) were prepared following the 

general procedure C. The reaction progress was monitored by in situ FT-IR spectroscopy. 

1. Pd(OAc)2 (2 mg 
a
, 9 × 10

−6
 mol, 5.0 mol%), PPh3 (9.4 mg 

b
, 0.036 mmol, 20 mol%). 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg 

Pd(OAc)2 (0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 400 µL of 90 mM PPh3 

stock solution made from stirring 47 mg PPh3 (0.18 mmol) in 2 cm
3
 DMF for 5 

min; Quantitative conversion of starting material 57 was achieved with kobs = (3.73 

± 0.08) × 10
−6

 mol dm
−3

 s
−1

 (Table 26, Entry 1). (Lab book reference number: 

GMHP-6-349) 

2. Pd(OAc)2 (4 mg 
a
, 0.018 mmol, 10 mol%), PPh3 (19 mg 

b
, 0.073 mmol, 40 mol%). 

a
 Using 400 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg 

Pd(OAc)2 (0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 400 µL of 0.18 M PPh3 
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stock solution made from stirring 48 mg PPh3 (0.18 mmol) in 1 cm
3
 DMF for 5 

min; Quantitative conversion of starting material 57 was achieved with kobs = (5.96 

± 1.02) × 10
−6

 mol dm
−3

 s
−1

 (Table 26, Entry 2). (Lab book reference number: 

GMHP-7-503) 

3. Pd(OAc)2 (6 mg 
a
, 0.027 mmol, 15 mol%), PPh3 (28 mg 

b
, 0.11 mmol, 60 mol%). 

a
 

Using 600 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg 

Pd(OAc)2 (0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 600 µL of 0.18 M PPh3 

stock solution made from stirring 48 mg PPh3 (0.18 mmol) in 1 cm
3
 DMF for 5 

min; Quantitative conversion of starting material 57 was achieved with kobs = (6.74 

± 0.84) × 10
−6

 mol dm
−3

 s
−1

 (Table 26, Entry 3). (Lab book reference number: 

GMHP-7-502) 

4. Pd(OAc)2 (8.1 mg 
a
, 0.036 mmol, 20 mol%), PPh3 (38 mg, 0.14 mmol, 0.8 equiv.). 

a
 Using 800 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg 

Pd(OAc)2 (0.089 mmol) in 2 cm
3
 DMF for 10 min; Quantitative conversion of 

starting material 57 was achieved with kobs = (9.91 ± 1.70) × 10
−6

 mol dm
−3

 s
−1

 

(Table 26, Entry 4). (Lab book reference number: GMHP-7-509) 

Order with respect to pentafluorobenzene 56 for Pd(OAc)2/PPh3 1:4 pre-catalyst 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), pentafluorobenzene 56 (see 

below), Pd(OAc)2 (2 mg 
a
, 8.9 × 10

−6
 mol, 5 mol%), PPh3 (9.4 mg 

b
, 0.036 mmol, 20 mol%) 

and Ag2CO3 (37 mg, 0.13 mmol, 0.75 equiv.) in DMF (see below) was prepared following 

general procedure C. The reaction progress was monitored by in situ FT-IR spectroscopy. 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 200 µL of 0.18 M PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 1 cm
3
 DMF for 5 min. 

1. Pentafluorobenzene 56 (0.2 cm
3
, 0.3 g, 1.8 mmol, 10 equiv.), DMF (9.5 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(3.73 ± 0.08) × 10
−6

 mol dm
−3

 s
−1

 (Table 27, Entry 1). (Lab book reference 

number: GMHP-6-349) 

2. Pentafluorobenzene 56 (0.4 cm
3
, 0.6 g, 3.6 mmol, 20 equiv.), DMF (9.3 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(4.18 ± 0.60) × 10
−6

 mol dm
−3

 s
−1

 (Table 27, Entry 2). (Lab book reference 

number: GMHP-7-504) 



Chapter 6: Experimental 

248 

3. Pentafluorobenzene 56 (0.6 cm
3
, 0.9 g, 5.4 mmol, 30 equiv.), DMF (9.1 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(5.13 ± 0.30) × 10
−6

 mol dm
−3

 s
−1

 (Table 27, Entry 3). (Lab book reference 

number: GMHP-7-506) 

4. Pentafluorobenzene 56 (0.8 cm
3
, 1.2 g, 7.2 mmol, 40 equiv.), DMF (8.9 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(5.50 ± 0.30) × 10
−6

 mol dm
−3

 s
−1

 (Table 27, Entry 4). (Lab book reference 

number: GMHP-7-507) 

6.4.3 Kinetic Analysis of the Direct Arylation of Iodobenzene 81 with 

Pentafluorobenzene 56 by Isolation Method 

Order with respect to Pd catalyst 

A mixture of iodobenzene 81 (60 µL, 0.54 mmol, 1 equiv.), pentafluorobenzene 56 (0.6 

cm
3
, 0.9 g, 5.4 mmol, 10 equiv.), Pd(OAc)2 (see below), PPh3 (see below) and Ag2CO3 

(111 mg, 0.40 mmol, 0.75 equiv.) in DMF (9.1 cm
3
 total volume) was prepared following 

general procedure C. The reaction progress was monitored by in situ FT-IR spectroscopy 

(Figure 73). 

1. Pd(OAc)2 (6 mg 
a
, 0.027 mmol, 5 mol%), PPh3 (14 mg 

b
, 0.054 mmol, 10 mol%). 

a
 

Using 300 µL of 0.09 M Pd(OAc)2 stock solution made from stirring 20 mg 

Pd(OAc)2 (0.089 mmol) in 1 cm
3
 DMF for 10 min. 

b
 Using 300 µL of 0.18 M PPh3 

stock solution made from stirring 47 mg PPh3 (0.18 mmol) in 1 cm
3
 DMF for 5 

min); Quantitative conversion of starting material 81 was achieved with kobs = (9.99 

± 0.11) × 10
−6

 mol dm
−3

 s
−1

 (Table 15, Entry 1). (Lab book reference number: 

GMHP-5-287) 

2. Pd(OAc)2 (12 mg, 0.053 mmol, 10 mol%), PPh3 (28 mg, 0.11 mmol, 20 mol%); 

Quantitative conversion of starting material 81 was achieved with kobs = (1.61 ± 

0.01) × 10
−5

 mol dm
−3

 s
−1

 (Table 15, Entry 2). (Lab book reference number: 

GMHP-5-293) 

3. Pd(OAc)2 (24 mg, 0.11 mmol, 20 mol%), PPh3 (56 mg, 0.22 mmol, 40 mol%); 

Quantitative conversion of starting material 81 was achieved with kobs = (2.18 ± 

0.03) × 10
−5

 mol dm
−3

 s
−1

 (Table 15, Entry 3). (Lab book reference number: 

GMHP-5-290) 

4. Pd(OAc)2 (37 mg, 0.16 mmol, 30 mol%), PPh3 (85 mg, 0.32, 60 mol%); 

Quantitative conversion of starting material 81 was achieved with kobs = (2.41 ± 
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0.04) × 10
−5

 mol dm
−3

 s
−1

 (Table 15, Entry 4). (Lab book reference number: 

GMHP-5-322) 

Order with respect to pentafluorobenzene 56 

A mixture of iodobenzene 81 (60 µL, 0.54 mmol, 1 equiv.), pentafluorobenzene 56 (see 

below), Pd(OAc)2 (6 mg 
a
, 0.027 mmol, 5 mol%), PPh3 (14 mg 

b
, 0.054 mmol, 10 mol%) 

and Ag2CO3 (111 mg, 0.40 mmol) in DMF (see below) was prepared following general 

procedure C. The reaction progress was monitored by in situ FT-IR spectroscopy (Figure 

74). 

a
 Using 300 µL of 0.09 M Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 1 cm
3
 DMF for 10 min. 

b
 Using 300 µL of 0.18 M PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 1 cm
3
 DMF for 5 min. 

1. Pentafluorobenzene 56 (0.6 cm
3
, 0.9 g, 5.4 mmol, 10 equiv.), DMF (9.1 cm

3
 total 

volume); Quantitative conversion of starting material 81 was achieved with kobs = 

(9.99 ± 0.11) × 10
−6

 mol dm
−3

 s
−1

 (Table 16, Entry 1). (Lab book reference 

number: GMHP-5-287) 

2. Pentafluorobenzene 56 (1.2 cm
3
, 1.8 g, 0.011 mol, 20 equiv.), DMF (8.5 cm

3
 total 

volume); Quantitative conversion of starting material 81 was achieved with kobs = 

(1.24 ± 0.02) × 10
−5

 mol dm
−3

 s
−1

 (Table 16, Entry 2). (Lab book reference 

number: GMHP-5-289) 

3. Pentafluorobenzene 56 (1.8 cm
3
, 2.7 g, 0.016 mol, 30 equiv.), DMF (7.9 cm

3
 total 

volume); Quantitative conversion of starting material 81 was achieved with kobs = 

(1.57 ± 0.02) × 10
−5

 mol dm
−3

 s
−1

 (Table 16, Entry 3). (Lab book reference 

number: GMHP-5-288) 

4. Pentafluorobenzene 56 (2.4 cm
3
, 3.6 g, 0.022 mol, 40 equiv.), DMF (7.3 cm

3
 total 

volume); Quantitative conversion of starting material 81 was achieved with kobs = 

(2.07 ± 0.05) × 10
−5

 mol dm
−3

 s
−1

 (Table 16, Entry 4). (Lab book reference 

number: GMHP-5-286) 

6.4.4 Kinetic Analysis of the Direct Arylation of 4-Substituted-

Iodobenzene with Pentafluorobenzene 56 

A mixture of 4-substituted-iodoarene (see below), pentafluorobenzene 56 (200 µL, 0.3 g, 

1.8 mmol, 10 equiv.), Pd(OAc)2 (2 mg 
a
, 8.9 × 10

−6
 mol, 5 mol%), PPh3 (4.7 mg 

b
, 0.018 

mmol, 10 mol%) and Ag2CO3 (37 mg, 0.13 mmol, 0.75 equiv.) in DMF (9.5 cm
3
 total 
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volume) was prepared following general procedure C. The reaction progress was monitored 

by in situ FT-IR spectroscopy (Figure 88). 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 200 µL of 90 mM PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 2 cm
3
 DMF for 5 min. 

1. OH (39 mg, 0.18 mmol, 1 equiv.); 0% conversion to product 62 (Table 25, Entry 

1). (Lab book reference number: GMHP-7-510) 

2. NH2 (39 mg, 0.18 mmol, 1 equiv.); 0% conversion to product 63 (Table 25, Entry 

2). (Lab book reference number: GMHP-7-500) 

3. Me (39 mg, 0.18 mmol, 1 equiv.); Quantitative conversion of starting material to 

product 58 was achieved with kobs = (1.68 ± 0.04) × 10
−6

 mol dm
−3

 s
−1

 (Table 25, 

Entry 3). (Lab book reference number: GMHP-4-233) 

4. H (20 µL, 36 mg, 0.18 mmol, 1 equiv.); Quantitative conversion of starting 

material to product 64 was achieved with kobs = (1.01 ± 0.03) × 10
−6

 mol dm
−3

 s
−1

 

(Table 25, Entry 4). (Lab book reference number: GMHP-5-276) 

5. F (21 µL, 40 mg, 0.18 mmol, 1 equiv.); Quantitative conversion of starting material 

to product 65 was achieved with kobs = (1.68 ± 0.04) × 10
−6

 mol dm
−3

 s
−1

 (Table 25, 

Entry 5). (Lab book reference number: GMHP-7-501) 

6. CF3 (27 µL, 49 mg, 0.18 mmol, 1 equiv.); Quantitative conversion of starting 

material to product 66 was achieved with kobs = (1.13 ± 0.03) × 10
−6

 mol dm
−3

 s
−1

 

(Table 25, Entry 6). (Lab book reference number: GMHP-5-285) 

6.4.5 Temperature Dependence of the Direct Arylation of 4-Iodotoluene 

57 with Pentafluorobenzene 56 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), pentafluorobenzene 56 (see 

below), Pd(OAc)2 (2 mg 
a
, 8.9 × 10

−6
 mol, 5 mol%), PPh3 (4.7 mg 

b
, 0.018 mmol, 10 mol%) 

and Ag2CO3 (37 mg, 0.13 mmol, 0.75 equiv.) in DMF (see below) was prepared following 

general procedure C. The reaction progress was monitored by in situ FT-IR spectroscopy. 

Graphical representation of the overall experimental results was presented as Figure 42. 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 200 µL of 90 mM PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 2 cm
3
 DMF for 5 min. 
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Reactions heated at 40.0 ± 1 °C (Figure 75) 

1. Pentafluorobenzene 56 (0.2 cm
3
, 0.3 g, 1.8 mmol, 10 equiv.), DMF (9.5 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(5.22 ± 0.04) × 10
−7

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-4-241) 

2. Pentafluorobenzene 56 (0.4 cm
3
, 0.6 g, 3.6 mmol, 20 equiv.), DMF (9.3 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(6.53 ± 0.06) × 10
−7

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-327) 

3. Pentafluorobenzene 56 (0.6 cm
3
, 0.9 g, 5.4 mmol, 30 equiv.), DMF (9.1 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(8.60 ± 0.06) × 10
−7

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-6-396) 

4. Pentafluorobenzene 56 (0.8 cm
3
, 1.2 g, 7.2 mmol, 40 equiv.), DMF (8.9 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(1.04 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-333) 

5. Pentafluorobenzene 56 (1 cm
3
, 1.5 g, 9 mmol, 50 equiv.), DMF (8.7 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(1.27 ± 0.01) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-335) 

Reactions heated at 50 ± 1 °C (Figure 76) 

1. Pentafluorobenzene 56 (0.2 cm
3
, 0.3 g, 1.8 mmol, 10 equiv.), DMF (9.5 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(8.61 ± 0.06) × 10
−7

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-321) 

2. Pentafluorobenzene 56 (0.4 cm
3
, 0.6 g, 3.6 mmol, 20 equiv.), DMF (9.3 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(1.46 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-328) 

3. Pentafluorobenzene 56 (0.6 cm
3
, 0.9 g, 5.4 mmol, 30 equiv.), DMF (9.1 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(2.05 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-331) 

4. Pentafluorobenzene 56 (0.8 cm
3
, 1.2 g, 7.2 mmol, 40 equiv.), DMF (8.9 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(1.64 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-329) 

5. Pentafluorobenzene 56 (1 cm
3
, 1.5 g, 9 mmol, 50 equiv.), DMF (8.7 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(2.44 ± 0.04) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-336) 
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Reactions heated at 64 ± 1 °C (Figure 77) 

1. Pentafluorobenzene 56 (0.2 cm
3
, 0.3 g, 1.8 mmol, 10 equiv.), DMF (9.5 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(2.18 ± 0.03) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-6-338) 

2. Pentafluorobenzene 56 (0.4 cm
3
, 0.6 g, 3.6 mmol, 20 equiv.), DMF (9.3 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(3.95 ± 0.08) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-6-342) 

3. Pentafluorobenzene 56 (0.6 cm
3
, 0.9 g, 5.4 mmol, 30 equiv.), DMF (9.1 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(4.14 ± 0.10) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-6-343) 

4. Pentafluorobenzene 56 (0.8 cm
3
, 1.2 g, 7.2 mmol, 40 equiv.), DMF (8.9 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(5.25 ± 0.14) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-6-337) 

5. Pentafluorobenzene 56 (1 cm
3
, 1.5 g, 9 mmol, 50 equiv.), DMF (8.7 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(6.37 ± 0.29) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-6-344) 

Reactions heated at 72 ± 1 °C (Figure 78) 

1. Pentafluorobenzene 56 (0.2 cm
3
, 1.8 mmol, 0.3 g, 10 equiv.), DMF (9.5 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(4.31 ± 0.10) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-4-242) 

2. Pentafluorobenzene 56 (0.4 cm
3
, 0.6 g, 3.6 mmol, 20 equiv.), DMF (9.3 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(6.50 ± 0.30) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-330) 

3. Pentafluorobenzene 56 (0.6 cm
3
, 0.9 g, 5.4 mmol, 30 equiv.), DMF (9.1 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(6.98 ± 0.24) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-332) 

4. Pentafluorobenzene 56 (0.8 cm
3
, 1.2 g, 7.2 mmol, 40 equiv.), DMF (8.9 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(9.51 ± 1.01) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-5-334) 

5. Pentafluorobenzene 56 (1 cm
3
, 1.5 g, 9 mmol, 50 equiv.), DMF (8.7 cm

3
 total 

volume); Quantitative conversion of starting material 57 was achieved with kobs = 

(8.12 ± 0.28) × 10
−6

 mol dm
−3

 s
−1

. (Lab book reference number: GMHP-6-401) 



Chapter 6: Experimental 

253 

6.4.6 Kinetic Isotope Effect of the Direct Arylation of 4-Iodotoleuene 57 

with Deuteropentafluorobenzene 100 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), deuteropentafluorobenzene 

100 (see below), Pd(OAc)2 (2 mg 
a
, 8.9 × 10

−6
 mol, 5 mol%), PPh3 (4.7 mg 

b
, 0.018 mmol, 

10 mol%) and Ag2CO3 (37 mg, 0.13 mmol, 0.75 equiv.) in DMF (9.5 cm
3
 total volume) 

was prepared following general procedure C. The reaction progress was monitored by in 

situ FT-IR spectroscopy. The IR signals of 2,3,4,5,6-pentafluoro-4ʹ-(methyl)biphenyl 

product 58 at 989 cm
−1

 was monitored and the kobs were used to calculate the KIE values. 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 200 µL of 90 mM PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 2 cm
3
 DMF for 5 min. 

Reactions heated at 40 ± 1 °C 

1. C6F5D 100 (0.2 cm
3
, 0.3 g, 1.8 mmol, 10 equiv.); Quantitative conversion of 

starting material 57 was achieved with kobs = (7.65 ± 0.02) × 10
−8

 mol dm
−3

 s
−1

 

(Figure 82 and Table 21, Entry 2). (Lab book reference number: GMHP-6-340) 

2. C6F5D 100 (0.8 cm
3
, 1.2 g, 7.2 mmol, 40 equiv.); Quantitative conversion of 

starting material 57 was achieved with kobs = (3.20 ± 0.02) × 10
−7

 mol dm
−3

 s
−1

 

(Figure 83 and Table 21, Entry 4). (Lab book reference number: GMHP-6-339) 

Reactions heated at 56 ± 1 °C 

1. C6F5D 100 (0.2 cm
3
, 0.3 g, 1.8 mmol, 10 equiv.); Quantitative conversion of 

starting material 57 was achieved with kobs = (3.96 ± 0.02) × 10
−7

 mol dm
−3

 s
−1

 

(Figure 41 and Table 21, Entry 6). (Lab book reference number: GMHP-5-296 and 

GMHP-6-356) 

2. C6F5D 100 (0.8 cm
3
, 1.2 g, 7.2 mmol, 40 equiv.); Quantitative conversion of 

starting material 57 was achieved with kobs = (1.28 ± 0.01) × 10
−6

 mol dm
−3

 s
−1

 

(Figure 84 and Table 21, Entry 8). (Lab book reference number: GMHP-6-358) 

6.4.7 Kinetic Analysis of the Direct Arylation of 4-Iodotoluene 57 with 

Pentafluorobenzene 56 using Different Quantity of PPh3 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), pentafluorobenzene 56 (200 

µL, 0.3 g, 1.8 mmol, 10 equiv.), Pd(OAc)2 (2 mg 
a
, 8.9 × 10

−6
 mol, 5 mol%), 

trialkylphosphine (see below) and Ag2CO3 (37 mg, 0.13 mmol, 0.75 equiv.) in DMF (9.5 
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cm
3
 total volume) was prepared following general procedure C. The reaction progress was 

monitored by in situ FT-IR spectroscopy (Figure 86). 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

1. PPh3 (2.4 mg 
b
, 0.009 mmol, 5 mol%), 

b
 Using 100 µL of 90 mM PPh3 stock 

solution made from stirring 47 mg PPh3 (0.18 mmol) in 2 cm
3
 DMF for 5 min.; 

76% conversion of starting material 57 achieved with kobs = (6.04 ± 0.07) × 10
−7

 

mol dm
−3

 s
−1

 (Table 18, Entry 1). (Lab book reference number: GMHP-6-348) 

2. PPh3 (4.7 mg, 0.018 mmol, 10 mol%), 
b
 Using 150 µL of 120 mM PPh3 stock 

solution made from stirring 47 mg PPh3 (0.18 mmol) in 1.5 cm
3
 DMF for 5 min.; 

Quantitative conversion of starting material 57 achieved with kobs = (1.68 ± 0.02) × 

10
−6

 mol dm
−3

 s
−1

 (Table 18, Entry 2). (Lab book reference number: GMHP-4-233) 

3. PPh3 (7.1 mg, 0.027 mmol, 15 mol%), 
b
 Using 300 µL of 90 mM PPh3 stock 

solution made from stirring 47 mg PPh3 (0.18 mmol) in 2 cm
3
 DMF for 5 min.; 

Quantitative conversion of starting material 57 achieved with kobs = (2.78 ± 0.03) × 

10
−6

 mol dm
−3

 s
−1

 (Table 18, Entry 3). (Lab book reference number: GMHP-6-367) 

4. PPh3 (9.4 mg, 0.036 mmol, 20 mol%), 
b
 Using 400 µL of 90 mM PPh3 stock 

solution made from stirring 47 mg PPh3 (0.18 mmol) in 2 cm
3
 DMF for 5 min.; 

Quantitative conversion of starting material 57 achieved with kobs = (3.73 ± 0.08) × 

10
−6

 mol dm
−3

 s
−1

 (Table 18, Entry 4). (Lab book reference number: GMHP-6-349) 

5. PPh3 (12 mg, 0.046 mmol, 25 mol%), 
b
 Using 250 µL of 180 mM PPh3 stock 

solution made from stirring 48 mg PPh3 (0.18 mmol) in 1 cm
3
 DMF for 5 min.; 

Quantitative conversion of starting material 57 achieved with kobs = (2.72 ± 0.05) × 

10
−6

 mol dm
−3

 s
−1

 (Table 18, Entry 5). (Lab book reference number: GMHP-6-380) 

6. PPh3 (14 mg, 0.054 mmol, 30 mol%), 
b
 Using 300 µL of 180 mM PPh3 stock 

solution made from stirring 48 mg PPh3 (0.18 mmol) in 1 cm
3
 DMF for 5 min.; 

Quantitative conversion of starting material 57 achieved with kobs = (2.67 ± 0.04) × 

10
−6

 mol dm
−3

 s
−1

 (Table 18, Entry 6). (Lab book reference number: GMHP-6-357) 

7. PPh3 (19 mg, 0.072 mmol, 40 mol%), 
b
 Using 400 µL of 180 mM PPh3 stock 

solution made from stirring 48 mg PPh3 (0.18 mmol) in 1 cm
3
 DMF for 5 min.; 

Quantitative conversion of starting material 57 achieved with kobs = (2.71 ± 0.06) × 

10
−6

 mol dm
−3

 s
−1

 (Table 18, Entry 7). (Lab book reference number: GMHP-6-350) 
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6.4.8 Kinetic Analysis of the Direct Arylation of 4-Iodotoluene 57 with 

Pentafluorobenzene 56 using Different Quantity of Ag2CO3 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), pentafluorobenzene 56 (200 

µL, 0.3 g, 1.8 mmol, 10 equiv.), Pd(OAc)2 (2 mg 
a
, 8.9 × 10

−6
 mol, 5 mol%), PPh3 (4.7 mg 

b
, 

0.018 mmol, 10 mol%) and Ag2CO3 (see below) in DMF (9.5 cm
3
 total volume) was 

prepared following general procedure C. The reaction progress was monitored by in situ 

FT-IR spectroscopy (Figure 87). 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 200 µL of 90 mM PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 2 cm
3
 DMF for 5 min. 

1. Ag2CO3 (4.7 mg, 0.1 equiv.); 9% conversion of starting material 57 achieved with 

kobs = (4.24 ± 0.40) × 10
−7

 mol dm
−3

 s
−1

 (Table 19, Entry 1). (Lab book reference 

number: GMHP-6-392) 

2. Ag2CO3 (12 mg, 0.24 equiv.); 39% conversion of starting material 57 achieved 

with kobs = (7.85 ± 0.15) × 10
−7

 mol dm
−3

 s
−1

 (Table 19, Entry 2). (Lab book 

reference number: GMHP-6-379) 

3. Ag2CO3 (25 mg, 0.49 equiv.); Quantitative conversion of starting material 57 

achieved with kobs = (1.35 ± 0.01) × 10
−6

 mol dm
−3

 s
−1

 (Table 19, Entry 3). (Lab 

book reference number: GMHP-6-381) 

4. Ag2CO3 (37 mg, 0.74 equiv.); Quantitative conversion of starting material 57 

achieved with kobs = (1.68 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

 (Table 19, Entry 4). (Lab 

book reference number: GMHP-4-233) 

5. Ag2CO3 (73 mg, 1.47 equiv.); Quantitative conversion of starting material 57 

achieved with kobs = (1.65 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

 (Table 19, Entry 5). (Lab 

book reference number: GMHP-6-382) 

6. Ag2CO3 (112 mg, 2.24 equiv.); Quantitative conversion of starting material 57 

achieved with kobs = (1.71 ± 0.01) × 10
−6

 mol dm
−3

 s
−1

 (Table 19, Entry 6). (Lab 

book reference number: GMHP-6-383) 

6.4.9 Poisoning the Direct Arylation of 4-Iodotoluene 57 with 

Pentafluorobenzene 56 by Mercury Drop-Test 

A mixture of 4-iodotoluene 57 (197 mg, 0.904 mmol, 1 equiv.), pentafluorobenzene 56 

(150 µL, 227 mg, 1.35 mmol, 1.5 equiv.), Pd(OAc)2 (10 mg, 0.045 mmol, 5 mol%), PPh3 
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(24 mg, 0.091 mmol, 10 mol%) and Ag2CO3 (188 mg, 0.68 mmol, 0.75 equiv.) in DMF 

(9.4 cm
3
 total volume) was prepared following general procedure C. The reaction progress 

was monitored by in situ FT-IR spectroscopy (Figure 47). Mercury (135 µL, 1.83 g, 9.1 

mmol, 200 equiv. of Pd) was added to the reaction mixture at 20% (ca. 64 min) or 50% (ca. 

170 min) conversion of the starting material 57 to the product 58. The reaction was 

quenched instantaneously upon addition of Hg. 

Hg addition at 20% Conversion (Lab book reference number:  GMHP-7-515) 

Hg addition at 50% Conversion (Lab book reference number: GMHP-7-512) 

6.4.10 Poisoning the Direct Arylation of 4-Iodotoluene 57 with 

Pentafluorobenzene 56 by Addition of PVPy 

A mixture of 4-iodotoluene 57 (196 mg, 0.899 mmol, 1 equiv.), pentafluorobenzene 56 

(150 µL, 227 mg, 1.35 mmol, 1.5 equiv.), Pd(OAc)2 (11 mg, 0.049 mmol, 5 mol%), PPh3 

(24 mg, 0.091 mmol, 10 mol%) and Ag2CO3 (187 mg, 0.68 mmol, 0.75 equiv.) in DMF 

(9.4 cm
3
 total volume) was prepared following general procedure C. The reaction progress 

was monitored by in situ FT-IR spectroscopy (Figure 47). Polvinyl-4-pyridine (0.962 g, 

9.1 mmol, 200 equiv. of Pd) was added to the reaction mixture at 50% (ca. 170 min) 

conversion of the starting material 57 to the product 58. The reaction was unaffected by the 

addition of PVPy. 

(Lab book reference number: GMHP-7-517) 

6.4.11 Hot-Filtration of the Direct Arylation of 4-Iodotoluene 57 with 

Pentafluorobenzene 56 

A mixture of 4-iodotoluene 57 (194 mg, 0.890 mmol, 1 equiv.), pentafluorobenzene 56 

(150 µL, 227 mg, 1.35 mmol, 1.5 equiv.), Pd(OAc)2 (11 mg, 0.049 mmol, 5 mol%), PPh3 

(24 mg, 0.091 mmol, 10 mol%) and Ag2CO3 (188 mg, 0.68 mmol, 0.75 equiv.) in DMF 

(9.4 cm
3
 total volume) was prepared following general procedure C. The reaction progress 

was monitored by in situ FT-IR spectroscopy (Figure 49). At 50% (ca. 170 min) 

conversion of the starting material 57 to the product 58, the hot reaction mixture was 

filtered through heated Celite®-pad. A layer of green precipitate was removed by the 

Celite®-pad and the colourless filtrate was collected into a second reaction vessel 

containing the same quantity of Ag2CO3 (188 mg, 0.68 mmol, 0.75 equiv.) as the start of 

the reaction. The original reaction vessel and the Celite® pad were washed out with DMF 

until approximately 10 cm
3
 of solution was present. The reaction mixture was sealed under 

continuous flow of nitrogen gas, re-heated in the oil bath to 56 ± 1 °C and monitored by in 
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situ FT-IR spectroscopic analysis (Figure 49). Continued formation of the product 58 was 

observed after performing hot-filtration. 

(Lab book reference number: GMHP-7-518) 

6.4.12 Reaction Kinetics of the Direct Arylation of Iodobenzene 81 with 

Pentafluorobenzene 56 using Different Pd Pre-Catalysts 

Reactions with a pre-catalyst 

A mixture of iodobenzene 81 (60 µL, 109 mg, 0.536 mmol, 1 equiv.), pentafluorobenzene 

56 (600 µL, 908 mg, 5.41 mmol, 10 equiv.), pre-catalysts (0.0265 mmol Pd atom, 5 mol% 

Pd atom) and Ag2CO3 (111 mg, 0.403 mmol, 0.75 equiv.) in DMF (9.1 cm
3
 total volume) 

was prepared following general procedure D. The reaction progress was monitored using in 

situ FT-IR spectroscopy (Figure 67 a, Figure 67 b and Figure 68). The pre-catalysts tested 

and the quantities used are provided below. 

1. Pd(Ph)(κ
1
-OAc)(PPh3)2 85 (21 mg, 0.027 mmol, 5 mol%); Quantitative conversion 

of starting material 81 was achieved wtih kobs = (8.52 ± 0.09) × 10
−6

 mol dm
−3

 s
−1

 

(Table 34, Entry 8). (Lab book reference number: GMHP-7-448) 

2. Pd(Ph)(I)(PPh3)2 82a (23 mg, 0.027 mmol, 5 mol%); Quantitative conversion of 

starting material 81 was achieved with kobs = (14.83 ± 0.01) × 10
−6

 mol dm
−3

 s
−1

 

(Table 34, Entry 9). (Lab book reference number: GMHP-7-465) 

3. [Pd(Ph)(µ-OAc)(PPh3)]2 84 (14 mg, 0.014 mmol, 2.5 mol%); Quantitative 

conversion of starting material 81 was achieved with kobs = (7.90 ± 0.05) × 10
−6

 

mol dm
−3

 s
−1

 (Table 34, Entry 2). (Lab book reference number: GMHP-7-431) 

4. [Pd(Ph)(µ-OH)(PPh3)]2 83a (12 mg, 0.013 mmol, 2.5 mol%) (Table 34, Entry 4). 

(Lab book reference number: GMHP-7-432) 

5. [Pd(Ph)(µ-I)(PPh3)]2 86 (15 mg, 0.013 mmol, 2.5 mol%) (Table 34, Entry 5). (Lab 

book reference number: GMHP-7-435) 

Reactions with a pre-catalyst and a ligand 

A mixture of iodobenzene 81 (60 µL, 109 mg, 0.536 mmol, 1 equiv.), pentafluorobenzene 

56 (600 µL, 908 mg, 5.41 mmol, 10 equiv.), pre-catalysts (0.0265 mmol Pd atom, 5 mol% 

Pd atom), PPh3 (see below) and Ag2CO3 (111 mg, 0.403 mmol, 0.75 equiv.), in DMF (9.1 

cm
3
 total volume) was prepared following general procedure D. The reaction was 

monitored using in situ FT-IR spectroscopy. The pre-catalysts tested and the quantities used 

are provided below. 
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1. Pd(OAc)2 (6.0 mg, 0.027 mmol, 5 mol%) and PPh3 (14 mg, 0.053 mmol, 10 

mol%); Quantitative conversion of starting material 81 was achieved with kobs = 

(9.90 ± 0.04) × 10
−6

 mol dm
−3

 s
−1

 (Table 34, Entry 1). (Lab book reference 

number: GMHP-7-429) 

2. Pd(OAc)2 (5.9 mg, 0.027 mmol, 5 mol%) and PPh3 (21 mg, 0.080 mmol, 15 

mol%); Quantitative conversion of starting material 81 was achieved with kobs = 

(14.58 ± 0.01) × 10
−6

 mol dm
−3

 s
−1

 (Table 34, Entry 10). (Lab book reference 

number: GMHP-7-452) 

3. [Pd(Ph)(µ-OAc)(PPh3)]2 84 (14 mg, 0.014 mmol, 2.5 mol%) and PPh3 (7 mg, 0.027 

mmol, 5 mol%); Quantitative conversion of starting material 81 was achieved with 

kobs = (7.56 ± 0.06) × 10
−6

 mol dm
−3

 s
−1

 (Table 34, Entry 3). (Lab book reference 

number: GMHP-7-436) 

Reactions with a pre-catalyst and an AcOH 

A mixture of iodobenzene 81 (60 µL, 109 mg, 0.536 mmol, 1 equiv.), pentafluorobenzene 

56 (600 µL, 908 mg, 5.41 mmol, 10 equiv.), pre-catalysts (0.0265 mmol Pd atom, 5 mol% 

Pd atom), AcOH (see below) and Ag2CO3 (111 mg, 0.403 mmol, 0.75 equiv.), in DMF (9.1 

cm
3
 total volume) was prepared following general procedure D. The reaction progress was 

monitored using in situ FT-IR spectroscopy. Stock solution of 0.54 M AcOH was made 

from 155 µL degassed glacial AcOH (163 mg, 2.71 mmol) in 5 cm
3
 DMF. The pre-

catalysts tested and the quantities used are provided below. 

1. Pd(Ph)(I)(PPh3)2 82a (22 mg, 0.026 mmol, 5 mol%) and AcOH (50 µL of 0.54 M 

stock, 1.55 µL, 1.63 mg, 0.0271 mmol, 5 mol%); Quantitative conversion of 

starting material 81 was achieved with kobs = (7.34 ± 0.04) × 10
−6

 mol dm
−3

 s
−1

 

(Table 34, Entry 11).  (Lab book reference number: GMHP-7-450) 

2. Pd(Ph)(I)(PPh3)2 82a (23 mg, 0.026 mmol, 5mol%) and AcOH (100 µL of 0.54 M 

stock, 3.1 µL, 3.25 mg, 0.0542 mmol, 10 mol%); Quantitative conversion of 

starting material 81 was achieved with kobs = (11.10 ± 0.14) × 10
−6

 mol dm
−3

 s
−1

 

(Table 34, Entry 12). (Lab book reference number: GMHP-7-508) 

3. Pd(Ph)(I)(PPh3)2 82a (23 mg, 0.026 mmol, 5mol%) and AcOH ( 200 µL of 0.54 M 

stock, 6.2  µL, 6.5 mg, 0.11 mmol, 20 mol%); Quantitative conversion of starting 

material 81 was achieved with kobs = (14.00 ± 0.01) × 10
−6

 mol dm
−3

 s
−1

 (Table 34, 

Entry 13). (Lab book reference number: GMHP-7-464) 

4. [Pd(Ph)(µ-OH)(PPh3)]2 83a (12 mg, 0.013 mmol, 2.5 mol%) and AcOH (50 µL of 

0.54 M stock, 1.55 µL, 1.63 mg, 0.0271 mmol, 5 mol%); Quantitative conversion 
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of starting material 81 was achieved with kobs = (9.71 ± 0.10) × 10
−6

 mol dm
−3

 s
−1

 

(Table 34, Entry 6). (Lab book reference number: GMHP-7-439) 

5. [Pd(Ph)(µ-I)(PPh3)]2 86 (15 mg, 0.013 mmol, 2.5 mol%) and AcOH  (50 µL of 

0.54 M stock, 1.55 µL, 1.63 mg, 0.0271 mmol, 5 mol%); Quantitative conversion 

of starting material 81 was achieved with kobs = (8.32 ± 0.05) × 10
−6

 mol dm
−3

 s
−1

 

(Table 34, Etnry 7). (Lab book reference number: GMHP-7-438) 

6.4.13 Reaction Kinetics of the Direct Arylation of 4-Iodotoluene 57 

with Pentafluorobenzene 56 using Different Trialkylphosphines 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), pentafluorobenzene 56 (200 

µL, 0.3 g, 1.8 mmol, 10 equiv.), Pd(OAc)2 (2 mg 
a
, 8.9 × 10

−6
 mol, 5 mol%), 

trialkylphosphine (see below) and Ag2CO3 (37 mg, 0.13 mmol, 0.75 equiv.) in DMF (9.5 

cm
3
 total volume) was prepared following general procedure C. The reaction progress was 

monitored by in situ FT-IR spectroscopy (Figure 89). 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

1. P(4-FC6H4)3 (5.7 mg 
b
, 0.018 mmol, 10 mol%), 

b
 Using 200 µL of 90 mM P(4-

FC6H4)3 stock solution made from stirring 29 mg P(4-FC6H4)3 (0.09 mmol) in 1 

cm
3
 DMF for 5 min.; Quantitative conversion of starting material 57 was achieved 

with kobs = (8.35 ± 0.14) × 10
−7

 mol dm
−3

 s
−1

 (Table 28, Entry 2). (Lab book 

reference number: GMHP-6-412) 

2. P(3,5-(CF3)2C6H3)3 (12 mg 
b
, 0.018 mmol, 10 mol%), 

b
 Using 500 µL of 37 mM 

P(3,5-(CF3)2C6H3)3 stock solution made from stirring 25 mg P(3,5-(CF3)2C6H3)3 

(0.037 mmol) in 1 cm
3
 DMF for 5 min.; Quantitative conversion of starting 

material 57 was achieved with kobs = (7.05 ± 0.05) × 10
−7

 mol dm
−3

 s
−1

 (Table 28, 

Entry 3). (Lab book reference number: GMHP-6-409) 

3. P(2-Furyl)3 (4.2 mg 
b
, 0.018 mmol, 10 mol%), 

b
 Using 200 µL of 90 mM P(2-

Furyl)3 stock solution made from stirring 42 mg P(2-Furyl)3 (0.18 mmol) in 2 cm
3
 

DMF for 5 min.; Quantitative conversion of starting material 57 was achieved with 

kobs = (1.66 ± 0.02) × 10
−6

 mol dm
−3

 s
−1

 (Table 28, Entry 4). (Lab book reference 

number: GMHP−6-427) 

4. P(2-MeOC6H4)3 (6.5 mg 
b
, 0.018 mmol, 10 mol%), 

b
 Using 600 µL of 31 mM P(2-

MeOC6H4)3 stock solution made from stirring 13 mg P(2-MeOC6H4)3 (0.37 mmol) 

in 1.2 cm
3
 DMF for 5 min.; 89% conversion of starting material 57 was achieved 
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with kobs = (4.37 ± 0.10) × 10
−6

 mol dm
−3

 s
−1

 (Table 28, Entry 5). (Lab book 

reference number: GMHP-6-406) 

5. P(4-MeOC6H4)3 (6.5 mg 
b
, 0.018 mmol, 10 mol%), 

b
 Using 600 µL of 31 mM P(4-

MeOC6H4)3 stock solution made from stirring 13 mg P(4-MeOC6H4)3 (0.37 mmol) 

in 1.2 cm
3
 DMF for 5 min.; 69% conversion of starting material 57 was achieved 

with kobs = (1.71 ± 0.03) × 10
−6

 mol dm
−3

 s
−1

 (Table 28, Entry 6). (Lab book 

reference number: GMHP-6-414) 

6. P(2-MeC6H4)3 (5.5 mg 
b
, 0.018 mmol, 10 mol%), 

b
 Using 200 µL of 90 mM P(2-

MeC6H4)3 stock solution made from stirring 55 mg P(2-MeC6H4)3 (0.18 mmol) in 2 

cm
3
 DMF for 5 min.; 24% conversion of starting material 57 was achieved with 

kobs = (8.60 ± 1.33) × 10
−6

 mol dm
−3

 s
−1

 (Table 28, Entry 7). (Lab book reference 

number: GMHP-6-413) 

7. P(2-MeC6H4)3 (11 mg 
b
, 0.036 mmol, 20 mol%); 

b
 Using 400 µL of 90 mM P(2-

MeC6H4)3 stock solution made from stirring 55 mg P(2-MeC6H4)3 (0.18 mmol) in 2 

cm
3
 DMF for 5 min.; 57% conversion of starting material 57 was achieved with 

kobs = (4.24 ± 0.21) × 10
−6

 mol dm
−3

 s
−1

 (Table 28, Entry 8). (Lab book reference 

number: GMHP-6-418) 

8. PCy3 (5.1mg 
b
, 0.018 mmol, 10 mol%), 

b
 Using 200 µL of 90 mM P(2-MeC6H4)3 

stock solution made from stirring 51 mg P(2-MeC6H4)3 (0.18 mmol) in 2 cm
3
 DMF 

for 5 min.; 11% conversion of starting material 57 was achieved with kobs = (7.36 ± 

0.86) × 10
−7

 mol dm
−3

 s
−1

 (Table 28, Entry 9). (Lab book reference number: 

GMHP-6-407) 

9. JohnPhos (5.4 mg 
b
, 0.018 mmol, 10 mol%); 

b
 Using 400 µL of 45 mM P(2-

MeC6H4)3 stock solution made from stirring 27 mg JohnPhos (0.09 mmol) in 2 cm
3
 

DMF for 5 min.; 23% conversion of starting material 57 was achieved with kobs = 

(1.33 ± 0.08) × 10
−6

 mol dm
−3

 s
−1

 (Table 28, Entry 10). (Lab book reference 

number: GMHP-6-419) 

6.4.14 Comparing the Reaction Progress Followed by in situ FT-IR 

Spectroscopy and ex situ NMR Spectroscopy 

A mixture of 4-iodotoluene 57 (41 mg, 0.19 mmol, 1 equiv.), pentafluorobenzene 56 (0.2 

cm
3
, 1.8 mmol, 10 equiv.), Ag2CO3 (38 mg, 0.14 mmol, 0.74 equiv.), Pd(OAc)2 (2 mg, 8.9 

× 10
−6

 mol, 5 mol%) and PPh3 (4.8 mg, 1.8 × 10
−5

 mol, 10 mol%) in DMF (9.5 cm
3
 total 

volume) was prepared following general procedure C. The reaction progress was monitored 

by in situ FT-IR spectroscopy (Figure 15). An aliquot of the reaction mixture was collected 
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at ca. 30 min intervals, filtered through a Celite®-plug and analysed by 
1
H NMR 

spectroscopy to determine the %conversion of starting material 57 to product 58. 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 200 µL of 90 mM PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 2 cm
3
 DMF for 5 min. 

(Lab book reference number: GMHP-6-385) 

6.5 Experiments Based on Solution Phase NMR spectroscopy 

6.5.1 Competition Experiment Between Pentafluorobenzene 56 and 4-

Substituted-2,3,5,6-Tetrafluorobenzene in the Direct Arylation of 4-

Iodotoluene 57 

A light-protected Schlenk tube with Pd(OAc)2 (3.3 mg, 0.015 mmol, 5 mol%), PPh3 (7.6 

mg, 0.029 mmol, 10 mol%) and Ag2CO3 (59 mg, 0.21 mmol, 0.75 equiv.) was evacuated 

and backfilled with atmosphere of nitrogen three times. The Schlenk tube was charged with 

4-iodotoluene 57 (62 mg. 0.29 mmol, 1 equiv.) and DMF (2.5 cm
3
). Pentafluorobenzene 56 

(320 µL, 484 mg, 2.88 mmol, 10 equiv.) and 4-X-2,3,5,6-tetrafluorobenzene (see below) 

were added simultaneously. The crude reaction mixture was heated at 60 °C and analysed 

after 20 hours by 
19

F NMR spectroscopic analysis. The ratios of the products were 

determined from the integration of the spectra run with 20 seconds of relaxation delay. 

Quantitative conversion of 4-iodotoleuene 57 was observed. 

1. X = NMe2 121 (490 µL, 652 mg, 3.38 mmol, 12 equiv.); 25% yield of biaryl 76 by 

NMR spectroscopic analysis with 75% yield of biary 58 (Figure 211, Figure 212 

and Table 24, Entry 1). (Lab book reference number: GMHP-6-365) 

2. X = OMe (405 µL, 524 mg, 2.91 mmol, 10 equiv.); 36% yield of biaryl 77 by 

NMR spectroscopic analysis with 64% yield of biaryl 58 (Figure 213, Figure 214 

and Table 24, Emtry 2). (Lab book reference number: GMHP-5-253) 

3. X = Cl (345 µL, 531 mg, 2.88 mmol, 10 equiv.); 54% yield of biaryl 79 by NMR 

spectroscopic analysis with 46% yield of biaryl 54 (Figure 215, Figure 216 and 

Table 24, Entry 5). (Lab book reference number: GMHP-5-270) 

4. X = CF3 (395 µL, 632 mg, 2.90 mmol, 10 equiv.); 58% yield of biaryl 80 by NMR 

spectroscopic analysis with 42% yield of biaryl 58 (Figure 217, Figure 218and 

Table 24, Emtry 6). (Lab book reference number: GMHP-5-250) 
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6.5.2 Stoichiometric Reaction of Pre-Synthesised Stable Pd Complexes 

Reaction of dinuclear species with pentafluorobenzene 56 in non-deuterated DMF 

The reaction was prepared inside an argon-filled glove box. The Pd complex (see below), 

pentafluorobenzene 56 (11 µL, 17 mg, 9.9 × 10
−5

 mol, 20 equiv.), hexafluorobenzene 

internal standard (10 µL, 8.66 × 10
−7

 mol 
a
) and DMF (to 0.55 cm

3
 mark) were placed in an 

NMR tube equipped with J. Young’s valve and heated in an oil bath at 70 °C. The yields of 

the reactions were determined from the 
19

F NMR peaks integration of the product 64 and 

the internal standard. 

a
 Using a stock solution of 0.086 M hexafluorobenzene in DMF. 

1. [Pd(Ph)(µ-OAc)(PPh3)]2 84 (5.1 mg, 5.1 × 10
−6

 mol, 1 equiv.); Quantitative yield 

by NMR spectroscopic analysis (Table 33, Entry 1). (Lab book reference number: 

GMHP-5-315) 

2. [Pd(Ph)(µ-OH)(PPh3)]2 83a (4.7 mg, 5.1 × 10
−6

 mol, 1 equiv.); 60% yield by NMR 

spectroscopic analysis (Table 33, Entry 2). (Lab book reference number: GMHP-5-

313) 

3. [Pd(Ph)(µ-I)(PPh3)]2 86 (6.0 mg, 5.2 × 10
−6

 mol, 1 equiv.); 0% yield by NMR 

spectroscopic analysis (Table 33, Entry 3). (Lab book reference number: GMHP-5-

314) 

Reaction of dinuclear species in the presence of Ag additives in DMF: 

4.  [Pd(Ph)(µ-I)(PPh3)]2 86 (5.6 mg, 4.9 × 10
−6

 mol, 1 equiv.) and Ag2CO3 (4.0 mg, 

1.5 × 10
−5

 mol, 3 equiv.); 36% yield by NMR spectroscopic analysis (Table 33, 

Entry 4). (Lab book reference number: GMHP-6-411) 

5. [Pd(Ph)(µ-I)(PPh3)]2 86 (5.6 mg, 4.8 × 10
−6

 mol, 1 equiv.) and AgOAc (5.3 mg, 3.2 

× 10
−5

 mol, 7 equiv.); 22% yield by NMR spectroscopic analysis (Table 33, Entry 

5). (Lab book reference number: GMHP-6-416) 

Reaction of dinuclear species with pentafluorobenzene 56 in benzene-d6 

The reaction was prepared inside an argon-filled glove box. The Pd complex (see below), 

pentafluorobenzene 56 (11 µL, 17 mg, 9.9 × 10
−5

 mol, 20 equiv.), fluorobenzene internal 

standard (5 µL, 2.4 × 10
−6

 mol 
a
) and benzene-d6 (to 0.55 cm

3
 mark) were placed in an 

NMR tube equipped with J. Young’s valve and heated in an oil bath at 70 °C. The yields of 

the reactions were determined from the 
19

F NMR peaks integration of the product 64 and 

the internal standard. 
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a
 Using a stock solution of 0.48 M fluorobenzene in benzene-d6.  

1. [Pd(Ph)(µ-OAc)(PPh3)]2 84 (5.1 mg, 5.1 × 10
−6

 mol, 1 equiv.); 67% yield by NMR 

spectroscopic analysis (Table 33, Entry 1). (Lab book reference number: GMHP-5-

317 and 319) 

2. [Pd(Ph)(µ-OH)(PPh3)]2 83a (4.6 mg, 5.0 × 10
−6

 mol, 1 equiv.); 18% yield by NMR 

spectroscopic analysis (Table 33, Entry 2). (Lab book reference number: GMHP-5-

318) 

3. [Pd(Ph)(µ-I)(PPh3)]2 86 (6.0 mg, 5.2 × 10
−6

 mol, 1 equiv.); 0% yield by NMR 

spectroscopic analysis (Table 33, Entry 3). (Lab book reference number: GMHP-5-

320) 

Reaction of mononuclear species with pentafluorobenzene 56 in DMF 

The reaction was prepared inside an argon-filled glove box. The Pd complex (see below), 

pentafluorobenzene 56 (6 µL, 9 mg, 5.4 × 10
−5

 mol, 10 equiv.), hexafluorobenzene internal 

standard (5 µL, 4.33 × 10
−7

 mol 
a
) and DMF (to 0.55 cm

3
 mark) were placed in an NMR 

tube equipped with J. Young’s valve and heated in an oil bath at 70 °C. The yields of the 

reactions were determined from the 
19

F NMR peaks integration of the product 64 and the 

internal standard. 

a
 Using a stock solution of 0.086 M hexafluorobenzene in DMF. 

1. Pd(Ph)(κ
1
-OAc)(PPh3)2 85 (3.7 mg, 4.8 × 10

−6
 mol, 1 equiv.); 45% yield by NMR 

spectroscopic analysis (Table 33, Entry 6). (Lab book reference number: GMHP-6-

391) 

2. Pd(Ph)(I)(PPh3)2 82a (5.8 mg, 6.9 × 10
−6

 mol, 1 equiv.); 0% yield by NMR 

spectroscopic analysis (Table 33, Entry 9). (Lab book reference number: GMHP-7-

493) 

3. Pd(4-tolyl)(I)(PPh3)2 82b (4.0 mg, 4.7 × 10
−6

 mol, 1 equiv.); 0% yield by NMR 

spectroscopic analysis (Table 33, Entry 13). (Lab book reference number: GMHP-

6-424) 

Reaction of mononuclear species in the presence of Ag additives in DMF: 

4. Pd(Ph)(κ
1
-OAc)(PPh3)2 85 (3.6 mg, 4.7 × 10

−6
 mol, 1 equiv.) and Ag2CO3 (2.8 mg, 

1.0 × 10
−5

 mol, 2 equiv.); 99% yield by NMR spectroscopic analysis (Table 33, 

Entry 7). (Lab book reference number: GMHP-7-496) 
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5. Pd(Ph)(κ
1
-OAc)(PPh3)2 85 (4.3 mg, 5.6 × 10

−6
 mol, 1 equiv.) and AgOAc (6.5 mg, 

3.9 × 10
−5

 mol, 7 equiv.); 98% yield by NMR spectroscopic analysis (Table 33, 

Entry 8). (Lab book reference number: GMHP-7-519) 

6. Pd(Ph)(I)(PPh3)2 82a (4.7 mg, 5.6 × 10
−6

 mol) and Ag2CO3 (2.6 mg, 9.4 × 10
−6

 mol, 

2 equiv.); 49% yield by NMR spectroscopic analysis (Table 33, Entry 10). (Lab 

book reference number: GMHP-7-494) 

7. Pd(Ph)(I)(PPh3)2 82a (4.5 mg, 5.4 × 10
−6

 mol) and AgOAc (3.7 mg, 2.2 × 10
−5

 mol, 

4 equiv.); 67% yield by NMR spectroscopic analysis (Table 33, Entry 11). (Lab 

book reference number: GMHP-7-495) 

8. Pd(Ph)(I)(PPh3)2 82a (3.9 mg, 4.7 × 10
−6

 mol) and AgBF4 (6.8 mg, 3.5 × 10
−5

 mol, 

7 equiv.); 0% yield by NMR spectroscopic analysis (Table 33, Entry 12). (Lab 

book reference number: GMHP-7-505) 

9. Pd(4-tolyl)(I)(PPh3)2 82b (4.0 mg, 4.7 × 10
−6

 mol, 1 equiv.) and Ag2CO3 (2.2 mg, 

8.0 × 10
−6

 mol, 2 equiv.); 46% yield by NMR spectroscopic analysis (Table 33, 

Entry 14). (Lab book reference number: GMHP-6-420) 

10. Pd(4-tolyl)(I)(PPh3)2 82b (4.0 mg, 4.7 × 10
−6

 mol) and AgOAc (3.1 mg, 1.9 × 10
−5

 

mol, 4 equiv.); 56% yield by NMR spectroscopic analysis (Table 33, Entry 15). 

(Lab book reference number: GMHP-6-421) 

6.6 Analysis of Catalytic Intermediates by in situ HR-MAS NMR 

Spectroscopy 

6.6.1 Following the Reaction Progress of Direct Arylation of 4-

Iodotoluene 57 with Pentafluorobenzene 56 

The rotor for the solid-state NMR spectroscopy was charged with Pd(OAc)2 (1.1 mg, 4.9 × 

10
−6

 mol, 50 mol%), PPh3 (2.6 mg, 9.9 × 10
−6

 mol, 100 mol%), Ag2CO3 (2.4 mg, 8.7 × 10
−6

 

mol, 1 equiv.), 4-iodotoluene 57 (2.1 mg, 9.6 × 10
−6

 mol, 1 equiv.), DMF-d7 (50 µL) and 

pentafluorobenzene 56 (1.5 µL, 2.3 mg, 1.4 × 10
−5

 mol, 1.6 equiv.) respectively. The 

mixture was heated at 328.5 K inside the spectrometer and the progress was monitored by 

1
H and 

31
P NMR spectroscopic analysis at ca. 17 min intervals until reaction completion 

without decreasing the temperature. 

(Lab book reference number: GMHP-6-386) 
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6.6.2 Observing the Reaction Intermediates of the Direct Arylation of 4-

Iodotoluene 57 with Pentafluorobenzene 56 

The rotor for the solid-state NMR spectroscopy was charged with Pd(OAc)2 (1.1 mg, 4.9 × 

10
−6

 mol, 50 mol%), PPh3 (2.6 mg, 9.9 × 10
−6

 mol, 100 mol%), Ag2CO3 (2.3 mg, 8.3 × 10
−6

 

mol, 1 equiv.), 4-iodotoluene 57 (2.5 mg, 1.1 × 10
−5

 mol, 1 equiv.), DMF-d7 (50 µL) and 

pentafluorobenzene 56 (1.5 µL, 2.3 mg, 1.4 × 10
−5

 mol, 1.6 equiv.) respectively. The 

mixture, initially at 285.0 K, was heated at 328.5 K inside the spectrometer until ca. 20% 

conversion of the starting material was achieved. At this point the reaction was cooled to 

308.5 K, 288.5 K, 268.5 K and 248.5 K in sequential order. The mixture was studied by 1D 

(
1
H, 

19
F and 

31
P) and 2D (

1
H-

1
H COSY and 

1
H-

31
P HMQC) NMR spectroscopic analysis at 

each temperature presented above (i.e. 285.0, 328.5, 308.5, 288.5, 268.5 and 244.5 K). 

(Lab book reference number: GMHP-6-417) 

6.6.3 Observing the Reaction Intermediates of the Direct Arylation of 

Iodobenzene 92 with Pentafluorobenzene 56 

The rotor for the solid-state NMR spectroscopy was charged with Pd(OAc)2 (1.1 mg, 4.9 × 

10
−6

 mol, 50 mol%), PPh3 (2.5 mg, 9.5 × 10
−6

 mol, 100 mol%), Ag2CO3 (2.4 mg, 8.7 × 10
−6

 

mol, 1 equiv.), iodobenzene 81 (1 µL, 1.8 mg, 8.9 × 10
−6

 mol, 1 equiv.), DMF-d7 (50 µL) 

and pentafluorobenzene 56 (1.5 µL, 2.3 mg, 1.4 × 10
−5

 mol, 1.6 equiv.) respectively. The 

mixture, initially at 285.0 K, was heated at 328.5 K inside the spectrometer until ca. 20% 

conversion of the starting material was achieved. At this point the reaction was cooled to 

308.5 K, 288.5 K, 268.5 K and 248.5 K in sequential order. The mixture was studied by 1D 

(
1
H, 

19
F and 

31
P) and 2D (

1
H-

1
H COSY and 

1
H-

31
P HMQC) NMR spectroscopic analysis at 

each temperatures (i.e. 285.0, 328.5, 308.5, 288.5, 268.5 and 244.5 K). 

(Lab book reference number: GMHP-7-449) 

6.6.4 Direct Arylation of the Iodobenzene 81 with Pentafluorobenzene 

56 Catalysed by [Pd(Ph)(µ-OAc)(PPh3)]2 84 

The rotor for the solid-state NMR spectroscopy was charged with [Pd(Ph)(µ-OAc)(PPh3)]2 

84 (2.4 mg, 2.4 × 10
−6

 mol, 50 mol% Pd atom), Ag2CO3 (2.4 mg, 8.7 × 10
−6

 mol, 1 equiv.), 

iodobenzene 81 (1 µL, 1.8 mg, 8.9 × 10
−6

 mol, 1 equiv.), DMF-d7 (50 µL) and 

pentafluorobenzene 56 (1.5 µL, 2.3 mg, 1.4 × 10
−5

 mol, 1.6 equiv.) respectively. The 

mixture, initially at 285.0 K, was heated at 328.5 K inside the spectrometer until ca. 20% 

conversion of the starting material was achieved. At this point the reaction was cooled to 
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308.5 K, 288.5 K, 268.5 K and 248.5 K in sequential order. The mixture was studied by 1D 

(
1
H, 

19
F and 

31
P) and 2D (

1
H-

1
H COSY and 

1
H-

31
P HMQC) NMR spectroscopic analysis at 

each temperatures (i.e. 285.0, 328.5, 308.5, 288.5, 268.5 and 244.5 K). 

(Lab book reference number: GMHP-7-461) 

Reaction catalysed by [Pd(Ph)(µ-OAc)(PPh3)]2 84 and phosphine ligand 

1. [Pd(Ph)(µ-OAc)(PPh3)]2 84 (2.4 mg, 2.4 × 10
−6

 mol, 50 mol% Pd atom), PPh3 (0.6 

mg, 2.3 × 10
−6

 mol, 25 mol%) (Lab book reference number: GMHP-7-466) 

2. [Pd(Ph)(µ-OAc)(PPh3)]2 84 (2.4 mg, 2.4 × 10
−6

 mol, 50 mol% Pd atom), PPh3 (1.7 

mg, 6.6 × 10
−6

 mol, 75 mol%) (Lab book reference number: GMHP-7-471) 

3. [Pd(Ph)(µ-OAc)(PPh3)]2 84 (2.4 mg, 2.4 × 10
−6

 mol, 50 mol% Pd atom), O=PPh3 

(1.6 mg, 5.7 × 10
−6

 mol, 65 mol%) (Lab book reference number: GMHP-7-470) 

6.6.5 Characterisation of Pre-Synthesised Pd Complexes in DMF-d7 at 

the Reaction Temperatures 

The rotor for the solid-state NMR spectroscopy was charged with pre-synthesised Pd 

complexes (listed below) and DMF-d7 (50 µL). The samples were analysed at 285.0 K, 

328.5 K, 308.5 K, 288.5 K, 268.5 K and 248.5 K in sequential order. 

1. [Pd(Ph)(µ-OAc)(PPh3)]2 84 (Lab book reference number: GMHP-7-445-P) 

2. [Pd(Ph)(µ-OH)(PPh3)]2 83a (Lab book reference number: GMHP-5-311-P) 

3. [Pd(Ph)(µ-I)(PPh3)]2 86 (Lab book reference number: GMHP-5-312-P) 

4. Pd(Ph)(κ
1
-OAc)(PPh3)2 85 (Lab book reference number: GMHP-7-446-P) 

5. Pd(Ph)(I)(PPh3)2 82a (Lab book reference number: GMHP-7-444-P) 

6.7 Analysis of Catalytic Intermediates by ex situ Mass 

Spectrometry 

6.7.1 Observation of Reactive Intermediates in the Direct Arylation of 

4-Iodotoluene 57 with Pentafluorobenzene 56 by ESI-MS 

A mixture of 4-iodotoluene 57 (39 mg, 0.18 mmol, 1 equiv.), pentafluorobenzene 56 (400 

µL, 0.6 g, 3.6 mmol, 20 equiv.), Pd(OAc)2 (2 mg 
a
, 8.9 × 10

−6
 mol, 5 mol%), PPh3 (4.7 mg 

b
, 

0.018 mmol, 10 mol%) and Ag2CO3 (37 mg, 0.13 mmol, 0.75 equiv.) in DMF (9.3 cm
3
 

total volume) was prepared following general procedure C. The reaction progress was 

monitored by in situ FT-IR spectroscopy. An aliquot of the reaction mixture was collected 

and filtered through a Celite®-plug. Half of the sample was diluted in DMF (Sample 1) and 
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the other half was diluted in acetonitrile (Sample 2). The two solutions were analysed by 

ESI-MS in the positive and negative modes. 

a
 Using 200 µL of 45 mM Pd(OAc)2 stock solution made from stirring 20 mg Pd(OAc)2 

(0.089 mmol) in 2 cm
3
 DMF for 10 min. 

b
 Using 200 µL of 90 mM PPh3 stock solution made from stirring 47 mg PPh3 (0.18 mmol) 

in 2 cm
3
 DMF for 5 min. 

(Lab book reference number: GMHP-6-397) 

6.7.2 Observation of Reactive Intermediates in the Direct Arylation of 

4-Iodotoluene 57 with Pentafluorobenzene 56 by LIDFI-MS 

A mixture of 4-iodotoluene 57 (391 mg, 1.8 mmol, 1 equiv.), pentafluorobenzene 56 (1 cm
3
, 

1.5 g, 9.0 mmol, 5 equiv.), Pd(OAc)2 (21 mg, 0.094 mol, 5 mol%), PPh3 (48 mg, 0.18 

mmol, 10 mol%) and Ag2CO3 (375 mg, 1.4 mmol, 0.75 equiv.) in DMF (8.5 cm
3
 total 

volume) was prepared following general procedure C. The reaction progress was monitored 

by in situ FT-IR spectroscopy. An aliquot of the reaction mixture was collected, filtered 

through a Celite®-plug and the solution directly analysed by LIFDI-MS without dilution. 

(Lab book reference number: GMHP-7-492) 
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Appendices 

Appendix 1: Derivations of the Equations 

 

 

Scheme 87. Simplified catalytic cycle for the direct arylation of iodoarene with fluoroarene. (ArI 57 

+ C6F5H 56 −> Ar-C6F5 58). 

Rate Law with Dominant Dinuclear Species 

 If 4a term is dominant in Eq. 12, i.e. 4a > b
2
 > 2b 

𝑟𝑎𝑡𝑒 =
+𝑑[𝑃]

𝑑𝑡
=

2𝑘3[𝑃𝑑]𝑇𝑂𝑇

√4𝑎[𝑃𝑑]𝑇𝑂𝑇

                                                           (12) 

4𝑎[𝑃𝑑]𝑇𝑂𝑇 = 4 × 2𝐾𝐷 (
𝑘3 + 𝑘−2

𝑘2[𝐶6𝐹5𝐻 𝟓𝟔]
)

2

[𝑃𝑑]𝑇𝑂𝑇                                  

√4𝑎[𝑃𝑑]𝑇𝑂𝑇 = 𝐾𝐷
1 2⁄ 2√2[𝑃𝑑]𝑇𝑂𝑇

1 2⁄
(

𝑘3 + 𝑘−2

𝑘2[𝐶6𝐹5𝐻 𝟓𝟔]
)                        

𝑟𝑎𝑡𝑒 =
+𝑑[𝑃 𝟓𝟖]

𝑑𝑡
=

2𝑘3[𝑃𝑑]𝑇𝑂𝑇𝑘2[𝐶6𝐹5𝐻 𝟓𝟔]

𝐾𝐷
1 2⁄ 2√2[𝑃𝑑]𝑇𝑂𝑇

1 2⁄ (𝑘3 + 𝑘−2)
                          

𝑟𝑎𝑡𝑒 =
+𝑑[𝑃 𝟓𝟖]

𝑑𝑡
=

𝑘2𝑘3[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

[𝐶6𝐹5𝐻 𝟓𝟔]

𝐾𝐷
1 2⁄

√2(𝑘3 + 𝑘−2)
                                   

If k3 > k−2 

𝑟𝑎𝑡𝑒 =
+𝑑[𝑃 𝟓𝟖]

𝑑𝑡
=

𝑘2[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

[𝐶6𝐹5𝐻 𝟓𝟔]

𝐾𝐷
1 2⁄

√2
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Integrated Rate Law for Zeroth-Order Reaction 

𝑟𝑎𝑡𝑒 = 𝑘𝑜𝑏𝑠                                                                                              (20) 

−𝑑[𝐴𝑟𝐼  𝟓𝟕]

𝑑𝑡
= 𝑘𝑜𝑏𝑠                                                                                         

−𝑑[𝐴𝑟𝐼 𝟓𝟕] = −𝑘𝑜𝑏𝑠𝑑𝑡                                                                                  

∫ 𝑑[𝐴𝑟𝐼 𝟓𝟕]
[𝐴𝑟𝐼 𝟓𝟕]𝑡

[𝐴𝑟𝐼 𝟓𝟕]0

= ∫ −𝑘𝑜𝑏𝑠𝑑𝑡
𝑡

0

                                                              

[𝐴𝑟𝐼 𝟓𝟕]𝑡 − [𝐴𝑟𝐼 𝟓𝟕]0 = −𝑘𝑜𝑏𝑠𝑡                                                                 

[𝐴𝑟𝐼 𝟓𝟕]𝑡 = −𝑘𝑜𝑏𝑠𝑡 + [𝐴𝑟𝐼 𝟓𝟕]0                                                       (21) 

𝑤ℎ𝑒𝑟𝑒 𝑘𝑜𝑏𝑠 = 𝑘𝑟[𝐶6𝐹5𝐻 𝟓𝟔]𝑎𝑣𝑒[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

                                   (22) 

 

Integrated Rate Law for First-Order Reaction 

𝑟𝑎𝑡𝑒 = 𝑘𝑜𝑏𝑠[𝐶6𝐹5𝐻 𝟓𝟔]                                                                        (17) 

−𝑑[𝐶6𝐹5𝐻 𝟓𝟔]

𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝐶6𝐹5𝐻 𝟓𝟔]                                                              

∫
1

[𝐶6𝐹5𝐻 𝟓𝟔]
𝑑[𝐶6𝐹5𝐻 𝟓𝟔]

[𝐶6𝐹5𝐻 𝟓𝟔]𝑡

[𝐶6𝐹5𝐻 𝟓𝟔]0

= ∫ −𝑘𝑜𝑏𝑠𝑑𝑡
𝑡

0

                             

𝑙𝑛 (
[𝐶6𝐹5𝐻 𝟓𝟔]𝑡

[𝐶6𝐹5𝐻 𝟓𝟔]0
) = −𝑘𝑜𝑏𝑠𝑡                                                                          

𝑙𝑛[𝐶6𝐹5𝐻 𝟓𝟔]𝑡 − 𝑙𝑛[𝐶6𝐹5𝐻 𝟓𝟔]0 = −𝑘𝑜𝑏𝑠𝑡                                              

𝑙𝑛[𝐶6𝐹5𝐻 𝟓𝟔]𝑡 = −𝑘𝑜𝑏𝑠𝑡+𝑙𝑛[𝐶6𝐹5𝐻 𝟓𝟔]0                                      (18) 

𝑤ℎ𝑒𝑟𝑒 𝑘𝑜𝑏𝑠 = 𝑘𝑟[𝑃𝑑]𝑇𝑂𝑇
1 2⁄

                                                               (19) 

Alternatively  

[𝐶6𝐹5𝐻 𝟓𝟔]𝑡 = [𝐶6𝐹5𝐻 𝟓𝟔]0𝑒−𝑘𝑜𝑏𝑠𝑡                                                           
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Appendix 2: In situ FT-IR Spectroscopy Data 

 

Figure 71. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoluene 57 

(0.018 M) with pentafluorobenzene 56 (0.18 M), catalysed by range of Pd(OAc)2/PPh3 (1:2) pre-

catalyst loadings (1.0 mol% to 0.8 equiv.) at 56 ± 1 °C. These experimental data were used to 

construct Figure 34. 

 

Figure 72. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoluene 57 

(0.018 M) with range of pentafluorobenzene 56 concentrations (0.18–0.92 M), catalysed by 

Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 56 ± 1 °C. These experimental data were used to 

construct Figure 36. 
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Figure 73. Reaction profiles of the product 64 formation for the direct arylation of iodobenzene 81 

(0.05 M) with pentafluorobenzene 56 (0.55 M), catalysed by range of Pd(OAc)2/PPh3 (1:2) pre-

catalyst loadings (5–30 mol%) at 56 ± 1 °C. These experimental data were used to construct Figure 

37. 

 

Figure 74. Reaction profiles of the product 64 formation for the direct arylation of iodobenzene 81 

(0.055 M) with range of pentafluorobenzene 56 concentrations (0.55–2.22 M), catalysed by 

Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 56 ± 1 °C. These experimental data were used to 

constructFigure 38. 
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Figure 75. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoluene 57 

(0.018 M) with range of pentafluorobenzene 56 concentrations (0.18–0.92 M), catalysed by 

Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 40 ± 1 °C. These experimental data were used to 

construct Figure 42. 

 

Figure 76. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoluene 57 

(0.018 M) with range of pentafluorobenzene 56 concentrations (0.18–0.93 M), catalysed by 

Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 50 ± 1 °C. These experimental data were used to 

constructFigure 42. 
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Figure 77. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoluene 57 

(0.018 M) with range of pentafluorobenzene 56 concentrations (0.18–0.93 M), catalysed by 

Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 64 ± 1 °C. These experimental data were used to 

construct Figure 42. 

 

Figure 78. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoluene 57 

(0.018 M) with range of pentafluorobenzene 56 concentrations (0.18–0.73 M), catalysed by 

Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 72 ± 1 °C. These experimental data were used to 

construct Figure 42. 
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Figure 79. Arrhenius plot of the k2(2KD)
−1/2

 rate constants for the direct arylation of 4-iodotoluene 

57 with pentafluorobenzene 56. The rate constants were determined from the slopes of graph 

plotting kobs against concentrations of pentafluorobenzene 56 at temperatures between 40–72 °C 

(Figure 42). 

 

Figure 80. Arrhenius plot of the kʹ rate constant for the direct arylation of 4-iodotoluene 57 with 

pentafluorobenzene 56. The rate constant was determined from the y-intercepts of graph plotting kobs 

against concentrations of pentafluorobenzene 56 at temperatures between 40–72 °C (Figure 42). 
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Figure 81. Eyring plot of the kʹ rate constant for the direct arylation of 4-iodotoluene 57 with 

pentafluorobenzene 56. The rate constant was determined from the y-intercepts of graph plotting kobs 

against concentrations of pentafluorobenzene 56 at temperatures between 40–72 °C (Figure 42). 

 

Figure 82. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoleuen 57 

(0.018 M) with pentafluorobenzene 56 (0.18 M) or deuteropentafluorobenzene 100 (0.18 M), 

catalysed by Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 40 ± 1 °C. 
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Figure 83. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoleuen 57 

(0.018 M) with pentafluorobenzene 56 (0.73 M) or deuteropentafluorobenzene 100 (0.73 M), 

catalysed by Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 40 ± 1 °C. 

 

Figure 84. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoleuen 57 

(0.018 M) with pentafluorobenzene 56 (0.73 M) or deuteropentafluorobenzene 100 (0.73 M), 

catalysed by Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 56 ± 1 °C. 
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Figure 85. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoleuen 57 

(0.018 M) with pentafluorobenzene 56 (0.18 M) or deuteropentafluorobenzene 100 (0.18 M), 

catalysed by Pd(OAc)2/PPh3 (5 mol% : 20 mol%) pre-catalyst at 56 ± 1 °C. 

 

Figure 86. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoluene 57 

(0.018 M) with pentafluorobenzene 56 (0.18 M) shown in Table 18, catalysed by Pd(OAc)2 (5 

mol%) and range of PPh3 loading (5–40 mol%) at 56 ± 1 °C. 
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Figure 87. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoluene 57 

(0.018 M) with pentafluorobenzene 56 (0.18 M) shown in Table 19, catalysed by Pd(OAc)2/PPh3 (5 

mol% : 10 mol%) at 56 ± 1 °C with range of silver carbonate quantity (0.1–2.24 equiv.). 

 

Figure 88. Reaction profiles of the product biaryl (58, 64–66) formation for the direct arylation of 

different 4-substituted-iodobenzenes (0.018 M) with pentafluorobenzene 56 (0.18 M) shown in 

Table 25, catalysed by Pd(OAc)2/PPh3 (5 mol% : 10 mol%) pre-catalyst at 56 ± 1 °C. 
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Figure 89. Reaction profiles of the product 58 formation for the direct arylation of 4-iodotoluene 57 

(0.018 M) with pentafluorobenzene 56 (0.18 M) shown in Table 28, catalysed by Pd(OAc)2 (5 

mol%) and different trialkylphosphine ligands (10 mol%) at 56 ± 1 °C. 
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Appendix 3: ESI-MS and LIFDI-MS Data 

Mononuclear and Dinuclear Palladium Complexes 

 

Figure 90. LIFDI-MS spectrum of Pd(PPh3)2Cl2 123 (PdC36H30Cl2P2 requires 702.02, mass 

spectrum reference: rnp52720gp).  

 

 

Figure 91. LIFDI-MS spectrum of Pd(PPh3)4 124, observed as Pd(PPh3)3 (PdC54H45P3 requires 

892.18, mass spectrum reference: rnp45650gp). 
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Figure 92. ESI(+)-MS spectrum of Pd(Ph)(I)(PPh3)2 82a observed as [Pd(Ph)(PPh3)2]
+
 

(PdC42H35P2Pd requires 707.1249, mass spectrum reference: rnp59402gp). 

 

 

Figure 93. LIFDI-MS spectrum of Pd(4-tolyl)(I)(PPh3)2 82b (PdC43H37IP2 requires 848.05, mass 

spectrum reference: rnp53152gp). 



Appendices 

282 

 

Figure 94. LIFDI-MS spectrum of Pd(Ph)(κ
1
-OAc)(PPh3)2 85 (PdC44H38O2P2 requires 766.14, mass 

spectrum reference: rnp55338gp). 

 

 

Figure 95. LIFDI-MS spectrum of [Pd(Ph)(µ-OH)(PPh3)]2 83a (Pd2C48H42O2P2 requires 926.08, 

mass spectrum reference: rnp44378gp). 
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Figure 96. LIFDI-MS spectrum of [Pd(4-tolyl)(µ-OH)(PPh3)]2 83b (Pd2C50H46O2P2 requires 954.10, 

mass spectrum reference: rnp44377gp). 

 

 

Figure 97. LIFDI-MS spectrum of [Pd(Ph)(µ-OAc)(PPh3)]2 84 (Pd2C52H46O4P2 requires 1010.10, 

mass spectrum reference: rnp48470gp). 
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Figure 98. LIFDI-MS spectrum of [Pd(4-tolyl)(µ-OAc)(PPh3)]2 84b (Pd2C54H50O4P2 requires 

1038.13, mass spectrum reference: rnp45749gp). 

Ex situ Analysis of the Reaction Mixture by ESI(±)-MS 

Lab book reference number: GMHP-6-397 

Analysis by ESI(+)-MS 

 

Figure 99. ESI(+)-MS between m/z 375–1125 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in DMF (mass spectrum reference: rnp52881gp). 
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Figure 100. ESI(+)-MS between m/z 590–845 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in DMF (mass spectrum reference: rnp52881gp). 

 

Figure 101. ESI(+)-MS between m/z 900–1100 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in DMF (mass spectrum reference: rnp52881gp). 

 

Figure 102. ESI(+)-MS between m/z 375–1125 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in acetonitrile (mass spectrum reference: rnp52882gp). 
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Figure 103. ESI(+)-MS between m/z 420–620 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in acetonitrile (mass spectrum reference: rnp52882gp). 

 

Figure 104. ESI(+)-MS between m/z 706–772 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in acetonitrile (mass spectrum reference: rnp52882gp). 

 

Figure 105. ESI(+)-MS between m/z 770–890 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in acetonitrile (mass spectrum reference: rnp52882gp). 
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Figure 106. ESI(+)-MS between m/z 910–1060 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in acetonitrile (mass spectrum reference: rnp52882gp). 

Analysis by ESI(−)-MS 

 

Figure 107. ESI(−)-MS between m/z 600–1050 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in DMF (mass spectrum reference: rnp52881gp). 

 

Figure 108. ESI(−)-MS between m/z 720–880 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in DMF (mass spectrum reference: rnp52881gp). 
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Figure 109. ESI(−)-MS between m/z 595–710 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in DMF (mass spectrum reference: rnp52881gp). 

 

Figure 110. ESI(−)-MS between m/z 50–600 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in acetonitrile (mass spectrum reference: rnp52882gp). 

 

Figure 111. ESI(−)-MS between m/z 590–1040 for the reaction aliquot collected from Scheme 63 at 

22% conversion and diluted in acetonitrile (mass spectrum reference: rnp52882gp). 
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Ex situ Analysis of the Reaction Mixture by LIFDI-MS 

Lab book reference number: GMHP-7-492 

 

Figure 112. LIFDI-MS of 4-iodotluene 57, Pd(OAc)2, PPh3 and Ag2CO3 mixture in DMF at 19 ± 

1 °C (mass spectrum reference: rnp58445hn). 

 

Figure 113. LIFDI-MS of 4-iodotluene 57, Pd(OAc)2, PPh3 and Ag2CO3 mixture in DMF at 56 ± 

1 °C (mass spectrum reference: rnp58448gp). 
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Figure 114. LIFDI-MS of an reaction aliquot collected from Scheme 63 after 6 min (5% 

conversion) of heating a 4-iodotluene 57, pentafluorobenzene 56, Pd(OAc)2, PPh3 and Ag2CO3 

mixture in DMF at 56 ± 1 °C (mass spectrum reference: rnp58449gp). 

 

Figure 115. LIFDI-MS of an reaction aliquot collected from Scheme 63 after 47 min (60% 

conversion) of heating a 4-iodotluene 57, pentafluorobenzene 56, Pd(OAc)2, PPh3 and Ag2CO3 

mixture in DMF at 56 ± 1 °C (mass spectrum reference: rnp58449gp). 
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Figure 116. LIFDI-MS of an reaction aliquot collected from Scheme 63 after 86 min (quant. 

conversion) of heating a 4-iodotluene 57, pentafluorobenzene 56, Pd(OAc)2, PPh3 and Ag2CO3 

mixture in DMF at 56 ± 1 °C (mass spectrum reference: rnp58449gp). 

 

Figure 117. LIFDI-MS of an reaction aliquot collected from Scheme 63 after 126 min (quant. 

conversion) of heating a 4-iodotluene 57, pentafluorobenzene 56, Pd(OAc)2, PPh3 and Ag2CO3 

mixture in DMF at 56 ± 1 °C (mass spectrum reference: rnp58449gp). 
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Appendix 4: NMR Spectroscopy Data 

NMR Spectra of Synthesised Compounds 

 

Figure 118. 
1
H NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(methyl)biphenyl 58 in benzene-d6 (JDF 

file reference: a8355gmp). 

 

Figure 119. 
13

C NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(methyl)biphenyl 58 in chloroform-d 

(JDF file reference: a8356gmp). 
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Figure 120. 
19

F NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(methyl)biphenyl 58 in benzene-d6 (JDF 

file reference: a8355gmp). 

 

 

Figure 121. 
1
H NMR spectrum of 4,4ʹ-(dimethyl)biphenyl 59  in methylene chloride-d2 (JDF file 

reference: a8907gmp). 
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Figure 122. 
13

C NMR spectrum of 4,4ʹ-(dimethyl)biphenyl 59 in methylene chloride-d2 (JDF file 

reference: a8907gmp). 

 

 

Figure 123. 
1
H NMR spectrum of 2,3,4,5,6-pentafluorobiphenyl 64 in chloroform-d (JDF file 

reference: a8189gmp). 
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Figure 124. 
13

C NMR spectrum of 2,3,4,5,6-pentafluorobiphenyl 64 in chloroform-d (JDF file 

reference: a8189gmp). 

 

 

Figure 125. 
19

F NMR spectrum of 2,3,4,5,6-pentafluorobiphenyl 64 in chloroform-d (JDF file 

reference: a8189gmp). 

 



Appendices 

296 

 

Figure 126. 
1
H NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(nitro)biphenyl 67 in chloroform-d (JDF 

file reference: a8368gmp). 

 

 

Figure 127. 
13

C NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(nitro)biphenyl 67 in chloroform-d (JDF 

file reference: a8368gmp). 
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Figure 128. 
19

F NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(nitro)biphenyl 67 in chloroform-d (JDF 

file reference: a8368gmp). 

 

 

Figure 129. 
1
H NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(tifluoromethyl)biphenyl 66 in benzene-

d6 (JDF file reference: a8366gmp). 
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Figure 130. 
13

C NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(tifluoromethyl)biphenyl 66 in 

chloroform-d (JDF file reference: a8365gmp). 

 

 

Figure 131. 
19

F NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(tifluoromethyl)biphenyl 66 in benzene-

d6 (JDF file reference: a8366gmp). 

 



Appendices 

299 

 

Figure 132. 
1
H NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(fluoro)biphenyl 65 in benzene-d6 (JDF 

file reference: a8095gmp). 

 

 

Figure 133. 
13

C NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(fluoro)biphenyl 65 in chloroform-d 

(JDF file reference: a8774gmp). 
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Figure 134. 
19

F NMR spectrum of 2,3,4,5,6-pentafluoro-4ʹ-(fluoro)biphenyl 65 in benzene-d6 (JDF 

file reference: a8775gmp). 

 

 

Figure 135. 
1
H NMR spectrum of 2,3,5,6-tetrafluoro-4ʹ-(methyl)biphenyl 70

I
 in chloroform-d (JDF 

file reference: a8360gmp). 
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Figure 136. 
13

C NMR spectrum of 2,3,5,6-tetrafluoro-4ʹ-(methyl)biphenyl 70
I
 in chloroform-d (JDF 

file reference: a8360gmp). 

 

 

Figure 137.
 19

F NMR spectrum of 2,3,5,6-tetrafluoro-4ʹ-(methyl)biphenyl 70
I
 in chloroform-d (JDF 

file reference: a8360gmp). 
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Figure 138. 
1
H NMR spectrum of 1,4-di(4ʹ,4ʹʹ-tolyl)-2,3,5,6-tetrafluorobenzene 70

II
 in methylene 

chloride-d2 (JDF file reference: k3655gmp). 

 

 

Figure 139. 
19F

F NMR spectrum of 1,4-di(4ʹ,4ʹʹ-tolyl)-2,3,5,6-tetrafluorobenzene 70
II

 in methylene 

chloride-d2 (JDF file reference: k3655gmp). 
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Figure 140. 
1
H NMR spectrum of 2,4,6-trifluoro-4ʹ-(methyl)biphenyl 71

I
 in benzene-d6 (JDF file 

reference: a8179gmp). 

 

 

Figure 141. 
13

C NMR spectrum of 2,4,6-trifluoro-4ʹ-(methyl)biphenyl 71
I
 in chloroform-d (JDF file 

reference: a8188gmp). 
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Figure 142. 
19

F NMR spectrum of 2,4,6-trifluoro-4ʹ-(methyl)biphenyl 71
I
 in benzene-d6 (JDF file 

reference: a8179gmp). 

 

 

Figure 143. 
1
H NMR spectrum of 1,3-di(4ʹ,4ʹʹ-tolyl)-2,4,6-trifluorobenzene 71

II
 in benzene-d6 (JDF 

file reference: a8788gmp). 
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Figure 144. 
13

C NMR spectrum of 1,3-di(4ʹ,4ʹʹ-tolyl)-2,4,6-trifluorobenzene 71
II

 in chloroform-d 

(JDF file reference: a8771gmp). 

 

 

Figure 145. 
19

F NMR spectrum of 1,3-di(4ʹ,4ʹʹ-tolyl)-2,4,6-trifluorobenzene 71
II

 in benzene-d6 (JDF 

file reference: a8788gmp). 
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Figure 146. 
1
H NMR spectrum of 1,3,5-tri(4ʹ,4ʹʹ,4ʹʹʹ-tolyl)-2,4,6-trifluorobenzene 71

III
 in 

chloroform-d (JDF file reference: k3762gmp). 

 

 

Figure 147. 
19

F NMR spectrum of 1,3,5-tri(4ʹ,4ʹʹ,4ʹʹʹ-tolyl)-2,4,6-trifluorobenzene 71
III

 in 

chloroform-d (JDF file reference: k3762gmp). 
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Figure 148. 
1
H NMR spectrum of 2,6-difluoro-4ʹ-(methyl)biphenyl 28 in methylene chloride-d2 

(JDF file reference: a8906gmp). 

 

 

Figure 149. 
13

C NMR spectrum of 2,6-difluoro-4ʹ-(methyl)biphenyl 28 in methylene chloride-d2 

(JDF file reference: a8906gmp). 
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Figure 150. 
19

F NMR spectrum of 2,6-difluoro-4ʹ-(methyl)biphenyl 28 in methylene chloride-d2 

(JDF file reference: a8906gmp). 

 

 

Figure 151. 
1
H NMR spectrum of 2,6-(difluoro)biphenyl 30 in methylene chloride-d2 (JDF file 

reference: a8908gmp). 
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Figure 152. 
13

C NMR spectrum of 2,6-(difluoro)biphenyl 30 in methylene chloride-d2 (JDF file 

reference: a8908gmp). 

 

 

Figure 153. 
19

F NMR spectrum of 2,6-(difluoro)biphenyl 30 in methylene chloride-d2 (JDF file 

reference: a8908gmp). 
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Figure 154. 
1
H NMR spectrum of 2,3,5,6-tetrafluoro-4,4ʹ-(dimethyl)biphenyl 78 in benzene-d6 (JDF 

file reference: a8362gmp). 

 

 

Figure 155. 
13

C NMR spectrum of 2,3,5,6-tetrafluoro-4,4ʹ-(dimethyl)biphenyl 78 in chloroform-d 

(JDF file reference: a8361gmp). 
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Figure 156. 
19

F NMR spectrum of 2,3,5,6-tetrafluoro-4,4ʹ-(dimethyl)biphenyl 78 in benzene-d6 

(JDF file reference: a8362gmp). 

 

 

Figure 157. 
1
H NMR spectrum of 2,3,5,6-tetrafluoromethoxy-4ʹ-(methyl)biphenyl 77 in benzene-d6 

(JDF file reference: a8363gmp). 
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Figure 158. 
13

C NMR spectrum of 2,3,5,6-tetrafluoromethoxy-4ʹ-(methyl)biphenyl 77 in 

chloroform-d (JDF file reference: a8364gmp). 

 

 

Figure 159.
 19

F NMR spectrum of 2,3,5,6-tetrafluoromethoxy-4ʹ-(methyl)biphenyl 77 in benzene-d6 

(JDF file reference: a8363gmp). 
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Figure 160. 
1
H NMR spectrum of 2,3,5,6-tetrafluorochloro-4ʹ-(methyl)biphenyl 79 in benzene-d6 

(JDF file reference: a8372gmp). 

 

 

Figure 161. 
13

C NMR spectrum of 2,3,5,6-tetrafluorochloro-4ʹ-(methyl)biphenyl 79 in chloroform-d 

(JDF file reference: a8367gmp). 
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Figure 162. 
19

F NMR spectrum of 2,3,5,6-tetrafluorochloro-4ʹ-(methyl)biphenyl 79 in benzene-d6 

(JDF file reference: a8372gmp). 

 

 

Figure 163. 
1
H NMR spectrum of 2,3,5,6-tetrafluoro(trifluoromethyl)-4ʹ-(methyl)biphenyl 80 in 

benzene-d6 (JDF file reference: a8358gmp). 
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Figure 164. 
13

C NMR spectrum of 2,3,5,6-tetrafluoro(trifluoromethyl)-4ʹ-(methyl)biphenyl 80 in 

chloroform-d (JDF file reference: a8357gmp). 

 

 

Figure 165. 
19

F NMR spectrum of 2,3,5,6-tetrafluoro(trifluoromethyl)-4ʹ-(methyl)biphenyl 80 in 

benzene-d6 (JDF file reference: a8358gmp). 
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Figure 166. 
1
H NMR spectrum of 2,3,5,6-tetrafluoro(dimethylamino)-4ʹ-(methyl)biphenyl 76 in 

benzene-d6 (JDF file reference: a8371gmp). 

 

 

Figure 167. 
13

C NMR spectrum of 2,3,5,6-tetrafluoro(dimethylamino)-4ʹ-(methyl)biphenyl 76 in 

chloroform-d (JDF file reference: a8370gmp). 
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Figure 168. 
19

F NMR spectrum of 2,3,5,6-tetrafluoro(dimethylamino)-4ʹ-(methyl)biphenyl 76 in 

benzene-d6 (JDF file reference: a8371gmp). 

 

 

Figure 169. 
2
H NMR spectrum of deuteropentafluorobenzene 100 in benzene (spectrum collected on 

AV500, saved as 1 under folder GMHP-4-254-P3). 
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Figure 170. 
13

C NMR spectrum of deuteropentafluorobenzene 100 in chloroform-d (spectrum 

collected on AV500, saved as 3 under folder GMHP-4-254-P4). 

 

 

Figure 171. 
19

F NMR spectrum of deuteropentafluorobenzene 100 in chloroform-d (spectrum 

collected on AV500, saved as 3 under folder GMHP-6-341-P). 
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Figure 172. 
1
H NMR spectrum of 2,3,5,6-tetrafluoro-N,N-dimethylaniline 121 in chloroform-d 

(JDF file reference: a8713gmp). 

 

 

Figure 173. 
13

C NMR spectrum of 2,3,5,6-tetrafluoro-N,N-dimethylaniline 121 in chloroform-d 

(JDF file reference: a8714gmp). 
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Figure 174. 
19

F NMR spectrum of 2,3,5,6-tetrafluoro-N,N-dimethylaniline 121 in chloroform-d 

(JDF file reference: a8713gmp). 

 

 

Figure 175. 
1
H NMR spectrum of 4-iodobenzyltriphenylphosphonium bromide 122 in chloroform-d 

(JDF file reference: r2499gmp). 
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Figure 176. 
13

C NMR spectrum of 4-iodobenzyltriphenylphosphonium bromide 122 in chloroform-d 

(JDF file reference: r2636gmp). 

 

 

Figure 177. 
31

P NMR spectrum of 4-iodobenzyltriphenylphosphonium bromide 122 in chloroform-d 

(JDF file reference: r2499gmp). 
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Figure 178. 
1
H NMR spectrum of 4-iodobenzyltriphenylphosphonium hexafluorophosphate 107 in 

chloroform-d (JDF file reference: b4633gmp). 

 

 

Figure 179. 
13

C NMR spectrum of 4-iodobenzyltriphenylphosphonium hexafluorophosphate 107 in 

chloroform-d (JDF file reference: b4633gmp). 



Appendices 

323 

 

Figure 180. 
19

F NMR spectrum of 4-iodobenzyltriphenylphosphonium hexafluorophosphate 107 in 

chloroform-d (JDF file reference: b1682gmp). 

 

 

Figure 181. 
31

P NMR spectrum of 4-iodobenzyltriphenylphosphonium hexafluorophosphate 107 in 

chloroform-d (JDF file reference: b1682gmp). 

 



Appendices 

324 

 

Figure 182. 
1
H NMR spectrum of tetraphenylphosphonium iodide 103 in DMF-d7 (spectrum 

collected on Avance III HD, saved as 3 under folder GMHP-7-498-Pa). 

 

 

Figure 183. 
13

C NMR spectrum of tetraphenylphosphonium iodide 103 in chloroform-d (JDF file 

reference: b4632gmp). 
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Figure 184. 
31

P NMR spectrum of tetraphenylphosphonium iodide 103 in DMF-d7 (spectrum 

collected on Avance III HD, saved as 4 under folder GMHP-7-498-Pa). 

 

 

Figure 185. 
1
H NMR spectrum of triphenyl(4-tolyl)phosphonium iodide 60 in DMF-d7 (spectrum 

collected on Avance III HD, saved as 3 under folder GMHP-7-499-P). 
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Figure 186. 
31

P NMR spectrum of triphenyl(4-tolyl)phosphonium iodide 60 in DMF-d7 (spectrum 

collected on Avance III HD, saved as 4 under folder GMHP-7-499-P). 

 

 

Figure 187. 
1
H NMR spectrum of bis(triphenylphosphine)palladium(dichloride) 123 in chloroform-

d (JDF file reference: j7853gmp). 
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Figure 188. 
31

P NMR spectrum of bis(triphenylphosphine)palladium(dichloride) 123 in chloroform-

d (JDF file reference: b3767gmp). 

 

 

Figure 189. 
1
H NMR spectrum of tetrakis(triphenylphosphine)palladium 124 in chloroform-d (JDF 

file reference: k3246gmp). 
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Figure 190. 
31

P NMR spectrum of tetrakis(triphenylphosphine)palladium 124 in benzene-d6 

(spectrum collected on AV500, saved as 1 under folder GMHP-2-120-P). 

 

 

Figure 191. 
1
H NMR spectrum of [Pd(C6H5)(µ-OH)(P(C6H5)3)]2 83a in methylene chloride-d2 

(spectrum collected on AV500, saved as 1 under folder GMHP-5-311-P2). 
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Figure 192. 
31

P NMR spectrum of [Pd(Ph)(µ-OH)(PPh3)]2 83a in methylene chloride-d2 (spectrum 

collected on AV500, saved as 3 under folder GMHP-5-311-P2). 

 

 

Figure 193. 
1
H NMR spectrum of [Pd(4-MeC6H4)(µ-OH)(P(C6H5)3)]2 83b in chloroform-d 

(spectrum collected on AV500, run  by ds933 saved as GMHP-3-137-P-recryst under folder 

GPO_001a). 
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Figure 194. 
13

C NMR spectrum of [Pd(4-MeC6H4)(µ-OH)(P(C6H5)3)]2 83b in chloroform-d (JDF 

file reference: b8378gmp). 

 

 

Figure 195. 
31

P NMR spectrum of [Pd(4-tolyl)(µ-OH)(PPh3)]2 83b in chloroform-d (spectrum 

collected on AV500, saved as 2 under folder GMHP-4-269). 
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Figure 196. 
1
H NMR spectrum of [Pd(C6H5)(µ-O2CMe)(P(C6H5)3)]2 84 in benzene-d6 (spectrum 

collected on AV500, saved as 7 under folder GMHP-5-292-P). 

 

 

Figure 197. 
13

C NMR spectrum of [Pd(C6H5)(µ-O2CMe)(P(C6H5)3)]2 84 in benzene-d6 (spectrum 

collected on AV500, saved as 6 under folder GMHP-5-292-P). 

 



Appendices 

332 

 

Figure 198. 
31

P NMR spectrum of [Pd(Ph)(µ-OAc)(PPh3)]2 84 in benzene-d6 (spectrum collected on 

AV500, saved as 2 under folder GMHP-5-292-P). 

 

 

Figure 199. 
1
H NMR spectrum of [Pd(4-MeC6H4)(µ-O2CMe)(P(C6H5)3)]2 84b in benzene-d6 

(spectrum collected on AV500, saved as 1 under folder GMHP-4-245). 
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Figure 200. 
31

P NMR spectrum of [Pd(4-tolyl)(µ-OAc)(PPh3)]2 84b in benzene-d6 (spectrum 

collected on AV500, saved as 5 under folder GMHP-4-214-P). 

 

 

Figure 201. 
1
H NMR spectrum of [Pd(C6H5)(µ-I)(P(C6H5)3)]2 86 in methylene chloride-d2 (spectrum 

collected on AV500, saved as 11 under folder GMHP-5-312-P). 
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Figure 202. 
31

P NMR spectrum of [Pd(Ph)(µ-I)(PPh3)]2 86 in methylene chloride-d2 (spectrum 

collected on AV500, saved as 15 under folder GMHP-5-312-P). 

 

 

Figure 203. 
31

P NMR spectrum of [Pd(Ph)(µ-I)(PPh3)]2 86 in methylene chloride-d2 at −20 °C 

(spectrum collected on AV500, saved as 20 under folder GMHP-5-312-P). 
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Figure 204. 
1
H NMR spectrum of Pd(C6H5)(I)(P(C6H5)3)2 82a in chloroform-d (spectrum collected 

on AV500, saved as 10 under folder GMHP-6-426). 

 

 

Figure 205. 
13

C NMR spectrum of Pd(C6H5)(I)(P(C6H5)3)2 82a in chloroform-d (spectrum collected 

on AV500, saved as 15 under folder GMHP-6-426). 
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Figure 206. 
31

P NMR spectrum of Pd(Ph)(I)(PPh3)2 82a in chloroform-d (spectrum collected on 

AV500, saved as 11 under folder GMHP-6-426). 

 

 

Figure 207. 
1
H NMR spectrum of Pd(4-MeC6H5)(I)(P(C6H5)3)2 82b in chloroform-d (spectrum 

collected on AV500, saved as 10 under folder GMHP-6-422). 
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Figure 208. 
31

P NMR spectrum of Pd(4-tolyl)(I)(PPh3)2 82b in chloroform-d (spectrum collected on 

AV500, saved as 11 under folder GMHP-6-422). 

 

 

Figure 209. 
1
H NMR spectrum of Pd(C6H5)(κ

1
-O2CMe)(P(C6H5)3)2 85 in benzene-d6 (spectrum 

collected on AV500, saved as 1 under folder GMHP-6-388-P). 
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Figure 210. 
31

P NMR spectrum of Pd(Ph)(κ
1
-OAc)(PPh3)2 85 in benzene-d6 (spectrum collected on 

AV500, saved as 2 under folder GMHP-6-388-P). 

19F NMR Spectra from the Competition Hammett Experiments 

 

Figure 211. Stacked 
19

F NMR spectra of (1) the reaction mixture (Lab book reference number: 

GMHP-6-365, JDF file reference: d6334gmp), (2) pentafluorobenzene 56 (JDF file reference: 

d6073gmp), (3) (Me2N)C6F4H 121 (JDF file reference: a8713gmp), (4) P
F
 58 (JDF file reference: 

a8356gmp) and (5) P
X
 (X = NMe2) 76 (JDF file reference: a8370gmp). 
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Figure 212. 
19

F NMR spectrum of the reaction mixture with integration of P
F
 58 (200) and P

X
 (X = 

NMe2) 76 (66) peaks (JDF file reference: d6334gmp). 

 

Figure 213. Stacked 
19

F NMR spectra of (1) the reaction mixture (Lab book reference number: 

GMHP-5-253, JDF file reference: c4247gmp), (2) pentafluorobenzene 56 (JDF file reference: 

d6073gmp), (3) P
F
 58 (JDF file reference: a8356gmp) and (4) P

X
 (X = OMe) 77 (JDF file reference: 

a8364gmp). 
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Figure 214. 
19

F NMR spectrum of the reaction mixture with integration of P
F
 58 (200) and P

X
 (X = 

OMe) 77 (112) peaks (JDF file reference: c4247gmp). 

 

Figure 215. Stacked 
19

F NMR spectra of (1) the reaction mixture (Lab book reference number: 

GMHP-5-270, JDF file reference: c5539gmp), (2) pentafluorobenzene 56 (JDF file reference: 

d6073gmp), (3) P
F
 58 (JDF file reference: a8356gmp) and (4) P

X
 (X = Cl) 79 (JDF file reference: 

a8367gmp). 
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Figure 216. 
19

F NMR spectrum of the reaction mixture with integration of P
F
 58 (200) and P

X
 (X = 

Cl) 79 (235) peaks (JDF file reference: c5539gmp). 

 

 

Figure 217. Stacked 
19

F NMR spectra of (1) the reaction mixture (Lab book reference number: 

GMHP-5-250, JDF file reference: c4007gmp), (2) pentafluorobenzene 56 (JDF file reference: 

d6073gmp), (3) P
F
 58 (JDF file reference: a8356gmp) and (4) P

X
 (X = CF3) 80 (JDF file reference: 

a8357gmp). 
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Figure 218. 
19

F NMR spectrum of the reaction mixture with integration of P
F
 58 (200) P

X
 (X = CF3) 

80 (275) peaks (JDF file reference: c4007gmp). 
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Abbreviations 

1
H NMR proton nuclear magnetic resonance 

13
C NMR carbon 13 nuclear magnetic resonance 

19
F NMR fluorine 19 nuclear magnetic resonance 

2
H NMR deuterium nuclear magnetic resonance 

31
P NMR phosphorus 31 nuclear magnetic resonance 

° degree  

°C degree Celsius 

ΔH
ǂ
 enthalpy of activation 

ΔS
ǂ
 entropy of activation 

ΔG
ǂ
 Gibbs free energy of activation 

α alpha 

β beta 

γ gamma 

δ chemical shift (in ppm) 

ε  molar extinction coefficient 

ϴm magic angle, 54.74 ° 

κ kappa 

λ wavenumbers 

μ eta 

μL microliter 

νmax frequencies of the maxima 

ν(t) rate 

ρ reaction constant 

σ substituent constant 

τ mean reaction time 

Å angstrom 

A absorbance or pre-exponential factor 

[A] concentration of species A 

Ac acetyl 

AMLA(4) 4 membered ambiphilic metal-ligand activation 

AMLA(6) 6 membered ambiphilic metal-ligand activation 

aq. aqueous 

Ar aryl 

Ar
F
 fluorinated aryl 
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ATR attenuated total reflectance 

atm standard atmosphere 

Au absorbance units 

ave. average 

Bn benzyl 

b.p. boiling point 

br broad 

BT benzothiazole 

Bu butyl 

ca. circa, a Latin word meaning “approximately” 

cat. catalyst 

cf.  confer, a Latin word meaning “compare” 

CMD concerted metalation deprotonation 

cm
−1

 wavenumbers 

cm
3
 cubic centimetre  

COSY correlation spectroscopy 

Cy cyclohexyl 

d doublet 

Da Daltons 

DA direct arylation 

DCM dichloromethane 

dd doublet of doublets 

DFT density functional theory 

DG directing group 

DIEA N,N-diisopropylethylamine 

DMAc N,N-dimethylacetamide 

DMF N,N-dimethylformamide 

dt doublet of triplets 

Ea activation energy 

e.g. exempli grantia, a Latin word meaning “for example” 

EI electron impact 

equiv.
 

equivalents 

ESI electrospray ionisation 

Et ethyl 

et al. et alii, a Latin word meaning “and co-workers” 

etc. et cetera, a Latin word meaning “and the rest” 
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ex situ a Latin meaning “off-site” 

FT Fourier transform 

h hour 

h Planck constant (6.626 × 10
−34

 J s) 

HMQC heteronuclear multi-quantum coherence spectroscopy 

HR high resolution 

Hz hertz 

IES internal electrophilic substitution 

i.e. id est, a Latin word meaning “that is” 

IES internal electrophilic substitution 

IR infrared 

in situ a Latin word meaning “on-site” 

J coupling constant 

J joules 

JohnPhos (2-biphenyl)di-tert-butylphosphine 

K kelvin 

kHz kilohertz 

kJ kilojoules 

k rate constant 

K equilibrium constant 

kB Boltzmann constant (1.381 × 10
−23

 J K
−1

) 

kD rate constant for reaction involving deuterium 

kH rate constant for reaction involving proton 

kobs observed rate constant 

Ksp solubility constant 

KIE kinetic isotope effect 

LIFDI liquid injection field desorption ionisation 

lit. literature 

m multiplets 

m- meta 

M mol dm
−3

 

[M
+
] molecular ion 

MAS magic-angle spinning 

Me methyl 

med medium 

mg miligram 



Abbreviations 

 

346 

MHz megahertz 

min minutes 

MI mass intensity 

mmol milimole(s) 

mol mole(s) 

m.p. melting point 

MS mass spectrometry 

Mw molecular weight 

m/z mass-to-charge ratio 

NMP N-methyl-2-pyrrolidone 

NPs nanoparticles 

o- ortho 

operando a Latin word meaning “working” 

p- para 

PAD peripheral arterial disease 

PET positron emission tomography 

Ph Phenyl, C6H5 

pin pinacol ester 

Piv pivaloyl 

ppm parts per million 

Pr propyl 

PVP poly(N-vinyl-2-pyrolidone) 

PVPy polyvinyl-4-pyridine 

q quintet  

quart quartet 

quant. quantitative 

R alkyl, aryl or ideal gas constant (8.314 J K
−1

 mol
−1

) 

R
2
 coefficient of determinant 

Rf retention factor 

RPKA reaction progress kinetic analysis 

RL rate-limiting 

RT room-temperature 

s singlet or seconds 

shp sharp 

str. stretching 

t triplet 
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t- tertiary 

t1/2 half-life 

T temperature in °C or K 

TEM transmission electron microscopy 

Tf trifluoromethanesulfonic 

THF tetrahydrofuran 

TLC this-layer chromatography 

TOF turnover frequency 

TON turnover number 

TOT total 

TS transition state 

UV ultraviolet 

Vis visible 

vs versus, a Latin word meaning “over against” 

VTNA variable time normalisation analysis 

w weak 
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